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Abstract-In an early stage of the development of a high speed synchronous generator with 
permanent magnet excitation it became apparent that rotor losses due to asynchronous components 
of the air-gap field, are a major problem. So, a model is needed which includes the effects of space 
harmonics and harmonics in the stator current caused by a rectifier load. An approximate solution 
for the rotor losses caused by the asynchronous components has been derived. The derived 
formulae show the effects of machine dimensions and harmonics. The main purpose of this study 
is to have a tool for making an early choice between several configurations. A modified 9 phase 
system, combined with a shield around the permanent magnet rotor, is a prospective option. 
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1. Introduction 

The application of a high speed generator with permanent magnet excitation in a generator set with 

a gas turbine has a potential advantage. The strong and simple construction enables operation at 

high speed and a direct coupling of the turbine with the generator (without a gearbox for reduction 

of the high speed of the turbine). 

The important features of a high speed generator are a small volume, low weight and high efficien

cy. 

A design of a high speed generator will be made for a NOVEM research and development project 

for application with a gas turbine with a rated power of 1400 kW and speed of 18000 rpm [4]. 

The frequency of the generator will be 600 Hz. The output will be rectified and the electric power 

will be available as DC power. 

1.1. Construction 

The generator is of the usual synchronous type with polyphase windings in the stator. The rotor 

will have permanent magnets for the excitation in stead of a field winding. 

The design of the construction of the high speed generator has been drawn in fig.!. 

The permanent magnet segments are arranged on the surface of a solid iron core. The drawing 

shows a four pole generator. A carbon fibre will be wound around the permanent magnets to give 

the rotor sufficient strength at high speed. 

Because of the permanent magnet excitation there is no need for a field winding and power supply 

for the excitation. This keeps the construction simple and has a positive effect on efficiency. 
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permanent! 
magnets I 

_______ L ______ _ 
I :solid 
I Iron 

I 

I 

Fig.!. Outline of the construction of the high speed generator. 
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1.2 Losses 

For high power at high speed the power density should be as high as possible. The maximum 

admissible circumferential speed of the rotor and the possible diameter to length ratio set a limit to 

the dimensions. 

As a consequence it will be hard to cool the compact construction to a tolerable temperature level. 

A choice has been made for a cooling system with liquid cooling for the 1400 kW design. Special 

attention should be paid to the prediction of the losses, and it is necessary to find ways to decrease 

the losses by an adequate construction. 

Brushless generators with a construction as given in fig.! are available for a power up to 20 kW 

and a speed of 6000 rpm. The rotor has a layer of permanent magnet material, with carbon fibre 

wound around it, to withstand centrifugal forces. 

The same construction for a 1400 kW generator would cause 2 problems: 

I. The inductivity will be too high for commutation of a rectifier load at rated power. 

2e Asynchronous components of the air gap field will induce eddy currents in the solid rotor 

iron, causing a dissipation too high for cooling at an acceptable temperature level. 
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1.3. Conducting shield and division of the stator circuit in subsystems 

A conducting shield around the pennanent magnets of the rotor offers a solution to both problems. 

The shielding effect of the conducting shield will decrease the inductances of the stator coils for 

fast changes in the current as these will cause mainly asynchronous components in the airgap field. 

A well conducting shield will have lower eddy current losses due to asynchronous field compo

nents than the solid iron in absence of a shield. 

A further reduction of the rotor losses is possible with the use of a modified polyphase system in 

the stator circuit. The stator coils can be divided in several subsystems with a regular displacement 

in space. The number of possible asynchronous components in the airgap field will decrease in this 

way. This will ultimately result in a loss reduction. 

The next chapters will include an analysis of possible components of airgap fields, the loss caused 

by such components and a comparison of the rotor losses for several configurations of the stator 

windings and with and without rotor shielding. 
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2. Analysis of harmonic components 

In an electrical machine the effects of a non-sinusoidal current and a non-sinusoidal distribution of 

the windings can be described with Fourier series of the current in time and of the winding 

distribution in space. 

2.1 Three phase winding 

As a first step in the analysis the well known case of a three phase machine will be taken. In a 

machine with pole pair number p and a phase current with fundamental frequency w" each 

phase will have a shift in space of 2:rc and the phase current a shift in time of 3
2

:rc . With n as 
~ ~ 

the order of the harmonics in the current and q as the order of the harmonics in space, relative to 

the pole pair number, the surface current density at the stator bore can be written as: 

A '.q 

A '.q 

3 

= I Z 2. ~ cos(nw t-qp8 -(n-q)(i-i) 2:rc)+cos(nw t+qp8 -(n+q)(i-l) 2:rc) 
n q2tt S s 3 S S 3 

With (n -q) = .. -9, -6, -3, 0, 3, 6, 9, .. etc.: 

equation (2.1) becomes: 

3 A = _I Z cos(nw t-qp8 ) 
n,q 2nq s s 

nw 
and these components have a positive angular velocity:_' 

qp 

With (n +q) = 3, 6, 9,..etc.: 

equation (2.1) becomes: 

A '.q 
3 

= zI,Zq cos(nw,t+qp8,) 

nw 
and these components have a negative angular velocity: -__ ' 

qp 

Other combinations of nand q do not have a resulting current density component. 

