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Abstract—This paper discusses a method to design an
electrical variable transmission of which the stator and
inner rotor contain a distributed three-phase winding, and
the outer rotor is equipped with permanent magnets and
a DC-field winding. The main problem with the design of
electrical variable transmissions is that the modeling relies
on time-consuming finite element calculations. Studying
the effect of design changes is, therefore, a cumbersome
task. To minimize the need for finite element calculations,
scaling laws are applied, which reduce the computational
effort to a matter of milliseconds per design. Therefore,
the losses of multiple scaled designs can be analyzed for
a given load cycle while taking constraints into account
such as maximum torque. By presenting this data in a
performance map, the optimal design regarding the losses
is easily deduced. To validate the presented methodology,
finite element calculations, measurements and available
literature are used.

Index Terms—Design methodology, Energy efficiency,
Electrical Variable Transmission, Permanent magnet ma-
chines, Scaling law

I. INTRODUCTION

In the past decade, many researchers in academia and
industry have studied ways to develop variable transmissions.
These torque converters can vary the speed ratio between the
input and output shaft in a continuous way. This feature has
been proven to be useful in wind power generation systems
[1], [2] as well as in vehicle applications [3].

Until now, the mechanical variable transmission, also known
as Continuously Variable Transmission (CVT) has received
more attention from industry as the idea behind the technology
is much more mature. However, in the past years a shift in
interest towards the Electrical Variable Transmission (EVT)
is noticeable. The main reason for that shift is the higher
efficiency of the EVT throughout the operating range as
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TABLE |
NOMENCLATURE
Tr1 inner rotor torque
Tro outer rotor torque
Ts stator torque
Ny1 inner rotor speed

Nio outer rotor speed

Isq current in the stator (q-axis)

Isq current in the stator (d-axis)

I0q current in the DC-field winding
I1q current in the inner rotor (g-axis)
I14 current in the inner rotor (d-axis)
Wsq stator flux (g-axis)

Weq stator flux (d-axis)

Wrig inner rotor flux (q-axis)

W14 inner rotor flux (d-axis)

Ka axial scaling factor

Kr radial scaling factor

Kw winding scaling factor

Kj current density scaling factor

ap number of parallel paths

N¢ number of turns per coil

la active length of the EVT

D diameter of the EVT

A, cross-sectional surface of the EVT
Ploss power losses

Peu copper losses

Pre iron losses

Fy force density

Trax maximum torque

R resistance of the inner rotor

Ryo resistance of the outer rotor

Rs resistance of the stator

B amplitude of the magnetic flux density
f frequency

subscript 0
superscript s

refers to the reference design
refers to scaled properties

demonstrated in [4], [5]. Furthermore, reduced maintenance
and faster dynamics are considered important advantages.

As with CVTs, many different topologies for EVT exist of
which in this paper a Permanent Magnet (PM) version is used
as described in [6]. The design process of any EVT offers
many challenges due to the many degrees of freedom. In [7]
the optimal stator-slot/outer-rotor-pole/inner-rotor-slot number
has been determined for a synchronous PM-EVT. The optimal
combination was distinguished by low voltage harmonics in
the back-EMEF, high average torque with low ripple and low
iron loss. In [8], changes in height, span and position of the PM
material are considered together with changes in PM layers
and shapes. Cheng [9] applied a system level approach where
the overall dimensions for the PM-EVT are defined according
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to the main design equations for a normal, i.e. one rotor, PM
synchronous machine (PMSM) as formulated in [10].

The methods proposed in [7]-[9] provide insight, to some
extend, in design modifications but require a lot of Finite Ele-
ment (FE) calculations. Such methods are accurate but rather
time-consuming to determine the complex relation between
current and flux.

To solve the issues with the FE simulations, scaling laws
defined for a PMSM will be used as defined in [11] to optimize
the general size of the EVT. A brief survey on scaling laws
is given in section III. These scaling laws allow to scale a
well-known EVT design, called later the reference design, of
which all current to flux relations are known, in both axial
and radial directions. In order to fit the voltage requirements
of the scaled EVT with the power supply, a winding scaling
factor can be used.

This ultra-fast scaling method will be combined with the
validated optimal control of a PM-EVT [12] to obtain a
method which can optimize the topology, in terms of copper
and iron losses, in any given Operating Point (OP). This OP
is defined by the torque developed by the inner rotor and
stator and the speed of both rotors. The methodology is thus
applicable for any kind of application. However, the method
developed in this paper will most likely be used to optimize the
drivetrain of a Hybrid Electrical Vehicle (HEV) equipped with
an EVT. Similar optimization routines based on scaling laws
developed for electrical vehicles with PMSM have already
shown a great potential [13], [14].

