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Abstract—In this article, based on the recommenda-
tions of systems engineering, a procedure for generating a
parametric and functional interior permanent magnet syn-
chronous motor model is proposed. The developed and
applied current-adaptive procedure allows to transform the
functional relationships of the motor topologies into an
advanced model with higher prediction accuracy over a
considerably extended definition range. Compared to the
state of the art, the proposed approach allows a more gen-
eral and flexible analysis of electrical machines. A study
demonstrates through multicriteria optimization that the
design space has a major influence on efficiency and must
be taken into account when defining architectures. Exist-
ing approaches are typically limited by model constraints
to local investigations, the proposed method has advan-
tages over these procedures. In addition to the analysis
and optimization of systems, it is shown that the proposed
procedure supports decision-making processes due to the
integrated system focus. Potentials are identified and dis-
cussed in terms of efficiency-enhancing opportunities. A
prototype was built and measured to verify the results.

Index Terms—Current-adaptive algorithm, electromobil-
ity, functional interior permanent magnet synchronous
motor (IPMSM) model, kriging, model-based systems en-
gineering (SE), Pareto optimization, physical interconnec-
tions, system simulation.

I. INTRODUCTION

THE market penetration of electromobility is accompanied
by increasing demand for electric drive systems. System

efficiency and costs are decisive success factors for a sustainable
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Fig. 1. System architecture of an electric vehicle (EV) based on
Husain [5].

breakthrough, especially considering that they have a crucial in-
fluence due to their high sensitivity [1], despite of the prediction
that the costs for Li-ion batteries will significantly decrease in
the future [2], [3].

Mainly through an overall optimized system, it will be possi-
ble to realize technical solutions and products that consider these
sensitive dependencies. A modern and standard method for such
system problems, which are characterized by the fact that they
require a high degree of interdisciplinary cooperation and are
highly complex, can be found in the field of systems engineering
(SE). According to a definition from the International Council on
Systems Engineering, SE “focuses on defining customer needs
and required functionality early in the development cycle” [4]. In
order to confirm the expected system behavior using this method,
models and simulations are used to support the decision-making
process. This modeling approach is used to derive a system
architecture design, as illustrated in Fig. 1.

Considering the state of research, several design and param-
eter studies for IPMSMs have already been published [6]–[10].
There is also a detailed overview of the research topic op-
timization of electromagnetic electrical machines, which was
summarized by Cavagnino et al. [11], [12]. Fatemi et al. [6] and
Nakata et al. [13], for instance, present parametric models with
a constant stator outer diameter in which the active length is de-
rived from a given average torque [6] or assumed constant [13].
In studies where the stator outer diameter is taken into account,
e.g., [10], the calculations are performed based on an analytical
model with low computational costs.

This method is intended to introduce two additional main
dimensions, namely the stator outer diameter and the active
length as parameters, and the analysis is realized by 2-D finite-
element (FE) simulations. These new dimensions allow a more
general and conceptual consideration of systems. Additionally,
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the model also allows describing the functional relationships
between input and output variables of a motor over a wide global
range in order to reproduce system behavior and/or perform a
sensitivity analysis.

In addition, we introduce a method that allows scaling electri-
cal machines over a wide definition range. We propose therefore
an automatic current-adaptive algorithm to ensure the electro-
magnetic dependencies. This procedure for developing a general
physical model of an electric drive can be used for simulations
and optimizations. With this model, arbitrary architectures can
be synthesized and evaluated in a downstream step. A significant
advantage of this global and fully integrated approach is the pos-
sibility of a systematic and consistent allocation of requirements,
an essential prerequisite for the realization of model-based SE
according to Ramos et al. [14] in various application areas.

