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Being able to predict temperature rise inside a machine is as important as predicting its performance and life. Because temperature measurements and
computational thermal simulations can be time consuming, thermal paths inside the through-flow universal motor were described by means of simple
lumped parameter thermal network. Once the model was built, its unknown convection coefficients were tuned with the genetic algorithm tool in MatLab.
The model has been applied and successfully verified with measurements on two different types of a vacuum cleaner motor. Taking account of impeller
losses as one of the model inputs makes temperature estimates more accurate regardless of machine’s operational regime.
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Toplinski model protoénog univerzalnog motora pomocu mreze skupnog parametra

Izvorni znanstveni ¢lanak
Biti u stanju predvidjeti porast temperature unutar stroja jednako je vazno kao i predvidjeti njegovo djelovanje i radni vijek. Budu¢i da mjerenja
temperature i toplinske simulacije racunalom mogu zahtijevati puno vremena, putovi topline unutar protocnog univerzalnog motora su opisani
jednostavnom toplinskom mrezom skupnog (lumped) parametra. Jednom kad je model izgraden, njegovi nepoznati koeficijenti konvekcije su uskladeni s
alatom genetickog algoritma u MatLab. Model je primijenjen i uspje$no provjeren mjerenjima na dva razliita tipa motora usisivaca za prasinu. Uzimajuéi
u obzir gibitke rotora kao jednog od ulaza modela, procjene temperature su to¢nije bez obzira na radni rezim stroja.

Kljuéne rijeci: genetski algoritam; hladenje otvorenog strujnog kruga; motor usisivaca za prasinu; mreza skupnog parametra; toplinski model

stacionarnog stanja, univerzalni motor

1 Introduction

With requirements to use less material for products
and at the same time gain their efficiency, there is a need
to exploit materials to their limits. This is the reason why
thermal analysis of electric machines gained on its
importance and is receiving more attention of academic
research and industrial use. It has now become necessary
to analyse thermal behaviour of machines to the same
extent as exploration of their electromagnetic aspects.

In the development of electric machines in general,
and universal motors in particular, temperature rise is a
key factor affecting the efficiency of the motor and the
life span of its vital components such as bearings,
impregnated windings and carbon brushes. Thermal data
allow estimating surveillance, protection and operational
limits of the machine.

Thermal models based on different numerical
techniques, such as finite difference or finite element
method are available now. However, the accuracy of used
method is still limited by input parameters no matter how
refined the discretization. To consider axial heat flow, a
3-diminsional model is required, while the influence of
forced air ventilation requires complex computational
fluid dynamic (CFD) simulations, which both make
numerical techniques expensive to run. Therefore, due to
its simplicity, lumped parameter network is more
attractive as it relatively accurately describes thermal
conditions within the machine elements [1-7].

Recent introduction of energy labels into vacuum
cleaner appliance market brought significant market
changes also for manufacturers of vacuum cleaner motors.
In a relatively short period of time there were two energy
regulations introduced on EU markets. In 2014 the max
allowed electric power of a vacuum cleaner appliance was

limited to 1600 W and in 2017 this limit will be further
reduced to 900 W. Not just performance and price, but
also time necessary to introduce modifications grew in
importance. Even small design adjustments, such as
modified winding data or a revised type of bearings,
brushes, impeller, etc. can cause significant temperature
shifts within some of the components.

Furthermore, by customer-focused development, such
design adjustments occur frequently during the
development process. In case of using numerical technics,
even minor design adoptions would require another
computational run for gaining new temperature data.

The most important reasons why thermal modelling
of vacuum cleaner motor as a type of through flow
universal motor should be dealt with separately from
other induction machines, have already been described in
our previous work [8], while two of the reasons have to be
emphasized:

Firstly, these machines differ from most common
induction machines as the driven impeller is designed to
be an integral part of the machine, rather than a separately
driven component. While aluminium-made impeller is
bolt on the shaft (or press-fitted) it is expected to play an
important role in determining the temperature of the shaft,
especially on its side, where it is attached to it.

