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Abstract — With the intent to model the global behaviour of
the universal motor, taking into account core saturation and
losses, an equivalent circuit of the machineis described.

A procedure for the calculation of the magnetisation charac-
terigtic is developed, correctly modelling the armature reac-
tion; a speed-dependent core losses lumped conductance is
evaluated. Smulated and test results validate the modd.

1. Introduction

The commutator universal motor (UM), whose operation
principle and main characteristics are well known, is till
largely used in several small rating home and commercial
appliances. nevertheless, the increasng competition of
other solutions leads to deepen the knowledge of this ma-
chine, both in order to attain design improvements, and to
allow amore accurate estimate of its performances [1-10].

Among the aspects that significantly affect the operation,
the ferromagnetic core behaviour is to be noted: the high
and non uniform level of saturation, together with the dou-
ble frequency rotor lamination losses, make not negligible
the core non linear effects, especially in high speed motors
(running at some ten thousands RPM).

The core saturation affects both the global operating
guantities (particularly current and torque waveforms), and
the commutation parameters (especialy sdf and mutua
inductances of the commutating sections).

The paper is devoted to model the global operation of the
motor: to thisaim, the following steps are considered:

—an equivalent circuit is presented, including saturation;

—the magnetisation characterigtic is andytically obtained;
—the core loss and the derived conductance are eval uated;
—results of FEM simulations and tests validate the model.

2. Equivalent circuit

The reference motor data arein Table |. Caled my = Nt im
the field magnetizing m.m.f., in the generic position { un-
der the upper pole of fig.1, the total m.m.f. mp() equals
mp (€)= m; -A+0-(-a)), o=Na/N¢ )/(2-7); (1)
o (reaction factor) and o (equivalent brush shifting) take
into account the distorting and demagnetizing effects of the
armature m.m.f. reaction (slot stepping neglected in (1)).
As shown later, for given values of ¢ and o, (1) leads to
evaluate the magnetisation characteristic em(m¥), linking
the instantaneous values of the pole flux ¢m and of the
field winding m.m.f. m¢ : for low ¥ levels, m(rmy) reduces
to the unsaturated curve emo= Ao M.
By the Faraday’'s law, the armature flux linkage leads to

the total em.f. ey, as measured at the brushes: it consists of

€at and eas, transformer and speed em.f.srespectively:

dom
dt

with Ca and Cas linkage coefficients (dependent on €, o; for
themotor of Table 1, we have: Cat = —0.059; Cas= 0.31).
By defining Ag =0@m/m; 3
Ag =dop/dmy @
apparent and differential permeances, (2) becomes:
€= €4 1€ =|—da(im)'dim/dt"'lvl(im)'im'Q ®)
where Lda(im):Na'Nf -Cqt 'Ad(im) (6)
M(im):Na'Nf 'Cas'Aa(im) ' (7)
Theem.f. induced in thetwo field cailsis given by:
e =2-N¢ -dop/dt = Ly (im)' dip, /dt

€3= €4t + €35 =Cqt " Na- +Cas' Na - Om-Q » @)

and

, (8)

Lar (im)=2-N7 - Ag(im) - ©
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Fig.1. Scheme of the reference universal motor.

TABLE |
MAIN QUANTITIES OF THE REFERENCE UNIVERSAL MOTOR
Vn[V]; In[Al; Pinn[W] 220; 5.8; 1250
fn[Hz]; Nn[r.p.m] 50; 32,000

N° of polesp; N° of commutator segments k 2, 24

N° of rotor teeth Nt ;  coil sided/(layer-slot): u 12; 2

rotor winding paths: a=p; pole shoe extension 2:{e 2; 2-60°
Rotor turnsN°: Na;  wire diameter [mm] 360; 0.40
field coil turns N° (per pole): Nf; wire diam. [mm] 130; 0.63
turn pitch shortening: €; equiv. brush shifting: oo 30°; 22.5°
Brushsizes: Wp - 4p - hp [mm] 6.3-10.95-37
brush—segments contact ratio; rotor diam. [mm]  1.96; 38.25
air gap §; axial stack length ¢s; lam. width [mm]  1.47; 32; 0.50
lam.AST FEV 4750: nom. loss 1.5T, 50Hz [Wikg] 4.7