*) 

(2.1) 

(2.2) 

(2.3) 

*) The main interest is in the losses, so the phase angle of these components can be ignored. 

• 



• 
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2.2. Simple elimination of harmonic components 

As most of these components do not run synchronously with the rotor, the elimination of these 

asynchronous components might improve the behaviour of the machine. The next measures will in 

a simple way eliminate a lot of these components. 

First, make the windings symmetrical in space so that the space distribution of the windings 

become Z(p8,) = -Z(p8, -n), and only odd harmonics exist. 

3 

Second make the sum of the phase currents L I, = 0, and components with order n = 3,6,9, .. etc. 
i=1 ' 

become In = O. 

Third make the electrical load (or supply) symmetric with 1,(00,1) -I,(oo,t-n), so only odd 

harmonics will exist. 

As a result the remaining harmonics have the order: 

n = 6k,±1 

q = 2k,-1 

Only combinations with In-ql = O,6,12, .. etc. and n+q = 6,12,18, .. etc. remain . 

For the following calculations it will be taken for granted that the three conditions have been 

fulfilled. 
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2.3. Transformation to rotor coordinates 

For the calculation of the losses in the rotor a transformation to rotor coordinates is necessary. The 

transformation has been carried out with: 

a.With In-ql = O,6,12, .. etc. 

the transformation of (2.2) results in: 

A,.q = ;1,ZqCOS«n-q)W,t-qp8,) 

a.!. Components with n -q = 0: 

run synchronously with the rotor, and these can contribute to the torque. 

a.2. Components with In-ql = 6, 12, 18, .. etc. 

cause rotating fields with rotor frequencies (n -q)w, and pole pair number pq, 

relative to the rotor. 

b. Substitution in eq.(2.3) with n+q = 6, 12, 18, .. etc. results in: 

3 A = _I Z cos«n+q)w t+qp8) 
n,q 2nq s r 

These components have a rotor frequency (n+q)w, and pole pair number pq, 

relative to the rotor. 

(2.4) 

The rotor frequencies of the asynchronous components are multiples of ±6 k3W, with k3 = I, 2, 3, .. etc. 

These frequencies are in agreement with a direct deduction from eq. (2.4) as in a time shift 

~t = ....::.. and a rotor displacement ~8 
3ws 1t r 

over an angle ~ e, 
3p' 

= ..::. both stator currents and the rotor have been rotated 
3p 
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2.4. Division of the stator phase windings in subsystems 

A subdivision of each phase of the three phase system in k parts which have a shift in space of 

~ makes it possible to realise k three phase subsystems with a shift in time of _Tl_ for the 
~ 3~ 

currents. 

To make the subsystems as symmetrical as possible the subsystems can be connected as given for 

k=3 in fig.2 Each subsystem is star connected, and the DC sides of the rectifiers are in series, so 

the current in each subsystem has the same magnitude. The rectifier is 18 pulse for k=3. 

Lc 

DC current 

generator 
with 3 subsystems 18 pulse rectifier 

Fig.2. 3 subsystems and 18 pulse rectifier. 
Lc= commutation inductivity. 
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The stator current density follows from the sum of the k three phase subsystems: 

A 
'.q 

, 3 

= E E ',cos(noo,(t-(i-I) 2" -(j-I)_"_)Zqcos(qp(8, -(i-I) 21t -(j-I)~» 
j_' i-' 300, 3oo,k 3p 3pk 

or 

A '.q 
3 E' (n-q)(j-I)" (n+q)(j-I)" = _, Z (cos(noo t-qp8 - )+cos(noo t+qp8 - » 
2 n q j=1 S 5 3k S S 3k 

For each subsystem the first term of (2.5) differs from zero for In-ql = 0, 6, 12, 

and the second term of (2.5) differs from zero for n +q = 6, 12, 18, .. etc .. 

For the whole system the result is: 

for In -q I = 0, 6k, 12k, .. etc.: 

3k 
= T',Zqcos(noo,t-qp8,) A ,.q 

and for n +q = 0, 6k, 12k, .. etc.: 

A '.q 
3k 

= T1,Zqcos(noo,t+qp8,) 
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(2.5) 

'n this way many combinations of nand q don't have a resulting current density. Of course one 

has to keep in mind that the distribution of the windings of the subsystems might be different from 

the distribution of the undivided three phase windings. 

Transformation to rotor coordinates with (2.4) results in: 

for n -q = 0: synchronous components with magnitude 3~ ',Zq' 

frequency zero and pole pair number pq. 

for In-q I = 6k, 12k, 18k, .. etc.: asynchronous components with magnitude 3~I,Zq, 
frequency (n -q)oo, and pole pair number pq. 

for n +q = 6k, 12k, 18k, .. etc.: asynchronous components with magnitude 3k ',Zq' 
2 

frequency (n +q)oo, and pole pair number pq. 
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2.5. Polyphase systems 

For completeness' sake the harmonic components of polyphase systems will be treated. The 

assumptions for symmetry are for the phase currents a time shift of 2Jt for successive phases 

and a shift in space of 2Jt for successive phase windings. For othe:n:aSes the current and the 
mp 

winding distributions have to be resolved in symmetrical components. 