As the impeller’s prime function is creating partial
vacuum and airflow for dust-pickup (when used in a
vacuum cleaner), its complementary function is to ensure
airflow through the motor. However, it is not always the
same, but strongly dependent on the machine’s
operational point. In other words - as the vacuum cleaner
dust bag is being filled up with trash and dust, increased
flow resistance will result in less airflow through the
motor. The motor will start to run hotter until the dust-bag
is replaced with a new, empty one.
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Figure 1 Vacuum cleaner motor; a cut-away view is on the left; a description of its main components is on the right

Secondly, most of the literature on thermal modelling
of electric motors deals with totally enclosed, fan cooled
(TEFC) motor design. There, heat exchange between the
rotor, stator and frame is increased with forced air
convection, caused by fan ventilation. Later on, heat is
dissipated from the frame by means of forced or natural
convection, meaning that the entire heat flux eventually
has to go through motor’s frame.

Contrary, the vacuum cleaner motor as a through-
flow machine gives out heat into the environment mostly
by means of constant delivery of cool (fresh) air, which
intensifies the convection process due to large
temperature difference.

Specific operational conditions in combinations with
impeller integrated design and the particularities of
cooling principles, are sufficiently important reasons to
deal with thermal modelling of vacuum cleaner motor
away from other types of induction motors.

To overcome mentioned obstacles and to estimate
temperature changes within most vital motor components
in a less time-consuming manner, there was increased
need for development of a simplified thermal model for
vacuum cleaner motor.

2 Lumped parameter network

Common electric motor temperature estimation
methods can be divided into two basic types — analytical
lumped-circuit and numerical methods. The numerical
approach provides results very quickly, while developing
thermal network usually demands some more effort to set
the model, but requires less computational power [9].
Lumped parameter network has been used for different
types of electric machines [1-7, 9, 10]. The method draws
an analogy between thermal systems and electrical
networks. It takes into account geometry, intrinsic thermal
and physical properties of the system components and of
the cooling circuit [11].

In the past decades the method, proposed by Mellor
and Turner [6], was a reference method for many
researchers working on induction motor thermal
problems. Their lumped parameter model is based on
subdividing the motor into several parts (called also
lumps or elements) that are assumed to have constant
temperature and similar thermal behaviour. The amount
of energy flowing between adjacent elements depends on
mutual thermal difference and interrelated thermal
resistance between those elements. The accuracy of such
a model mostly depends on the sufficient amount of
elements, on correct estimation of the main thermal paths

and on realistic assessment of thermal resistance between
elements. If the network is correctly defined, it can offer
fast and accurate temperature estimates. Furthermore, if
the thermal node capacity of each element is known, such
approach can be used also for dynamic thermal response
modelling [12].

As already mentioned, most existing temperature
estimation models are referred to as TEFC motors. The
principles of modelling through flow universal motors
(such as vacuum cleaner unit) remain similar, but in
addition, fluid flow through the motor should be
incorporated into the network. The proposed model for
thermal analysis of induction machine with forced cooling
channels was shown by Jokinen [13], who divides thermal
network of the machine with coolant flow into four main
parts:

o Forming thermal network of the machine
e Specifying thermal resistances

e Determination and distribution of losses
e Modelling coolant flow.

The vacuum cleaner motor with its main structural
parts is shown in Fig. 1. The main considered thermal
paths, loss origin and its distribution together with coolant
flow can be visualized with thermal network, Fig. 2,
where the main thermal paths are connected via
resistances (R, ;, with i and /" node).

Loss positioning and its calculation is more precisely
described in section 5, coolant modelling (nodes 24-27)
under section 6.

3 Estimation of thermal resistances

To analyse the process of heat transfer in an electrical
machine, a perfect machine geometry must be chosen and
divided into lumped elements [14].

Following an example from ref. [14] also vacuum
cleaner motor is considered as a combination of coaxial
concentric cylinders (shaft, rotor iron, bearings) and
cylindrical arc segments (teeth, slot), with the exception
of stator pack. Nodes were placed on resistive midpoint of
the element, as suggested by Andersson [15].