Besides the em.f.s induced by the flux ¢m, the modd must
include: inductive valtage drops (due to Lef, Lea: leakage fied
and armature inductances); resitive voltage drops (due to
field and armature resistances Rr and Ra and to the brushes,
Vb= Ry'im); asregards the core losses, they can be moddled by
asuited conductance G, derived at theinput terminals,

Thus, by some handing and parameter combinations, the
equivaent circuit of fig.2 can be derived, where;
R=R; +Ry+ R, ,

L(im)= L (im)+ Lda(im)+ Lyt +Lsa-

(10)
(11)

About the dectromagnetic torque Te(im), it is expressed by:
Te(im)= M (im)'ir%\ .

(12)

€35=M(im)im-Q

Fig.2. Equivalent drcuit of the universal motor.

The drcuit of fig.2 is vaid for the analyss of every kind of
operating condition. Some of its parameters (e.g.. winding
resistances and leakage inductances) are quite easily valuable,
while the magnetisation characterigic em(ny) and the core
loss conductance Gc require a detailed analysis.

3. Magnetisation Characteristic Calculation

In UMs, magnetic saturation is important in the leading
poletips, in the rotor teeth faced to them and in the yokes.
Thus, the air-gap magnetic voltage Us(C) is notably lower
than the m.m.f mp(C), requiring a correct evaluation of the
ferromagnetic voltage drops. for each current im, the corre-
sponding flux ¢mis computed by iterations as follows:

—a pole axis-tooth axisrotor alignment is chosen (fig.3);

—the pole flux fringing is considered by extending the pole
tips of awidth equal to one air-gap at each extreme;

—the dotting is taken into account by the Carter’ s factor;

- UsM(Q) isthe Us(C) digtribution at the k" iteration;

—UsO() is assumed afraction x of mp(£) (e.g. x = 0.50);

—within the pole arc, the elementary air-gap flux equals:

dog (C)=U$)(0)-dA5(0) | (13)
with dAs({) elementary air-gap magnetic permeance;
—then, the pole flux emisgiven by:
(k) (t=Ce
= d ; 14
om = [, dos(¢) (14)

—the flux @pt() crossing the generic section of the satu-
rated poletip (theleft oneinfig. 3) equais

(Ppt Q):J

= ~

d% ; (15

| e

([

Fig. 3 - Scheme of the magnetic structure used for the analytical
evaluation of the magnetisation characteristic.

—the flux density Bpt(k)(C) along the pole i p isgiven by:

C)Z(P / Apt

with Apt(€) cross %ctron of thepoletipin positi on{;
—from the lamination Hre(B) curve, the Hpt(C) follows:

HEE=H BE Q) an
—the magnetic voltage drop Upt®, measured from the ex-
ternal edge of theleading poleti p, equals

c)=j (rs-dg)

with rs stator interna radius along the pole shoe;

—the magnetic voltage drops along the pole body and the
trailing poletip are negligible for usua current values,

—the stator yoke magnetic voltage drop is globally evalu-
ated, assuming uniform flux density in the cross section;

—the tooth magnetic voltage drop is evaluated singly, con-
sidering each tooth flux and the flux crossing the dats;

—as for the rotor yoke magnetic voltage, an equivalent
length is assumed (3/8 of the geometrical length);

—the various voltage drops are locally summed, thus giving
the k-th step reconstructed m.m.f. distribution mpr®(C);

—then the air-gap magnetic voltage is updated as follows:

A

uEDEEE)- m@)/mPe) . 9
where A is arelaxation exponent, necessary to obtain the
numerical convergence (a suited A value equals A = 0.25);
—the iterative process continues until the reconstructed
m.m.f. distribution at the k" iteration, mpr¥(£), equals the

impressed one, mp(£), unless a chosen difference.
For each current value, a diagram of the magnetic voltage
drop distributions is obtained: fig.4 shows these drops for

im=10 A, together with mp(C) aII referred to them mf .
14
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Fig. 4 — Pole m.m.f. mp({) and magnetic voltage drops under the
pole shoe, referred to mf (data: Tablel; im =10 A = peak saturated
value of In): air gap (Us/mf), rotor teeth (tg, t10: see fig.3) (Uyn),
pole shoe (Upg/n), yokes (Usy/mf, Ury/m); + = mpr@(C)/my.