The novelty of this paper is in applying the scaling law
strategy to an EVT, not in the scaling law strategy itself as this
has already been published in [11]. Furthermore, the scalable
optimal control, which is used in this paper, is one of the
main contributions. Finally, the combination of simultaneously
optimizing geometry and control of a PM-EVT via scaling
laws has, to the knowledge of the authors, not been presented
in literature so far.

This paper is structured as follows. The reference EVT
is shortly described in section II. In section III, the scaling
laws for the EVT are discussed and validated based on FE
results and available literature. Note that the FE results of
the reference machine are validated through measurements
on an experimental setup with fully controllable load speeds
and torques, and fully controllable waveforms in the two
power electronic converters of the EVT [6], [12], [15]. Based
on the scaling laws, scalable optimal control is obtained as
demonstrated in section I'V. In section V, a design methodology
is proposed which is based on the scaling laws. To demonstrate
the work flow, a case study is considered in section VI. Finally,
in section VII the conclusions of the research are formulated.

[l. REFERENCE EVT

As mentioned in the introduction, a well-known design of
a PM-EVT will be used as a reference EVT of which the
main machine parameters are given in Table II. Fig. 1 shows
a partial cross-sectional view of this reference EVT. In this
machine, both the stator and inner rotor contain a distributed
three-phase winding (denoted by a, b and c). Validation of the

TABLE Il
TABLE WITH MACHINE PARAMETERS.

stator outer rotor inner rotor

rated power [kW] TT* 120%* 75%*
rated current amplitude [A] 265 4.6 (DC) 150
continuous torque [Nm] 245 382 137
number of pole pairs 4 4 4
outer radius [mm] 175 123.5 102
inner radius [mm)] 124.5 103 57
PM volume [mm?] - 206200 -
active axial length [mm] 87 87 87
winding resistance [£2] 0.0221 12.73 0.0256
DC-bus voltage [V] 500 - 500

* airgap power
** mechanical power

stator back-EMF E, of phase a is given in Fig. 2 (a). On the
outer rotor, a single layer of permanent magnets is combined
with a DC-field winding. When the absolute value of the DC-
field current increases, the magnetic state of the flux bridge
located underneath the DC-field winding changes. The purpose
of this DC-field winding is thus to modify the path of the
permanent magnet flux which changes the stator flux linkage.
The inner rotor field is almost not affected by the DC-field
current since the magnets have a low recoil permeability of
about 1.05 [6]. Using the DC-field current, it is thus possible to
change the stator flux linkage, while maintaining the rotor flux
linkage which is particularly useful in HEV applications [6],
[16]. In such applications the EVT can be used as CVT as well
[5], where the battery power is kept zero. The power factor
of the stator side during CVT-mode is presented in Fig. 2 (b).
When the speed ratio 7 equals 1, inner and outer rotor torque
are equal. The stator torque is thus, regarding to Newtons third
law, equal to zero. As a consequence, the stator d-axis and g-
axis currents are zero which explains the low power factor
when the speed ratio is 1. However, a good correspondence is
noticed between the measurements and the FE results.

d-axis

stator

g-axis

-d-axis

\ dc-field winding

Fig. 1. Cross-sectional view of the EVT considered [15].

Permanent magnets

The stator torque 7y and inner rotor torque 7;; are cal-
culated according to (1) and (2) in which the stator and
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Fig. 2. (a) Back-EMF E, of phase a as function of the electrical angular
position 6. (b) Power factor PF of the stator side for varying speed
ratio 7 = %*f input operating point is fixed at 7,1 = —40 Nm and
N1 = 1000 rpm. Full lines are obtained via measurements while the
stars are based on FE calculations. The considered EVT in this figure is
the reference EVT.

inner rotor are denoted with subscript s and r1 respectively.
Furthermore, flux ¥ and current [ are related to the dg

reference frame (related to the outer rotor) and N, is the
number of pole pairs.
3
Ts = §Np (\Ijsqjsd - \I/sdIsq) (1)
3
Trl = §Np (\I/rlqlrld - \Ijrldlrlq) (2)

The fluxes (stator flux in the d-axis W4, stator flux in the g-
axis Wy, inner rotor flux in the d-axis V.14 and inner rotor
flux in the g-axis ¥,14) in (1) and (2) depend on 5 independent
current setpoints: stator current in the d-axis Iyq, stator current
in the g-axis Iyq, current in the DC-field winding of the outer
rotor I,oq, inner rotor current in the d-axis I.;q and inner
rotor current in the g-axis I;14. The relation between flux and
current is determined based on FE calculations of which an
example is given in Fig. 3 (full lines). The stars on Fig. 3
represent data based on measurements as validation of the FE
model. A more in-depth validation of the generated torque and
flux as a function of current can be found in [6].

