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Split Ratio Optimization for High-Torque PM Motors
Considering Global and Local Thermal Limitations

Thomas Reichert, Member, IEEE, Thomas Nussbaumer, Member, IEEE, and Johann W. Kolar, Fellow, IEEE

Abstract—The split ratio of an interior rotor permanent-magnet
machine, which relates the rotor diameter to the total motor diam-
eter, can be optimized with the goal of generating maximum torque
for a given motor volume. For that purpose, thermal constraints
have to be considered that limit the producible magnetomotive
force and, consequently, the torque output. Both a maximum local
current density in the coils and a maximum global copper loss den-
sity related to the motor surface are respected. In this paper, the
analytical calculations for torque and split ratio are derived and
the influence of these thermal constraints is elaborated.

Index Terms—Brushless motors, design
permanent-magnet motors, temperature, torque.

optimization,

1. INTRODUCTION

ERMANENT-MAGNET machines are employed in a wide
P range of applications such as pumps, mixers, and stirrers,
pervading numerous industrial sectors [1]-[5]. They generally
consist of a slotted stator with copper windings and an interior
rotor built of permanent magnets and iron. For a large percentage
of these industrial applications, the motor design aims at max-
imizing the torque while respecting two important boundary
conditions. To begin with, the outer motor dimensions are usu-
ally fixed as they result from the application itself. The second
important constraint is given by physical limitations, namely,
thermal limitations and magnetic saturation in the iron parts of
the motor [6]-[9]. Obviously, these physical limitations can be
influenced by the choice of the motor materials, yet there is usu-
ally a threshold for each application where the improvement of
material properties is outweighed by the rising material costs.
Hence, for fixed boundary conditions, the motor torque has to
be maximized by means of varying the dimensions of the rotor,
iron and copper parts inside the machine. It was found that the
ratio of rotor diameter to total motor diameter, the so called split
ratio [10], is highly relevant to the torque output.

In preceding publications, the split ratio has been optimized
under the constraint of fixed copper losses [11]-[13]. At first
sight, this constraint seems meaningful since the outer dimen-
sions of the machine stay constant and a certain constant amount
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of heat can be dissipated via the motor surface. However, this
assumption does not consider local thermal situations inside the
motor, especially for the stator coils, which are the main heat
source during an operation under full load. For an increasing
split ratio, the stator area and, consequently, the winding space
get reduced. Hence, a local thermal limitation in the copper
windings has to be considered additionally, which can be ac-
counted for with a limited current density, as will be further
elaborated in this paper.

This paper expands the current findings about the optimal
split ratio for permanent-magnet machines with nonoverlap-
ping (concentrated) windings. The focus lies on high-torque
machines that run at low to moderate rotational speeds. In
Section II, the existing analytical torque calculation is sum-
marized and expanded with the influence of the local thermal
limitation in the coils. In Section III, the optimal split ratio cal-
culation is derived respecting both thermal constraints. Three
cases can be distinguished, with either one of the thermal con-
straints being the decisive factor for the optimal split ratio or, as
the third option, with both constraints determining the optimal
split ratio. The distinction between these three cases depends on
the actual values of the thermal limitations and the motor dimen-
sions, as will be shown in Section IV. The identification of the
actual thermal values and their interconnection is addressed in
Section V, and finally, in Section VI, the findings from this
analysis are transformed into general design guidelines for this
machine type.

II. TORQUE CALCULATION
The torque calculation for a radial-flux machine is based on
the (tangential) Lorentz force. For one concentrated coil, the
maximum force is given by

E:oil,max

= (Neoy - 1)-21- B )
N——

&)

with the peak magnetomotive force ©, which is the product of
the coil winding number N..; and the peak winding current
I, the active motor length (or height, respectively) [, and the
air gap flux density B. The last multiplication in (1) is allowed
because of the perpendicular arrangement of axial current, radial
flux, and tangential force. The factor 2/ in (1) is due to the
fact that each conductor of a coil passes the air gap twice,
but at different positions with opposing permanent-magnet flux
density direction.