It can be observed that:

—the air-gap magnetic voltage drop Us behaves similarly to
mx : thus, the ratio Us/nx is fairly constant; the irregular
waveform of Us is due to the dlotting effect;

—the voltage drop in the leading pole tip Upsisrelevant;

—the teeth drops Ut under the leading poletip are high;

—Usy and Ury are notable: moreover, they are constant, i.e.
¢ independent, because they are not air-gap distributions.

To obtain the magnetisation characteristic, the described

procedure must be repeated for several current values.




Fig.5 shows the characteristic obtained by the described
andytical method (—), together with the curve derived by
FEM analyses (---), up to very high peak current values
(Impmax = 40 A, typical of zero speed starting at full volt-
age); some measurement points are aso reported (0), ob-
tained by using a probe coil placed on the pole shoetips.
The initid permeance Ao of the unsaturated portion of the
characteristic (omo= Ao-my) equals Ao = 0.92 uH.

The agreement is satisfactory, thus validating the anal ytical
method, significantly quicker than the FEM analysis.
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Fig.5. Magnetisation characteristic evaluated by analytical calcu-
lation (—), FEM analysis (---) and tests (0) (motor data: Table 1)

FEM andysis has also shown that, for each current value,
the pole flux is practically independent on the rotor posi-
tion (see Table I1), having considered the different ot
current distributions. This pole flux invariance (that justi-
fies the (tooth axis) — (pole axis) disposition adopted by the
andytical method) is due to the designed extension of the
pole shoe, in relation to the rotor teeth disposition: this
leads to a constant air-gap pole permeance, thus limiting
undesirabl e effects (torque ripple and flux pul sations).

TABLE I
RATIOS OF FEM EVALUATED POLE FLUXES (AT VARIOUS MMF.S): TOOTH
AXIS-POLE AXIS ALIGNMENT ((t); SLOT AXIS-POLE AXISALIGN. ((Pms)
me [kA] 013 0.65 1.30 2.60 5.20
Omt/ Pms 0.998 0.997 1.006 1.016 1.019

4. CoreLossModelling

As known, the accurate evaluation of the core losses of
rotating electrical machinesis still a challenge: besides the
basic non-linearities of the classical core losses, the occur-
rence of other loss items (rotationa hysteresis, extra
losses) make very complex and specialised the experi-
menta and FEM research activitiesin thisfield [11].

Here, just the classical core losses in steady-state peri-
odic operation are considered, distinguished in specific
eddy (pe) and hysteresis losses (pn). Asshown in § 3, in the
UM the spatia distribution of the air-gap flux density is
not snusoidal (thusimplying a distorted distribution in the
core portions too: see fig.6); moreover, in case of converter
feeding, also the pole flux time waveform is distorted.
Thus, in order to correctly estimate the core losses, the
effects of the space and time harmonics must be included.
The following steps will be considered: parameter extrac-
tion of the specific core losses from the lamination manu-
facturer test data; evaluation of the local loss items, as a
function of position and time, considering the double fre-

guency rotor magnetisation; definition and estimation of
space and time harmonic | oss coefficients, suited to give the
actual core losses from the core losses evaluated on the
basis of space and time fundamental sinusoidal waveforms;
evaluation of the core loss equivalent conductance Ge.

From the lamination tests, performed with sinusoidal flux
density waveform, the following expression of the specific
core loss peg [W/kg] has been obtained (average loss/cycle):

Pes = Pes B2 (F/To)2+ pro(B)-(1/55),  (20)

with pho(é)= Pra B+ Py B° (21)
fo=50 Hz: pes=0.54; pha=0.95; pnb=0.30; a=1.18; b=4.00.