As the flux linkage with each winding depends on the 5
different current components, a vast number of FE calculations
is necessary to analyze the behavior of the EVT in every
OP. However, not every current component has an even large
impact on a flux component. The current in the DC-field
winding has, for example, a significant impact on the d-axis
flux in the stator (see Fig. 3 (a)) but a negligible impact on
the g-axis flux in the stator (see Fig. 3 (b)). By applying
this knowledge of how the flux is related to the current
components, the number of FE calculations can be limited
to 175000. As one FE evaluation takes 2 s, determining all
current to flux relations takes several days per design, which

makes the FE based approach impractical to study design
changes (total simulation time can be decreased by using
multiple processor cores). Therefore, a solution is presented
in the next section based on scaling laws.
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Fig. 3. (a) Stator flux in the d-axis ¥yq as function of the stator currentin
the d-axis Iyq for varying DC-field current I,54. The d-axis flux remains
negative due to the chosen orientation of the d-axis (see Fig. 1). (b)
Stator flux in the g-axis ¥4 as function of the stator current in the g-axis
Iq for varying DC-field current I,24. (c) Stator torque Ts as function of
stator current in the g-axis Isq for varying DC-field current I..o4. All other
current setpoints are 0. Full lines are obtained via FE calculations while
the stars are based on measurements. The considered EVT in this figure
is the reference EVT.

[1l. GENERAL SCALING LAWS
A. Theoretical background

Scaling laws have been used in the past to provide a
prediction of the average specific torque of a scaled machine
based on a reference machine. The advantage of these scaling
laws is the simplicity of the method and the fact that they can
be applied at an early design stage. Examples can be found
in literature for switched reluctance machines [17], induction
machines [18] and interior permanent magnet machines [19].
The work presented in [17] has later been used by Stipetic
[11] to derive scaling laws for a PMSM which are used in
this paper for a PM-EVT.

There are 3 scaling parameters: rewinding Ky, axial scaling
K and radial scaling Ki. Rewinding is done to meet the
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voltage requirements of the power supply system [11] and has
no impact on the dimensions of the scaled EVT. Changing
Ky is done by modifying the number of turns per coil N,
the number of parallel paths a;, or a combination of both:
ap,o Ne
Kyw = 2= —= 3
W 0y Neo (3)
in which subscript 0 is used to refer to the reference machine.
Axial scaling Kp is carried out by varying the axial core
length [, while the lamination cross-section is preserved:

K= @)
la,O

Radial scaling considers a proportional change of all di-
mensions of the cross-section. The radial scaling factor Ky is
therefore equal to the ratio of the diameter of the scaled D
and reference Dy EVT respectively:

D

Dy

As reported by [11], the presented method is valid for any
PM machine. Therefore, the objective of this section is to
check whether the scaling laws are still applicable if a PM-
EVT is considered.

According to [11], the scaling laws are only valid if the
magnetic flux densities in the core of the scaled machine are
preserved. To find the conditions for which this statement
holds, the Poisson’s equation is written for the reference
machine [11]:

§ (10A,\ 8 (10A,\
ax@mn>+@<u@)—‘@ ©

and the scaled machine:

Kr (&)

0 (1%’0) ;Y (18’4%0) — o (D
0x,0 \ 1,0 0x,0 0y,0 \ i, 0 dy,0

in which the slot current density scales with K, A, and A,
resemble the cross-sectional surface of the reference and the
scaled machine respectively, and x & y are dimensions which
scale with the radial scaling factor K. In order to preserve
the magnetic flux density, i.e. the value of p, the terms in the
parentheses must be equal for both the reference and scaled
machine [11].

