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ABSTRACT  Excessive temperatures can lead to accelerated aging and irreversible damage in electric
machines. Therefore, real-time temperature monitoring is vital for highly utilized electric machines in
automotive drives to ensure that temperatures are within safe operating limits during operation. In-
stalling temperature sensors on all critical parts would incur too much cost. Hence, model-based real-time
temperature monitoring is a preferred solution. Recent publications typically utilize low-dimensional
lumped-parameter thermal networks. This article presents a modeling method for a permanent magnet
synchronous machine (PMSM), where the thermal model is derived using the finite-volume method. The
model is calibrated with measurement data. A model-order reduction method is applied, which significantly
reduces the computational costs of the model while preserving important (uncertain) parameters, such as heat
transfer coefficients. Experimental results for different load cycles of the considered machine validate the
feasibility and accuracy of the proposed model. Finally, comparing the model with measured temperatures
at positions not used for calibration shows that the proposed method accurately captures the temperature
distribution in the whole machine without changing the model structure.

INDEX TERMS Model-order reduction, permanent magnet synchronous machine (PMSM), temperature
estimation, temperature monitoring, system identification.

I. INTRODUCTION

Due to their high power density, permanent magnet syn-
chronous machines (PMSMs) are widely used in automotive
traction drives. Elaborate cooling concepts have been devel-
oped [1] to maximize power density and keep temperatures
within safe limits. However, short-time operation above the
stationary thermal limits is frequently required. An excessive
temperature in parts, such as winding or permanent mag-
nets, can lead to insulation failure or demagnetization of
permanent magnets, thereby irreversibly damaging the ma-
chine [2], [3]. Thus, accurate knowledge of the temperature
distribution within the PMSM is required to ensure its safe
operation. Temperature sensors on these parts, especially in
the rotor, would entail high costs and the risk of sensor failure.

Therefore, online model-based temperature estimation has
been proposed as an alternative [4].

A. STATE-OF-THE-ART REVIEW

In the design phase of electric machines, often a combina-
tion of finite element analysis (FEA), computational fluid
dynamics, and high-dimensional lumped-parameter thermal
networks (LPTNs) is used to predict the machine’s electri-
cal, mechanical, and thermal behavior [5], [6]. These models
have high fidelity but require high computing power and are
unsuitable for online temperature estimation [7]. In contrast,
LPTNs with a low number of nodes (typically between 2 and
12 nodes, see, e.g., [7] or [8]) are widely used for online tem-
perature estimation. The heat transfer processes and losses are
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modeled with equivalent circuits of resistors, capacitors, volt-
age sources, and current sources. Special equivalent circuit
elements were developed for modeling thermal anisotropy and
internal heat generation [9]. However, identifying a suitable
structure for the thermal network and correctly choosing the
geometric dimensions to calculate the resistances are the non-
trivial tasks that require significant prior knowledge.

Since these approximations are subject to uncertainties,
gray-box LPTNs that are mainly parameterized based on mea-
surements were developed. In [10], physically meaningful
ranges for thermal resistances are calculated based on the
geometry and material parameters. The particular values are
then tuned based on measurements. This approach has the
drawback that the identified thermal resistances and capaci-
tances are only partially interpretable as physical parameters.
Varying speeds and varying cooling boundary conditions that
occur during the operation of electrical machines can be con-
sidered in LPTNs in the form of linear parameter-varying
models [10]. In [11], a combination of LPTNs and 2-D analyt-
ical thermal models is proposed to overcome the limitations of
low-order LPTNSs resulting from coarse spatial discretization.
Finally, methods exclusively based on measurements have
been proposed recently [12]. They require minimal a priori
knowledge of the machine but a large amount of data. The
systematic design of excitation signals to identify all relevant
regions of the input and state space in minimal time remains
an open question [7].

Another method to derive a real-time capable thermal
model of electric machines is given by applying model-order
reduction techniques to a high-fidelity model, e.g., [13], [14],
[15], and [16]. In [14], a reduced-order model (ROM) is
constructed by decomposing the system into a static and a
dynamic subsystem. Experimental results for the stator of a
liquid-cooled machine using a 35-order model show errors of
less than 1.45°C and computation times allowing real-time
implementation. In [15], a linear parameter-varying model
with speed as a parameter is constructed. Several linear mod-
els for fixed-parameter values are stored and reduced using
balanced truncation. Linear interpolation results in a model
for parameter values between these set values. The main draw-
back of this method is that the number of stored models and
the computational complexity of the interpolation increase ex-
ponentially as the dimension of the parameter space increases.
In [13], a method for parametric model-order reduction of
bilinear thermal models is presented. However, only a sin-
gle stator tooth without a rotor is simulated, and the ROM
dimensions range from 40 to 300. Essential model parameters,
such as heat transfer coefficients, are preserved during the
model-order reduction. Simulation results of the ROM show
that it agrees with the full-order model (FOM) with errors of
less than 0.07 °C. Recently, in [16], a parametric model-order
reduction approach similar to [13] has been successfully ap-
plied to a finite-element model of a machine with a cooling
jacket and oil cooling of the end windings and the rotor. The
ROM with 135 states in [16] agrees well with the FOM in
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simulation. The unknown heat transfer coefficients were
found by individually identifying parameters using steady-
state measurement results with different operating conditions.
During steady-state operation at up to 40% of the maximum
torque, the accuracy of the ROM is within 10 °C.

B. CONTRIBUTION

While these model-order reduction methods are very promis-
ing, they have yet to be validated on a complete machine
during transient operation or suffer from escalating complex-
ity as the complexity of the cooling concept and, therefore,
the parameter space grows. Thus, this article aims to derive
a method that utilizes all available a priori information dur-
ing the physics-based motor modeling. Essential parameters
influencing the heat transfer coefficients are identified using
experimental data containing a variety of operating condi-
tions. A model-order reduction similar to [13] is applied to
obtain a real-time capable model. Quantities, such as the
heat transfer coefficients to coolants, are preserved during the
model-order reduction, allowing for variation of, e.g., coolant
flow rates and rotational speed, without the need to interpolate
multiple local models. It is shown that this reduces the compu-
tational complexity and thus is suitable for modeling complex
cooling concepts. The developed model is experimentally val-
idated for a complete machine operated at various transient
operating conditions and compared with an LPTN model. The
main scientific contributions are as follows.

1) A parametric model-order reduction method is applied
to a finite volume model of the overall machine, re-
sulting in a ROM that preserves important physical
parameters of the motor.

2) The model is parameterized by a single set of param-
eters obtained by calibration using measurements that
cover the entire steady-state and transient operations
in the continuous- and peak-performance range of the
motor.

3) The model is also validated based on sensors not used
for model calibration. This proves the ability of the
proposed model to estimate temperatures at locations
inaccessible for measurements during calibration.

4) The comparison with an LPTN of comparable compu-
tational complexity further demonstrates the advantages
of the proposed method.