With m phases and m " 3 the stator current density can be written as: 

mI, 

A"q = ~I cos(nw.(t-(i-1)~»Zcos(qp(8,-(i-l) 2Jt» 
• ~ n moo q mp 

1"'1 s 

IZ m 211: 211: 
A = ~L (cos(nw t-qp8 -(n-q)(i-O_)+cos(nw t+qp8 -(n+q)(i-I)_» 

n,q 2 i=1 sSm 5 S m 

For in-qi = 0, m, 2m, 3m, .. etc. 

A ".q 

nw 
with: positive rotation and angular velocity _' 

qp 

For (n +q) = m, 2m, 3m, .. etc. 

-nw 
with: negative rotation and angular velocity __ • 

qp 
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When even harmonics in the phase currents and in the winding distribution are excluded (see 2.2) 

and the sum of the phase curnents has been made zero, for instance with a star connection of the 

phases, (so I, = 0 for n = m, 2m, 3m, .. etc.), 

then the possible values for n are n = I, 3, 5, .. etc. (except n = m, 2m, .. etc.) 

and for q q = I, 3, 5, .. etc .. 

The next combinations of harmonics with order n and q will have a resulting component of the 

surface current distribution: 

with m even: positive rotation: In -q I = 0, m, 2m, 3m, .. etc. 

negative rotation: (n +q) = m, 2m, 3m, .. etc. 

with m odd: positive rotation: In-q I = 0, 2m, 4m, 6m, .. etc. 

negative rotation: (n +q) = 2m, 4m, 6m, .. etc. 

Note that odd values for m result in as many combinations as 2m and that 2m±1 phases have less 

harmonic components as 2m phases 

The comparison of a 9 phase system with a 3x3 system (a three phase system with k=3 subsys

tems) learns that the 3x3 system is a 'modified' 9 phase system. 

The main property of a 3x3 system (with three separate star connections) is: 

I, = 0 for n = 3, 6, 9, .. etc. 

and that of 9 phase systems (with one star connection): 

I, = 0 for n = 9, 18, 27, .. etc. 

The conditions for n+q and n-q are the same for 3x3 and 9 phase systems. In a 9 phase system 

more values of n are possible, and by consequence more synchronous (e.g. n=q=3) and asynchro

nous components in the stator current density will remain. With a connection of the subsystems as 

shown in fig.2 the currents in all subsystems will be the same, with a 9 phase system this is more 

difficult to ascertain. 
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3. Rotor losses caused by asynchronous rotating fields 

The calculation of the rotor losses can be done in several ways. For instance, treat the conducting 

parts of the rotor as discrete circuits for each space harmonic, and find the dissipation from a 

solution of the equivalent circuit equations. One only needs to find the frequency dependent circuit 

parameters from the field equations but only approximations are possible because of the conducting 

solid iron core and end effects. So, it seems easier to start with an approximation that at least 

includes the effects of material properties, dimensions and harmonics. 

3.1 Calculation of the rotor losses with an approximate solution of the field 

equations. 

permanent 
magnets 

rotor 
Iron 

stator 

r1 +r 2 r,3 
conducting shield.-1 

Fig.3. Rotor with conducting shield. 

The field equations for the airgap are: 

V.B = 0 

First the rotor losses caused by one compo

nent of the stator current density A, with 

pole pair number pq and frequency n<o, will 

be calculated. 

Around the permanent magnets on the solid 

rotor iron is a thin conducting shield with 

thickness d and conductivity a (Fig.3.). 

The magnet poles with height hm are not 

drawn in Fig.3. The assumption for the sta

tor bore is a cylinder (without slots) with a 

surface current density A, at radius r,. The 

induced current in the rotor has a surface 

current density A", 

and as the volume current density in the airgap equals zero: 

VxH=O (3.1) 

with the two dimensional solution in polar coordinates for one component, see for instance [I]: 



Rotor losses 

B, = (C,(~)'K'-' 
ro 

The radius r". which can be freely chosen. will have the value ro=r,. 

The integration constants C, and C2 can be found when the boundary conditions are known. 

The boundary conditions are: 

at the stator bore: 

lim H(8) = A, (8) with A, = surface current density at the stator bore (Nm). 
r-r, 

And for an arbitrarily chosen space harmonic with order q: 

lim H(8) = A,cos pqfl 
r-r, 

(The phase angle q, is set to zero as losses do not depend on the phase of the current.) 

For the rotor two possibilities will be treated: 
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(3.2) 

(3.3) 

(3.4) 

a) With a conducting shield in the rotor around the permanent magnets at radius r2• the rotor 

currents will flow in a conducting layer at radius r,=r,. The assumption is perfect screening by the 

shield (the limit value for high frequency andlor conductivity) and by consequence the boundary 

condition will be: 

(3.5) 

b) Without a conducting shield on the rotor the assumption is that the eddy currents in the solid 

iron will flow in a very thin layer at radius r,=r,. The eddy currents in the permanent magnet 

segments can be made arbitrarily small by making the segments small. These eddy currents will 

not shield the solid iron core for the lower space harmonics because the small segments are not 

connected. The space harmonics with high order q will decrease very fast with decreasing r and the 

contribution to the rotor losses will be low for these high order space harmonics. The boundary 

condition for the solid iron rotor core will be: 
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N.B. The assumption of perfect screening implies a high frequency or a high conductivity. 