The constant torque value 7" of any m-phase machine running
in sinusoidal mode is found by multiplying the Lorentz force F'

0885-8969 © 2013 IEEE
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with the air gap radius 7, resulting in

T:Q’E'Fcoilimax'r:Q'Ncoil'IA'l'B'r (2)
m 2 ’

where () is the slot number, which, in the case of concentrated
windings, equals the number of coils. The slot to phase ratio
(Q/m has to be considered as well as a factor m/2, which links
the maximum force of one coil with the resulting constant torque
for an m-phase system in sinusoidal mode.

In order to achieve the highest possible torque, the magne-
tomotive force has to be maximized. This maximum reachable
value is determined by the thermal limitations of the motor,
which can be split into two categories. There is a global thermal
limitation, which is defined by the allowed total motor losses
related to the motor surface. For the targeted high-torque ma-
chines with moderate rotational speeds, the iron losses can be
kept in a reasonable range if the iron parts are well designed
(e.g., thin lamination). Hence, the dominating motor losses are
the ohmic copper losses. The second thermal constraint is local,
concerning the coils. The current density in the coil windings has
to be limited in order to avoid local overheating, which would
lead to the destruction of the winding insulation and result in a
short circuit.

A. Torque with Global Thermal Limitation

According to Pang er al. [11], the optimal split ratio is slightly
lowered when the end-windings are considered for the copper
loss calculation. However, as this influence on the final result
is typically quite small, the end-windings will be neglected in
the further analysis for means of simplicity and clarity. Never-
theless, for specific machine designs such as pancake geometry,
the end-windings become influential and would have to be con-
sidered. This influence could be modelled with an equivalent
motor length [, [11], which would have to be used instead of
the active motor length [ in the following. With this measure,
the analysis could be conducted in the same way just with a
different dimension for the motor length.

The total copper losses P, can be described as

Neoin - 21
PCu - Q . Ir2ms *PCu Ail (3)
wdg

where pcy, is the resistivity of copper. The area of one single
copper winding Ay 4, is given by

Acoil * keoi
Ay = =% “

depending on the available cross-sectional area A.,; of one
concentrated coil and the slot fill factor k.,;;. Then, the total
copper losses can be reformulated to

I? N2, -2
Pu:Q'i' u'L- (5)
¢ 2 pe Acoil . kcoil

Rotor with
8 PM

Stator with
e 6 teeth

Fig. 1. Schematic drawing of an interior rotor motor. This exemplary topology
consists of a stator with six stator teeth and a rotor with eight permanent magnets
and a back iron ring. The permanent magnets are diametrically magnetized in
alternating order.

For the maximum allowed copper losses Pcy max, (5) can be
rearranged to solve for 7, and the resulting term is then integrated
into (2), leading to a torque function of

T — \/PCuA,max : Acoil . kcoil - Q .

B-R-x (6
PCu

with R being the outer radius of the stator core and y being the

split ratio, defined as

X=3 (7

B. Torque with Local Thermal Limitation

Up to now, the analysis has been based on a global thermal
limitation, which was respected by fixing the total copper losses.
However, if the split ratio is enlarged, the coils become smaller,
while the losses remain constant and, consequently, the local
temperature rises. Thus, an additional local thermal limitation
has to be respected, which can be done by fixing the maximum
allowed current density Jy, .y in the windings. Then, the current
per coil is limited by

(Neoit * Lrms ) max =

Combining (5) and (8), the relationship between the copper
losses and the current density can be determined as

Jmax . Acoil . kcoil- (8)

P.
J = cu . (9
\/Q *PCu - 20+ Acoir - keoil )

The available torque can be found by combining the constraint
in (8) with the formula in (2), leading to

T:\/iQ'Jmax'Acoil'kcoil'l'B'R'X'

(10)

III. SPLIT RATIO CALCULATION

In order to be able to determine the optimal split ratio, the
influence of this split ratio on the cross-sectional coil area has