1 0 [(10A, 1 0 [10A,
— = — | = = —-KjJ,
KR Oz <u 8x>+KR8y (u 3y) e ®
This is true if:
1
K;j=—
1= K 9

As the cross-section scales with Kﬁ, the scaled current will
be proportional to the radial scaling factor. When combined
with the winding factor (see [11]), the current in the scaled
machine should meet the following equation:

(10)

with I an array composed of the 5 currents which flow in
the scaled machine, Ky the radial scaling factor, Ky the

rewinding factor and Iy an array of currents flowing in the
reference machine. If the relation in (10) is met, then the flux
linkage in the machine will scale as [11]:

U (I) = KaKrKw¥o (Io) (11)

Based on (11), it is now possible to derive the scaling law
for the generated torque:

3

T = IN, (Vola = Valy) (12)

which can be rewritten in terms of the reference EVT based
on (10) and (11):

3

IaoKRr
T =5 in

Kw

(KAKRKW‘I’q,o

I, 0K,
— KA KrKwWq -2 R)
El KW

3 13
= KaKE SNy (Vaoluo — Vaolgo) )

= KAK3Ty ()
Kw
= K AK2Ty | =271
ARO(KR)

with T = [17b Trg Trl} and TO = [Ts,O TTQ,O Trl,O} the elec-
tromagnetic torque of the scaled machine and the reference
machine, respectively.

B. Validation based on FE

To validate the scaling law depicted in (11), a new FE based
model is made for an EVT which is 20% longer and 30%
wider (Kpo = 1.2 and Kr = 1.3). No winding scaling is
applied (Kw = 1).

To demonstrate how the scaling law needs to be applied, the
stator flux in the d-axis will be calculated based on the scaling
laws. The considered currents which flow in the scaled design
are: I.oqg = —6.5 A, Iyq = —50 A, all other currents are equal
to 0 A. To calculate the flux, the following steps need to be
taken:

1) Scale the currents based on (10): I;29,0 = —5 A, Iyq0 =
—38.46 A.

2) Determine Wy in the reference machine for these
currents: —0.256 Vs (see Fig. 3 (a), red line)

3) Scale the flux according to (11): —0.399 Vs

Fig. 4 (a) shows that the same result is found via the FE
model. Moreover, the figure compares the results of all current
setpoints which were originally presented in Fig. 3. The figure
clearly shows that the scaling laws are valid. Furthermore, we
can conclude that recalculating the current to flux relations
that cover 5 dimensions is not necessary if a scaled version of
the reference EVT is considered.

Besides the validation of the scaling law for flux, Fig. 4
shows that the scaling law for the generated torque is also
applicable. The following example is chosen to demonstrate
the method: 1,24 = —6.5A and I, = 130 A, all other currents
are equal to 0 A. To calculate the torque, the following steps
need to be taken:
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1) Scale the currents based on (10): I;2q,0 = —5 A, Iyq0 =
100 A.

2) Determine 7§ o in the reference machine for these cur-
rents: 93 Nm (see Fig. 3 (c), red line)

3) Scale the torque according to (13): 188.6 Nm

When this is compared with the torque calculated based
on FE (red curve in Fig. 4 (c)), a torque of 188.6 Nm is
found that justifies the scaling law. A similar analysis has been
carried out to analyze the back-EMF of the scaled machine.
From that analysis it is concluded that the scaling law for the
voltage depicted in [11] holds for a PM-EVT as well. The
same conclusion holds for the power factor.
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Fig. 4. (a) Stator flux in the d-axis Wyq as function of the stator current
in the d-axis Iyq for varying DC-field current I,o4. (b) Stator flux in
the g-axis ¥4 as function of the stator current in the g-axis Isq for
varying DC-field current I,54. (c) Stator torque Ts as function of stator
current in the g-axis Isq for varying DC-field current I.24. All other
current setpoints are 0. Full lines are obtained via FE calculations of a
design characterized by a length which is 1.2 times the reference length
(Ka = 1.2) and a diameter which is 1.3 times the reference diameter
(Kgr = 1.3). The stars are obtained by using the presented scaling laws.

Fig. 4 showed that the scaling laws are accurate for the
considered scaling factors, i.e. Ko = 1.2 and K = 1.3. To
demonstrate that the method stays accurate for multiple scaling
factors, Fig. 5 has been added. The same conclusions can be
drawn for varying axial scaling factors.

0 20 40 60 80 100 120 140 160 180 200
Iq [A]

Fig. 5. Stator flux in the g-axis ¥4 as function of the stator current in
the g-axis Isq. All other current setpoints are 0. Full lines are obtained
via FE calculations of a design characterized by the specified scaling
factors (Ka = 1 and Kg varies between 0.5 and 1.5). The stars are
obtained by using the presented scaling laws (no scaling for the cyan
curve,i.e. Kp = Kgr = 1).

