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The permanent magnet synchronous machine is an adequate solution
in a large range of power in high performance electrical drives and
energy conversion systems. In this paper has been assessed the per-
manent magnet synchronous machine electromagnetic stress for the
case of stator winding with commutable poles. Based on simplified as-
sumptions, an analytic relationship of the dependence of electromag-
netic stress has been obtained. Numerical simulation performed for a
case study confirms the validity of the theoretical approach developed.
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1. Introduction

The energy conversion systems play a major role in worldwide energy politics.
This is a consequence by the limitation of the distribution of the classical resources
on the earth and, in addition, by the negative effects on the environment impact.
An important direction is about conversion of energy with high performances elec-
trical machines in modern drive. Classical electrical drives are design with DC ma-
chine and induction one. A high technology is about synchronous machine with
excitation based on permanent magnets.

Electrical machines are treated, in literature survey, after more criteria: de-
sign, control, environmental impact etc [1]-[6], [8]-[10].

The design of electrical machines with a minimal value of costs and consump-
tion of active materials (Fe, Cu and PM-permanent magnet) is one of the nowa-
days problem [7], [12]-[14], but this problem must be solved by a multi-approach
global optimization, where additional constraints but me tacked into consideration
according to machine destination.
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In the paper is approached the problem of assessment of electromagnetic
stress for a case situation of speed variation by commutable poles for a permanent
magnet synchronous machine.

2. Assessment of Electromagnetic Stress for a Permanent Magnet
Synchronous Machine with Commutable Poles

The general designing methodology of electrical machines involves, in gener-
al, different steps in the order to find the desirable optimal solution according to
various imposed criteria: economic criteria, dimensional one, performances etc.
From this point of view, many scenarios - according to the specifics of applications
- may be investigated. Due to the fact that the numbers of design methodology
freedom degrees are bigger than unknown variables, additional constraints must
be having into account [16]-[17]. From the electromagnetic point of view, it is fal-
lows that electrical stress represented by current density J;[A/mm?] and linear cur-
rent density A;[A/mm?] respectively, and magnetic stress as magnetic flux density
in the air gap Bs[T] to be placed in a admissible range according to accumulated
practical experiences in the graphical monograms [8]. From this point of view, the
traditional design of electrical machines is strong linked by the already constructed
machines. Thus, beside those constraints, the product of electrical stress -as a
thermal constraint -must be chosen according to machine degree protection (IP)
[13], [14] and [18]:

2
A, -3, = 3000(1.P.44) +3200(1 .P.ZS){ A 5 } (1)
mm
Based on this restriction, the thermal flow of losses in the active part of stator

winding may be estimated, according to the range [13], [14] and [18]:
Qi ~3000(I.P.44) +8000(I .P.ZS){KZ} , 2)
m

where the thermal flow is described by: Qir=p1A1J: (p1- COPPEY resistivity).
In the paper [7] has been establishing an important and useful relationship
for computing of slots number per pole and phase:

pD,
=9 Kyo———. (3)
2m, p;hy;
where p; - is the number of stator poles pairs, h; - height of stator, y; - architec-
ture factor of slot, k,; — slot factor and m; —number of phases.
By applying the above relationship for the both case of different poles, is ob-
tained:

Dy,

— 4
2my; pyhgyy

Gy =711 Kap
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Dy,

2 2my, pohy s, .

Due to the fact that the stator has the some construction, the next equalities
resulting:

Chp = V12 °K (%)

D, =D, =D (6)
Moy =Py, =hy (7
My =My, =1y ®

Yuu=Y12="1- ©)

The poles pairs and the slot factor are different for both two situations of
poles commutable:
Pu # P2 (10)
K1 # Ky - (11)
Those particularities described by relationships (6)-(11) are important in the
computing phase of electromagnetic stress. Based on this, electromagnetic stress
will be computed the reference state represented by rated one.
Starting from the condition that total number of slots will be de same (despite
of the situation when the number of slots per pole and phase may be different):
In=21p=14 (12)
It is resulting that:

Puths = Proho (13)

Taking into account the above relationship, relationships (4)-(5) and condi-
tions expressed by relationships (6)-(11), it is resulting:

P1uthiKao = ProthioKag (14)

From de above relationship, the magnetic flux density result as:

8512 — Bﬁll i Bd12 (15)
Bdll
Now, from relationships (4) and (5) we obtain the architecture factor of right
slot:
Y= & -1 (16)
2(1- K1) Quc
Q12T -1 (17)

" 20 k) Qe
Due to the fact that both factor represented by relationships (16) and (17)
must be equal (because the slot remains the same), we obtain for thermal flow of
losses in the active part of stator winding, for the second case, the next relation-
ship:
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1-k,, Q
Qur =Qur A2 =l2s (18)
1- kzll Qlls
If we take into consideration the relationship (14), we get the next relation-
ship for thermal flow:

Q12T = QllT ’ les . (19)

A useful relationship may be expressed between thermal flow and tempera-
ture rise on the stator slot insulation:

einsE iinl Q < einad [300 +4'00] ' (20)
inl
where: Ay, thickness of insulation and Ay,; is thermal conductivity, while in the
parentheses was noticed, by practical experiences, from design machine, the max-
imal values of temperature.
Based on relationship (20) the thermal flow of losses in the stator slot insulation
may express as:

A
Qlls: Amll 'einll' (21)
inll
}"inll
Qlls: A '9in12- (22)
inll

Taking into account the relationships (19), (21) and (22), the thermal flow of
losses in the active part of stator winding becomes:

Quor=Qur - gmlz : (23)
in11
All the relationships developed until now are used for a global approach, in
the particularly case, a thermal one. More useful approach is the one that may ex-
press the electromagnetic stress, which are very important in the design procedure
of electric machine. A fundamental relationship makes the link between thermal
flow and electromagnetic stress:

Qur=PuAudn (24)

Quzr=P12A212 (25)

If we considerate that the resistivity does not vary with temperature (p;1=p12)
and based on relationship (23)-(25), we obtain the next dependence:

0.
A12\112 = All‘]llh'le (26)
P2 O

Based on the least relationship, the electromagnetic stress as current density
and linear current density are expressed by the next two relationships:

Jp = Jllﬁ.ﬂ._einﬂ 27)
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,=A ﬁ.ﬂ._einﬂ (28)
Knowing the electromagnetic stress or the dependence between them, now
mechanical stress developed by electromagnetic forces may be computed.
The apparent efforts are described by [13]-[15]:

1

C11= ﬁ A1Bsiy (29)
1

Gp= ﬁ ALBsi, (30)

where Bs; is magnetic flux density on air gap.
From relationships (26)-(29) is obtained the apparent effort:

Opo= cn.h.ﬂ.ﬂ. Buio 31)

Oi1 P2 Ji2 Bann
where By; is magnetic flux density on teeth.
Or if is used the relationship of specific power losses:

Py, = Pr1diy (32)
Py, = P22 (33)

is obtained:
1= 0y O Pyur Ji2 Bap (34)

O Ponz Jn By
Now, starting from relationship of tangential density of force:
S S ST =5)

V2 S.Hdkzl V2 Uy

the relationship (34) becomes:

G p f, 1

Gpp= 0y - in12 @ P11 | ft12 LPdiz (36)
Om1 Poz fur Man

If we want to find a relationship of tangential force of teeth, we will start from

relationship [13]-[14]:

pJF&kfly (37
Vio,
where ky=1+L/L is a global geometric factor (L-ideal machine length and L¢;-
frontal length of stator winding).

The ratio of Joule losses results:
P _ fuo Vi o1 kfll. (38)

P2 fur Vi op kf12
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Because the stator remains the same (ks1=ks12), results:
Poun _ _ft12 .Vﬁ.% ) (39)
P fur Vi op

Based on the least relation, the tangential force density becomes:

Bin1o _Q12T ﬁ Haur (40)
O1 Qur Vi Mar
The last relationship may be expressed as a dependence of speeds:

ft12 = ftll :

O Qor M Hay . (41)
Oins Qur M Maz

From this relation may be deduced a speed dependence of speed by electro-
magnetic stress:

ft12 = ftll

Ny = Ny & Bin11 . Qur Maz (42)
fur Oz Qur Man
The last relationship shows, through other things, that on each speed varia-
tion a reaction of magnetically material is being ny,=f(n11,Uq12/Mg11). From this rela-
tionship may be deduced the expression of magnetic permeability of teeth for a
speed variation:

Rao = Mg = = , (43)
O Qur Ny i

and based on relationship of speed [8]:

n=00 (44)
p

is obtained:

Oz Qur Pu fus
Haz =Mann o "/~ - " § - (45)
O Qur P fu

3. Case study on simulation of permanent magnet synchronous ma-
chine

In the above section have been deduced different relationships for assess-
ment of stress for the case of adjustable speed with poles commutation method.
For this situation, in this section has been considerate a case study of permanent
magnet synchronous machine design with the next requirements imposed by
project design theme:

» Rated power: P,=500 [kW];
> Rated voltage: U,=400[V];
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Rated efficiency: n,=0.93[ad.];
Rated power factor: cos,=0.92 [ad.];
Pairs of poles: p=6 and p==8[ad.] (for two different speeds);
Protection degree: IP 44;
Insulation class: F.
The excitation has been design according to NeFeBr PM which has the next

characteristics:

» Remnant magnetic flux density: B,=1,1 [T];

» Coercitive magnetic field strength: H.=1049[A/m];

> Relative permeability: ppy = 1.049;

» Electric conductivity o= 0.667 [MS/m].
The topology of permanent magnet synchronous machine with permanent mag-
nets mounted on the rotor surface is depicted on the Figure 1.

YV VYVYVY

Figure 1. Topology of permanent magnet synchronous machine

In the above figure has been hightailed the main geometric dimensions of the
machine.

In the order to assessment the electromagnetic stress, we will perform two
simulations according to design methodology [13] and [14], when magnetic flux
densities and current density are de same with different poles pairs. The once
geometry is identified by the same geometric factor k.

The main characteristics of magnetic steel are represented in the below Figure
as a function of magnetic flux density.
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Figure 2. Efficiency, stator current and power factor.

Thus, where hightailed the next quantities: specific active power losses
pPPr[W/Kkg], specific reactive power losses qqre[VAR/kg] and relative magnetic
permeability p,. As be seen, once with increasing of magnetic flux density, the spe-

cific losses increasing too.

Now, will be represented, alternatively, the characteristics obtained for the

two cases of different pairs poles.

The Efficiency, stator current and power factor are represented in Figure 3.

Electromechanical characteristics Electromechanical characteristics
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Figure 3. Efficiency, stator current and power factor
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From the above figure, a slight difference may be highlighted.
Important characteristics dependent on internal angle were represented in the
Figure 4.

Angular characteristics Angular characteristics
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Figure 4. Characteristics dependent of internal angle

The stator geometric dimensions were represented as a function of factor ki,
in Figure 5. The curve allure is the same, but there are some slight variations ac-
cording to different number of pairs poles involved.

Geometric dimensions of stator Geometric dimensions of stator
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Figure 5. Stator geometric dimensions

In Figure 6 are represented the rotor geometric dimensions as a function of
geometric factor.

All geometric dimensions, represented in Figure 5 and 6 keep the notations
from Figure 1 of cross section of machine.
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Geometric dimensions of rotor Geometric dimensions of rotor
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Figure 6. Rotor geometric dimensions

In the order to define economic criteria for cost optimization, in Figure 7 has
been represented the main curve of cost and consumption of active materials (Fe,
Cu and PM).

The minimal point of total consumption c,,, which will be considerate in this
study, is different (different k;).
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Figure 7. Specific cost and consumptions of active materials

Finally, the average tangential effort is presented in Figure 8. The allure of the
curve is the same, but there are slight differences.
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X 104 Average tangential effort x 10" Average tangential effort

o)
w
[
N

. . 1 15 2 25
Geometric factor k;, [ad.] Geometric factor k, [ad]

a) p=6 b) p=8

1 1.5 2 25

Figure 8. Average tangential effort

In this simulation case poles commutation leads to increase the average tan-
gential efforts. All important quantities may de computed according to relationships
(31), (34), (36), (40)-(43).

4. Conclusion

Speed variation, by pole commutation, generate in the intrinsic structure of
electrical machines different aspect related by: stress, thermal loses and magnetic
permeability variation. This aspect must be taking into account in the designing
phase of electrical machines where as additional constrains must be added.

The study performed, for the case of a permanent magnet synchronous ma-
chine, shows a link between main quantities as: stress, thermal losses and mag-
netic permeability variation. The increasing of poles pairs leads to increasing the
average tangential effort when the specific power losses (Joule one) imposed are
the same

The future approach is based on the assessment of electromagnetic stress
with different stator winding types.
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