REICHERT et al.: SPLIT RATIO OPTIMIZATION FOR HIGH-TORQUE PM MOTORS

to be established first. As shown in Fig. 1, the available cross-
sectional area A.,; of one coil equals half the slot area Ag)t

Aslot = 2Acoil- (1 1)

Obviously, this slot area is highly influenced by the split ratio.
Additionally, for this kind of split ratio analysis, the flux density
ratio (3, defined as

B

BFe,max

B = (12)
is introduced [10]-[13], which relates the air gap flux density B
to the maximum allowed flux density in the stator teeth Bre 1 ax -
The stator tooth width required to avoid iron saturation and
respect this maximum allowed flux density becomes

2r-r- 0B
Wtooth = T (13)
whereas for the stator back iron thickness dg1, a value of half the
tooth width is assumed in the case of nonoverlapping windings.
These assumptions for the stator dimensions and the flux density
relation according to (12) are commonly used for split ratio

optimization.
The available slot area
7T~(R2—7‘2) 7T-R2—7T'(R—5]31)2
Aslot - -

Q Q

Statorarea/slot

Backiron area/slot

— Wtooth * (R - 6BI - T’) (14)
Stator tooth area
can be rewritten as
- R?
Astor = (fa-X> =2/ -x+1) (15)
with the two factors
™ s
fa:-<+2>-ﬂ2+25—1 (16)
Q \Q
and
™
fi = ( + 1) 3. (17
Q

A. Split Ratio With Global Thermal Limitation

As in [9], the optimal split ratio as a function of 3 can be
found by differentiating the torque according to (6) with respect
to x, and solving the equation

oT
— =0 18
ax (18)
In this case, the optimal split ratio x becomes
bp —\/ b%; — 4ap
xXp = (19)
2ap
with the factors
ap =2f, (20)
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Fig.2. Optimal split ratio according to (19), respecting a global maximum for
the copper losses. It increases when the slot number is enlarged (from ¢ = 2 to
8) and decreases for a growing flux density ratio.

and

bp = 3f;. 1)

It should be noted that the optimal split ratio only depends on
two values, namely, the flux density ratio and the slot number.
In Fig. 2, (19) is applied in order to show the optimal split ratio
as a function of these two parameters. It can be seen that the
split ratio decreases for a growing flux density ratio. This is
due to the increase in the required iron area (stator back iron
and stator teeth) in the case of a larger flux density. Hence, the
available rotor space and the split ratio are lowered. On the other
hand, the optimal split ratio is increased for motors with a larger
slot number. When the number of stator teeth (equal to the slot
number) is increased, each of the teeth individually becomes
narrower, which leads to a decrease in back iron thickness and,
consequently, allows for more space for the rotor. The remaining
parameters such as the maximum allowed copper losses, the slot
fill factor, or the machine radius do not influence the optimal split
ratio in this case. Nevertheless, there is an important influence
of these parameters for the torque calculation according to (6).
Moreover, these parameters highly influence the optimal split
ratio if both global and local thermal limitations are respected,
as will be further elaborated later in this paper.

In the upper plot of Fig. 3(a), the torque output is shown for a
motor with slot number six and three geometric dimensions, this
equals about 190 W of total copper losses. Previous publications
would stop their analysis at this point, which can be misleading,
as will be shown in the following. The corresponding current
densities in the coils according to (9) are plotted in the lower plot
of Fig. 3(b). A maximum allowed current density of 10 A/mm?
has been set, which is marked with a boundary line. It can be
seen that the current density grows when increasing the split
ratio. For the chosen limitations, the boundary for the current
density is reached before the optimal split ratio value (maximum
torque). Hence, the local thermal limitation would be violated
for the optimal splitratio according to (19), which, consequently,
cannot be counted as a valid design point. There is obviously
interdependence between the global and local thermal limita-
tion. Nevertheless, a motor designer can choose these param-
eters freely over a wide value range by modifying the thermal
convection on the motor surface (e.g., employing different heat
sinks), which influences the global thermal limitation itself, and
the thermal conductivity inside the mixer (e.g., using different
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Fig. 3. Torque output for an interior rotor machine with slot number 6 is

shown in the upper plot for a fixed copper loss density of 4 kW/m? as a func-
tion of the split ratio for three different flux density ratios. The corresponding
current densities in the coils are plotted below. If a maximum current density of
10 A/mm? is respected, it can be seen that the maximum output torque (optimal
split ratio) is actually not a valid operating point (R = 75 mm, [ = 25 mm,
Neoil = 300, and kq;; = 0.6).

pottants), which alters the relationship between the global and
local thermal limitation.