II. SYSTEM REQUIREMENTS AND PRINCIPLES FOR ANALYSIS

Customer needs for EVs, such as required range, acceleration
capability, top speed, and costs [15], can be transformed into
system requirements by means of physical fundamentals and
principles. Initially, these EV requirements can be broken down
to requirements for an electric propulsion system. It is assumed
that in this propulsion system, the electric motor and the vehicle
wheels are connected by a one-speed transmission and that
consequently the maximum axle output speed na,max can be
derived from the vehicle top speed vmax and radius of the vehicle
wheels rw as follows:

na,max =
vmax

2πrw
. (1)

In this study, a top speed of 250 km/h (69.4 m/s) and a wheel
radius of 0.354 m are assumed, resulting in a required maximum
axle output speed of 1873 r/min. The transformation of the
need for acceleration capability into technical requirements for
a propulsion system is more elaborate, because it is a function
of variables that are not exactly known initially (including the
total mass of a vehicle, torque and power characteristics of
the electric machine). For an initial indication, the mechanical
axle torque and, respectively, the axle power can be used as
representative variables to define the requirements toward the
propulsion system. These quantities are determined with the
Advanced Vehicle Simulator (ADVISOR) proposed by Markel
et al. [16]. In this case, an assumed vehicle mass of 2215 kg,
which is to be accelerated from 0–100 km/h in 4.2 s, yields a
minimum required axle torque of 5000 N·m (see Fig. 2) and an
approximately demanded power of 365 kW, respectively.

This is a sufficient estimation and builds the reference for
the power to torque ratio kpt. Subsequently, the exact and
absolute values can be determined using the detailed overall
system simulation. In particular, it is important to note that the
actual specification of the electrical machine is not predefined,
rather it depends on the respective parameter configurations (see
procedure in Section III). The purpose of the following consider-
ations is to establish these theoretically explained relationships
between the system level and the variables by inferring the
underlying principles based on electromagnetic fundamentals.

Fig. 2. To determine the initial requirements, an acceleration test with
a speed step function of 322 km/h is performed in ADVISOR (left); the
required axle torque results from the vehicle’s achieved speed curve
(right).

Fig. 3. Characteristic operating modes of an interior permanent mag-
net synchronous motor (IPMSM) in different current limiting states based
on Soong and Miller [20].

A. Torque Control and Field-Weakening Strategy

A control strategy is needed for the operation of electrical AC
machines. This strategy allows electrical machines to operate
under transient conditions, the mode of operation necessary for
traction drives, to obtain required torque at maximum speed.
There are several suggestions in the literature [17], [18]. A
common method is a current-based control, which maximizes
the torque of the electric machine for a given stator current Is, the
so-called maximum torque per ampere (MTPA) control. The ob-
jective of this approach is to minimize the stator current Is to be
supplied for a particular torque. Morimoto et al. [19] presented
a detailed explanation of this control strategy, which was finally
supplemented by Soong and Miller [20] with a normalized
form. These articles differentiate between three individual and
characteristic operating modes, which are shown graphically in
an id−iq plane diagram (see Fig. 3).

Up to rated speed ωn, the MTPA control is applied (mode I).
After reaching the maximum voltage (A), the field-weakening
range begins by shifting the current in direction id with increas-
ing speed (mode II). Finally, the transition to mode III follows
(B), in which the torque for a minimum flux is at its maximum.
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The last-mentioned mode exists only if the stator current Is is
behind the infinite-speed, or “short-circuit,” operating point (C).
At this point, it is important to note that all considerations can
be transferred to other control strategies, such as the optimal
efficiency method [21].

B. Electromagnetic Equations, Reference Point, and
Related Stator Current

Reference point B shown in Fig. 3 is of particular interest for
a later automated design of electrical machines. The intersec-
tion of the voltage-limit ellipse defines this specific location at
maximum speed ωm with the current-limit circle of the stator
current Is. To formally derive and describe this particular point,
the voltage-limit ellipse according to Morimoto et al. [19] can
be used, which is given by

(Ldid +ΨM )2 + (Lqiq)
2 =

(
Ulim

ωe

)2

(2)

where ωe is the electrical angular frequency in radians per
second. Furthermore, the relationship between the id and iq
components is described by this ellipse. In particular, the iq
component is obtained from (2) as

iq = ±
√

k2 − (Ldid +ΨM )2

Lq
with k =

Ulim

ωe
. (3)

To simplify the notation, only the positive current iq required for
motor operation will be used in the further steps. For generator
operation, this relationship with the negative current iq applies
equally. Based on this existing context, the electromagnetic
torque Te can be applied by

Te =
m

2
p [ΨM iq + idiq (Ld − Lq)] (4)

where m is the number of phases and p is the number of pole
pairs. Inserting (3) into (4) yields