The high speed and the division of the stator windings in subsystems with k> I. makes this choice 

reasonable. (high Olm' Ol, =pOlm and Ol, is (a multiple of) 6kOl, .)The approximation is reasonable 

for a conducting shield of copper. For solid iron it seems strange, but because of the skin effect the 

rotor iron can not carry much flux from one pole to the other (at high frequencies the layer is too 

thin). As a simplification one can take this part of the flux zero. 

The surface current density in the conducting layer at radius r, can now be found. 

Combination of (3.5) and (3.3) gives: 

r 
C,(...!) pq-I 

r 
= C,{..2) pq" 

r. r, 

or: 

r 
C, = C,(..2) 'pq 

r, 

Substitution in (3.2), (3.4) results in: 

C, +C, = A, 110 

And with (3.6) the integration constants become: 

• 110 
C , = A, _---''-_ 

r 
I +(...!)'pq 

-f3 

C, = A, __ 11_,_, = 
r 2"" 

I +(..2) 
r, 

and on radius r, the solution becomes: 

or: 

r 
I +(...!)'pq 

r, 

r 
2(...!)",,-1 

~ A ~ 
Bo = A, 110 --'--

r 
I +(...!)'pq 

r, 

(3.6) 

(3.7) 

and the relation between the current density A, at the stator bore and the current density in the 

conducting layer A,,: 
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r 
2(-1.)1"1-1 

P.,. = H, = P., __ r-::, __ 
r 

I +(-1.)21"1 
r, 

From this surface current density follows the volume current density: 

for a thin layer with thickness d,. 
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(3.8) 

(3.9) 

For a conducting shield at radius r,=r, is at low frequencies d, the same as the thickness of the 

conducting shield: 

d = d , . 
At high frequencies the skin effect can be taken into account by using the skin depth d,,;, when 

this is smaller than the thickness d. 

dg =dskin ' 

For the solid iron the skin depth is the best choice for all relevant frequencies. 

The skin depth follows from: 

(3.10) 

The conducting losses p" in the conducting layer in the rotor, at (average) radius r, and thickness 

d, are calculated with a integral over the conducting volume and one period of time: 

'" d _ r .. ' 
U', I 2]( • "'T A 2 

Po, = ;: I I I I. ~' dr rd8 dz dt 

r,-~ 

As the average of the square of a sine or cosine over one period equals 112 the loss from one 

component of the eddy currents becomes: 

Itrl" p" = _,_ A 
ad r, , 

for d, < r,. 

(3.11) 
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The total loss caused by the induced currents in the rotor can be obtained by summation of the 

losses of all relevant components. The square of the total current density should be used in the 

above integral but as the cross products of different components have an average value equal to 

zero (The arguments of the cosines differ in pole pair number, frequency or rotation direction). So 

the sum of the squares is sufficient. 
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3.2 Quality factor 

The main assumption in the calculation of the rotor losses is the 'easy' boundary condition for the 

conducting shield (3.5) and this depends on the conductivity of the shield. As a test the quality 

factor of the conducting shield can be used. 

The currents in the rotor shield are induced by an electric field originating from the asynchronous 

components of the stator currents. The electric field strength at radius r, when the shield is absent 

follows from g=yxB: 

(3.12) 

And the magnetic induction at radius r, follows from the equations (3.2) (3.3) with boundary 

condition (3.4) at the stator bore and B,=O at radius r, of the solid iron core: 

r r r il A' ____ {(....:.)''''-'-(-..:.)'~'(-..:.)"".') ,=/Jo 1 
r r r r 

I +(-":')'1"" , , 
r, 

or: 

(3.13) 

For a conducting shield at r,=r, a quality factor Q,,",q can be defined as: 

Qs,o,q 

E, 
j, (3.14) 

a 

Or in verbal expression: The quality factor is the quotient of the inducing electric field strength§, 
J 

and the resistive part of it .::.. (Or in equivalent circuit terms the quotient of the induced voltage 
a 

and the resistive voltage drop.) 
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The current density ], follows from (3.9) with r,=r,. 

(The approximation B, = 0 at the solid iron surface on radius r = r, results in too low values of 

B,. E, and Q •. ".q at low rotor frequencies.) 

The analogy with an equivalent short-circuited rotor winding helps with the interpretation. For low 

values of Q.~.q, < I. there is no shielding of the asynchronous field components but mainly a phase 

shift. Q.~.q=1 marks the 3 dB point for dissipation in the shield and the field within the shield. For 

high values of Q •. ".q the shield behaves as an inductive circuit with excellent shielding of the 

asynchronous components. At high frequencies. when the skin effect in the shield becomes 

important (d,.;. smaller than thickness d), the approximation with one equivalent short-circuited 

rotor circuit becomes bad. 

When there is no conducting shield around the permanent magnets the rotor losses in the solid iron 

core can only be estimated with (3.11), but a simple check with a quality factor is not possible. 
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4. Comparison of rotor losses 

The rotor losses have been calculated for two different configurations of the high speed generator: 

the first with a usual three phase winding, 

the second with a 3x3 phase winding. 

For both winding configurations the calculations are carried out with and without a copper shield 

around the permanent magnets on the rotor to demonstrate the effect of shielding. 

4.1. Summary of the results from chapter 2 and 3 

The order of the harmonics in the stator current has the symbol n, and the (relative) order of the 

space harmonics q. 

The number of subsystems is k. 