In case of non sinusoidal, periodic magnetisation b(t) with
period T = L/f (without minor hysteresis loops), the hystere-

sis loss item remains unvaried (with B peak instantaneous
value), while the average eddy l0ss pe over T equals:

e AT 2 4.
Pe=ke 7+ | (dblt)t Pt
the use of (22) in sinusoidal operation allows to obtain ke:

ke = Pes /(272 - 12) . 23)
The UM portions considered for the core loss evaluation
are stator yoke (), rotor teeth (t) and rotor yoke (y): some
core losses occur also in pole shoes and in teeth heads, but
they will be neglected, due to the small masses involved.
The dtator loss evaluation is quite simple (because each
stator particle, fixed in space, is subjected to a magnetisa-
tion at line frequency f, = 1/Ty): it will be performed later.
Conversdly, the rotor loss is less easy to be estimated, due
to the magnetisation at the internal frequency fi, superposed
to that at frequency f,: it will be analysed in detail.
Consider the following expression of the space and time
dependence of the flux density distribution b in the rotor:
b=B()-v(t) (24)
where: & = generic angular rotor position (measured as ,
see fig.1); v(t) = time dependence of the flux density distri-
bution inside the rotor: v(t), that is proportiona to the pole
flux time waveform em(t), has a peak vaue equal to .
In case of sinusoidd voltage feeding, v(t) can be assumed
sinusoidal (in fact, the waveform distortion, due to satura-
tion, istypical of im(t), while em(t) remains practicaly s-
nusoidal); on the contrary, in generd (e.g., in case of con-
verter feeding, [8]) v(t) isjust periodic: v(t) = v(t + Ty).
As concerns B(€), it can be regarded in two different ways:
—we can follow the magnetic events of each rotor particle,
during its rotation (lagrangian viewpaint): B = B(§(t)): in
this case, according to the verses of fig.1, we have:
—dg/dt=Q=0w;-2/p=2-n-fj-2/p=2-7n-fj ; (25)
—we can consider the flux density distribution in all the
rotor simultaneoudly, by observing all the fixed positions
&=, covered by different rotor particles during rotation
(eulerian viewpaint): B=B({); moreover: B({)= B({+ 2-m).
According to the lagrangian viewpoint, the local instanta-
neous specific eddy 10ss pest, in each tooth or yoke rotor
particle, moving with motion law &(t), equals:

Pe (60} (0) = e A0/ ? = e fa[BIEC) v e (20
 Pea60)= ke {[CB/)- 0 - oF + [fdv/ct)- B +
—2-o; - B-(dB/d&)- v - (dv/dt) }

(22)

(27)



Now consider the eulerian viewpoint of a stationary ob-
server, that examines the instantaneous specific rotor core
loss in each fixed position: this corresponds to pose { in-
stead of & in (27), leading to peci(C,t). In order to obtain the
instantaneous eddy global loss in each rotor homogeneous
portion (teeth or yoke), it is convenient to evaluate a space
average value pei(t) of pect(G.t):

Pa®)=5 [0 pect G0 ¢ (29

thanks to the fact that the application of (28) to the third
term of (27) gives zero, from (28) it follows:

Pt )= Pai + Pets = ke (1707 - v20)+ 1, (do/a?), (29)
1 2 dB() 1 2m o
( )dc,g 5], BEPd.(30)

"o dC
Both B({) and v(t) can be expressed asa Fourier series:
= Zi B, -cos(n- { +9g,) (31)

ft)=Yo +cosloy -t)+ Y VY, -cos(z- ;- t+0y;). (32)

(31) and (32) include al the possible operating situations:

—B() issurely non sinusoidal, with zero average value;

—as regards v(t), various conditions can occur: with con-
stant d.c. voltage feeding, just the average value Yo ex-
ists; in case of sinusoidal voltage feeding, just the fun-
damental harmonic exists; if an a.c. converter voltage
feeding is provided (TRIAC, a.c. chopper), v(t) contains
the first and the higher order odd harmonics, without Yo;
findly, in case of d.c. chopper, Yo isincluded.

The subgtitution of (31) in (30) gives.

|i=Bi'(é12/2) 'fZBf'(élz/z) ’

with B =Y~ (0-8./8.f . B =37 B./BS: 38
Bi and B¢ can be called eddy space harmonic factors: they
would reduce to unity in the ideal case of a purdly sinusoi-
dal distribution of the flux density in the rotor portions.