Te =
m

2
p

√
k2 − (Ldid +ΨM )2

Lq
[ΨM + id (Ld − Lq)] . (5)

As shown in Fig. 3, the constant torque hyperbola is congru-
ent with point B (tangential to voltage-limit ellipse), i.e., the
electrical torque Te reaches a local maximum at this point of
intersection. In mathematical terms, this means

dTe

did

!
= 0. (6)

The derivative of (5) yields the id component at reference
point B

id,B =

(√
L2
q (Ψ

2
M + 8 k2) + 8 k2L2

d − 16 k2LdLq

− (4Ld − 3Lq)ΨM

)/
4Ld (Ld − Lq) . (7)

From (3), the iq,B component can be calculated and the stator
reference current Is,B results from

Is,B =
√

i2d,B + i2q,B . (8)

TABLE I
DEFINITION OF THE 11 VARIABLES FOR THE DESIGN SPACE ANALYSIS

1E: Efficiency, R: Physical or technical limits, C: Material and production costs.

The advantage of this defined reference point is that a cor-
responding reference current Is,B can be found depending on
the magnetic flux-linkage ΨM and the Ld and Lq inductances,
which guarantees a valid motor characteristic at maximum
speed. This finding provides a formal relationship between
motor parameters and the stator current.

III. PROCEDURE FOR A PARAMETRIC AND FUNCTIONAL

MODEL BASED ON THE EXAMPLE OF AN IPMSM

The basis for a functional motor model shall be a procedure
that enables the automated design of electrical machines. There
are several publications on this subject in the literature. Fatemi
et al. [6], e.g., describe a model that is valid for several parame-
ters for two different winding configurations; however, a general
procedure has not been discussed in detail. The procedure pro-
posed by Pop et al. [22] refers exclusively to a concentrated
winding. The present work aims to extend the current state of
research by a more general procedure that focuses on physical
fundamentals.

A. Design of Experiments (DoE) and
Sampling of Designs

In order to capture the system behavior in an overall and func-
tional form, Forrester et al. [23] propose a computer experiment,
also known as DoE, to collect the required set of data to train
a mathematical model of interest. In the first step, the focus
is on obtaining this data. When selecting a suitable method,
therefore, both the number of independent variables and the time
for calculating a design have to be considered.

In this specific example, 11 variables and an average simula-
tion time of approx. 20 min per design on a modern workstation
have to be considered when selecting a sampling scheme [24].
These aspects lead to the decision to build on an improved Latin
hypercube sampling. On the one hand, this is to use the number
of samples efficiently, and on the other hand, it is to minimize the
problem of correlated input variables [25]. Due to the approach
described at the beginning of this section for the substitution of
the auxiliary variable kpt (see Table I) and thus the modification
of the sampling plan, low correlations among the input variables
cannot be avoided. However, the investigation of this effect has
shown that the influences on the model quality are negligible.
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Fig. 4. Flow diagram for calculating a parametric electric motor sample
based on the automatic current-adaptive procedure.

Using this framework and the defined intervals in Table I, the
representative designs required for the model can be sampled,
and the corresponding responses are calculated using the defined
procedure (see Fig. 4).

B. Mathematical Modeling Method (Kriging Model)

There are several types of models for the approximation of
systems and global optimization, which are mentioned in the
literature [26]. In the present study, the kriging method based on
the work of Sacks et al. [27], which was further examined and im-
plemented by Forrester et al. [23], is chosen due to its flexibility
and good approximation quality. Let X = (x1,x2, . . . ,xN )T

with xn = (xn,1, xn,2, . . . , xn,K), n = 1, . . . , N , be the de-
sign matrix where N and K refer to the number of obser-
vations and predictor variables, respectively. Furthermore, let
y = (y(x1), . . . , y(xN ))T be the vector of observed response
values and define the ordinary kriging model

y(xn) = μ+ z(xn), n = 1, . . . , N (9)

where μ is an unknown constant and z(xn), n = 1, . . . , N,
are realizations of a mean-zero stochastic process Z(·) with
variance σ2. The empirical correlation matrix R of z =
(z(x1), . . . , z(xN ))T depends on the predictor variables and
corresponds to the correlation matrix of y, which is given by

R =

⎛
⎜⎜⎝

Cor [y(x1), y(x1)] · · · Cor [y(x1), y(xN )]
...