C. Validation based on literature

In the previous subsection, the scaling laws were validated
based on FE calculations. However, applying the scaling laws
on an EVT prototype which is described in literature can
prove the applicability of the method in real life as well. A
similar methodology has been applied for PM machines used
in wind generator systems [20], [21]. The EVT which is used
to perform the validation is described by Pisek [7]. It is also
a PM-EVT but without DC-field winding and flux bridge as
shown in Fig. 1. To eliminate the behavior of this part, the
current in the DC-field winding is chosen in such a way that
the flux through the flux bridge is 0. The main reasons for the
choice of this paper are the comprehensive description of the
geometry and the results which describe the relation between
generated torque and current.

Based on the dimensions of the EVT described by Pisek it is
possible to derive the following scaling factors: Ky = 1.15,
Kgr = 0.55 and Kw = 1. When these scaling factors are
applied to the EVT described in this paper the results in Fig.
6 are obtained. For the inner rotor, a close match is obtained
while the scaled stator torque deviates from the measured
torque presented in [7] at higher currents. As the relation
between current and torque is strictly linear in the case of the
Pisek EVT, the saturation level remains constant. This could
be due to the perforation in the outer rotor which is likely to
be saturated while the field in the stator yoke remains limited.
In contrast to the Pisek EVT, the stator yoke and teeth of the
EVT presented in this paper are saturated for higher currents
which results in lower torque as shown in Fig. 6 (b).

IV. SCALABLE OPTIMAL CONTROL

Fig. 4 (c) shows that an infinite number of current combina-
tions will result in the same generated torque. If a stator torque
of 200 Nm and inner rotor torque of 0 Nm are considered, then
the green line shown in Fig. 4 (c) offers the lowest losses (see
Table III). However, if the optimal set of currents is searched
for via the algorithm described in [12], it is shown that the
losses can be further reduced with 30%. It is thus not enough
to scale the current to flux relations based on (11), the control
needs to be scaled as well. To establish this optimal control,
the optimal set of currents resulting in the desired OP, need to
be found. As mentioned in the introduction, this OP is defined
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Fig. 6. Comparison between measured and scaled torque for the inner
rotor (a) and stator (b) respectively. The measure torque values are
obtained via [7] in Fig. 10 and 11 respectively.

TABLE Il
CURRENT SETPOINTS FOR A REFERENCE STATOR TORQUE OF 200 NM,
INNER ROTOR TORQUE OF O NM, INNER ROTOR SPEED OF 0 RPM AND
AN OUTER ROTOR SPEED OF 1000 RPM.

Blue Green | Red Optimal
Isq [A] 189.4 172 138.9 | -133.6
Isa [A] 0 0 0 79.6
Ir2q [A] 0 2.6 6.5 11
Lig[Al [0 0 0 04
1114 [A] 0 0 0 145
Peu [W] 886 803 926 570
Pre [W] 357 353 340 238
Pioss [W] 1243 1156 1266 808

by the torque developed by the inner rotor and stator and the
speed of both rotors.

The optimization routine, of which the results have been
validated on a prototype, can be written as in [12]:
Find:

I =] o> Lads Traas g fa) ER® (14)
with:
I" = arg min (Piogs (I, wr1,wr2)) (15)
subjected to:
Ts(I") = Tsset & Tra (1) = Tha et (16)

The generated torque is calculated based on (1) and (2),
Pioss 1s equal to the sum of iron and copper losses. As solving
this routine takes some time, the optimization is carried out
offline after which the results are stored in a Look-Up Table
(LUT) which is consulted during operation. The LUT thus
basically yields the optimal current setpoints given an OP
defined by a stator 7; and inner rotor 7} torque setpoint
and inner and outer rotor speed denoted by N.; and N,
respectively. Of course, it is not feasible to have to repeat
this optimization routine for every new design. Therefore, the
following paragraphs will discuss the scalable control. As a

result, the time-consuming method as elaborated in [12] will
only have to be computed once, i.e. for the reference EVT.

Scalable control has recently been developed to scale the
efficiency map of a PMSM [14], [22]. In these papers, MTPA
and FW algorithms in fmincon functions (nonlinear solver
in Matlab ®)) are used to determine the optimal currents of
the scaled machine based on the reference machine and its
LUTs. However, to the knowledge of the authors, this has not
been discussed in literature for a PM-EVT so far. Therefore,
compared to the State-of-the-Art, this scalable control for an
EVT is a new and crucial step in the scaling law based sizing
methodology of an EVT.