So the usual three phase stator winding has k= I, and one phase is distributed over 3 adjacent slots 

per pole. The winding has a star connection. 

The 3x3 phase stator winding has k=3, and one phase per slot per pole. Each subsystem has its 

own star connection. 

The description of the asynchronous components in rotor coordinates can be found in chapter 2, 

and they are for the two stator configurations: 

a) The order n of the harmonics in the stator current can only be odd, because of a balanced load 

by a full bridge rectifier. 

b) The components of the stator current are zero if n equals (a multiple of) 3. 

c) Asynchronous components can exist if in±qi = 6k,12k,18k,etc .. 

and the resulting rotor currents have a rotor frequency w2 = in±q i w, with w, as the 

fundamental frequency of the stator currents. 

The velocity of the asynchronous components in rotor coordinates equals 

in±qi w, 
~---' 

pq 

d) If n = q then the resulting components are synchronous; they can contribute to the torque. 
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For the surface current density at the stator bore A,: 

A, = 3k Z j 
2 q " 

(4.1) 

With I" for the nih harmonic of the stator current and Zq the winding density for the q 'h space 

harmonic of a stator phase winding. 
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4.2 Winding density of space harmonics 

A good approximation of the current distribution at the stator bore of a full pitch winding, see 

fig.4, is a Dirac function. A continuous distribution will result in too low values of the higher 

space harmonics, e.g. the slot harmonics. The integral of the current density j" over the interval Ii 

equals 1", For the field in the air-gap it doesn't make much difference whether the conductor is in 

a slot or a very thin surface winding at the stator bore as long as I-J,. » 1 in the stator core. 

(f Hdl = I and H=O in ideal iron). 

0 

II 
-- 7\ I 7'i 

i I 
I i ! 0 

I 
~ p0 s 

Fig.4 Current density for a full pitch winding. 

The Fourier coefficients of the surface current density follow from (order only odd); 
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or with using a Dirac function for the current density: 

I"Zq = 2PI mSI , 

for all space harmonics with 

For the 3x3 phase system with one phase winding per pole per slot: 

Zq = 2p 
ltf, 
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(4.2) 

For the 3 phase system with three windings per pole in three adjacent slots, and the coordinate axis 

in the middle one, follows in a similar way for the surface current density: 

~ n n I,Z = _ (cos(pqO )+cos(pq(O -_»+cos(pq(O +_»I" 
s q rtr

3 
s S 9p S 9p 

And the distribution density: 

Zq = 2p (\ +2cos(q~» 
nr, 9 

(4.3) 
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4.3 Harmonics of the stator currents 

When the stator current waveform is not yet known from calculation or measurement the following 

approximations can be made for a first estimation of the rotor losses. 

If the commutation time of the stator current is neglectable a harmonic with order n will have an 

amplitude: 

j" = 2/3 Idc 
nn 

(4.4) 

In case the commutation time can not be neglected an approximation with linear commutation 

during an interval 11 can be used: 

1. = 2/3 Idc 
nn 

sin(n ,",,2) 

n ,",,2 
(4.5) 

The amplitude of all components in the eddy currents in the rotor shield, or at the surface of the 

solid rotor iron when there is no shield and no shielding by the segmented permanent magnets, 

follows from the in chapter 3 deduced relation (3.8): 

r 
2(...!)'Q-' 

" " f3 A" = A, ___ _ 
r 

I +(...!)2pq 
r, 

with r, = r, for a conducting shield 

or r, = r, for the solid iron, in absence of a shield. 

(4.6) 
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5. Numerical calculation 

The calculations have been carried out for a design of a 1400 kW generator with dimensions: 

Stator bore (diameter): 

Diameter of the solid iron rotor core: 

Outside diameter of the permanent magnets: 

Thickness of the conducting shield: 

Outside diameter of the conducting shield: 

Active rotor length: 

Other properties: 

specific conductivity of copper (in conducting shield): 

specific conductivity of the solid rotor iron: 

relative permeability of the solid rotor iron: 

and design parameters: 

272mm 

220mm 

250 mm 

I mm 

252 mm 

620mm 

50E6 (QmY' 

5E6 (QmY' 

1000 

pole pair number p: 2 

speed: 18000 rpm 

stator frequency: 600 Hz 

With a 3x3 phase system the rotor frequency is (a multiple of) 10800 Hz. 

The skin depth in copper, as follows from (3.10), .684 mm 

and in the solid rotor iron .068 mm 

The calculations have been done for the stator current at full load, for several configurations: 

- With conducting shield and perfect shielding. Only the shield will have eddy current losses by 

asynchronous components of the stator current field. 

For these cases the quality factor Q, according to eq. (3.14) is given. 

- Without conducting shield and no influence of the conducting permanent magnet segments. The 

rotor loss will be concentrated in the solid iron. 
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- A three phase winding with one phase in 3 adjacent slots (of the 9) per pole. 

- A 3x3 phase winding with one phase per slot (of the 9) per pole. 

- A 4x3 phase winding with one phase per slot (of the 12) per pole. 

In most cases the skin depth is less than the thickness of the conducting shield. and this value is 

used for the loss calculation. 

For these preliminary calculations the commutation time of the stator currents has been taken zero, 

and the harmonics of the current are according eq. (4.4). 