C. STRUCTURE OF THIS ARTICLE

The rest of this article is organized as follows. Section II
develops a finite-volume model for the machine, where certain
model parameters that cannot be accurately determined from
construction data with sufficient accuracy are obtained during
the identification step using measurement results in Section
IV-B. The order of the resulting calibrated model is reduced
in Section III. A comparison of the FOM and ROM and an
experimental validation of the developed model are given in
Section IV. Finally, Section V concludes this article.
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FIGURE 1. Sectional drawing of the machine.

TABLE 1. Main Machine Data

Continuous power ~100 kW
Max. speed 16 500 min !
Stator outer diameter ~230 mm
Stator stack axial length ~ ~130 mm

Il. MATHEMATICAL MODEL
This section presents a physics-based model for the PMSM
schematically depicted in Fig. 1.

A. OVERVIEW OF THE PMSM

The machine consists of a stator that contains slots for the
active part of the distributed winding (i.e., the coils span
multiple teeth). The wire bundles forming the coils extend
axially out of the slots, forming the end windings on the lead
end (le) and the opposite lead end (ole) side of the machine.
The machine is actively cooled by pumping fluid through the
channels in the cooling jacket surrounding the stator yoke.
A housing encloses the whole machine. On the cylindrical
surface, the cooling jacket is integrated into the housing. Oil
distribution rings spanning three-fourths of the circumference
spray oil onto the end windings to cool them directly. The
rotor contains the permanent magnets embedded into pockets
inside the rotor stack. The rotor stack is mounted on a hollow
shaft flooded with oil to cool the rotor. The main data of the
PMSM are summarized in Table 1.

B. FINITE-VOLUME MODEL
The heat conduction in a solid can be described by the heat
equation, which is a partial differential equation [17]. To
approximate the temperature field ¢ in the machine, the finite-
volume method [18] is applied to the heat equation. Due to
the approximately cylindrical shape of radial flux machines,
a regular cylindrical grid is used for the discretization, see
Fig. 2.

Application of the first law of thermodynamics [17] to one
volume V; of the grid yields

fpcpﬁdV=/ ng—f q" - ndA (D)
Vi Vi V;
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FIGURE 2. Discretization on a regular cylindrical grid.

where p and ¢, are the material’s mass density and specific
heat capacity, respectively. The power supplied to the volume
is described by the heat generated per unit volume g, and q” is
the heat flux on the boundary dV; of the volume. Furthermore,
n is the surface normal oriented to the outside of ;. Assuming
that the temperature ©%; and g; are uniform within V; yields the
finite-volume formulation of (1) as

N
Chi=giVi+ Yy 0 )
Jj=1

where C; = fV,- pcpdV is the heat capacitance, V; = |V] is the
volume of V;, and N is the number of finite volumes. The
boundary 9V; of V; is split up into the surfaces A;; shared
with neighboring volumes V; and surfaces Ay, j; that are part
of the boundary. Q;; = — f-Aij n;; - q;;dA = —Qj; is the heat
flow through the surface A;; into V. Of course, the heat flow
Q;j is nonzero only for neighboring volumes.

Fourier’s law [17] gives the heat fluxes that depend on
the thermal conductivity A in the material and contact con-
ductances A at the interface of two different materials. The
heat flux q;’] between two neighboring elements V; and V; is
approximated by finite differences on the cylindrical grid [18]
in the finite-volume model (2). This yields

A. .
0=z, =) =G (0 —9) 3
2hij T 2hi ke

where A ;; is the contact conductance, and G;; is the effective
heat conductance between the volumes. If the volumes are of
the same material or there is ideal contact, A ;; — o0 is used.
In general, the thermal conductivity depends on the direction
of the heat flux. Therefore, the thermal conductivity of volume
i for a heat flux to volume j is denoted as A;;. The grid spacing
Al;; is given by

|fj —Fil, radial direction
Aljj = {7 |¢ = ¢7i| , circumferential direction  (4)
|zj —zil, axial direction.

If Apc, j is a domain boundary of volume V;, subject to a
convective boundary condition with heat transfer coefficient
hji and temperature Yy x, the heat flow is given analogously
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FIGURE 3. Discretization of the PMSM with the colors corresponding to
the assigned materials: The lamination stack is highlighted in light gray,
the active winding is in copper color, the permanent magnets are in dark
gray, and the air is in light blue.

in the form
Avpc, jk
Qjk = Aer . 1 (Pock — ) = Ge,jk (Pbek — ;) -
Akl

®)
The spacing for the boundary is given by

|Vbc,k —7jl, radial direction
Alpe ji =\ Fj |gobc,k —-@ j} , circumferential direction
|2bek — Zj] » axial direction

(6)
where the dimensions with subscript bc are defined with
respect to the boundary, see Fig. 2.

The discretization of the rotor and stator is depicted in
Fig. 3. Within this work, the active part of the stator is
discretized into 11 volumes in the radial direction and four
elements per slot pitch in the azimuthal direction. The radial
and azimuthal sizes of the elements are the same for the
end windings as for the active part. The rotor is discretized
separately with a smaller element size in radial and azimuthal
direction to capture the smaller features due to the magnets.
There are 30 x 30 elements in the radial and azimuthal direc-
tion. In the axial direction, the active part of the stator and the
rotor is segmented into three volumes, while a single segment
is used for each end winding.

C. MATERIAL PROPERTIES

Each volume is assigned one of the following materials: lami-
nation stack (Is), active winding (aw), end winding (ew), rotor
shaft (rs), permanent magnet (pm), and air (air).
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The rotor shaft and the permanent magnet are made of
solid material, which renders the thermal conductivity inde-
pendent of the direction of the heat flow. The parameters pys,
Cp,rss Ars and Ppm, Cppm,» Apm are taken from datasheets. The
magnets are inserted into the rotor with a (small) clearance
and are glued in place. This nonideal contact is modeled by
a contact conductance between the permanent magnet and
the rotor lamination stack similar to, e.g., [19]. The contact
conductance is approximated by a uniform gap between the
permanent magnet (width wpy) and the pocket in the lami-
nation stack (width wpocker) of length %(wpocket — Wpm). The

gap is filled with glue with thermal conductivity Agjue, Which
2)‘g]ue

Wpocket —Wpm *

The rotor lamination stack is assembled onto the shaft with
an interference fit. A typical value for the effective interface
gap I 1, as tabulated in [20], is used to approximate the con-

tact conductance /¢ rs 15 = “air \ith the thermal conductivity

lrs,ls

yields the contact conductance h¢ pm,1s =

of air Ay;,.

The air pockets depicted in Fig. 3 are sealed at the ends of
the rotor such that no axial airflow occurs. The pockets are
modeled as solid air volumes (i.e., the airflow is neglected)
with parameters Oy, Cp,air» and Agir. As the thermal conduc-
tivity A,ip is small compared with the surrounding material, the
finite contact conductance has negligible impact on the overall
temperature distribution. Thus, an ideal thermal contact is
assumed.