Due to a relatively small size of the motor elements
thermal flow can be limited to only one dimension for
some of the elements. To keep the model simpler, the
following assumptions were made:

e 1o axial heat flux within the rotor pack and embedded
parts of windings,
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o only axial heat flux within the shaft elements, except
its middle element (node 3), being in good contact
with the rotor lamination,

e no heat flux in the circumferential direction within
each element,

e uniform temperature of the stator lamination,

o neglected radiation, only conduction and convection.
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Figure 2 Thermal network of a vacuum cleaner unit: shaft elements (1-5) — green, bearings (6,7) — yellow, impeller (8) — orange, stator (15-18) — red,
rotor (9-12) with commutator (13) and brush (14) — brown, frame (19-13) — grey, coolant (24-27) — blue.

Such assumptions are somewhat common for thermal
modelling of electrical machines with lumped networks
[1-7,9, 10, 15].

3.1 Conduction

For the conduction mode, thermal resistances of arc
segment elements depend on its geometry and material’s
thermal conductivity. Resistance is separately estimated
for radial direction:

__1 T2_1.(01_

llzl_z_krm[lnr1 L1 23)], (1)
— 1 —_

Ry = (11— 28] @)
I SN )

B—rzz_r12 lnrl, 3)

and for axial direction:

-7
- 2:kqB-(r2-r2)

Rig =Ry, 4)

where r; and r, are the inner and outer diameter of the
considered arc segment, f is its angle and A its length in
axial direction. Coefficients k, and k, apply to the
conductivity coefficient of the material in its radial and
axial direction. By setting its inner diameter r; — 0 for
the shaft, corresponding resistances in its radial and axial
direction can be simplified to:

R, = 1 (%)

4-kySH’
R, =—"— (6)

0= Zkgp?

Similarly also thermal resistance in radial direction of the
slot liner is modelled as an arc shaped strip, while slot

windings are modelled as a rectangular slip, as in ref.
[14].

3.2 Film coefficient

The film or convection coefficient being a function of
many parameters makes convection complex to model.
Material type, surface roughness, velocity of fluid and
some of its characteristics (temperature, density, specific
heat and dynamic viscosity) all significantly influence
heat dissipation away from surfaces. Neglecting all these,
in its simplest form heat removal can be expressed with a
simple formula:

R, =— (N

where h, is the film coefficient, 4 surface of the element
and R, a given heat resistance.

As precise film coefficient is difficult to model, we
decided to estimate its value separately for metal and
plastic parts of our motor, where it is assumed:

o all metal parts have the same film coefficient h e,

« all other parts have the film coefficient A,

Coefficients h; p; and hc e are not known until the
parameter tuning process is finished (see section 7).

While vacuum cleaner motor operates at different
regime points (airflow, rotor speed), the relative surface
speed of air varies significantly. Fortunately, the relation
between air velocity and the film coefficient for highly
developed turbulent flow (Re > 3 X 10%) is known to be
approximately proportional to the square root of relative
surface velocity v, Miller [16]:

h, o« v05 (8)
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To consider the influence of velocity, the so called speed
coefficient is added to Eq. (8), resulting in:

1

chorm =T 05 > (9)
' he(=2=) -4

Ynorm

where v,om 1S normalized surface velocity (of 50m/s)
and v actual relative surface velocity, which takes account
of both — axial velocity v, (caused by airflow) and radial
velocity v, (result of perpendicular speed of rotating
part):

v=v¢+ v} (10)

Perpendicular velocity v, is the product of mean surface
radius 7, of the considered part and the rotor’s angular
speed ®. For stationary parts (stator parts, housing,
bracket and cover) v, is 0, except for the stator air-gap
surface, where relative surface speed is assumed to be the
same as relative velocity of rotor’s lamination surface.

4 Loss estimation and distribution

Accurate prediction of temperature rise in electrical
machines hinges on both correct equivalent network and
correct allocation of losses [14].

The main power sources within the studied universal
motor are resistive losses, iron core losses, frictional
losses and aerodynamic losses, see Fig. 3.