B. Split Ratio With Local Thermal Limitation

As can be seen in Fig. 3, a violation of the local thermal
limitation can occur if only the copper losses are addressed
in the split ratio calculation. Hence, an alternative derivation
according to (18) can be applied using the torque determined in
(10).

In this case, the optimal split ratio becomes

b] — \/bg —4CLJ

XJ = 50, (22)
with different factors
a; =3fa (23)
and
by =4fp. (24)

As described earlier, the optimal split ratio only depends on
the flux density ratio 3 and the slot number (). Its optimal value
for different flux density ratios and slot numbers is given in
Fig. 4. The characteristics are similar to those shown in Fig. 2.
However, the optimal split ratio is always smaller compared to
the split ratio according to (19).

In the lower plot of Fig. 5, the torque output is shown for a
motor with slot number 6 and three different flux density ratios,

0.7 _
T Increasing slot number g=2.. 8
S 0.5 $
% 03
=]
=
© o1 -
0.1 0.3 0.5 0.7 0.9
Flux density ratio § —»
Fig. 4. Optimal split ratio according to (22), respecting a local maximum

current density in the coils. It increases when the slot number is enlarged (from
@ = 2 to 8) and decreases for a growing flux density ratio. The optimal split
ratio is always smaller compared to the split ratio with the constraint of a global
maximum for the copper losses (see Fig. 2).
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Fig.5. Torque output for an interior rotor machine with slot number 6 is shown
in the upper plot for a fixed current density of 10 A/mm? as a function of the
split ratio for three different flux density ratios. The corresponding total copper
loss density is plotted below. If a maximum of 4 kW/m? is respected for this
loss density, it can be seen that the maximum output torque (optimal split ratio)
is actually not a valid operating point (R = 75 mm, [ = 25 mm, N.,;; = 300,
and k¢oi; = 0.6).

similar to Fig. 3. This time, however, the torque calculation
according to (10) has been used with a maximum allowed current
density of 10 A/mm?. As expected, the maximum torque is
achieved for smaller split ratio values than achieved earlier. The
corresponding total copper loss density Py ¢, is plotted below
in Fig. 5. Additionally, the previously set maximum of 4 kW/m?
is marked with a boundary line. It can be seen that the copper
losses decrease for increasing split ratio values. In this case,
the chosen limitations for the copper losses are violated for the
optimal split ratio (maximum torque) according to (22).
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Fig. 6. Torque output for an interior rotor machine with slot number 6 is
shown in the upper plot for a maximum copper loss density of 4 kW/m? and
a maximum current density of 10 A/mm?. The torque first follows the original
curve with fixed copper losses and then changes over to the original curve with
fixed current density. With this measure, both thermal conditions are fulfilled
over the whole split ratio range (lower plot) (R = 75 mm, [ = 25 mm, N ;] =
300, and k¢qi; = 0.6).

C. Split Ratio With Global and Local Thermal Limitation

It seems that for the chosen limitations of the copper losses
and the current density, no optimal split ratio can be determined
that would respect both constraints. When comparing the lower
plots of Figs. 3 and 5, it can be seen that these curves are
crossing the boundary at exactly the same split ratio values.
For small values of the split ratio, the copper loss boundary is
violated, whereas for larger values, the current density boundary
is violated. In order to calculate the torque over the whole split
ratio range, both (6) and (10) have to be used, which is plotted
in Fig. 6. Starting with small split ratio values, (6) has to be
used first with fixed maximum copper losses (see upper plot
in Fig. 6). During this time, the current density is below its
maximum allowed value. When increasing the split ratio, the
current density in the coils becomes larger (see lower plot in
Fig. 6). Once it has reached the boundary, the torque calculation
has to be changed using (10). A further increase in the split ratio
from that point on keeps the current density constant whereas
the copper losses get reduced. Hence, both thermal conditions
are fulfilled over the whole split ratio range. It can be seen in
Fig. 6 that the optimal split ratio for maximum torque output
is exactly where both thermal conditions have reached their
maximum value. Hence, the optimal value lies between the two
split ratio values according to (19) and (22).