The stator and rotor lamination stack is made of axially
stacked steel sheets that are electrically insulated to reduce
eddy currents. The stacking significantly reduces the thermal
conductivity in the axial direction (ax) compared with the
in-plane (pl) thermal conductivity [21]. Given the stacking
factor kg and the thermal conductivity Aj,s of the insulation
and iron Age, the series connection of insulation and metal
sheets with thickness 1 — kg and kg yields the effective axial
thermal conductivity

(1 —kg) ks \ !
A =— 4+ — . 7
1s,ax < )\ins + )\Fe ( )

The in-plane thermal conductivity Ajsp1 = Afekst + Ains(1 —
kg) and the mass density pig = ppekst + Pins(1 — kst) are
the weighted average properties. Consequently, the equiv-
alent specific heat capacity is c¢p1s = les(pFeCp,FekSt +
PinsCp,ins(1 — kst)).

The active (aw) and end windings (ew) consist of stranded
enameled copper wires embedded in an impregnating resin.
Modeling the individual strands would cause exorbitant com-
plexity due to the required small discretization volumes.
Therefore, the active and end windings are modeled with
equivalent homogeneous parameters. For the active and end
winding x € {aw, ew}, the mass density py = pcukr.cu +
pres(1 — ky,cu) and the specific heat capacity

pCuCp,Cukx,Cu ~+ PresCp,res (1 - kx,Cu)
Cpx = ; (®)
X
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are calculated according to [22] from copper (Cu) and resin
(res) material properties. The fill factor k, cy is the ratio of the
conductor volume to the overall active or end winding volume.
In the active winding, the wires are oriented axially. The
equivalent axial thermal conductivity A,y ax 1S thus modeled
as a parallel connection of copper and resin

- kaw,Cu) )&Res- (9)

In [22], several models (such as the Hashin—Shtrikman model)
for the equivalent thermal conductivity orthogonal to the ax-
ial direction of the conductors are compared with results
from finite-element models and experiments. It is shown that
analytical models (such as the Hashin—Shtrikman model) typ-
ically overestimate the thermal conductivity, especially when
the thermal conductivity of the enameling is considerably
lower than that of the resin. Since the thermal conductivities
for resin and enameling differ by only approximately 20% for
the studied motor, the extended Hashin—Shtrikman model [22]
is used to estimate the equivalent in-plane (pl) thermal con-
ductivity

)\aw,ax = kaw,Cu)tCu + (1

A (1 + kaw,Cu) Acu t+ (1 - kaw,Cu) Aa
¢ (1 - kaw,Cu) Acu t+ (1 + kaw,Cu) Aa

with the equivalent thermal conductivity A, of the wire enam-
eling (en) and the resin (res), given by
)\reskaw res + Aenkaw en

Ay = ’ 0 (11)
‘ kaw,res + kaw‘en

(10)

)\aw,pl =

The fill factors for enameling kaw,en, resin kaw res, and copper
kaw.cu sum to one. In the end winding, the wires are oriented
mainly in the circumferential direction. Thus, a model of the
form (9) is used for the equivalent azimuthal thermal conduc-
tivity Aew,az and a model of the form (11) for the radial Aey rad
and axial Ay, ax thermal conductivity.

The equivalent thermal conductivities orthogonal to the
wire direction are typically significantly lower than the bulk
conductor properties due to the resin between the conductors.
They are subject to uncertainty due to, e.g., nonuniform place-
ment of conductors and varying impregnation quality. For the
end windings, the unknown exact orientation of the strands
introduces a further source of model inaccuracy. Thus, the
final value of the thermal conductivities Aaw, pl, Aew,ax> Aew,rads
and Aew,a, must be obtained by parameter identification, as
described in Section IV-B, where (9) and (11) serve as suitable
starting points. A slot liner for electrical insulation against
the stator stack surrounds the active winding. It is modeled
as a thermal contact between the homogenized active winding
and the stator stack with contact conductance f¢ aw, 1s = ?11:"“;‘,
where Ajiner 18 the thermal conductivity and fjjpe; is the thick-
ness.

D. BOUNDARY CONDITIONS

The stator lamination stack is contained in an aluminum cool-
ing jacket (cj), and the whole cylindrical face of the machine
is enclosed by a housing, shielding the machine from ambient
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air. The heat transfer over the axial end shields to the ambient
air is also small compared with the heat transfer to the water
and oil cooling and, thus, neglected in this work. To actively
cool the machine, a water—glycol mixture with an inlet tem-
perature vy, is pumped at a flow rate of g, through a spiral
channel in the cooling jacket. For practical water flow rates,
gw > 0, the heat transfer to the cooling jacket is significantly
higher than the heat transfer from the housing to the ambient
air. The thermal diffusivity of the aluminum cooling jacket is
significantly higher than that of the lamination stack (7). Fur-
ther, the nonideal contact between the stator lamination stack
and the cooling jacket significantly limits the heat that can be
transferred from the machine to the cooling jacket [23]. There-
fore, the heat capacity and the temperature gradient within
the cooling jacket are neglected, and a convective boundary
condition with heat transfer coefficient /s, on the radial outer
surface of the stator lamination is used. The heat transfer
coefficient /s  is composed of the contact conductance Ac s, cj
between the stator lamination stack and the cooling jacket, and
the heat transfer coefficient hj from the cooling jacket to the
water—glycol mixture is in the form

Is,o =\ 7 .
0 hCJ hc,ls,cj

A typical value for the effective air gap between the cool-
ing jacket and the stator lamination stack is taken from [20]
to calculate /i 15,cj. The heat transfer coefficient /¢ strongly
depends on the flow behavior within the cooling channel
(length [.pa, cross-sectional area Acpa, and perimeter Ugp,),

see, e.g., [17]. In order to model 4, the Reynolds number

given by Rey = % with the velocity v = q+1: of the fluid

(12)

and the hydraulic diameter d}, = 3‘}1‘“ as well as the Prandtl
number Pry,, the thermal conduct1v1ty Aw, and the kinematic
viscosity vy, of the water—glycol mixture are required. These
temperature-dependent parameters are evaluated at the tem-
perature ¥, by performing linear interpolation between values
tabulated in [24]. The heat transfer coefficient in the channel
is calculated by Nusselt relations [17] for the laminar and
turbulent flow regimes. For Reynolds numbers Re,, > 4000,
the Nusselt number reads as

5 (Rey — 1000) Pry,

Nugj urb = (13)
UL 7[ (Prw )
with the friction factor & approximated by [17]
£ =(0.79InRey — 1.64)72. (14)

For laminar flow with Rey, < 2300, the Nusselt number takes
the form [17]

0.0668 Tow Rey Pry

. 15
1+oo4( ReWPrW)2/3> (15)

Parameters 1 and n; are introduced to adjust the model to
measurements, where n; = 7, = 1 accounts for the nominal

Nugj lam = 172 (3.66
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model. The heat transfer coefficient /; is then given by

NugjAw
cj = —dh

where Nug; is obtained by linear interpolation between (13)
and (15) in the transition region 2300 < Re,, < 4000.

