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Abstract—A criterion to improve the efficiency of universal
motors used in vacuum cleaners is presented; the lamination
external sizes and the stack length are maintained unvaried.

A mathematical model of the motor is derived, that provides the
expressions of torque, current THD, Joule and core losses as a
function of the magneto-motive forces and the pole flux. The
model is validated by tests and the energy and cost savings
related to winding data changing are evaluated. Then, a new
lamination internal geometry is studied, that de-saturates rotor
teeth, yokes and pole tips, thus increasing the performances.

I. INTRODUCTION

Universal motors (UM) are widely adopted in a number
of domestic appliances, produced in several millions/year.
Typical examples, considered in the following, are UMs
for high speed vacuum cleaners, with rated input power of
1.0 + 1.5 kW and rated speed around 30,000 + 45,000 rpm.

The purpose of the paper is to analyse some reduced
cost redesign criteria for the performance improvement of
the UM — vacuum cleaner system, maintaining unvaried
the external motor sizes: this constraint allows to avoid
expensive changes of the vacuum cleaner frame geometry.

The work is subdivided as follows:

e a design oriented model is carried out: it allows to
express the equivalent circuit parameters and some
operating quantities (torque, Joule losses, current THD)
as a function of the main electromagnetic variables;

¢ a low cost redesign criterion of the motor is analysed, just
considering the change of the winding data, with totally
unvaried motor core geometry (fig.1 left);

¢ a medium cost, asymmetrical core geometry is studied,
with the same external sizes, air-gap profile and stack
length, but modified pole tips, yokes and teeth (fig.1
right); it is suited just for motors rotating in one direction.

The flux density maps of the basic motor and of the

new one are reported in fig. 1; the new asymmetrical

lamination geometry implies the core de-saturation,

mainly the pole tips, the stator yoke and the rotor teeth.

For all these cases, the efficiency increase and the

reduction of the current distortion are evaluated.

II. UNIVERSAL MOTOR DESIGN MODELLING

In [1], [2] a basic model of the universal motor has
been presented. Here an extension of that model is
developed, taking into account the ratio between the stator
and rotor turns and the total copper section in the slot.
Moreover, all the quantities are given as a function of the
magneto-motive forces (m.m.f.s) and of the pole flux ¢.
Fig.1 shows the structure of the studied UM, commercially
available (data in Table I), and its asymmetrical version.
The motor equivalent circuit and the magnetization
characteristics are shown in figures 2, 3 [1-3].

Table I — Main data of the UM under consideration

rated voltage, frequency: Vi [Vrms]; fn [Hz] 220; 50
rated input power: Pin n [W] 1250
rated speed: Qp [r/min] 32,000
Pole shoe half extension &e: brush shifting o 60°; 22.5°
Brush sizes: b - w - h [mm)] 6.3-10.95-37
air gap width § [mm] 1.47
38.25; 32

Rotor diameter D [mm]; axial length ¢/ [mm]

Figure 1. Flux density map of the basic motor symmetrical lamination and of the new asymmetrical lamination (scale in [T]).



Figure 2. UM equivalent circuit; Ry, L¢f, Ra, Leg: field (f) and
armature (a) resistance and leakage inductance; ef. field e.m.f.
induced by the pole flux @; eas, eqar: speed, transformer armature
e.m.f.; vp: brush voltage drop; G¢: core losses conductance [3].

The armature m.m.f. has a direct and demagnetising
component, because of the brush shifting o [1]. Thus, the
magnetizing m.m.f. m;(f) is given by:

mm:(l—c-a)~mf=(1—c-a)oNf-im )
where: o = (Ns/Ny) / (2-m) )
is the reaction factor, N, and Nythe number of turns of the

armature and field windings (Nyis the number of turns of
each pole); my= Ny-iy, is the field m.m.f. of each pole.
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Figure 3. Magnetization characteristics of the basic lamination
and of the new asymmetrical lamination (for ¢ = 0.445; 0=22.5°).

As clear from (1), the armature demagnetizing effect
depends on the product a-c; on the other hand, changing
the reaction factor o, a suited new value of the brush
shifting o should be adopted, in such a way to obtain
acceptable commutation conditions (brush axis coincident
with the neutral operating axis).

Thanks to selected FEM analyses, the optimal law
0o(o) has been obtained, as shown in fig.4: experimental
tests have confirmed the soundness of the law oo(o).