The first step in obtaining the desired scalable control is
to scale the torque setpoint for the OP at the input side of
the LUT containing the optimal control of the reference EVT
(see Fig. 7). Hence, the second step is to scale the current back
towards the scaled EVT based on (10). Validation of this scal-
able optimal control is done on the earlier introduced reference
EVT and the rescaled EVT. The results of this methodology
are shown in Fig. 8. The continuous lines show the actual
optimal currents for the scaled EVT which are determined
based on the method presented in [12] while the stars represent
the results based on the scalable optimal control. The figure
shows that there is only a minimal difference between the
currents that are acquired via both methods. Moreover, the
difference in losses is negligible (see Fig. 8 (d)). Note that
the inner rotor current in the d-axis is close to zero. This is
because the inner rotor has no saliency, 1,14 will thus have no
effect on the torque, but will only increase the copper losses.

—t LUT
Try —KaKy = T5 — optimal I I

OP Ty — control =1}1q— KW = 1Ir1d
N referencet—~ I 11

N, EVT | .75 .

r2 404 1 — 4r2d

Fig. 7. Methodology to obtain the optimal control for a scaled EVT based
on the optimal control of the reference EVT.

V. SIZING METHODOLOGY

The proposed sizing methodology uses the elaborated scal-
ing laws and the scalable optimal control to graphically assess
the feasibility of a design. Feasibility is defined by the losses
of the design and whether the design fits the demanded
constraints such as torque or weight limitations. To graphically
combine all this information, a performance map is used. This
map shows the losses PF,ss, composed of copper and iron
losses, as a function of the axial and radial scaling factor for a
given OP. The following subsections provide a method to set
up a performance map and demonstrate how limitations can
be visualized.
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Fig. 8. (a)-(c) Optimal currents for varying stator torque 75 and inner
rotor torque T;1 of 0 Nm. (d) Losses for the calculated optimal current
set. The speed of the inner rotor N,; is 0 rpm while the outer rotor speed
Ny2 is 1000 rpm.

A. Step 1: performance map boundaries and design con-
straints

The first step in setting up the performance map is to define
the boundaries and stepsize for the considered scaling factors.
This results in a grid of axial and radial scaling factors which
characterize the considered designs (see Fig. 9). Note that a
third axis can be added for the winding factor. In the remainder
of the paper, the winding factor will be set to 1.

Step 1 Step 2
Kr
ot __OP . .
. q. 21
| \__I::KA _’Flg T~ optimal | _’Ploss
S Kg — eq. (23)
Ka

— mass limit,
- - - torque limit

Fig. 9. Necessary steps in setting up a performance map. Step 1: define
a grid of possible designs and add the constraints. Step 2: determine the
losses for each design that fits the constraints.

The grid thus defines a set of designs for which the losses
could be determined (visualized by the green and red dots in
Fig. 9). As not all combinations of K and Ky are realistic, it
is essential to add constraints, at least concerning weight and
required torque. Those constraints are the solid and dashed
line in Fig. 9, respectively. The applicable range for the scaling
factors is restricted due to thermal and technological reasons.
However, if an axial and radial scaling factor of 1.25 is chosen,
the output torque will already be approximately 200% higher
[22].

To determine the maximum torque limit, the force density
is used. The force density Fy is a measure for the force
developed per square meter of an active air gap surface
area. This parameter is rather constant over a wide range
of machine power values [23], [24]. This makes the force
density particularly suitable to estimate the torque boundaries
for designs with varying power ranges. The maximum torque
Thax (inner rotor or stator torque) can be calculated as:

Toax = 27121, Fy (17)

in which r is the airgap radius, [, is the active length and Fy
is the force density. The value for Fy can be theoretically
obtained as elaborated in [25], [26] or can be based on
measurements. Measuring Fy comes down to determining the
maximum continuous torque of the EVT for which there is
still an acceptable thermal equilibrium.

As the required torque is typically one of the design criteria
and thus a known property, it is more useful to relate the torque
to the chosen radius of the stator or inner rotor:

_ Tmax
"=\ 2rFyl

Based on the definitions of the scaling laws, (4) and (5), it
is possible to rewrite (18) as:

(18)

Tm ax

Kpro = 4| ——2 19
RO = 2 Py ala g 19
1 Tinax
Kp=—y ot 20
BT o\ 20 FaK alao 0)

in which rg is the airgap radius and [, ¢ is the active length,
both of the reference machine. Equation (20) can now be used
to calculate the relation between the axial and radial scaling
factors given a maximum required torque T,.x (defined by
the considered application). Fig. 10 shows this relation for
several torque values (dotted lines). Any design, defined by a
given K5 and KR value, which is located under the design
line, will be overloaded during operation. In this paper, this
design torque equals the rms value of the load profile of
the considered application. However, if the load torque is
not periodic, which is for example the case when HEVs are
considered, the average torque could be used.