Models for the heat transfer through the air gap (ag) be-
tween the rotor and the stator are reviewed in [25]. Typically,
the flow in the air gap is characterized by the Taylor number
Ta. For narrow gaps, i.e., if the difference between the outer
radius r, and the inner radius r; of the gap is small, it can be
formulated as

(16)

3
@*ri (ro — 1i)
2

air

Tagg = (17)

v
Here, w is the angular velocity of the rotor, and v,;. describes
the kinematic viscosity of air. In [26], different flow regimes
that are characterized by the Taylor number Ta are distin-
guished for the Nusselt number

213, Tage < 1994
Nugg (Taag) = { g Tars, 1994 < Ta,, < 1.10*
0.40974Tad*!,  Tayg > 1.10*
(18)
_ 4
where the choice ay, = Nuag(11999;1: ;;i;ag(lo ). and bay =

1n Nugg (1994)—1n Nugg (10%)
In (1994)—In 10%
ties of the heat transfer due to, e.g., slotting are taken into

account by the factors 73 and n4, where 73 =n4 = 1 cor-
responds to the nominal model. The resulting convection
coefficient on the inner surface of the stator (radius rj) and
the outer surface (radius r,) of the rotor finally reads as [26]

yields a continuous Nu,,. Uncertain-

)Lair
hag = ——2
“® 2(ro — 1)

The end windings are cooled by oil sprays. A similar
cooling concept was studied in [27], where a model that
uses circumferential sections of the end winding accounts
for the oil velocity’s angular dependence. In [27], the Nus-

1 1

Ny (19)

selt number Nue, = 0.664Red,Pr’, is defined by assuming
a laminar flow on the surface of the end winding. The main
limitation of this model is that detailed knowledge of the
fluid velocity on the end winding is required to calculate the
Reynolds number Re,,,. Since these data are not available in
the present application, a slightly simplified approach to iden-
tify the unknown parameters in the Nusselt relation is derived
in this work. First, the average heat transfer coefficients on
the lead end winding hew,le = d Nuew le and the opposite

0,8

lead end winding /ey ole = "“l NueW ole are introduced,
0,ew,ole

where the respective outer diameters doew e and do ew,ole

are used as characteristic lengths. Similar to [27], the Nus-
1

selt correlatlons Nuew 1e = 0. 664Re

0. 664Reew OlePrgil are used, where Ay; and Pry; of the oil
are evaluated at the oil’s inlet temperature ;. In order to

3 —
ew, leProil and Nuew,ole -
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Vew, le (dew,le )dn,ew.le

compute the Reynolds numbers Reey o = Vel

Uew, ole (qew ole )dn ew,ole

and Reey ol = , the average fluid velocities
Uew.le and Uew ole are requlred respectwely They are functions
of the oil flows gew.le and gew ole at the end windings but,
as stated before, cannot be accurately modeled. Therefore,
this relation between the flow rates and the average fluid
velocities are approximated by shape-preserving piecewise
cubic polynomial interpolation [28]. Six values of the oil
flows linearly spaced between the minimum and maximum
values Qew,lebp = [Gew,le,15 -+ - » CIew,le,()]T and Qew,ole,bp =
[Gew.ole.1s - - - » qew’ole’ﬁ]T are defined. The corresponding av-
erage fluid velocities Vew,le,bp = [Tew,le,15 - - - » l_)ew’]e’6]T and
Vew,ole,bp = [Dew,le,1 - - - » Dew,le,6]. will then be identified
from measurements on a test machine in Section IV-B.

The construction of the oil distribution rings entails that the
wetting of the end windings with oil is worse on the right and
left parts (¢ € [—45°,45°] U [135°, 225°]) compared with the
top and bottom parts of the end winding. In order to approx-
imate this effect, an angular dependence of the heat transfer
coefficient on the end windings is defined in the form

@ € [—45°,45°]
U [135°, 225°]
otherwise

2 —ns)h ’
hew,x (§0, qew,x) — ( 775) ew,x (QWe,x)

Nshew x (Qew,x) )
(20)

for the end windings (x € le, ole). The parameter ns is used
to calibrate this model, where ns € [0, 2] ensures that the
heat transfer coefficient stays positive on all surfaces. Values
ns > 1 lead to a higher heat transfer coefficient on the top and
bottom than the right and left. By identifying this parameter
from measurements, the hotspot on the end windings can be
captured rather accurately.

The rotor is actively cooled by pumping oil axially through
the hollow shaft. In [29], the convective heat transfer co-
efficient of a similar setup is studied. It is shown that for
nonstandstill operation, the heat transfer coefficient is mainly
affected by the rotational speed and is almost independent of
the flow rate of the oil. The relation Nuyg :2c1(RersProil)C2

, the Prandtl
number Pr,jj, constants ¢; = 3.811.1073 and cz = 0.641, and
the inner diameter of the rotor shaft d; ;s is proposed in [29].

Based on this model, the heat transfer coefficient /4,5 on the
inner radial surface of the shaft is defined as

wd?
with the radial Reynolds number Re, = I

Aoil
hes = 16 .01

i,rs

c1 (RersProi ) ey

where the factor ng is again identified from measurements
in Section IV-B. In the present motor design, the oil volume
flow is supplied by a fixed displacement pump that is coupled
with the rotor (i.e., at a standstill, the flow rate is zero). Thus,
this model will also give meaningful results for the standstill,
where the heat transfer to the oil can be neglected without los-
ing accuracy. Convection from the rotor shaft to the enclosed
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air is neglected here due to the small axial cross sections and
the air’s low thermal conductivity compared with the oil.

E. POWER LOSSES
The conversion between electrical power and mechanical
power generates heat in the machine, involving copper losses
Pcy, iron core losses Peore, permanent magnet losses Py, and
mechanical losses Ppech. As copper and core losses domi-
nate [30], mechanical losses are neglected (Ppech = 0).