In the following, some adopted assumptions are given:
o the operation occurs under sinusoidal voltage feeding;

e an optimal brush shifting law oo(c) is always adopted,;
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Figure 4. Optimal brush angular position oo as a function of the

reaction factor o: the best commutation conditions are guaranteed
(brush axis coincident with the neutral operating axis).

o the @(f) waveform is practically sinusoidal (as verified
both numerically and by tests), with @ peak pole flux:
o(t)=P-sin(w-1) ; 3)
e the operation is acceptable if, at the pole tips, the flux
density distribution does not show a local inversion.
In terms of instantaneous values, the magnetization
characteristics of fig. 3 can be analytically expressed as:

i (1)=(05+0 7 (0(1)))-0 = 05 1+ (9(1)))-0 (1) 4)
with 05, 0/¢) air-gap and core reluctances respectively.

Thus, the e.m.f.s represented in fig. 2 are given by:
ef =2-Ny-(do/dt)=2-Ny-o-®-cos(w-1) %)
ey =Ch N, -(do/dt)=Cy N, - D-cos(w-t) (6)
€us = Cog Ny Q-9 =Chy N, -Q-P-sin(w-1) (7
where:

Cat and Cgys are the transformer and speed linkage

coefficients [1], and Q2 the angular speed.
The expression of the instantaneous torque can be obtained
as follows by the armature speed e.m.f. eqs:

T(I) _ €, ~im _ Cas Na (p(t)mm (t):
Q N/..(l_c.%)

=2.1-Cy .ﬁ.es '(1+Pe ((p(t)))(p(t)2

Thus, by integrating eq. (8), the average torque is:

1 C,m-C
T,, :;J:T(x)dx =1isc—.%'96 '(1"‘961((1)))'(1)2 )

(®)

where
pel(cb):%-jgpe(qa-sin(g))-sinz(g)da (10)

can be called basic average saturation function.
As for the Joule losses (see fig. 2):

(Rf +Ra)-m,%1(t)

p.s()=(R,+R,) i ()= , (D)
P-/() ( / a) m() N}‘(l—c'ao)z
its average value equals:
1 T R/-+R
Y WA S B VTR

N}~(1—G~0LO)2

where M, is the rms value of the magnetizing m.m.f.
mm(t). Considering eq. (4), it follows:

M, :%'J.on(“rpeﬁp))2 '9;25 -<p2(x)~dx= eg .02 %
.j(;rsinz (x)~(1+2~p6 (@ -sin(x))+p3 (q).sin(x))) dy=

=(<I>/ﬁ)2-6§-(1+2~p91(c1>)+2-p92(c1>)) (13)

where
P2 (@) :%J‘gsinz (x)-p92 (@-sin(x))-dx (14)

can be called quadratic average saturation function.

Fig.5 shows the integral saturation functions pgi(®) and
p2(®D) of the basic motor lamination, as a function of the
peak pole flux @®: as observed, around the rated flux
(roughly 0.7 mWb), the effect of saturation is relevant.
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Figure 5. Saturation functions, pg1(®), pg2(®) (basic motor).
From eq.s (12) and (2), it follows:

(Ry +R,) _Rf R, Nj

N7 N7 N2 N7

with Rq and R, field and armature “one turn” winding

resistances, evaluated with the actual turn average length

and with the total copper cross section of the considered

windings (in the following assumed invariable).
Thus, the average Joule losses become:

2
3 Rfl +Ra1 ~(2'7I'G) .92.(1)2.
2 o)
2(1-c-a,)

-(1 + 2~(p91 (‘D)+ Po2 (q))) )

The brush losses p,; = vp(i)-i are due to the voltage drops
in the brush body and at the brush-commutator contact:

vp ~ Rypy iy~ (if iy )+ Vep - (if i ) =

= Vpbr (mm /Moy ) +Vebr (mm /My )
(reference values for the motor of fig.1 are (subscript r):
Vibr= 6 Vi Vepp= 3 Vi kp = 0.52; Ppp, 252 W) .
Concerning the core losses P, whose most important
contribution is given by the rotor losses at the internal
frequency f;, they can be estimated as follows [3]:

P Ppcr (q)/q)r)2 (fz/flr)nc (18)
(in the motor of fig.1, the reference values are: f;,= 650 Hz,
®,=0.7mWb: Pp,= 52 W; n.=1.82).
As for the voltage equation, from fig.2 and eq.s (5)-(7):

v(t):(Rf +R, +Rb)-im (t)+(Lff +L[a)-(dim/dt)+

+ep (1)+eq (1) +eq (1)

If the applied voltage v(¢) is sinusoidal, the flux @(¢) and
the e.m.f:s ef?), ear(t), eas(t) are practically sinusoidal, too.
It follows that the quantity:

(R + Ry + Ry )i (1) + Loy + Ly )-(d iy [ t)=

:Req "Iy (t)+Léeq '(dim/dt)
must vary sinusoidally. Subdividing the magnetizing
current into a first harmonic and a residual:

Iy (8) =11 () Fipres (1) 21

(2-m-0)%, (15)

_Rfl +R

P =
» (16)

17)
Kp

(19)

(20)

then:
di
Req lm( )+Léeq —

iml

d
:Req.i”’ll(t)—i_l'feq._dt . (22)

From eq.s (22) and (1):
Re mml(t) Re mml(t)
R, i -4 mr\J _ Ny,
eq lml(t) Nf'(l—G'(lo) f
where, by (15):

R Ry +Rs+R R
e‘; ( b fz a) :—”+Rf1+R
Ny Ny Nj

and

(2-m-0)° (24)

I .diml _ Lleq .dmml _
P Ny-(l-c-a,) dt

_NJZI'A/f—FNg'A(a.dmml_ (25)
N/-~(1—G-(x0) dt '

Ay +(2-7r~6)2 Ay, dmy,
(I-c-a,) dt

In this way, the applied voltage v(f) gets:

A(f +(2~TE-G)2 Ay,
(i-oa,)

=N,

eq My

N} (1—0-0(0)

v(t):N/--

d
. ;n;"l+2~(1+n~c-Cat)~w~<I)-cos(oa~t)+ (26)

+2+(m-6-Cpy )- Q- @-sin(w-1))
The quantities in eq. (26) are sinusoidal, moreover,
m,1 (1) and @(r)are in phase. Recalling eq.(3) and
expressing all the quantities as phasors, it follows:
_ _ || Ry O5-(1+ 0]
V=N, @ -~ MJJEGCMQ +jo-
‘ Nf (1-c-0,)
A[f + (27[6)2 A[a
(I-c-a,)

05 (1+pgy (@) +2(1+mcCyy ) || (27)

The rms field and armature current densities are:
I, 05y1+2:pg (©)+2:ppy (©) @

S = — (28)
/ Acf Acu.f '(I_G'ao) \/E
and
A .
S :L‘f.(z.n.c).g (29)
¢ Acu.a'cr /

where Acf, Acuy are the cross sections of one field
conductor and of all the conductors of the Ny turns of each
field pole, respectively; Acu.q is the cross section of all the
conductors in one rotor slot; ¢, is the N° of rotor slots.

The current distortion factor v can be evaluated as follows:

M, 05 - (1+por (@ )(CD/\F)
My 0 \f1+2pg (P)+2pgy (P ((D/\/—) 0
_ L+pg ()
\/1+2p61(®)+2p92(®)
Thus, the THDj of the current equals:
2 2. 2
7D, = Moy |1y o NE P2 P 1p92 Por &1
Mml A% +P61



III. MODEL VALIDATION AND LOW COST REDESIGN
STRATEGIES OF UM FOR VACUUM CLEANERS

The efficiency improvement of the whole system
implies some redesign actions both on the turbine and on
the electric motor. As for the former, the diameter should
be reduced, increasing the angular speed and modifying the
shape of the air baffle. Obviously, in a good design, the
maximum turbine efficiency should occur at the most
frequent operating speed of the turbine, and should match
the maximum motor efficiency. Some typical efficiency
curves of the turbine are reported in fig.6: in the following,
we will assume that the turbine is not modified.

As for the electric motor, the model, derived from the
preceding equations, has been experimentally verified.
Fig.s 7a and 7b show simulated and test results of a motor-
turbine basic system (B), with no core modifications,
operating connected to a standard vacuum box emulating
the vacuum cleaner. The box is a cube of 500 mm per side,
with two holes: the motor is leaned over the first one,
while the diameter Dj of the second (air inlet hole) is
varied, emulating different dust sack filling conditions.