In order to determine where to change over from one calcu-
lation to the other, the split ratio xpj for which both thermal
conditions are fulfilled at the same moment has to be calculated.
This can be done by finding the intersection of (6) and (10),

497
leading to
bpy — /b3, — 4
Xpy = L VP~ TP (25)
2apy
with the factors
fa : J2a : fm
— max 26
e JI%IB.X : fm - PCu ( )
and
2fb : JQ- ) f’m,
b — max 27
o JI%!B.X : fm - PCH ( )
where f,, is a machine factor defined as
fm = PCu 'l'kcoil '7T'R2~ (28)

Unlike previously, several machine design parameters influ-
ence the split ratio found with (25).

IV. CHOICE OF OPTIMAL SPLIT RATIO

With these calculations, it becomes apparent that the split ra-
tio calculation highly depends on the boundary conditions for
the global and local thermal values and on the motor dimensions.
With (19), (22), and (25), there are three different formulas for
the calculation of the optimal split ratio of a machine, lead-
ing to three different results. However, there can only be one
valid solution for a certain machine setup with given thermal
limitations as can be seen in Fig. 7. For four different bound-
ary conditions for the global and local thermal limitations, the
maximum possible torque is shown. It can be seen that either
a reduction in the maximum copper losses (a) or an augmen-
tation of the maximum current density (b) shifts the optimal
split ratio to a higher value in comparison with Fig. 6, such that
the optimal split ratio is given by (19). An augmentation of the
maximum copper losses, shown in Fig. 7(c), or a reduction of
the maximum current density (d), on the other hand, shifts the
optimal split ratio to smaller values, wherefore the optimal split
ratio is found with (22).

The validity for each of the torque and split ratio formulas has
to be determined in dependence on the global and local thermal
limitations. Fig. § illustrates the three different cases for the split
ratio and torque calculation.

For all the segments 1 to 3, the copper losses are the limiting
factor in the beginning for small split ratio values and (6) has
to be applied. When the split ratio is further increased, the
maximum current density will be reached and the transition,
being the intersection of (6) and (10), to the current density
based torque calculation (10) has to be done. These three sectors
help to determine where this transition occurs. If the thermal
constraints belong to segment 1, the intersection happens before
the maximum of any of the torque curves is reached, which is the
case plotted in Fig. 7(c) and (d). Hence, the torque calculation
according to (10) has to be used and the optimal split ratio
is found with (22). For global and local thermal limitations
belonging to segment 2, the intersection happens between the
two maxima of the original curves, as was treated in Fig. 6.
Hence, the optimal split ratio is found using (25). The change
from segment 1 to 2 occurs when the torque intersection is
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Fig.7. Torque output for an interior rotor machine with slot number 6 is shown
for a maximum copper loss density of (a) 2 kW/m?, (b) and (d) 4 kW/m?, and
(c) 6 kW/m?, whereas a maximum current density of (a) and (c) 10 A/mm?,
(b) 14 A/mm?, and (d) 6 A/mm? has been set (R = 75 mm, [ = 25 mm,
Neoil = 300, and ko5 = 0.6).

identical with the optimal split ratio according to (22). This

leads to the condition
2 2fy - ALy —3fa A4S | 2
= Jma,x f’rn 9f + o

(29)

for the segment change. Finally, for thermal constraints belong-
ing to segment 3, the transition happens after the maximum of
the copper loss based torque curve has been reached, which is

p 2 ®
18

T /r\
=} )
E 16 @
< 7(b) —]