A two dimensional finite element calculation ha, been done for an air-gap winding at the stator 

bore with n=17, q=l, frequency 18*600 Hz and Idc=969A. The shielding effect can be seen in 

fig.5. The loss according to the finite element calculation is P,,=57 W. The approximation 

according to (3,11) has also the result P" =57 W. 

Fig.5. Flux lines for n= 17 and q= I. 
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Table I lists the configurations. 

Table I. 

Type Number of Number of thickness rotor 

Description slots Q subsystems k shield d (mm) 

1 3 phases 36 I 0 

3 slots/pole/phase 

la 3 phases 36 I I 

3 slots/pole/phase 

2 3*3 phases 36 3 0 

I slot/pole/phase 

2a 3*3 phases 36 3 I 

I slot/pole/phase 

3 4*3 phases 48 4 I 

I slot/pole/phase 

Types 1 and 1 a in Table 1 have a usual three phase winding. To show the effect of a conducting 

shield in the rotor the losses with and without a shield will be compared. 

Types 2 and 2a in Table I have a 3*3-phase stator winding. The losses with and without a shield 

will be compared. These configurations have a 18 pulse rectifier. 

Type 3 has a 4*3-phase stator winding with 48 slots. This configuration has a 24 pulse rectifier. 

The effect of increasing values of k will be seen. 
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5.1. Results of the calculations 

The calculations have been limited to harmonics of order 1 to 25 for both n (harmonics in the 

phase current) and q (space harmonics). In this way two kinds of important combinations are 

included: 

-the slot harmonics and the fundamental of the stator current. 

-the harmonics in the stator current and the fundamental in space. 

For type 1 and 1a (the usual 3 phase winding) the next combinations of nand q can have a 

resulting asynchronous component: 

n: 1 1 1 1 1 5 5 5 5 5 5 5 5 7 7 7 7 7 7 7 7 

q: 5 7 11 13 17 19 23 25 1 7 11 13 17 19 23 25 1 5 1113 17 19 23 25 

n: 11 11 11 11 11 11 11 11 13 13 13 13 131313 13 17 17 17 17 17 17 17 17 

q: 1 5 7 13 17 19 23 25 1 5 7 11 17 19 23 25 1 5 7 11 13 19 23 25 

n: 19 19 19 19 19 19 19 1923232323232323232525252525252525 

q: 1 5 7 11 13. 17 23 25 1 5 7 11 13 17 19251 5 7 11 13 17 1923 

For type 2 and 2a (the 3*3 phase winding) the combinations of nand q are: 

n: 1 1 5 5 7 7 11 11 13 13 17 17 19 19 23 23 25 25 

q: 17 19 13 23 11 25 7 25 5 23 1 19 1 17 5 13 7 11 

For type 3 (the 4*3 phae winding) the combinations of nand q are: 

n: 1 1 5 7 11 13 17 19 23 23 25 25 

q: 2325 19 17 13 11 7 5 1 25 1 23 

Please note that the combinations of n=5, 7, 11, 13 with q= 1 vanish when a 3x3 phase winding is 

applied. 
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The results of the loss calculations are listed in Table 2. 

Table 2. 

Type Description DC current Rotor loss Quality factor 

Idc (A) Pv (kW) (minimal-) Qs 

I 3 phases, 969 88 not relevant 

3 slots/pole/phase, 

no shield 

la 3 phases, 969 2,1 7 (n=l q=7) 

3 slots/pole/phase, 23 (n=7 q=l) 

with shield 

2 3*3 phases, 969 II not relevant 

I slot/pole/phase, 

no shield 

2a 3*3 phases, 969 0,9 5 (n=1 q=19) 

I slot/pole/phase, 47 (n=19 q=l) 

with shield 

3 4*3 phases, 726 0,3 4 (n=1 q=25) 

I slot/pole/phase, 54 (n=25,q=l) 

with shield 

More detailed information can be found in the annex. 
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6. Summary of the results 

I . The value of the rotor losses for a usual three phase winding without a conducting shield 

in the rotor is unacceptable high, P,=88 kW. The cooling capacity of a liquid cooling 

system is about 2 kW. 

2. The use of a conducting shield will decrease the rotor losses considerable to about 2 kW. 

3. The subdivision of the stator 3 phase winding in 3x3 phases results also in a lower rotor 

loss, II kW for k=3 in stead of 88 kW when there is no shield. 

4. The best results can be obtained with a combination of subsystems in the stator windings 

and a conducting shield in the rotor, which results in a loss of .9 kW. 

5. The calculations do not take the effect of a rise time of the current ( ca. 30 degrees at rated 

load) in account. Inclusion of this effect would result in lower values of P,. The unavoida

ble asymmetries in the geometry and the phase currents and a ripple in the DC current will 

increase the rotor losses. 

6. End effects in the rotor might cause an increase of the rotor losses, especially for compo

nents with low q. The current path in the rotor will close at the axial ends of the rotor and 

for low q and high n this might be relative long and narrow. Three dimensional finite 

element calculations and/or measurements are necessary for an evaluation of the end 

effects. 
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7. Conclusions 

I. The combination of a conducting shield in the rotor, around the permanent magnets and 

the solid iron core, and the subdivision of a three phase stator winding in several three 

phase subsystems makes it possible to reduce the rotor loss to an acceptable level, e.g .. 1 

to .2 % of rated power. Consequently, the cooling of the rotor to an acceptable temperature 

level is feasible. 