About v(t), in the following, the presence of a constant
d.c. component Yo will be excluded (anyway, it would cor-
respond to a classical rotor core loss component, easily
valuable); we suppose the existence of the fundamental
harmonic of v(t); thus, from (29) and (32), the time aver-
age specific rotor eddy losses, in the period T, equals.

1 T
pezT_Jof pet(t)dtz pei+pe€=k-e( Im, +J;1 ) (35)
‘

mmm_—{fztm_ ﬁ+2212)

J (du) dt 1+2 z-Y,) o
dt 1+
J, = S = —wZ - ——L (37
’ T, 7 > I (37)
Ri and Ry, that can be called time harmonic coefficients,
represent the effects of the time harmonics on the rotor
eddy losses: thus, they are zero in case of sinusoidal v(t).
On the basis of (23), (33)-(37), the specific rotor eddy
losses due to the internal and line frequencies become;

2 2
=I%$éf[1+9ﬂ B.(f ) +1+9”-B[({4)‘}3&

(33)

1+ K;

 (36)

In theideal case (R = 0; B = 1), (38) shows a factor Y2, ab-
sent in the first term of (20): Y2 is due to the space average
value of the rotor squared fundamental component of B(().
The rotor hysteresis losses should be estimated in a simi-
lar manner, but here no ingtantaneous loss can be defined:
hence, only the space-time average vaue ph in the period
T, can be considered. Accepting the superposition principle
of thelosses occurring at the f, and fi frequencies, we have:

Ph = Pn¢ + Phi (39)
Thefirg term phe, existing even at zero speed, equals:
1 2 ~
P =5 Jo " Prol[BO)- B |} L (/%) (40)

Asregards the second term of (39), during the rotation each
rotor particle is cyclically magnetised, at frequency fi, be-
tween quasi symmetrical peak flux density values, sowly
modulated according to v(t). A reasonable approximation
of this phenomenon consists in evaluating an instantaneous
hysteresis [oss phit(t), considered constant in each period Ti:

Prit (t) = pho(|b1) (fi/fo) pho(|é'1)(t)|)'(fi/fo)a(4l)

with B = B({p) peak flux dendty of the space distribution,
occurring insde therotor portion, in the fixed position Cp.
The average hysteresis specific loss at frequency fi equals:

Phi =%Jg£ Prie (£t =%Jg£ pho(|é'1)(t1 ) dt :—; (42)

By posing: v =B/B, . (43)
and considering (21), (42) can betransformed asfollows:

Phi =(ﬂapha'% B2 41 Pho 7 )( fi/fo), (44)
where  n, =J0 ho(t)" dt/Tg, withv=ab . (45)

Na and Mp can be caled hysteresis modulation factors; in

case of sinusoidd v(t), we have: na = 0.61; np = 0.38.

The specific rotor loss expressions (38) and (39) show that:

—at zero speed just phe exist, while near the rated speed the
losses phi are prevailing, considering that fi, > 10-f;

—the space harmonic effects are included in Bi, B¢, and v,
while the time harmonics affect Ri, R,, na and np:  their
evaluation alows to calculate the average rotor specific
losses, once known the space fundamental flux density;

—as known, the space distribution B({) depends on satura
tion, that apparently affects also Bi, B, and yi;

—on the other hand, by combining (30) and (33), it follows:

‘_iz-ndB—(c’)Z le.ni 2

- (5 =T (g0 o
B, =b/n8?) ["B2 0 =2 [P bOPe @
with ©)/B; (48)

it follows that, even if B(), B and éld%ply depend on

saturation when evaluated separately, their ratio b({) and

i can be considered less saturation dependent; hence:

—my amplitude does not affect b(C) and yi: thus, Bi, B, i
can be estimated with m¥ = 1, neglecting the saturation;

—conversdly, the saturation must be correctly considered
in evaluating the fundamental flux density component;

—about ph, its manipulation is more complex; however,
thisterm becomes negligible at usual operating speeds.