= 1 o

g 12 L (D
l-; -

2 bbb s T

Wl / "

-

2 . -~
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E 6 Jo

g |7

i 4
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Max. copper loss density Py cumas / (k\sz) —_—

Fig. 8.  Split ratio calculation is highly influenced by the choice of the maxi-
mum copper losses and the maximum current density. Three different cases can
be distinguished: In segment 1, the copper losses are the limiting factor for very
small values of the split ratio. But once it is increased, the maximum current
density is reached and the copper losses have to be lowered. This transition
happens before the maximum of the torque curve according to (10) is reached.
Hence, (22) has to be applied for this first segment. In segment 2, the transition
from the constraint of copper losses to the constraint of maximum current den-
sity happens in between the optimal split ratio according to (19) and (22). In
this case, (25) has to be applied (see Fig. 6). Finally, in segment 3, the transition
happens after the optimal split ratio according to (19) has been reached. Hence,
the value of (19) has to be used. Additionally, the chosen boundary conditions
used in Figs. 6 and 7(a)—(d) have been marked.

shown in Fig. 7(a) and (b). Therefore, the optimal split ratio
is found with (19) and the torque maximum is calculated with
(6). The change from segment 2 to 3 occurs when the torque
intersection is identical with the optimal split ratio according to
(19). This leads to the condition

fo /9IS — 8fa + 3f2 L1
8fa

Poy = J2s fn (30)

for the segment change.

In addition, the influence of the design (slot number and
motor dimensions) on the choice of the split ratio calculation
has been investigated and is presented in Fig. 9. Increasing the
slot number slightly lowers the original curves from Fig. 8 (solid
black lines in Fig. 9) in vertical direction, whereas the curves
are slightly lifted for a slot number smaller than 6. However,
this shifting of the curves is in a very small range as can be seen
in Fig. 9(a).

The influence of a variation in the motor dimensions, namely,
the motor radius and the motor length, are shown in Fig. 9(b)
and (c), respectively. The corresponding values have been dou-
bled first, followed by investigating the effect of dividing the
corresponding parameter by factor 2. As can be seen, increasing
a motor dimension lowers the curves in horizontal directions,
which means that the global thermal limitation becomes more
crucial. On the other hand, a decrease in a motor dimension
has the opposite effect and the local thermal limitation becomes
more severe. This finding can be explained with the fact that
the surface through which the copper losses are dissipated only
scales in a square relation, whereas the current density is linked
with the motor volume resulting in a cubic relation. Therefore, it
can be derived that the global thermal limitation is more crucial
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Fig. 9.  Split ratio calculation is additionally influenced by the design of the
motor (slot number and motor measurements). In the three plots, the black solid
lines represent the original curves from Fig. 8 and the segment colors from Fig. 8
are repeated. The influence of varying the (a) slot number, (b) motor radius, and
(c) motor length is investigated. In all the three cases, the value of the reference
design from Fig. 8 is denoted with an index V. Then, the influence of doubling
the corresponding parameter is investigated, which generally lowers the curves
in vertical direction, and of dividing the parameter by factor 2, which generally
lifts the curves in vertical direction.

for larger motor sizes, whereas for small motors it is the current
density.

In motor theory, sometimes current sheet is used instead of
current density. It links the current with the circumference of
a machine, resulting in a linear scaling relation. For smaller
motors, a constraint based on this current sheet can be ignored;
but for larger motors, it would obviously become the dominant
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constraint because of the linear scaling. However, from a ther-
mal point of view, it is a too weak criterion and should not be
considered, because the relevant factor is the heat that can be
dissipated through the surface. For that reason, the current sheet
has not been considered for this investigation.