. . .
...

Cor [y(xN ), y(x1)] · · · Cor [y(xN ), y(xN )]

⎞
⎟⎟⎠ .

(10)

Assuming a Gaussian correlation function, the entries of R are
defined by

Cor [y(xn), y(xm)] = exp

(
−

K∑
k=1

θk
∣∣xn,k − xm,k

∣∣pk

)

(11)
where n,m = 1, . . . , N and θk and pk, k = 1, . . . ,K, are co-
efficients to be estimated. The empirical covariance matrix of y
is given by C = σ2R. The parameters θ = (θ1, . . . , θK) and
p = (p1, . . . , pK) are estimated by the maximum likelihood
estimation as detailed in [23].

C. Proposed Procedure

In the next step, all defined relationships have to be inte-
grated into a process chain that is suitable for automation. In
order to solve the analytical equations derived in Section II,
the corresponding flux linkages must be calculated. Since it is
necessary to find a compromise between calculation accuracy
and computational costs, the decision is made for a 2-D FE
calculation with partial analytical approaches in the commer-
cial software Motor-CAD from Motor Design Limited. This
package contains a fast FE solver. Compared to other FE-based
approaches, it is not time-consuming, since the implemented
hybrid methods perform the analyses efficiently and with good
accuracy. The corresponding calculation of losses includes the
iron losses in the stator and rotor, as well as the magnetic losses
and the dc and ac losses due to skin and proximity effects [28]
in the copper winding, which are used to calculate the efficiency
maps by applying the optimal efficiency control strategy [21].
The evaluation of the motor efficiency is based on the Worldwide
Harmonized Light-Duty Test Cycle (WLTC) defined in Global
Technical Regulation No. 15 [29]. In summary, the overall
process for calculating parametric electric motor samples is
described in Fig. 4. Based on this flow diagram, an arbitrary
number of motor variants can be calculated within the definition
range specified (see Table I). For each design, after completion
of the proposed procedure, the motor efficiency is evaluated with
respect to the WLTC.
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Compared to other methods [13], our approach to calculate
magnetic saturation and losses over time is comparable. Al-
though the automatic current-adaptive procedure increases the
actual simulation time by 5–10 min, taking into account the
extended design space benefit, it is an overall advantage. The
fundamental advantage and thus the novelty of the proposed
procedure lies in the linking of magnetic and electrical loading
during the optimization process, which solves the problem of
designs that can be combined but are not electromagnetically
utilizable. Present methods exclude such designs or reduce the
definition range to avoid the problem of nonfeasible designs.

IV. DESIGN SPACE ANALYSIS OF AN IPMSM EXAMPLE

This section is dedicated to a specific case study that presents
the evaluation of an electrical motor for an EV. This study aims
to describe the design space to be determined for this purpose,
in terms of an approximation model that will enable subse-
quent optimization according to specific objective functions and
criteria.

A. Definition of a Baseline

In the field of electromobility, detailed comparisons have
been made in several publications on IPMSMs—in particular,
the IPMSM topology1 with V-shaped, delta- and hybrid-delta-
shaped rotors and their possible variations [30], [31]. For this
reason, the V-shaped IPMSM topology commonly used in serial
applications is used as an example in the following. Thereby,
the rotor and stator consist of typical laminated sheet metal
of thickness 0.30 mm. The NdFeB magnets embedded in the
rotor have a relative permeability of 1.05 and a remanence of
1.28 T at 20 ◦C. In addition, the dc-link voltage (UDC = 640 V),
slots/pole/phase (q = 3), and the number of pole pairs (p = 4)
are taken as technical properties with constant values.

Concerning the winding type, rectangular conductors, also
known as hairpins, are used due to their advantages in handling
and production [32]. In addition, they are characterized by a
higher copper fill factor that can be realized and higher current
densities. The winding itself is executed in the configuration
as a single layer (one coil-side per slot) [33]. The simulations
are performed at a rotor and magnet temperature of 80 ◦C and
a winding temperature of 120 ◦C. A liquid-cooled machine is
assumed to ensure the thermal conditions.