2. The influence of end effects on the rotor losses are not yet known. 

2. Two dimensional finite element simulation agrees with the obtained two dimensional 

derivation of the rotor losses. An evaluation of the end effects with three dimensional finite 

element simulation and/or laboratory measurements is still needed. 
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Annex 

program hann5; 
{ 
Berekening voor k=Ql2pm deelsystemen 
) 
var 

p. k, 0, q. fl_max, q_max: integer; 
max I, test: integer; 

Ide, r, rl, r2, r3, sigma. sigma_cu, sigma_fe, mu, mu_O, mU_f_fe, 

d, ds, I, A3, A2, Pv, Pv _tot, B2; E2, Qs: real; 
c, cl, c2, c3, 11, 12, 13, Zq: real; 
omega_s, omega_r, f: real; 

OucFile, In_File: text; 

geg_str: array[0 . .24) of string[25); 

function n..,gelijk_q:boolean; 
begin 

if (n-q=O) then n..,gelijk_q:=true 
else n..,gelijk_q:=false 

end; 

function n_even:boolean; 
begin 

n_even:=not( odden)); 
end; 

function n_veelv_3:boolean; 
begin 

if (n MOD 3 = 0) then n_veelv_3:=true 
else n_ veelv _3:=false; 

end; 

function test_1 :boolean; 
begin 

if (abs(n-q) MOD (6*k) = 0) then tesU :=true 
else test_1 :=false; 

end; 
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function tesC2:boolean; 
begin 

if «n+q) MOD (6*k) = 0) then tesC2:=true 
else tesC2:=false; 

end; 

Procedure invoer; 
var i, j, len: integer; 
begin 

j:=O; 
assign(In_File,File_Name_In); 
reset(In_File); 

While not Eof(In_File) do 
begin 
readln(In_File,pararneter); 
i:=Pos('=' ,parameter); 
len: =Length(parameter); 
pararneter:=Copy(parameter,i+ I ,len-i); 
geg_str[j):=parameter; 
j:=j+ I; 
end; 

Val(ge~str[ I),max I ,test); 
Val(ge~str[2),k,test); 

Val(ge~str[3),p,test); 

Val(ge~str[ 4).f,test); 
V al(ge~str[ 5),Idc,test); 
Val(ge~str[6),rl,test); 

V al(ge~str[7),r2,test); 
Val(geg_str[8),r3,test); 
Val(ge~str[9),d,test); 

Val(ge~str[ I O),I,test); 

c1ose(In_File); 

end; 

begin 

File_Name:=paramstr(I); 
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File_Name_ Out:=File_Name+' .out'; 
File_Name_In:=File_Name+' .in'; 

invoer; 

omegu_s:=f*2*pi; 
sigma_cu:=50e6; mu_O:=4*pi*le-7; mu_r_fe:=IOOO ;sigma_fe:=5e6; 
Pv_tot:=O; 

if (d>=O) then 
begin 

end; 

r:=r2; 
sigma:=sigma_cu; 
mu:=mu_O; 

if (d=O) then 
begin r:=r I; 

sigma:=sigma_fe; 
mu:=mu_O*mu_rje; 

end; 

n_max:=maxl; q_max:=maxl; 

assign(Out_File,File_Name_Out); 
rewrite(Out_File ); 
writeln(OuCFile,'data: '); 
writeln(OuCFile,geg_str[O]); 
writeln(OucFile, 'max 1 =' +geg_str[ I J); 
writeln(Out_File, 'k=' +geLstr[2J); 
writeln(Out_File,' p=' +geg_str[3J); 
writeln(Out_Fi Ie, 'f=' +geg_str[4J); 
writeln(Out_File,' Idc=' +geg_str[5]); 
writeln(OucFile,' rl =' +geg_str[6J); 
writeln(OuCFile,' r2=' +geg_str[7]); 
writeln(Out_File, 'r3=' +geg_str[8J); 
writeln(Out_File,' d=' +geLstr[9]); 
writeln(Out_File,' 1=' +geg_str[l OJ); 

writeln(OucFile,' '); 
close(Out_File); 

n:=l; 
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while (n<=n_max) do 
begin{n) 
q:=I; 
while (q<=q_max) do 
begin{q) 

if (not n_even 
and not nJ:elijk_q 
and (test_lor tesc2) 
and not n_veelv_3) 

then 

begin (berekening) 

if (test_I) then 
begin 
omega_r:=abs(n-q)*omega_s; 
ds:=sqrt(2I(omegaJ*sigma*mu» 
end; 

if (test_2) then 
begin 
omega_r:=(n+q)*omega_s; 
ds:=sqrt(2I( omegaJ* sigma *mu» 
end; 

if (d<>O) then 

begin 
if (ds>d) then ds:=d; 

end; 

Zq:=(2*p )/(pi*r3); 