V. IDENTIFICATION OF THERMAL CONSTRAINTS

For a practical application, the values for the maximum cop-
per loss density and the maximum current density have to be
identified first before the optimal split ratio can be calculated
for a fixed machine size. The identification of these thermal
limitations mainly depends on the intended cooling effort and
the maximum allowed temperatures in the machine. The total
copper losses are influenced by the overall motor surface. Ad-
ditionally, heat sinks can be implemented in order to cope with
higher losses. For the current density in the coils, on the other
hand, the maximum allowed coil temperature is the influencing
factor. In order to raise the maximum allowed current density,
the thermal resistance from the coils to the motor surface and
beyond (e.g., to the surrounding air or to a liquid) has to be low-
ered [14]. This can be achieved by employing a pottant with a
good thermal conductivity value or by installing water cooling.
For the latter, a helix built of narrow tubes needs to be placed
close to the coils.

There is an interconnection between these two thermal con-
straints, the motor design and setup (i.e., the indented cooling
effort), which is not considered in the split ratio calculation
per se. Nevertheless, the optimal split ratio can be calculated
as soon as the maximum allowed operating point in Fig. 8 has
been identified. The analysis of this interconnection is one of
the design tasks for a machine designer, as will be shown in the
next section.

VI. GENERAL DESIGN GUIDELINES

The model presented in this paper is intended to be used as a
rough calculation tool for machine design. Following this first
step, a detailed optimization based on the finite element method
has to be undertaken. Nevertheless, this model gives valuable
insight into where the design should aim at and already narrows
down the solution space for the optimal setup in a fast way.

In Fig. 10, the curves previously derived (see Fig. 6) are
compared to three dimensional finite element analysis (FEA)
results. If saturation is ignored, similar values are found employ-
ing FEA, which proves the accuracy of the model. However, if
saturation is considered, there is a difference between the model
and the FEA for split ratio values below 0.4. This is an indicator
that the iron is heavily driven into saturation. Hence, for a real
setup, the optimal split ratio would rather be larger than what
was predicted with the model in this paper. Yet, as mentioned
earlier, it can be usefully employed for a first prediction of the
achievable torque and the optimal split ratio region.

There are two important takeaway messages from this analy-
sis. First, it was shown that there are many parameters in motor
design that influence each other, namely, several machine pa-
rameters and dimensions and thermal constraints. They all have
to be considered for an optimal design, which results in a very
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Fig. 10.  Original curves from the model (copied from Fig. 6) are compared
with an FEA. In the beginning, iron saturation was not considered in the FEA,
resulting in the dots for fixed copper loss density and in the triangles for fixed
current density. The comparison proves that the model predicts accurate values.
If iron saturation is considered, however, a large difference can be found for
small split ratio values below 0.4 (squares for fixed copper loss density and
crosses for fixed current density). This is due to the fact that the iron is highly
driven into saturation, which obviously lowers the achievable torque.

complex analysis. By following the calculation scheme pro-
vided in this paper, the complexity can be drastically reduced.
This helps the motor designer to already estimate if a certain
setup should be further considered or can be discarded in the
first place.

Second, it is dangerous to only consider a global thermal
limitation based on the motor surface. Especially, for smaller
motor dimensions, local thermal limitations can become crucial.
There is a risk of local overheating if the heat transfer from hot
parts (coils) to the motor surface is insufficient. A motor designer
has to consider the thermal design and take this risk into account.
He can derive the relation between the allowed current density
in the coils and the copper loss density, which then allows him
evaluating the accurate torque calculation method based on the
distinction from Fig. 8.

VII. CONCLUSION

It was shown that the optimal split ratio of a permanent-
magnet interior rotor machine highly influences the achievable
motor torque. There is a tradeoff for the volume distribution into
iron, permanent magnet, and copper material. The latter deter-
mines the maximum achievable magnetomotive force, whereby
a global and a local thermal limitation have to be respected. The
global thermal limitation is related to the heat dissipation per
motor surface, whereas the local limitation addresses the cur-
rent density directly in the coils. Both limitations are influenced
by aspects of the motor design and setup, such as the thermal
resistance of the motor materials and the installation of addi-
tional heat sinks. Once the thermal limitations are identified,
a conclusion can be drawn on the influence of each limitation
and, finally, the optimal split ratio and the maximum achievable
torque can be determined.
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