The total dc power losses for the three phases in the winding
are given by

Py, de (1§Cu) = 3lQRs,ref (1 + acu (5Cu - ref)) (22)

where i = L

V2
with the measured currents iy and iy transformed to the rotor

fixed dg-frame using the amplitude-invariant Park transform.
The stator resistance Ry rf at the reference temperature Uyer is
identified from measurements at a standstill. Here, o, is the
temperature coefficient of electrical resistivity of the winding.
The dc losses (22) are distributed between active winding
Pyc,aw(Paw) and losses Pey 1e,dc(Pew,le) and Pew ole,dc(Pew,ole)
in both end windings, determined by their respective copper
masses and average temperatures Day, Dew.le, and Dew.ole,
respectively. Due to strong magnetic fields in the stator
slots [30], the resistance R and, therefore, the losses increase
with the electrical frequency f; = pn of the magnetic field
(number of pole-pairs p, rotational speed of the rotor n = 72-).
Analogously to [30], the model

ig + ig is the fundamental wave rms current,

kac(fcl)
(1+(1Cu(7§aw—19ref))ﬁ ) (23)

is used for the copper losses in the active winding. The func-
tion kac(fe1) and the exponent B are identified from finite
element analysis to model the skin and proximity effect. Given
the weaker magnetic field in the end windings compared with
the active winding [31], the factor k. is generally much
smaller, leading to its omission for the end windings (i.e.,
Pew le = Pew,le,dc and Pew ole = Pew,ole,dc)-

Core losses P.oe in the stator and rotor laminations are
computed using a Jordan loss model [32]

Peore = khystB2 (id7 iq» 7§pm) fel + keddsz (id» iq, gpm) fe2]-
(24
This model uses the empirical factors knys and keqqy for
hysteresis and eddy currents, respectively, along with the lo-
cal flux density magnitudes B(iq, ig, ﬁpm) from FEA results.
To facilitate real-time computation, khysth(id, iq, 15pm) and
keddsz(id, iq, Upm) are precomputed and spatially lumped, al-
lowing for efficient interpolation to evaluate the lumped losses
as defined in (24). Eddy currents due to harmonics in the field
are the main source of the losses Py, in the magnets. These
are also obtained from FEA, where the effects of time har-
monics in the current are accounted for by empirical factors
depending on the operating point.
Local values g; of heat generated by losses per unit volume
are needed in (2). A uniform loss distribution within the active

Pyy (&aw) = Paw,dc (5aw) <1 +
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winding (aw), end windings (ew, le, ew, and ole), stator teeth
(st), stator yoke (sy), rotor lamination stack (r), and permanent
magnet (pm), as defined in Section II-C is assumed. For all
regions r € R = {aw, ew, le, ew, ole, st, sy, r, pm}, the local
rate

P ()
Zjex, Vj

for volume i is obtained by dividing the total power dissipated
in the region that volume i belongs to P.(9,) by the overall
volume of the region ) jexr V. In this context, x, defines the
set of all volume indices associated with region r. The dis-
sipated power P; is calculated by evaluating the lumped loss
models (22)—(24) and is in general temperature dependent.

gi = (25)

F. STATE-SPACE FORMULATION
For a compact notation, the overall model is written in matrix
notation. The state vector x = [¥1, ..., In]T is introduced,
which contains the temperatures of the individual finite vol-
umes. The sum of the heat flows ) j Q;j in (2), defined by
(3) and (5), also needs to be represented as a vector QT =
[Zj Otj,--» Zj On ;1. For this task, the input vector
of =[gw 0w @ v 1] (26)
with quil = [Gew.le» qew,ole]T is defined. The derivations in the
previous sections showed that the heat transfer coefficient / j;
[and thus the thermal conductances (5)] to the water Gy, (16),
to the oil Gy (20), and across the airgap G,g (19) depend on
u;. They are summarized in the vector

T
G ) =[G] (gw.9) Gl @ v GLon| @)

of length Ng, which allows Q to be written in the form

Ng
Q=Ax+ > Gu@)N,x+Bgqu))  (28)
m=1
with
G , Ow) U
Goit (Qoit, Doit) Doil

and constant matrices A, N, m =1, ..., Ng, and By. The
rates at which heat is generated per volume defined in (25) are
summarized in the vector

gT (UZ’ "avg) = [gaw (&aw) > -5 8pm (l§pm)] (30)
which depends on the inputs
of =[ia iq n]. 31)

The average temperatures #,,, for a region r are given by

5 Djex, ViV

(32)
Zje)(r VJ
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FIGURE 4. Temperature sensor locations in the machine: Dot-shaped
sensors are for model calibration, while star-shaped ones are for
validation only. Colors represent axial positions: blue markers indicate
sensors on the lead end side, green markers in the center, and red markers
on the opposite side of the lead end.

and the vector of average temperatures can be written as

_ _ T
ﬂavg = I:ﬂaw, ceey ﬁpm] = Cavgx' (33)

The terms g;V; in (2) can then be written as Bog(uz, CayeX).
With these definitions, the model defined by (2) is written
in the form

Ng
- q(up)
M= Ax+ Z G (1) N B |:g (u2, Cang)j| (34)

m=1

with B = [By By]. The entries on the diagonal of the posi-
tive definite mass matrix M are given by C; from (2). As the
differential equation (34) is stiff, it is discretized in time using
the implicit trapezoidal method with a sampling time 75 = 0.5
s. This results in the implicit system of equations

0 =F (Xp 12 Xpeo Wy g1, W g1, Up o W) . (35)

Here, the subscript k& denotes the corresponding quantity eval-
uated at the time k75, i.e., X; = x(kTy).

G. MODEL OUTPUTS

Every local or averaged temperature at certain locations can be
calculated as a linear combination of the states x. For model
calibration and validation, the temperatures measured by the
temperature sensors are of particular interest. The considered
machine is instrumented with numerous K-type thermocou-
ples not present in a production sample to allow for detailed
model validation.

Six sensors are placed in the stator slots to measure the
active winding temperature, see Fig. 4. Another six sensors
are mounted in the stator yoke, where four are positioned
closer to the cooling jacket, and two of them (star-shaped
symbols in Fig. 4) closer to the winding. The end windings are
instrumented with six sensors that are distributed around the
circumference on the lead end and two sensors on the opposite
lead end. The permanent magnet temperatures are measured
with temperature sensors in the pockets. All sensors except
the star-shaped ones in Fig. 4 are used for the calibration in
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Section I'V-B. These sensors are later used for the validation of
the calibrated model. The temperatures utilized for the model
calibration and validation are represented as

(36)

Ysens = CsensX.