The following remarks can be made:

e the model accuracy is fair, as shown by the test-
simulation agreement;

o the efficiency of the system is greatly limited by the
turbine efficiency; moreover, the maximum efficiency
condition occurs in a limited operating range, while the
motor efficiency curve shows higher levels and is flatter.
In the following, some motor redesign examples will be

analysed, by using the developed model, and the related

performance improvements will be evaluated.

A first low-cost redesign criterion (called R;) maintains
unvaried the motor sizing, that is the total copper, iron
mass and lamination geometry are constant. It is based on
the reduction of the design value of the peak flux @,
keeping constant the torque value at a chosen reference
speed. The positive consequences of this strategy are:

e mitigation of the Joule losses (thanks to the decrease of
@?, pg; and pgy, see eq.s (12), (13), (14));

o clectrical brush losses reduction (thanks to the current
reduction, see eq.s (4), (17));

e core losses decrease (eq. (18)), and reduction of the
current distortion (eq. (31));

e better motor efficiency, commutation, thermal conditions.

As declared, the losses reduction should maintain
unvaried the torque at a reference speed.
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Fig.6 — Aeraulic efficiency curves of the vacuum cleaner turbine,
as a function of the air flow, with the angular speed as parameter.

80
70
1’lmotor[%]
60 X
N [10” rpm] litres/s
50[3—/ /Q[ i
RSN Lo —-
o o
40 -
= N S = a
I
30 Vat
4
20 7
/0 T]total[%]
10 ¥
/% Dy, [rm]
075 10 15 20 25 30 35 40 45 50
1.8
[kW]
1.6 P
input
1.4 &
1.2
1.0
0.8
0.6 /Pout_turb
0.4
0.2
D, [mm]
&
OO 5 10 15 20 25 30 35 40 45 50

Figures 7a, 7b. Simulated values (continuous lines) and

experimental results (points O, < and 0) of the basic motor-

turbine system (B), operating connected to a standard vacuum

box emulating various dust sack filling conditions of the vacuum

cleaner (by different values of the air inlet hole diameter Dp).

Winding data of the basic motor: N° of turns: Ny = 324; Nf=116;
wire diameters: dg = 0.42 mm; df= 0.71 mm.

By observing eq. (9), this goal can be achieved by suitably
increasing the reaction factor o, so as to compensate the
flux @ decrease.

The reference speed can be maintained unvaried by

adopting a suitable value of the number of field turns N to
be obtained by solving the voltage phasor equation (27).
Of course, the increase of o is restricted by the need to
limit the reaction armature m.m.f., that could excessively
distort the air-gap field distribution: as a consequence, the
commutation would get worse.
Fig.s 8a and 8b show the results of a motor redesign,
according to the criterion R;: the motor redesign implies a
reduction of 15% of the peak flux @, maintaining unvaried
the system conditions in the operating point characterized
by a hole diameter D, = 16 mm, that is the diameter of
maximum total efficiency.

The simulations have shown that the output
performances remain exactly unvaried all along the
diameter Dj, range; as regards the input motor behaviour,
fig.s 8a and 8b show the reduction of the current distortion
and of the motor losses in the same Dy, range.

The observation of the motor loss reduction AP,
(corresponding to an equivalent input power reduction)
could suggest that the energy saving is poor.
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Figures 8a, 8b. Results of the motor redesign according to the
criterion R, (reduction of 15% of the peak flux @, maintaining
unvaried the output system operation with a hole diameter Dy, =
16 mm): reduction of the current THD and of the losses,
compared with the corresponding quantities of the basic motor B.
Winding data of the motor redesigned according Rz : N° of turns:
Ng = 372; Nf=98; wire diameters: dy = 0.40 mm; df= 0.75 mm.

Some additional remarks can help in evaluating the actual
savings: considering that the hole diameter Dj variation
emulates all the conditions of the dust sack filling (apart
from diameters under a minimum value Dy,,, for which the
air flow is so low that the user is advised to empty the
sack), the average loss reduction equals:

AP, :;)J.DhMAP(Dh)-dDh (32)

Pav (DhM _Dhm Dpm p
With Dy, = 6 mm, Dpy, = 48 mm, one obtains: AP, =
25.0 W. With a motor life of At; = 600 h, an energy cost of
Cz = 0.13 €kWh and a production of Mp = 6-10°
motors/year (production of a leader manufacturer in Italy),
Table II shows some results: even if the savings of one
final user are limited, the savings during the life of a one-
year motor population are interesting.

