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EFFICIENCY OF PERMANENT MAGNET IN ELECTRIC GENERATORS
WITH MAGNETOELECTRIC EXCITATION

As a result of creation of iron-based, neodymium-based and boron-based permanent magnet (PM) with
high specific energy the range of capacity for permanent magnet machines enables them to compete with elec-
tromagnetic excitation electric cars by their parameters and excel them in weight-size parameters. Synchronous
machines with PM have a relatively simple design, are featured as reliable and able to maintain long-run (from 5
to 10 years) initial technical performance . In addition, they are easy to maintain and characterized by high effi-
ciency factor because of lack of power losses in the excitation and sliding contact. Only high price of PM limits
its large-scale implementation. Therefore, at the initial stage of structural design of PM it is necessary to deter-
mine (at least approximately) the right size and weight of the magnets and estimate the associated costs.

The paper [1] proposes the formula for determining the amount of PM in electric machine in generator
mode:
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where Ky — convergence ratio for longitudinal armature reaction to the form of magnetomotive force ( MMF )of

magnet; K, - the depredation factor; Sy - generator capacity; f — current frequency;
Ky = u(\/l—uzcosch -u Sln(pj - coefficient characterizing operating conditions; u = E—: U - output voltage ;
0

E, - electromotive force (EMF) at idle winding course; cosg - power factor; B,, H, - residual magnetic induction
and coercive force of the magnet; E¢*, I* - relative values of EMF Eq and short-circuit current .

Product Eq* « [,* is for a magnet utilization factor. Ideally, when there is no dissipation of the magnetic
flux of the magnets and armature winding and with zero air gap value Eo* « I,* = 1 according to [1] and use of
PM would be ideal and amount of magnets can be minimal .

In the case of magnets with linear demagnetization curve we get [1]:
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A
and I = Aaa*+(l+AG* 1+ 94 : ®3)
As

where As" ;A Ay, are relative magnetic conductivities of air gap, ways for dissipation and dispersion of
PM and armature winding respectively, wherein:

* Ss H¢-h
AS :HO S . "c'''m : (4)
5 B -Sy

where pg = 12,56 - 10-7 H/m - magnetic constant; Ss Sy, - areas of air gap and magnet inverted towards it
respectively; o, hy, - gap size and height of the PM.

As it follows from (4) to determine A; and subsequently Eo* and I* we have to know the size of the PM.
Therefore, the formula (1) can be used only to evaluate the degree of approximation of the PM volume to the
theoretical minimum after selecting Sy, and hy,.

- * * - - % E
Let us define the components of the product E, - I, differently. The relative value Ey = m—o, where
E
Eo = m+/2 fwK1B50Ss - EMF of phase of generator; mg =n+/2 fwiKyy1B,S,, - scale of EMF reduction; w, -
the number of turns of phase armature winding; Ky, - winding factor for the first harmonic component of

EMF; Bsy- magnetic induction in the air gap (average value along its length). Typically Ss = Sy and after substi-
tutions we obtain:

B
Eg* =00 5
0 =g, ®)

The relative value of short-circuit current:

* Eo _ EO (6)

_Xd'ml Koa - Xad My

Ik

where X4 — inductive reactance of phase along the longitudinal axis of the generator; X,4 - inductive reac-

tance of armature reaction in a specified direction; K, =1+ Xia — coefficient; X, — inductive reactance of
ad

coil scattering;  m; =m-p-Hchy/42-m-Kg-Kwy-w, — — scale  of  current  reduction;

m — number of phases; p — number of pole pairs.
Considering [2]:

()

Amf MOTI W12'KW2
Xad = . . . Kd y
© K5 Ky-d p
where 7 - pole division; | - the length of the magnetic anchor ; K; - the coefficient of the air gap ; K, - coefficient
of magnetic saturation , we obtain:

0. Ks KB
IK*zna. 3 HSO'[SJ (®)
2pg - Koa -He hm
where ¢; - the estimated coefficient of pole arc.
Let us define utilization factor of PM as K., and rewrite equation considering (5) and (8):
2
N 0;.-Ks-K,-B
Ky =Eg" 1% =0, 1 28 n 7700 (SJ (9)
2 po-KeaBr-He (hy
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Ratio [SJ is found through the following considerations. Voltage drop in the magnetic range of electric car
m

(taking into account the reaction of the anchor) should be compensated by MMF of permanent magnets , that is:

2.K5-KH.KZ.Kp-E1:.szz-mn-HM , (10)

where K, < 1 - coefficient considering the reduction of the magnetic induction on the length of the air gap, By -
magnetic induction at the surface of the PM inverted to air gap, Hy - the magnetic field of the magnet; K, > 1 -
coefficient considering the influence of the armature reaction:

_;, Kw-D-AKq-ng-siny

Kp ,
2 p-K, Kz -Ks-3:-By

(11)

where D - bore diameter, A - linear load of armature winding; v - the angle between the EMF vectors and current
in phase vector diagram generator. The values of A and B,, are usually given, the value y ~ 40° + 45°,
The equations describing the linear demagnetization curve PM has the form:

B H

—=1- 12
B, H, (12)
where B - magnetic induction in the middle section of the magnet,
B =K, - B,, . Ky > 1- coefficient of magnet discharge. From equation (12) we have:
H=HM=HC@—&g%m) (13)
r

After substituting (13) into (10) and the corresponding transformations we obtain:

(Br j Kcm j
S _\B Kz ) (14)
Ky Ks Kp i

B,
Ho-Fc
induction in the air gap along its length  during  the load of  generator.

After the substitutions in (1) formulas (14) and (9) we obtain the formula for calculating the required
amount of PM in electric machine:

where ny = - relative permeability of the PM; Bg =By, - Kz - the average value of the magnetic

Y Kg Kz Koy Kp-Sy By (15)
M 3 .
m 2 [Br _Kowm | He
f K, oi-B§p | ———
Bs Kz
Magnetic induction and Bsand Bj in (15) have ratio:
Bs = Kn Bso; (16)
-1
4
KGM KpKZHM hi +1
where Ky = M =1 — coefficient considering the influence of the load of generator, and
d
K(W[KHKZHM hj +Kp
M
Ky =0.95-0.99.

Examining the formula (15) for at least considering (16) gave the optimum value for the induction of the
surface of the magnet the following result:

05-B,-K;, 05-B,
Kow - Kn K

(BSO )opt = 7
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Magnetic induction (0,5 - B,) in a neutral section of the magnet corresponding to its maximum external en-

ergy.
Let us consider the utilization factor of PM more detailed, applying (14):

K = ™ [ 1 By Koyl Bso (18)
" 2K Kp\ Ky B Kz ) B

Substituting in the last formula values of induction from (17) we obtain:

K= 02Kz (19)
K(m ’ Kp ’ K(w ’ KH

Considering that g'“i ~1.0, which usually occurs when all the coefficients in (19) equal units, that is, in

the ideal case for magnets with linear demagnetization curve of the maximum value of K, = 0.25 , not 1.0,
which is theoretically possible in the general case [1] for magnets with some form of demagnetization curve.

It is possible to increase the coefficient K, as it follows from (17) by two ways: first, by enabling parallel
load generator capacitors that are partially or fully offset the effect of the armature reaction (with decrease of
K,); the second, by turning the series in each of the phases of the armature winding capacitors, and the inductive
reactance phase:

X X
Xd’ = Xd _XC = Xd [1—)(2}: KGaKC'Xad , where KC :1—ﬁ<1

X.- capacity reactance. Then we introduce the coefficient K. into the denominator of the formula (18) to testify
the increasing of K,

Draw attention to the formula (14). Obviously, the part in brackets must be greater than zero. This means
that B, / Bs> K,,, / K;, where value of magnetic induction, which is possible in the air gap machines:

Bs < BrKz. (20)

oM

. . . . . B, K .
Theoretically, it is possible to reach induction Bs = —2—-Z only if hy = o.

oM
Conclusion. The formula for calculating the volume of permanent magnets in electric machines with per-
manent magnet excitation was obtained. The analysis and evaluation for the utilization factor of permanent mag-
net are presented.
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HAIIPYKEHO-JIE@OPMOBAHUIN CTAH KAHATA 3 BE3MEKHOIO KIJIBKICTIO
TPOCIB ITPU HABAHTAKEHHI PO3IIOAIVIEHUM JOTUYHHUM 3Y CHJIJISIM

Beryn. PosmupenHst oGmacTi 3acTOCyBaHHS T'yMOTPOCOBHX KaHATiB Ha MPOMHCIIOBHX MiANPHEMCTBAX
BUMara€e po3B’si3aHHS IJIOTO KOMIUIEKCY HayKOEMHHX 3aBlaHb 3 PO3POOKH HAYKOBUX OCHOB Ta MPUHIIUIIIB
CTBOPEHHS HOBHX, OUIBII JOBrOBIYHMX 1 HAJIMHMX JTI()TOBUX YCTAHOBOK 3 TYMOTPOCOBUMHM KaHaTaMu. Y 3B’s3Ky
3 UM PO3POOKa BUCOKOTEXHOJIOTIYHOTO JIi(hTOBOTO 00NaAHAHHS HOBOTO IOKOJIIHHS 3 T'YMOTPOCOBHMH KaHaTaMH
€ aKTYaJIbHOIO ITPOOJIEMOIO MPUKIIATHOTO JTOCIIHKEHHS.
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