Fig.6 shows the p.u. flux densty distributions b({) and
by(€) in the rotor teeth and yoke of the motor of Table |
(actud values divided by the corresponding fundamental
amplitudes); also the air-gap flux density bs({) is reported
(referred to teeth fundamenta flux dendty too).

These distributions have been evaluated anaytically from
(1), neglecting saturation and pole tip fringing: thus, bs()
presents discontinuities a the pole tip edges. On the con-
trary, bt(€) changes smoothly: in fact, the tooth flux density
has been evaluated in terms of space moving average of
the bs({) distribution, in onetooth pitch {t = 2 /Nt

by (0)= 2 [ 7By | & =C-L, G =045 (49)
G Y

thisimpliesa gradual bt(C) trangition at the poI e shoetips.

due to the bi({) dopes at thetip edgesin (46); these slopes
are linked to the intense eddy currents occurring in each
tooth core during its entry and exit under the pole fidd;

—also the yoke eddy factor iy is due to the by(£) slopes, but
the space filtering effect due to the teeth digtributed flux
contributions make more smoothed the by(£) sopes;

—as regards Bt and Bey, (47) shows that they represent the
squared value of the space r.m.s. p.u. flux densty: thus,
observing bi(€) and by(), it isreasonable that Bt > Bay;

—the values of it and Ty come from (43) and flg 6; in fact:

Bt Yit - B].t > B].t B =iy - Bly < Bly (56)

TABLE Il
V ALUES OF THE ROTOR TEETH (t) AND YOKE (y) SPACE FACTORS,
EVALUATED ANALYTICALLY BY (50)-(55) (MOTOR DATA: TABLE |)
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Fig.6. Flux density p.u. distributions bt(€), by({) in rotor teeth and
yoke (actua values divided by the corresponding fundamental
amplitudes; motor of Table I); p.u. air-gap flux density b§(C)
(referred to teeth fundamental flux density): analytical evaluation;
saturation and fringing neglected (PA, |A= polar, interpolar axis).

The analytical formulation of by({) and by({) has led to
obtain the following closed-form expressions of the teeth
and yoke space factors, dependent on o, 6, {e and {t: their
values are given in Table 11, for the motor of Tablel.

(elesi-5i)
—Qt oo+ g f? +1|- 200

s’n(é»g t>2{s'n<§ e) (1- cy»a) +0 »<§ ez»cos<§ e>27 ¢ es’n<2»§ e) +s’n<§ e>2>}

(50)

Bit'=

HH* 00 (6L e Ly) +0°L e (280 8] +i.cz,it1 (51)
1 3 r 0 - -
Pe =gt 2 2,
i ; 2 2 2 ) R
Mé'g { {sn(cg?a-om? o (toos(e) - an(c ) ”
lt+o: Cefi—(x
yit::n.gt. 2 (52)
8.sin(%> .ng(cos(Q e) o Sin(C e>>2+5”<C e>2'(17 oa)
Biy =L [3(1- 0 0)?r a0 ]
iy’ 12 e{ <cos<§ )C e Sin(ce>>2+sin<<: e>2'(1’0"0‘)2} (53)
2
H(l G.Q)Z.C;(E*Ce 28 c-a)2+2-02-C95H
Bey = 2 3 15 (54)
” 2 <COS<C9>'C97 sin<§e>>2 ) 2 (1 0-0)?
46" . +S|n<ge> T
(1 Ga)'Ce
(55)

"

The numerical results of Table 11 suggest some remarks:
—the tooth eddy loss factor Bit appears very high: this is

—sin §e>>2+ sin((“, e>2-(1— cs-oc)2

Bit=254 Ba=1.07 yit= 1.27 |Biy=1.16 Bsy=1.01 yiy=0.93

The estimation of the actual core losses is based on the
assumption that the flux density waveform bg(t) (in the
equivalent section area Aq of each core portion; g =S5, t, y)
is proportional to the pole flux @m(t) waveform (as already
assumed in (24) for the time dependence of the flux density
distribution); thus, for each motor portion, we can write:

by)=omt)/Ay, a=sty, (57

Big=®me/Ay,  A=SLY, (58)
in time domain and for the time fundamental harmonics.
Eq.(57) is not obvious, because the different local satura-
tion levels could imply a non perfect proportionality link
among the local flux density bg(t) and the global flux @m(t):
afew FEM and circuit smulations have shown that (57) is
acceptably satisfied in all the magnetic branches.