4.1 Resistive losses

The main two sources are the stator and rotor winding
coils, which can be apportioned between the slotted and
end-winding regions. For commutator machines also
brush to commutator contact losses and brush resistive
losses should not be neglected [17, 18].

Due to thermally dependent electrical resistance,
resistive ohm losses of stator P, s(T) and rotor P, (T)
at actual temperature (T) are estimated as:

Pus(T) = I? * Rey s (T [1 + acy (T = Tp)], (1)
PCu,r(T) =% RCu,r(TO)[1 + aCu(T - To)], (12)

where R¢,, (Ty) corresponds to stator and Rcy,(Ty) to
rotor resistance measured at room temperature T,,l is the
electrical current of the motor, ac, is thermal coefficient
of copper resistance.

Resistive losses of copper parts are corrected for the
predicted temperatures iteratively with Matlab software.
Similarly, resistive losses of carbon brushes can be
calculated with ohm’s law and additional transient current
losses have to be articulated [19] as:

Pbr=12'Rbr+Z'I'Utra (13)

where Ry, is the resistance of brush, z is the number of
sliding contacts and Uy, transient voltage drop per contact,
usually of magnitude 1 V [19], as used for our model too.
Thermal dependence of brushes is neglected due to its
low (sometimes even negative) thermal -coefficient.
Resistive brush losses are assigned to brush node 14.
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Figure 3 Energy-flow diagram for a vacuum cleaner motor

4.2 Iron core losses

Complete iron core losses Pg, comprise hysteresis
losses Py, and eddy-current losses P, as:

Py =kp B" - f - mg,, (14)
P, :ke'Bn'fZ'mFea (15)

where k;, is eddy-current material constant and £k,
hysteresis material constant at a given frequency (50 Hz),
f is the actual frequency of alternating magnetic field, B
maximum flux density, » is material dependent constant
(between 1,6 and 2,0) and my, is the mass of iron core.
Magnetic flux density B is not constant over the whole
lamination, so the mean value of B" is estimated using
FEM, as described by Benedi¢i¢ [20] and used also in
[21-23].

Iron losses are estimated and assigned separately for
the rotor (Ppe,) and the stator (Ppeg) — to nodes 12 and
18.

4.3 Mechanical losses

The main sources of mechanical losses are estimated
as a product of measured frictional moment M and rotor’s
angular velocity w:

P,(n) = My, - w, (16)
Ppr(n) = My, w, (17)

where My, is the bearings frictional moment and My, the
brush frictional moment. They are experimentally
determined in [8] as fitted polynomial functions of actual
rotational speed of the machine.

4.4 Aerodynamic losses

A large proportion of aerodynamic losses originate in
the polytrophic process within the impeller (and diffuser)
thus named impeller losses Py,p. Those losses are
assumed to appear directly in airflow as it goes through
the impeller (node 24). They contribute to the temperature

408

Technical Gazette 24, 2(2017), 405-412



B. Benedik i dr.

Toplinski model proto¢nog univerzalnog motora pomocu mreze skupnog parametra

rise of the cooling air, which in turn reduces the cooling
efficiency of other components.

The amount of losses generated within the impeller is
strongly related to the operational regime of the impeller.
More specifically, for vacuum cleaner motor it means that
impeller losses are the lowest near its optimum working
point (qopt), but when moving towards maximum airflow
(Gmax) or towards minimum airflow (qnin = 0) impeller
losses only increase. Pjypcan be estimated as the
difference between the input power P, (electrical power
of the motor) and the sum of other losses including air
power Py;.:

Pimp= el_Pair_(PFe+Pﬂ+Pmeh)r (18)

where complete iron losses P, are the sum of Pg ;. and
Pge s, complete resistive losses Pg are the sum of Py,
Pcy s and Pqp, and complete mechanical losses Ppep, are
the sum of Ppep pr and Pren p-

Working power P,;, as the product of airflow q,;, and
generated pressure difference Ap is assumed to be
translated into heat as air travels through its resistors
(ducts, filters, dust bag, etc.):

Pair = Qair - Ap, (19)

Usually, the main flow resistors within vacuum
cleaner (dust bag, tubes and filters) cause drag
(resistance) of the flow before it even enters the motor.
Therefore P, is assumed to heat and enter the airflow
before it enters the motor. Integration of Py, into coolant
flow is described in the following section 5.