B. Definition of Rotor, Stator, and Winding Topology

Based on the previously defined references, all independent
parameters that are required to describe the rotor and stator
are hereby defined for the modeling approach. The identifi-
cation of relevant parameters is performed by analysis of the
electromagnetic principles and physical interconnections under
consideration, as well as inclusion of the formal implications
(see Section II) and the existing literature [34]. In several pub-
lications, the importance of motor parameters and their correla-
tions to relevant outputs have been analyzed and explained by

1 Topology refers to all technologically identical motor types based on equal
parametric stator and rotor cross sections.

Fig. 5. Cross section of an IPMSM with associated dimensions of
relevant geometric parameters.

sensitivity studies [6]. The resulting significant quantities are
used and yield the parametric cross-sectional sketch shown in
Fig. 5. For robustness reasons, parameters are defined in such a
way that mutual dependencies can be taken into account. Thus,
the stator slot pitch τs and stator tooth thickness tt result from
the following relationship [33]:

τs =
dtπ

Ns
and tt = ktsτs (12)

with

Ns = 2pmq (13)

where dt is the mean tooth diameter and Ns the number of stator
slots. Furthermore, the stator yoke height to tooth thickness ratio
kyt can be determined as follows:

kyt =
hy

qtt
(14)

where hy is the stator yoke height. The remaining geometric
interconnections for the rotor and the stator are calculated using
trigonometric equations (e.g., the alignment of the magnets to the
slots). Due to the relatively large variation of geometric motor
parameters, the Ld and Lq inductances change accordingly,
which means that the selection of the winding design cannot
be determined from the beginning. Because of this fact, a virtual
winding approach is used, which allows to set all possible
effective numbers of turns Ne in discrete steps. Hereby, the
wye-delta winding connection types are taken into account. As
already mentioned in Section I, the active length is included
as a parameter in the third geometric dimension. An overview
of all geometric and technical parameters is given in Table I.
Based on the assigned categories, the purpose for defining each
variable is determined. The variation range for each of the 11
variables results on the one hand from the need to support the
development of architectural viewpoints within the architecture
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TABLE II
FUNCTIONAL DESIGN VARIABLES WITH CORRESPONDING ESTIMATED PARAMETERS FOR THE KRIGING MODELS

definition process [4], and on the other hand from the categories
assigned.

C. Generation of Data for the Approximation Models and
Estimation of Kriging Parameter

The procedure described in Section III will henceforth be used
to generate a database with 400 samples, which forms the basis
for fitting kriging models. The samples cover the entire design
space within the interval limits of interest (see Table I). Because
of the involvement of physical and electromagnetic fundamen-
tals and interrelationships, the approach provides such flexibility
that all sampled designs could be successfully calculated. This
capability is a significant advantage to save computational costs
and ensure high model quality over a wide range. As responses,
the motor efficiency related to the WLTC (y1), the maximum
axle power (y2), the maximum axle torque (y3), the resulting
stator current (y4), and the current density (y5) were investigated.
For each of these responses, a model is to be created. The
parameters θk and pk estimated for all responses are listed in
Table II. For better understanding, the mathematical notations
from Section III are assigned to the respective geometric and
technical parameters.

D. Design Optimization

In order to clarify the capabilities of the functional motor
models, a multidisciplinary design optimization can be carried
out. Of particular interest is the dependence of efficiency on
the above-mentioned main parameters active length and stator
outer diameter. However, it is also intended to show how these
dependencies affect the remaining parameters, i.e., which kind of
motor configurations result from there. The mathematical opti-
mization problem formulated in (15) consists of three objectives
and four constraints

min x1

min x2

max
x

y1 (x)

⎫⎪⎪⎬
⎪⎪⎭ subject to

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
y2 (x) ≥ 365 kW

y3 (x) ≥ 5000N·m
y4 (x) ≤ 600A(rms)

y5 (x) ≤ 25A/mm2

. (15)

Thereby, the stator outer diameter (x1) and the active length
(x2) are reduced gradually, whereas the actual primary objec-
tive function simultaneously maximizes the efficiency at each

TABLE III
ERROR ANALYSIS OF THE KRIGING MODELS BY VERIFICATION

OF THE RESULTS

point. Constraints are defined to ensure the technical system
requirements for the vehicle (axle torque and power) and to
limit secondary requirements (stator current and current density)
to specific ranges. The values used were chosen arbitrarily
for this case and attempt to represent the requirements of a
hypothetical high-class vehicle. In order to solve this problem, a
multiobjective evolutionary algorithm (MOEA) called strength
Pareto evolutionary algorithm 2 is employed, which integrates
several MOEAs and additionally includes an external archive
that ensures the preservation of boundary solutions [35]. The
stagnation of the archive fitness is used as a stopping criterion.
After ten iterations without further improvement, the optimiza-
tion is terminated.