As stated at the beginning of this subsection, there are
other restrictions which could be important as well. Such
constraints are related to maximum weight or volume which
is for example very important in HEVs. Based on the sizing
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Fig. 10. Any solution below the design lines for maximum stator torque
(Ty = 150 Nm, T> = 250 Nm and 75 = 350 Nm) will result in overload
for the specified torque. Solutions above the design lines for maximum
mass (m; = 50 kg, ma = 100 kg and m3 = 150 kg) leads to a heavier
solution than the specified mass.

of the EVT, it is possible to calculate boundary conditions for
these quantities as shown in Fig. 10 for the weight (full lines).
Any design above the line will be heavier than the specified
maximum value.

It is thus possible to visually analyze which designs in the
considered set can be excluded based on the specified design
constraints. This simplifies the design problem as shown in
Fig. 9 where the designs which meet the constraints are
colored green and the design that do not meet the constraints
are colored red.

B. Step 2: optimal currents and losses

Step 2, as demonstrated in Fig. 9, is to determine the optimal
current set for a design at a specific OP. Note that only one OP
is considered per performance map. However, it is possible to
integrate the losses of multiple performance maps over time
if one wants to analyze a cycle (see section VI). The method
for a single OP is summarized in Fig. 7. Once the currents are
known, the copper losses are easily determined:

3 3
P., = iRS (12 + 12) + ReaI g + iRﬂ (Iha + I3,) D)

Note that the resistance of the inner rotor, outer rotor and
stator scale as well:

2

K.
R W (KARCO,O + KRRew,O)

K2 (22)

in which Rc, o is the resistance of the reference EVT in
the core region, while R o is the resistance of the end
winding. In addition to the copper losses, the iron losses need
to be determined. Assuming a sinusoidal air gap induction
waveform, it is possible to calculate the iron losses in [W/kg]
based on (23) with a, b, ¢, d and o magnetic core material
parameters, B the amplitude of the magnetic flux density in

TABLE IV
COMPARISON OF THE COMPUTATIONAL EFFORT TO ANALYZE 10000 OP
OF A SCALED EVT.

Computational effort
(FE calculations) [s]

Computational effort
(scaling laws) [s]

Current to flux 350000 200
Optimal control | 60000 (*)
Total 410000 200

(*) Happens simultaneous with the calculation
of the current to flux relations.

the iron and f the frequency [27]. The values for the material
properties are determined via measurements.

Pe(t) = |aBf +bB?f2cBf <\/1 +dBf — 1)] (23)

As the losses are determined, the procedure above is re-
peated for every design in the grid which meets the criteria,
i.e. green dots. For a detailed analysis of the separation of the
losses, the authors refer to [15].

C. Computational effort of FE vs. scaling laws

One of the main advantages of the scaling laws is the sheer
drop in the computational effort compared to FE calculations.
If the scaling laws are applied, an OP of a scaled design is
evaluated 0.02 s (Core i7 processor, 2.9 GHz). As already
stated in section II, it takes 2 s per FE calculation and
approximately 175000 FE calculations are necessary to take
all the current to flux relations correctly into account. This
results in a calculation time of roughly 4 days. The next
step is to search for the optimal control. This takes 6 s per
OP, which seems negligible. However, the more detail that is
required from the load pattern (higher number of considered
OP), the more significant this part will become. Table IV gives
an additional example when 10000 OP are considered (10
possible values for inner rotor torque, stator torque, inner rotor
speed and outer rotor speed).

VI. CASE STUDY

To demonstrate the method, a generic load profile as de-
picted in Table V has been chosen. This profile is periodically
executed (OP @ starts again after OP @ is finished). Here, an
additional constraint is a maximum weight of 200 kg. Note
that the optimization routine will result in a design which is
able to execute the load cycle from an electromagnetic point
of view with minimal losses. However, the thermal aspect is
not considered and is out of scope for this publication as, to
the knowledge of the authors, no scalable thermal model for
this type of PM-EVT exist.

The first step is again to define a grid and to visually
represent the limitations on the performance map. All designs
which are above the mass limit or below the torque limit do
not need to be considered which reduces the computational
effort.