A3:=«3*k)/2)*(Zq)*«2*sqrt(3»/(pi*n»*Ide; 
e:= In(r/r3); 
cl :=xp«p*q-I )*e); e2:=exp(2*p*q*e); 
A2:=A3*2*c1/( I +c2); 
Pv :=pi *r*1 *sqr(A2 )/( sigma *ds); 
Pv _tot:=Pv _tot+Pv; 

if (d<>O) then 
begin 
II :=In(r2lr3); 12:=ln(rllr2); 13:=ln(rllr3); 
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else 

cl :=exp«p*q-l )*11); c2:=exp(2*p*q*12); c3:=exp(2*p*q*13); 
B2:=mu_O* A3*cl *(l-c2)/(l +c3); 
E2:=omega_r*B2*r2l(p*q); 
Qs:=E2/(A2/(sigma*ds»; 
end; 

append(Out_File); 
if (d<>O) then 
begin 
writeln(Out_File, 'asyn ',n,' ',q,' " 
Pv:3:1,' ',Pv_tot:3:1,' ',ds*IOOO:3:3,' ',Qs:3:1); 
end 

else 

begin 
writeln(Out_File,' asyn ',n,' '.q.' " 
Pv:3:1,' ',Pv_tot:3:1,' ',ds*IOOO:3:3); 
end; 

c1ose(OucFile); 

end 

if (n~elijk_q and not n_even and not n_veelv_3) then 

end. 

begin 
append(Out_File); 
writeln(OuCFile,'syn ',n,' ',q); 
c1ose(Out_File); 

end; 

q:=q+l; 

end(q); 
n:=n+l; 

end(n); 
append(Out_File); 
writeln(Out_File,'Pv= ',Pv _tot:3: I); 
c1ose(OucFile); 
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data: 
mega362.in (type 2) 
max 1 =25 
k=3 
p=2 
f=6oo 
Idc=969 
rI =0. I 10 
r2=O.l26 
r3=O.136 
d=O 
1=0.620 

syn I I 
asyn 1 17 4.2 4.2 0.068 
asyn I 19 0.8 5.0 0.068 
syn 5 5 
asyn 5 13 5.0 10.0 0.068 
asyn 5 23 0.0 10.0 0.068 
syn 7 7 
asyn 7 11 14.023.90.068 
asyn 7 25 0.0 23.9 0.068 
asyn II 7 167.6 191.50.068 
syn 11 II 
asyn II 25 0.0 191.5 0.048 
asyn 13 5 640.0 831.5 0.068 
syn 13 13 
asyn 13 23 0.0 831.5 0.048 
asyn 17 I 5629.56461.00.068 
syn 17 17 
asyn 17 190.06461.00.048 
asyn 19 1 4506.7 10967.70.068 
asyn 19 170.010967.70.048 
syn 19 19 
asyn 23 5 204.5 11172.2 0.068 
asyn 23 13 0.3 11172.5 0.048 
syn 23 23 
asyn 25 7 32.4 11205.00.068 
asyn 25 II 1.5 11206.5 0.048 
syn 25 25 
Pv= 11206.5 
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data: 
mega362a.in (type 2a) 
maxl=25 
k=3 
p=2 
f=600 
Idc=969 
rl=O.IIO 
r2=0.126 
r3=0.136 
d=O.OOI 
1=0.620 

syn I I 
asyn I 17 371.7 371.7 0.685 5.4 
asyn I 19 202.8 574.4 0.685 4.9 
syn 5 5 
asyn 5 13 49.1 623.60.685 7.2 
asyn 5 23 2.4 626.0 0.685 4.0 
syn 7 7 
asyn 7 II 44.8 670.8 0.685 8.6 
asyn 7 25 0.7 671.4 0.685 3.7 
asyn II 752.7724.20.685 14.3 
syn II II 
asyn II 25 0.4 724.6 0.484 5.2 
asyn 13 5 58.7 783.2 0.685 20.6 
syn 13 13 
asyn 13230.5783.70.4845.7 
asyn 17 I 57.2 840.9 0.685 46.9 
syn 17 17 
asyn 17 19 1.0 841.9 0.484 6.9 
asyn 19 1 45.8887.70.68546.9 
asyn 19 17 1.5 889.2 0.484 7.7 
syn 19 19 
asyn 23 5 18.7907.90.68520.6 
asyn 23 13 1.3 911.2 0.484 10.2 
syn 23 23 
asyn 25 7 10.2921.4 0.685 14.3 
asyn 25 II 5.0926.4 0.484 12.2 
syn 25 25 
Pv= 926.4 
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data: 
mega48.in (type 3) 
maxI =25 
k=4 
p=2 
[=600 
Idc=726 
d=O.11O 
r2=O.l26 
r3=O.136 
d=O.OOI 
1=0.620 

syn I 1 
asyn I 23 69.1 69.1 0.593 4.6 
asyn I 25 37.6 106.7 0.593 4.3 
syn 5 5 
asyn 5 19 9.3 116.0 0.593 5.6 
syn 7 7 
asyn 7178.7124.80.5936.3 
syn II 11 
asyn II 13 11.7 136.50.5938.3 
asyn 13 11 15.0151.50.59310 
syn 13 13 
asyn 17725.4 176.90.593 16.5 
syn 17 17 
asyn 19 5 31.7 208.6 0.593 23.8 
syn 19 19 
asyn 23 1 36.0 244.6 0.593 54.1 
syn 23 23 
asyn 23 25 0.1 244.70.4196.0 
asyn 25 1 30.5 275.1 0.593 54.1 
asyn 25 23 0.2 275.3 0.419 6.5 
syn 25 25 
Pv= 275.3 
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