The equivalent sections Aq and the masses Mq equal:

As=2'Wys'kst'£5a Mszpfe'Aes'hySa
2 N
At— —Lw kg fs, My =pre- Newphpkg g, (60)

Ay=2 Wyr kg gs, My pre'Wyr'kg'gs'TC'Dyr,(61)

with kst stacking factor, w (h) width (height) of the consid-
ered branch, Dyr average yoke diameter, pfe core density;
thus, the core losses can be evaluated as follows:

(59)

Fe=FRstht +FR qu'(peq+phq) (62)
g=st,y
The stator specific losses are given by:
Pes = Pes Bis - 1+ R,)- (f,/ ) (63)
Phs = (pha B 0%+ ppp Bfy D ) (fe/fo), (64)

while the specific eddy and hysteresis losses in rotor teeth
and yoke can be evaluated by (38) and (44), once inserted
the appropriate peak flux densities (from (58), with q=t, y)
and the space and time harmonic coefficients.
By (58) and (62), the core losses can be written as follows:
R = Pc(q)ml! fy, fi) ; (65)
in (65) the space harmonic factors are known quantities for
a given mator, while the time harmonic factors (Ri, NRe, Na,
Mb) Must be eval uated from the actua ¢m(t) waveform.
Now consider the sinusoidal feeding operation at f,= fn
(— om(t) roughly sinusoidal): for a fixed rms value V of
v(t), the interna frequency and the peak pole flux depend
on therotational speed only; thus, (65) becomes:



R=RVQ) ; (66)
the core loss estimation for the motor of Table | at rated
voltage and speed gives. Pcn = Pe(Vh, Qn) =30 W.

Fig.7 shows the p.u. core loss dependence on the p.u.
speed, for a few voltage rms p.u. values around the rated
condition. From (66), the following derived conductance
Gc can be defined at the input terminals of the fig.2 circuit:
G.(v,Q)=R.V,Q)V? , (67)
whose p.u. curves are shown in fig.8: the spread of the
values confirms the heavy non-linear nature of the core
behaviour, both concerning magnetisation and | osses.
Even if no direct experimental core losses measurements
were possible, some indirect evaluations have shown the
soundness of the obtained results.
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Fig.7. Estimated p.u. core losses, as a function of the p.u. speed,
with rms p.u. voltage as a parameter, for the motor of Table |, fed
by sinusoida voltage a f; = 50 Hz (Pcn = Pc(Vn, Qn) =30W).

11

10
09

08

07

06 e 24

e ! Q/QI’]
0 Il
%04 05 06 07 08 09 10 11 12 13 14

Fig.8. Estimated p.u. equivalent conductance (seefig.2), asa
function of the p.u. speed, with rms p.u. voltage as a parameter
(motor data: Table I; Gen = Ge(Vhn, ©n) = Pen /Vn?).

As an example of the global correctness of the developed
model, fig.9 shows the waveform of the smulated and of
the measured input current i(t), for the motor of Table I,
under rated voltage feeding, while fig.10 illustrates the rms
value of the input current as a function of the speed, under
rated voltage too: a fair agreement can be recognised.
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Fig.9. Waveform of input current i(t), for the motor of Table |
operating in rated conditions: simulated (—); measured (---).
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Fig.10. Input rms current as a function of the rotational speed:
circuit smulation (—); tests (0) (motor data: Tab.l, rated feeding).

5. Conclusions

The paper has developed a modd for the analysis of the
global operation of the universal motor, with particular ref-
erence to the non-linear core behaviour:
—an equivalent circuit has been presented, including satu-
ration effects, valid in general operating conditions;
—then, an analytical determination of the magnetisation
characteristic has been performed, whose results have
been validated with measurements and FEM simulations;
—subsequently, the gtator and rotor core losses have been
evaluated, considering saturation effects and space and
time harmonics; hence, a lumped conductance has been
obtained, as afunction of voltage and speed,;
—experimental results concerning a commercial motor have
shown the soundness of the modd.
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