Table II. Energy and cost savings for one motor and one-year
motor production population (Mp = 6-100), obtainable from the
basic motor B, redesigned according to the Ry, criterion.

one motor energy saving [kWh] APpav' Aty 15.0
one motor cost saving [€] Cg- APpav' Aty 1.95
M p motors energy saving [GWh] Mp AP, Aty 90.0
Mp motors cost savings [M€] Mp -Cp-AP,, Aty 11.7

IV. UM MEDIUM COST REDESIGN STRATEGIES
WITH LAMINATION CHANGES

In order to limit the cost impact, according to this
strategy (called Rus), the core external layout and the stack
length are maintained unvaried (due to vacuum cleaner
sizes constraints), together with the air-gap geometry. The
modifications are finalised to reduce the local saturations
caused by the armature reaction: thus, the internal
geometry of the magnetic core is modified, adopting an
asymmetrical configuration, both on the pole tips and on
the stator yoke (fig. 1 right). This leads to compensate the
cited asymmetrical saturations, allowing a performance
improvement of the motor, without increasing the whole
external dimensions. (N.B.: the asymmetrical redesign is
possible if the motor rotates only in one direction; the same
can be stated out for the brush shifting, here adopted).

The re-distribution of the magnetic flux in the core allows

to obtain the following global and local effects:

e an increase of the flux @, with unvaried m,;, (fig. 3): thus
the torque increases, being the motor losses equal;

e a reduction of the local saturation, particularly in the
saturated pole tips; the consequence is an improvement of
the commutation conditions, thus of the brush life.

The choice of the winding data has been carried out
leaving from the basic (B) motor, following these steps:

e with a hole diameter of 16 mm, increase of the motor
speed, maintaining roughly unvaried the motor losses
with respect to the basic motor;

e unvaried brush shifting angle o (a0 = 22.5°);

e choice of the reaction factor ¢ (eq. 2) according to the
optimal law a,,(c), with o = 22.5° (fig. 4);

e choice of the N° of turns of the field and armature
windings, in order to satisfy the voltage equation (26);

e choice of the wire cross sections leaving from equations
(28), (29), with current density values roughly unvaried.

The simulation results are presented in the following.

Fig.9 shows the increase of the UM output power,

obtainable with the strategy Rj; by adopting the new

lamination according to the described criteria.
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Figure 9. Losses (Pp.mot) and output power (Pouz.mor) of the UM:
dotted curves: basic lamination (fig.1, left) and motor (B);
solid curves: new lamination (fig.1, right).
Winding data of the UM redesigned according Rps: N° of turns:
Na=300; Nf=107; wire diameters: dg = 0.45 mm; df = 0.75 mm.




As can be seen, the motor losses are slightly increased:
anyway, this fact does not imply thermal problems, thanks
to the better cooling due to the speed increase.

Fig.10 shows the motor efficiency improvement, roughly
higher by 1%: this positive result impacts also on the
global system efficiency, as shown in detail in fig.11, even
if in a reduced amount, because of the low turbine
efficiency level. Finally, fig.12 shows how the
asymmetrical lamination allows to reduce the current
distortion, thanks to the lower saturation level.
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Figure 10. Asymmetrical motor: motor efficiency increase with
respect to the efficiency of the motor with the basic lamination.
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Figure 12. Decrease of the motor current THD; of the
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V. CONCLUSION

In the paper, a design oriented model of the UM has
been derived, suited to obtain the expressions of torque,
Joule and core losses, efficiency and current THD as a

function of the main magnetic quantities (magneto-motive
forces and pole flux).

This model has been validated by tests, showing an
excellent agreement with the experimental results.

Subsequently, the model has been adopted for the analysis
of two redesign methods, aimed to improve the
performances of the universal motors used in vacuum
cleaners (efficiency, output power, current distortion).

A first, low cost, criterion has considered the motor
losses reduction, being the same the output power, just
modifying the winding data and the brush shifting angle.

A second, medium cost, criterion was based on the
invariance of the motor losses, increasing the output
power, thank to the adoption of an asymmetrical
lamination, being the same the stator external sizes.

These criteria have been tested, giving encouraging
results, substantially confirming the theoretical results.
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