The temperatures utilized only for model validation are calcu-
lated as

Yval = Cvalx- (37)

Finally, for the model calibration and the discussion of the re-
sults in Section I'V-C, the averaged temperatures of the sensors
of a component (e.g., the active winding) are relevant. They
are calculated as

Ysens = Csensx (38)

where averaging of the values obtained by each sensor within
a certain component is used. For example, Pay sens 1 Obtained
by averaging all elements in #,y sens-

IIl. MODEL-ORDER REDUCTION

For the discretization visualized in Fig. 3 in Section II-B,
the resulting FOM (34) has N = 11931 states. Due to its
high memory requirements and computational complexity,
the model (34) is unsuitable for real-time implementation on
the target platform. Thus, model-order reduction is applied to
the model (34). This reduction aims to decrease both memory
requirements and computational complexity substantially. At
the same time, the model-order reduction is designed to retain
the physical interpretation of the thermal conductances while
maintaining the input—output characteristics of the model as
well as possible. To do so, the expression g(uz, #aye) [cf., (23)
and (24)] in (34) is linearized with respect to x at x;. Here, x
is selected to represent a temperature within the operational
range of the machine, specifically a uniform temperature dis-
tribution at 80°C. This yields a model that is bilinear in
the inputs G(u;) and %g(uz, Cavexp). The resulting model
is evaluated at L specific sampling points of uy, yielding an
affine model. The choice of sampling points aims to minimize
the approximation error caused by model-order reduction at
these points, while also achieving good agreement between
the sampling points. The order of this model is reduced with
an iterative rational Krylov algorithm [33] that uses projection
matrices V; and Wy, [ = 1, ..., L. The matrices for different
sampling points 1, ..., L are concatenated to global basis
matrices [V, ..., Vr] and [Wq, ..., W], see [34]. Finally,
a singular value decomposition is applied, and columns cor-
responding to small singular values are removed, yielding the
N x N; matrices V and W. The ROM

q(up)
g (u2s Cr,avgxr)

(39)
follows by multiplying (34) from the left-hand side with WT
and setting x &~ Vx;. The thermal conductances G, (u;) as
well as the inputs q(uy) and g(uz, C; 4veX;) are preserved
during this step and retain their physical interpretation. This

Ng
M. x; = Arx, + Z Gn (ul)Nr,mxr + B; |:

m=1
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FIGURE 6. RMSE evaluated based on the calibration data during model
calibration. The dots indicate the performance of the calibrated model

evaluated based on the validation data.

allows to systematically consider varying thermal conduc-
tances at the boundaries, e.g., due to the variations of the
flow rates of the coolant in the ROM. The parameters 7y,...,76,
Vew,le,bp> aNd Vew ole,bp are preserved, allowing model calibra-
tion based on these (uncertain) parameters in the ROM.! All
matrices in the model (39) can be computed offline once the
basis matrices V and W are known, allowing efficient model
evaluation. The temperatures at the sensor positions and the
average temperatures needed for (30) are obtained from (36)
and (33) as Cgens, 1 Xr = Cgens VX and Cayg Xy = Cayg VX¢, TE-
spectively. Compared with the FOM, the number of states can
be significantly reduced (N, = 10 <K N = 11931).

IV. EXPERIMENTAL RESULTS
In this section, measurement results are compared with simu-
lation results of the FOM and the ROM.

A. EXPERIMENTAL SETUP AND METHODOLOGY

In total, 78 experiments for 57 h including both continuous
and peak loads are available. Fig. 5 shows the operating
range covered by the measurements and data allocation for
calibration and validation. Here, torque and speed are nor-
malized to the maximum speed, nmax, and the maximum

'In order to also preserve, e.g., the thermal conductivities as parameters in
the ROM, e.g., a linearization of A, Ny, and B in (34) with respect to those
quantities is required.
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continuous torque, 7¢ max. These measurements correspond to
operating scenarios that test whether the machine fulfills the
performance requirements. During the experiments, the water
flow rates gw and the fluid temperatures are also varied. The
operating points correspond to tests with constant speed and
torque, followed by cool down periods (see Fig. 9), result-
ing in overlapping points in Fig. 5, and representative drive
cycles (such as in Fig. 12). Fig. 5 shows that validation data
also cover peak performance data not within the envelope of
continuous power operating points and that the validation data
extend to areas where calibration data are absent.

The data gathered in these experiments are divided into two
sets, with approximately 45 h allocated for calibration (see
Section IV-B) and 12 h for validation.

B. MODEL CALIBRATION

As mentioned in Sections II-C and II-D, not all material pa-
rameters and boundary conditions can be accurately obtained
by the available geometry and material parameters of the
PMSM. The 22 uncertain parameters

P= [)‘«aw,pl )\ew,ax )Lew,rad )“ew,az

T

Vew,le,bp (40)

T
n ... e Vew,ole,bp]

defined in Section II-C, (16), (18), (20), and (21) are iden-
tified from the calibration data. The calibration experiments
j=1,...,M with the corresponding measured inputs u{ X

and ué’ « according to (26), (31), and the measured temper-

atures y;I;{S ¢ of the instrumented machine in Section II-G

are recorded for k =0, ..., L;. For the calibration, the error
€ = Yok — Yiens x between the measured and the simulated
temperatures of the FOM y?_ ok = CqensX;, is defined, with the

state x,]( predicted by the FOM at time k7. Due to the potential
nonideal contact of a temperature sensor and component, it
is useful to also define the error of the average measured
component temperature as & =y, — yI. - For the iden-
tification of p, the optimization problem

in >3 (11, + v lefliy) ar.

min
=1 k=1

s.t. (35), X0 = X}, uj x = ujlyk, Wy = ujzyk
j=1,....M
P<p=p (41)

is formulated. In the cost function, the square of the errors é,{

and e] are weighted with W, W, and y, respectively. In order
to ensure a low error, especially for the permanent magnet, the
active winding, and the end winding, the weights W and W
are chosen as diagonal matrices with higher weights (factors
2 and 1) for the permanent magnets and the winding com-
pared with the remaining sensors (factor 0.5). The weighting
between the average component and the individual sensor
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FIGURE 7. Values of normalized identified parameters.

TABLE 2. Identified Thermal Conductivities

Unit Initial  Identified
Xaw,pl Wm~ 1K= 085 2.1
ew,ax Wm_l K~ 0.53 1.6
Mewrad Wm 1K™ 053 12.9
Aew,az Wm™TK™t 169 0.83
800 T T T
- ) )
M 600 ST ]
B
; 400/ =
H 200/ T — hew,le
1= 7
hew,ole
0 | | T
0.2 0.4 0.6 0.8 1

Normalized oil flow rate

FIGURE 8. ldentified heat transfer coefficients for the end windings.

temperatures can be adjusted by y. The initial state x{) is
approximated by assigning the temperature of the closest sen-
sor within the respective material to each volume. The bounds
P < p < p ensure that parameters, such as thermal conductiv-
ities and heat transfer coefficients, are kept within reasonable
limits. The discretized model (35) is used to solve the opti-
mization problem (41). All parameters are scaled with their
nominal value such that the cost is approximately equally sen-
sitive to changes in any parameter. The optimization problem
(41) is solved using the interior point method. The gradient of
the cost in (41) with respect to p is computed using the adjoint
equation approach [35].