5 Modelling coolant flow

The simplest way to model coolant flow is to assume
its constant temperature. Such approach gives adequately
accurate results if the temperature rise of the coolant is
small as it normally is in TEFC motors, where the same

air circulates within the motor. However, for the vacuum
cleaner motor, as a through-flow universal motor, such
assumption is not adequate.

Jokinen [13] has shown how airflow equations, which
assume gradual rise of the coolant, can be handled
simultaneously with the thermal network of the machine —
with the so-called "heat-flow controlled sources".

To simulate its gradual rise, coolant flow has several
sequential zones (lumps). The division and number of
selected nodes are based on the knowledge of the motor
and its assumed airflow trajectory.

We assume that the coolant network of vacuum
cleaner motor can be adequately described with 4
sequential zones — the impeller zone; the commutator
zone, the air-gap zone and the outlet zone (nodes 24-27),
see Fig. 2.

As cooling air is traveling through this node i its
temperature rises for AO;:

n
— Zi=aPj

P*CpQair

A6 = 2R, (X1_.P). (20)

where p is the density, ¢, the specific heat capacity of the
coolant, ¢, the coolant flow, n the number of heat
losses P entering the zone i and the term:

_ 1
Z'P'Cp'qair’

@)

Rq
has the dimension of thermal resistance K/W, where mass
flow p - ¢, is not temperature dependent.

Temperature rise within each zone can be assumed as

average temperature rise between inlet and outlet
temperatures, 0;, and Og;:

A6
Oout = Oin + r Rq ! (2?:1 Pj) (22)

In a matrix form, temperature rise of the coolant @ for
nodes 24-27 can be written as:

I Ry 0 0 o DPg 24 + P2324 [ Rq * Pimp + 2Rg * Pair

O] _ [ZRq R, 0 0 [‘1’7,25 + P1125 + P35 + Prgos + Pr7os + Porps + ‘1’22,25] 2Rq " Pimp + 2Ry - Pajr 23
06| |2Rq 2Rq Rq 0 P1226 T P1g26 T P2026 |2Rq *Pimp + 2Rg  Pair | 23)
037 lZRq 2R, 2R4 Rq] D127 + P57 + Pe 27 + Popy + Pis 27 + Propy lZRq *Pimp + 2Ry - Paic)

where @; ; are unknown heat flows (from nodes i and j),
Pimp are impeller losses (Eq. (18)) and P,;, are air losses.
In short form, Eq. (23) can be written as:

[Qe] = [Re] ' [(pe] + [@p]a (24)

where [6,] is the temperature rise vector, [R,] - [®,] is the
convection part (temperature rise caused by convection
from machine elements) and [@,] is the direct loss part
(temperature rise caused by losses entering directly into
coolant flow).

6 Solving equivalent circuit

Let’s examine the solution of the equivalent circuit,
Fig. 2, without a circuit analysis program. The machine
has open-circuit cooling and there are 27 nodes in the
circuit. The circuit equation of a short matrix form can be
written as:

61101 = 1] 03)

where [G] is the conductance matrix:
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n 1 1 it
i:1R1,i Ry " Rin ]
-t n 1 it
(Gl =] Rz =lRyi 7 Rem |, (26)
l R ' n'L}
Rl,n Rz,n i=1 Rn,i

[P] is the loss vector concerning heat generation within
machine parts

P,
7= 2|, @7)
B,

[6]is the unknown temperature vector:
[e1=|"71 (28)

[®,] is the heat flow vector, as in Egs. (23, 24). For Egs.
(26, 27) n is the number of solid part nodes (23), while
index m is the number of all network nodes (27).