To determine the maximum torque line, the force density of
the reference EVT and the rms torque of the profile need to
be known. To obtain the force density, the maximum torque
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TABLE V
GENERIC LOAD PROFILE

Operating Ts Ty N1 Nyo At
point [Nm)] [Nm] [rpm] [rpm] [%]
® 150 80 1000 2000 30

[©) 200 20 750 2000 10

® 50 70 500 1000 40

@ 80 50 750 1000 20

on stator and inner rotor are considered. For the reference
EVT, these maximum torque values are 245 Nm and 137 Nm
respectively. Given the geometrical parameters of the EVT,
this translates to a force density of 29.1 kN/mm? for the stator
and 23.9 kN/mm? for the inner rotor. The difference in force
density between the stator and inner rotor is related to the
type of cooling. The inner rotor is cooled with air while the
stator is cooled via a water jacket allowing a higher current
density and thus a higher torque. The rms torque of the profile
is calculated based on Table V and equals 134.2 Nm for the
stator and 66.4 Nm for the inner rotor. The stator torque is thus
more critical and will be taken into account for the maximum
torque line. The mass limitation is purely related to geometry
(which needs to be scaled) and mass density values of the used
materials. Details considering the scalable geometrical model
are considered out of scope for this publication.

The second step is to calculate the losses for each OP for
a grid defined by axial and radial scaling factors. Based on
these losses the total energy consumption for one cycle can be
obtained by integrating the losses (see Fig. 11). The limitations
based on the stator torque of 134.2 Nm (dashed line Fig.
11) and a maximum mass of 200 kg (full line Fig. 11) are
plotted on this graph to eliminate designs which do not match
with the constraints. The white regions in Fig. 11 represent
designs which are not considered (below the dashed line or
above the full line) or which do not suffice (not acceptable
although within the constraints). These insufficient designs are
related to OP @ for which a rather high torque is demanded in
comparison with the rms torque for which the application is
designed. The white area above the torque limit in Fig. 11 thus
represents designs which are able to produce the rms torque
but not the peak torque related to OP @. As the optimal design
is defined as the design with the lowest energy consumption,
the minimum of the values shown in the performance map is
the optimal design (see yellow circle Fig. 11).

In the previous paragraphs, a method is demonstrated to size
the EVT based on constraints. However, it is also interesting
to investigate the impact of those constraints on the optimal
design. It is, for example, possible to investigate how the
energy consumption changes as a function of the maximum
considered weight, which is an important feature in automotive
applications. The torque limit is less suited for this as the
torque is linked with the load profile which usually cannot be
changed easily.

Fig. 12 shows how the energy consumption AE changes
as the restriction on the allowed weight changes. To set up
this figure, the demonstrated method in this section has to be
repeated for a range of mass values. Each of them will result
in a different solution with different losses and thus energy

— mass limit 2

==uns torque limit

Ka [-]

Fig. 11. Performance map displaying the energy consumption [kJ] over
a cycle. The period of one cycle has been arbitrarily chosen equal to 1
second. The optimal design is highlighted as the yellow circle.

consumption. The red dot on the figure clearly shows that, for
the given load cycle, it is possible to design an EVT which
is roughly 50 kg lighter than the optimum without having a
significant increase in the energy consumption (an increase
of 0.7 %). This is valuable information as less weight can
reduce losses at system level as well (for example in a HEV).
Note that if the weight needs to reduce drastically, for example
towards 100 kg, then the energy consumption will increase by
152 %.

40 .
30+ ]
S 20 |
M0 L ]

(. ‘ ‘ : ‘ ‘

80 100 120 140 160 180 200
m [kg]

Fig. 12. Difference in energy consumption between optimal solutions
for varying mass with as a reference the optimal solution at a mass of
200 kg.

VIl. CONCLUSION

A methodology is presented to design the EVT and its
control by using a reference EVT and scaling laws for the
flux linkage, torque and control algorithm. Based on these
scaling laws and an accurate description of the influence of
the 5 independent current components on the flux linkage
with the stator and inner rotor of a reference machine, it
is possible to calculate copper and iron losses of a scaled
EVT in a 0.02 s. This allows for a fast assessment of
design modifications via axial and radial scaling in terms of
losses, maximum torque and weight, volume or inertia. All
this information is combined on a single performance map.
Because the performance map shows both losses and limits,
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it can be used easily to visually select the optimal design for
a specific OP or a load cycle. Whether this load cycle comes
from a highly dynamic application, such as a weaving loom
or a less dynamically demanding vehicle application, does not
have an impact on the applicability of the method. The method
can thus be used as part of a general optimization routine,
which selects the optimal components of a drivetrain with
an EVT. As an EVT is developed for HEV applications, the
primary use of the presented method is in the optimization of
such drivetrains. Future developments will thus mainly focus
on applying the method in optimization strategies. The main
limitation of the method is that it can only optimize the overall
dimensions and thus not details such as the width of the teeth.
The performance of the scaled machine depends thus on how
well the electromagnetic design of the reference EVT is done.
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