The root-mean-squared errors (RMSEs) of the average tem-
peratures of the active winding (aw), the lead end winding
(ew,le), and permanent magnets (pm) evaluated based on
the calibration data during model calibration are depicted in
Fig. 6. The initial uncalibrated model exhibits RMSEs of ap-
proximately 5.4 °C, 9.6 °C, and 10.5 °C for the active winding,
the end winding, and the permanent magnets, respectively.
After approximately 90 iterations the optimizer finds an op-
timum. The dots in Fig. 6 indicate the performance of the
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FIGURE 9. Input signals for two exemplary experiments. (a) Experiment 1.
(b) Experiment 2.

calibrated model evaluated based on the validation data, show-
ing similar RMSEs as evaluated based on the calibration data.
To prevent only a local optimum from being found, the opti-
mization is started from multiple starting points. Although, it
always resulted in the same optimal parameter set. A detailed
discussion of optimal parameter values is provided in the
subsequent paragraph. The obtained optimal values are within
physically meaningful ranges, which confirms the quality of
the obtained optimum.

The normalized parameters 71, ..., 1 were all initialized
to one. Their identified values are shown in Fig. 7. While ns
and ne are close to their nominal value, higher deviations are
obtained for the other parameters. This can be attributed to the
fact that n; and n; are related to the heat transfer to the cooling
jacket, and 13 and n4 are used within the model of the heat
transfer over the air gap. These motor parts are challenging to
model, e.g., due to deviations in the friction factor (13), the

VOLUME 5, 2024
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FIGURE 11. Experiment 2 defined in Fig. 9(b): Comparison of the errors in the average and the hotspot temperature of the FOM and the ROM.

contact conductance between the stator lamination stack and
the cooling jacket /¢ s cj, and the flow behavior within the air
gap.

The identified thermal conductivities are compared with
their initial values in Table 2. The identified in-plane thermal
conductivity in the active winding is approximately 2.5 times
the estimated value by the model (10). A deviation in that
size was expected due to uncertainties resulting, e.g., from
the conductor placement and the impregnation quality, see
Section II-C. The thermal conductivities of the end winding
show significant deviations from the initial model assumption
as outlined in Section II-C. Although the wires are mainly
oriented in the azimuthal direction, the conductivity Aew,az 1S
comparatively low. The reason might be that the end wind-
ings are made of individual wire bundles insulated against
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each other via resin and insulation material, therefore reduc-
ing the effective thermal conductivity. For the heat transfer
coefficients of the end windings, the optimization was initial-
ized with a linear relationship between the average velocities
and the flow rates Vew,le,bp = Iﬁqewale»bl’ and Ve ole,bp =

Ac_l(,le Qew,le,bp- Here, Acle and A¢ e denote constant initial

estimates for the film thickness of the oil on the two end
windings. The identified average heat transfer coefficients
hew,le(@ew,le) and ey, ole(gew,ole) On both end windings are
shown in Fig. 8 as functions of the normalized oil flow rate.
For the end winding on the lead end side is generally higher
than for the opposite side. This can be attributed to a higher
oil flow at the lead end due to its higher volume, including the
leads. Both heat transfer coefficients show a decrease above
0.8. This unexpected behavior could result from increased
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FIGURE 12. Excitation signals for a driving cycle.

oil splashing away from the end winding, reducing the heat
transfer coefficient. Another explanation is an unmodeled oil
distribution effect that effectively decreases the oil flow to the
end windings even though the total oil flow increases.

In total, the required computation time for the optimiza-
tion is approximately 264 h, utilizing eight cores on a
machine with Intel Xeon Gold 5154 processor at 3.0 GHz in
MATLAB/Simulink 2021b. The computations for the model
calibration can be carried out offline and are, therefore, less
critical in terms of computational demand. The performance
of this calibrated model is discussed in detail in the following
Section IV-C.

C. VALIDATION AND COMPARISON

The identified parameters are used for all following simu-
lations. After the calibration according to Section IV-B, the
model-order reduction is performed. A single sampling point
u; at nominal operating conditions of the cooling systems
and intermediate speed (gw = 10 min~!, 9w = Voil = 65°C,
Gew,le = 0.5max(gew,le); Gew.ole = 0.5Max(gew,ole), and n =
8000 min~') is used to construct the global basis for the
projection matrices. Accurate results between the FOM and
ROM across all operational regions can be achieved with the
single sampling point at the center of the operational range.
The ROM with N; = 10 states is discretized in time using an
explicit Euler scheme with a sampling time of 500 ms. The
implicit trapezoidal rule with a sampling time of 500 ms is
used for the FOM.

The inputs u; (26) and the torque 7 for two exemplary
experiments of the validation data are shown in Fig. 9. The
currents needed for the input (31) are selected according to a
maximum torque per ampere map for the given torque and
speed. The oil flow is the sum of the oil flows to the end
windings, the rotor shaft, and a gear box. Both experiments
contain a phase where the motor is loaded with torque once
at a continuous power, as shown in Fig. 9(a), and once at a
peak power operating point, as shown in Fig. 9(b). The fluid

temperatures 1, and ¥, start at approximately 65 °C and
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increase when the load is applied. The fluid flow rate gy, is
varied during the continuous power operating point, as shown
in Fig. 9(a).

This section evaluates the average (AVG) and hotspot (HS)
temperatures to assess the model’s accuracy. The hotspot tem-
perature of a specific component (e.g., the active winding) is
defined as the measured temperature ﬁ;{‘v,sens’ i Of the sensor k,
where the highest temperature of the component occurs during
the cycle, i.e., k = argmaxkz?gv’sem’k.

In Figs. 10 and 11, the measured temperatures of the ac-
tive winding (aw), the end winding lead end (ew,le), and the
permanent magnet (pm) are shown for the two experiments of
Fig. 9. These temperatures are of specific interest since exces-
sive temperatures can yield insulation failures of the winding
and demagnetization of the permanent magnets. Therefore,
they need to be accurately predicted by the thermal model.
The errors e in the average and hotspot between measurement
and simulation are depicted for the FOM and the ROM. For
the experiment in Fig. 11, there is a significant difference
between the average and hotspot temperature for the winding
and the magnets, which can be attributed to the high power.
For the experiment in Fig. 11, the difference is smaller due
to the lower power and higher oil flow rate. The error in the
average temperatures computed by the FOM and ROM is less
than 10.5 °C for the active winding and the end winding for
the continuous and peak power operating point. Moreover,
the errors in the hotspot temperature are kept below 13 °C
for both experiments. For the permanent magnet, the error of
the average and hotspot temperatures are below 6 and 9.5 °C,
respectively. Comparing the FOM and the ROM reveals sim-
ilar errors, with a maximum deviation between the models of
~ 4°C even at peak power operation. Thus, it can be con-
cluded that the model-order reduction effectively maintains
the high model accuracy of the FOM for both stationary and
dynamic operations across various operating conditions.

The experiments depicted so far cover cases with very high
load changes. These test cases are particularly suitable for
analyzing the machine’s behavior under maximum load con-
ditions. However, these cases rarely occur in real operations.
Thus, the thermal behavior of the machine is analyzed for a
driving cycle similar to a worldwide harmonised light-duty
vehicles test procedure (WLTP) test cycle.