Combining Egs. (24, 25), and following ref. [13]
solution in a matrix form for the temperatures of all 27
nodes is with Eq. (29), which was solved with Matlab
software.

o o 117 [P]
[@]=[[G]+[O [Re]_l]] [[Re]_l[@p]]. (29)

While thermal conductivity of copper, influencing
winding losses P¢,, and Pc,s— see Egs. (11, 12), is
temperature dependent, the final solution was achieved by
means of Matlab reverse loop "while". Within the same
loop, also impeller losses Py, are iterativelly corrected,
as their estimation depends on the estimation of other
losses — Eq. (18).

7 Parameter tuning

Precise estimation of convection coefficients is a very
complex process while the methods proposed by several
authors [24] can yield significantly different results.

To overcome the complex process of heat transfer
coefficients estimation, it is possible to combine the
known heat transfer laws (domain knowledge — Egs. (1)-
(29) with the convection coefficient tuning process, Fig.4.
Genetic algorithm was applied for coefficient tuning [25,
26].

The tuning process is based on finding film
coefficients hc,; and he e (see section 3.2) giving us a
minimum difference between the measured and calculated
temperature values, more specifically, minimum sum of
its squared errors (SSE):

A= SSE = 3,(0() — 0,,())’, (30)

where 0,, applies for the measured temperatures and
index i applies only for measurable node numbers
(i=1,6,7912,14 — 23).

The tuning process yielded h.,; = 242,9 W/m?K
and R e = 3270 W/m?K giving A = 132 K2.

generate initial
population x

l
4'{ evaluate function A(i) ‘

best
individuals

generate new ‘ selective reproduction ‘
population l

‘ crossing over ‘

|

‘ mutation ‘

l

Figure 4 Block diagram of genetic algorithm (GA) evolutionary
algorithm

8 Model verification

The results from the thermal model were cross
checked against measurements made on two different
motors (motor 1-1 kW and motor 2-2 kW). Motor 1 was
used also for tuning the unknown film coefficients
hepiand he e, Fig. 5.

Figure 5 Motor with thermal probes (left) and IR — record (right).

To verify the robustness of the model, verification
was performed not only on the same machine (no. 1)
under different conditions, but also on another machine
(no. 2) at two different sets of conditions, all together four
different cases:

e Case | — machine 1, high airflow — learning example

(tuning)

e Case 2 — machine 1, low airflow — verification of the
model on the same machine as used for learning

e Case 3 — machine 2, high airflow — verification of
how the model predicts temperature on another
machine under similar conditions

Case 4 — machine 2, low airflow — verification of how

the model predicts temperature on another machine

under a different regime point.

410

Technical Gazette 24, 2(2017), 405-412



B. Benedik i dr.

Toplinski model proto¢nog univerzalnog motora pomocu mreze skupnog parametra

Tab. 1 shows that the model is able to correctly
predict temperature not only for the machine that was
used for tuning (cases 1 and 2), but also when used on
another machine (cases 3 and 4) with significantly
different design parameters and characteristics. The sum
of squared errors as well as the mean absolute error is
similar for all four selected cases. Mostly negative values
of 0, — 0 show that temperatures for much stronger
machines are slightly underestimated, where the error is
the greatest for rotor parts such as shafts, bearings,
windings, brushes and rotor packs, followed by stator

elements. Slight underestimation of temperatures on
stronger machine (no. 2) is most probably the result of
one of the model assumptions - constant thermal
resistance of steel and iron parts, which is not exact. With
temperatures above 100 °C thermal conductivity of irons
and low alloy steels linearly decreases with rising
temperature. Considering temperature dependency of
thermal conductivity of metal parts would make the
model even more robust, especially when used on
powerful machines, which tend to heat more.

Table 1 Verification of results — Comparison between measured 0,, and predicted & temperatures in °C

case 1: tuning case 2: verification 1 | case 3: verification 2 | %3¢ 4 verification 3
: . (changed motor and
(learning example) (changed regime) (changed motor) regime)
node group O e |(60-0,| 06, e |0-0,| 6, e |0-0,| 6, e |6-0,

(1) shaft 1 — outlet side 45,2 49,0 3,8 60,0 64,3 43 92,3 85,9 —-6,4 | 1228 | 1174 | —54
(2) shaft 2 o 47,7 o * 61,2 * o 89,7 o * 114,2 *
(3) shaft 3 shaft & 46,4 & * 60,0 * & 86,5 & * 113,1 *
(4) shaft 4 & 46,0 & * 58,1 * & 85,4 & * 112,9 *
(5) shaft 5 — inlet side & 45,2 & * 60,2 * & 84,8 & * 112,9 *
(6) bearing — outlet side bearings 42,8 44,2 1,4 60,3 63,9 3,5 84,3 79,2 =5,1 113,6 | 107,1 -6,4
(7) bearing — inlet side 40,5 42,7 2,2 58,6 57,2 -1,4 78,2 74,8 —4.4 95,1 90,3 —4,8
(8) impeller impeller & 38,6 & * 49,4 * & 49,6 & * 65,3 *
(9) rotor end w. — outlet side 76,1 79,0 2,9 98,8 97,9 -0,9 130,0 | 130,44 | —3,4 | 148,8 | 143,1 =57
(10) rotor embedded winding & 65,3 & * 85,6 * & 112,6 & * 122,4 *
(11) rotor end w. —inlet side | " x| 763 | * x| 924 | * x| 1263 | * x| 1386 | *
(12) rotor pack 59,8 61,9 2,1 82,2 79,5 -2,7 107,0 | 102,8 | —4,2 119,2 | 1149 | 43
(13) commutator brush & 43,7 & * 71,3 * & 76,0 & * 105,0 *
(14) brush 46,3 44,5 -1,8 74,4 72,6 -1,8 80,5 78,2 -3,3 105,7 | 101,7 | —4,0
(15) stator end w. — outlet side 64,5 68,3 3,8 96,5 100,8 42 147,1 | 144,1 -3,1 148,3 | 146,8 | —1,5
(16) stator embedded winding stator 55,0 58,3 33 80,0 83,6 3,6 102,2 | 98,6 -3,6 | 1133 | 1120 | —-1,3
(17) stator end w. — inlet side 60,7 63,0 2,3 85,8 88,4 2,6 138,0 | 134,6 | —3,4 | 143,7 | 140,0 | 3,7
(18) stator pack 40,0 443 43 60,0 63,7 3,7 66,5 66,1 -0,4 88,9 86,5 2,4
(19) housing — outlet side 342 37,6 34 49,3 54,0 4,7 48,5 47,6 -0,9 64,2 63,7 -0,5
(20) housing — middle 35,3 32,0 -3,3 48,5 46,6 -1,9 52,3 50,2 2,1 63,7 65,5 1,8
(21) housing — inlet side frame 39,3 35,5 -3,8 57,6 55,5 -2,1 61,6 59,4 2,2 80,9 82,9 2,0
(22) bracket 39,5 36,9 -2,6 59,9 58,2 -1,7 63,0 61,3 -1,7 82,3 83,3 1,0
(23) cover 35,1 33,6 -1,5 48,7 48,8 0,1 50,7 47,6 -3,1 63,5 61,7 -1,8
sum of squared errors — A (°C) 132,0 128.,5 182,2 195,7
mean absolute error (°C) 2,8 2,6 3.1 3.1

9 Conclusions

The lumped thermal model for a vacuum cleaner
motor as an open-circuit cooling machine has been
developed, discussed and successfully verified. The
model is based on dimensional data, physical and thermal
constants and experimental heat transfer characteristics,
used for the tuning of unknown film coefficients.

Simulation results from the proposed thermal model
are in good agreement with the measurements, conducted
on test bench, allowing the estimation of temperature for
different motor parts (windings, bearings, brush and
housing) and for different operational points of the motor.

Additional improvement of the model can be made in
terms of its increased robustness. As already discussed
under section 8, the model could improve its prediction
accuracy if thermal conductivity of metals (shaft, iron
lamination) were considered as the linear function of
temperature.

The thermal model will be in the next step used for
the research on the correlation between bearings
temperature and their life span. The bearings temperature
will be by means of the model determined on the basis of
the motor and operating parameters. This will enable data
mining of several hundred of bearing life span tests
conducted in the last years.
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