The corresponding input signals are shown in Fig. 12, and
the measurements as well as the results of the models are
given in Fig. 13. Due to the lower initial temperature and
overall lower powers, the measured temperatures in Fig. 13
are significantly lower than in the high load scenarios. The
accuracy of both models for this driving cycle is quite good,
keeping the model error below 5 °C for the whole time. More-
over, the ROM has almost the same accuracy as the FOM.
This shows that the proposed ROM gives accurate results in
real-world dynamic cycles.

As discussed in Section I, low-order LPTN models are
the state-of-the-art solution for real-time thermal modeling of
automotive electric drive systems. Thus, the proposed mod-
els are compared with a low-order LPTN with seven nodes

(see, e.g., [36]), see Fig. 14. The seven nodes correspond
VOLUME 5, 2024
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FIGURE 14. Schematic of the LPTN.

to the average temperatures of the stator yoke, stator teeth,
active winding, permanent magnet, rotor iron, and end wind-
ings (lead end and opposite lead end) and are highlighted
with a gray background in Fig. 14. Varying resistances cor-
responding to convective heat transfer have a blue or brown
background, whereas constant resistances are shown without
a background color. As proposed in [10], the thermal resis-
tances corresponding to convective heat transfer depending on
the speed or the flow rates (see Section II-D), are modeled
in the form R;; exp(—qn%xﬁj) +a;; and R;; exp(—n"'l’ax %j) +
a;j, with the flow rate ¢, the speed n, and the corresponding
maximum values gmax and nyax. The parameters R;;, a;;, and
b;ij as well as constant thermal resistances and the thermal
capacities are identified from measurements using the same
cost function as in Section IV-B. This results in an overall
number of 34 parameters of the LPTN. The same loss model
as in Section II-E is used for the LPTN. Like the ROM, the
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FIGURE 15. (a) RMSEs and (b) maximum absolute errors computed with
the validation data for the active winding (aw), the end winding at the lead
end (ew,le), and the permanent magnets (pm).

resulting calibrated LPTN model is discretized in time with
an explicit Euler method using a sampling time of 500 ms.
Fig. 15(a) shows the RMSEs of the validation data for
the different models for average and hotspot temperature
at the active winding, the end winding, and the permanent
magnet. As expected, the FOM and ROM show a similar
performance, with only minor differences. The LPTN gives
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larger errors, particularly for the end windings, where the
average maximum absolute error reaches 30 °C. The accuracy
for the permanent magnet temperature is of similar quality
for all considered models. These results confirm that 1) the
ROM is suitable to reach an almost identical accuracy as the
FOM, and 2) the proposed model gives good results for all
critical components of the motor, whereas the LPTN shows
less accurate results for the end windings.

An important advantage of the proposed model compared
with LPTNs is that it is possible to predict the temperature
field of the whole machine. Thus, if temperatures other than
those at the sensor positions are of interest, they can be easily
added as outputs of the model as shown in Section II-G,
without increasing the number of states. To prove that the
proposed FOM and ROM yield high accuracy for positions
where no sensor was utilized for the model calibration, the
temperatures of the validation sensors depicted as stars in
Fig. 4 are analyzed [model outputs (37)]. The measured tem-
peratures corresponding to the model outputs (37) were not
used in the model calibration of Section IV-B. In order to
show that the models can predict the temperature even though
no calibration was performed, the RMSE and the maximum
absolute error of the average measured temperatures for the
validation sensors ¥y, on the stator yoke (sy), the end winding
(ew), and the permanent magnets (pm) evaluated based on
the validation data are shown in Fig. 16. There, the FOM
and the ROM utilize temperatures from the specific sensor
positions, whereas the LPTN relies on the temperature of the
corresponding node representing that region. For the FOM
and the ROM, the RMSE and the maximum absolute error are
below 8 and 14 °C, respectively. For the LPTN, the errors are
significantly higher, especially for the stator yoke and the end
winding at the lead end side. This indicates that the assump-
tion of homogeneous temperature is invalid for these regions.
For the permanent magnets, the three methods perform sim-
ilar, which may root in the rather homogeneous temperature
of this part of the motor. This result also shows that LPTNs
that fit to measurement data can only accurately predict the
temperature of those nodes where the model is calibrated.
If the temperature at another position must be predicted, the
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model has to be extended by an additional node and recali-
brated.

Section I already described that the model’s real-time ca-
pability on automotive real-time hardware is one essential
requirement of the thermal model. To evaluate the computing
time of the FOM, the ROM, and the LPTN, a cycle of 1 h
duration is analyzed. All simulations are performed on a desk-
top computer with an AMD Ryzen 7 5800X processor at 3.8
GHz in MATLAB/Simulink 2021b.2 The FOM requires 486 s,
the ROM 13.3 s, and the LPTN 5.4 s. As expected, the FOM
has the highest and the LPTN the lowest computing time,
whereas the ROM is only approximately 2.5 times slower
than the LPTN. Since it is known that the LPTN is real-time
capable on automotive hardware, the ROM is also well suited
for real-time temperature prediction. For performance assess-
ment, the ROM is implemented on a dSpace MicroLabBox
prototyping system, with NXP QorlQ P5020 processor @2
GHz resulting in a computing time of approximately 0.1 ms
per timestep. This corresponds to 0.02% of the sampling time
of 0.5 s allocated to the ROM and suggests real-time capa-
bility of the implementation, leaving sufficient computational
resources for other tasks.

The advantages of the ROM compared with the LPTN thus
make the ROM a promising alternative to classical LPTNs.

V. CONCLUSION

A thermal model of a PMSM was developed based on the ge-
ometry, the material parameters, and empirical correlations for
the boundary conditions. The finite-volume method was ap-
plied for spatial discretization, and measurements calibrated
the resulting model. The formulation of the model in a bilin-
ear structure was exploited to obtain an efficient model-order
reduction scheme, which is required to ensure the real-time
capability of the model. This specific formulation further pre-
serves the physical interpretation of the inputs and certain
parameters, allowing the ROM to cover changing cooling
conditions. The experimental validation of the method for a
machine using water and oil cooling showed that a ROM
with ten states yields highly accurate results for real-time tem-
perature prediction. Compared with a state-of-the-art LPTN,
lower errors emerge especially for the active and end wind-
ing. Moreover, it is demonstrated that the proposed model
enables accurate temperature prediction at locations where no
sensor was positioned during model calibration. Future work
is directed toward using the model in designing a nonlinear
observer that combines, e.g., the measurements of (a low
number of) temperature sensors with temperature estimates
resulting from the measurements in the electric system (e.g.,
the back-electromotive force). With this, the overall prediction
accuracy is expected to be further improved.

2 Although this configuration does not provide a good value for the imple-
mentation on an automotive real-time hardware, it allows us to compare the
different modeling approaches.
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