E. Verification of Approximation and Error Analysis

With kriging and the underlying Gaussian process, the actual
value corresponds to the predicted value at the sampled position,
i.e., further intermediate points are interpolated. For this reason,
the error analysis is based on the verification of the 183 Pareto
optimal designs found by the optimization. These designs are
not included in the initial data used for model calculation. For
each design and its associated responses y, values ŷ can be pre-
dicted, which are used to calculate the absolute percentage error
(APE), mean absolute percentage error (MAPE), and normalized
root-mean-square error (NRMSE) related to the mean of the
corresponding response values. Table III summarizes that the
APE in efficiency is lowest at 0.72%. For axle power and stator
current, the APE is 1.46% and 1.30%, respectively. Only the axle
torque and current density models have a slightly higher APE
of 2.96% and 7.37%, respectively. However, the corresponding
MAPE show that these values are in much lower ranges, namely
0.79% and 1.57 %, i.e., the maximum errors are local effects
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Fig. 6. Set of Pareto optimal designs and related archive designs for
the three specified objective functions (see Section IV-D).

of the models. Due to the rectangular conductors, whose final
number per slot is determined automatically (see Fig. 4: adjust
winding configuration), a discretization problem results. This
discrete information is not incorporated into the models for
correlation reasons, which results in a slightly increased error
rate. However, additional modeling efforts or alternative models
can further improve the model accuracy if required. In particular,
the current density depends mainly on the machine design and
the 25 A/mm2 is to be seen as an empirical and typical average
value [33]. Therefore, the slightly higher error in this context
can be accepted.

F. Results and Discussion

In this section, all results from the multiobjective optimization
will be analyzed and discussed. Fig. 6 shows the set of Pareto
optimal designs and the related archive designs obtained for the
three specified objective functions (15). It can be seen that the
spatial Pareto front is relatively well distributed over the three
dimensions stator outer diameter (x1), active length (x2), and
motor efficiency related to the WLTC (y1 (x)).

In Fig. 7, the identical set of designs is shown in a planar
illustration to allow direct comparability of different designs.
The reference is shown in Fig. 7(a), which illustrates the set of
consistent designs projected into the 2-D plane for the corre-
sponding three-objective functions. This figure shows that the
Pareto front extends toward smaller stator outer diameters and
shorter active lengths. Beyond this theoretical front, no feasible
designs exist, because the defined constraints were violated, i.e.,
potential motors have to meet specific minimum dimensions,
which is reasonable from a technical and engineering point
of view. Furthermore, due to the distribution of the designs,
there is an individual relationship between the two geometric
variables. These results are consistent with those from analytical
approximation equations [34]. It is worth mentioning that effi-
ciency as the third optimization criterion improves continuously
(isotropic efficiency) with increasing stator outer diameter. It

can also be seen that efficient designs tend to be found between
stator outer diameters of ∼240–250 mm and active lengths of
∼150–170 mm. The two marked designs 1© and 2© refer to
the built prototype and the design with the highest efficiency,
respectively, and are used for later discussion.

Fig. 7(b) shows the same designs, but in this case, from the
perspective of the stator current rms. It can be seen that the values
for most designs are in the range of ∼576–600 A. The reason
for this behavior lies in the objective function for efficiency and
the underlying WLTC, which has collective elements behind
the field-weakening region of the motor. Since part of the stator
current in this region must be used for field-weakening, effi-
ciency is reduced due to additional copper losses. Therefore, the
optimization attempted to compensate this disadvantage with
higher power ratings, but is limited to the constraint formulated
in (15).

Fig. 7(c) must be interpreted with a focus on the total mass,
which is composed of the active mass of the stator and the
rotor, the copper mass, and the magnet mass. In this context,
it can be observed that the total mass in a certain region is
proportional to the efficiency, i.e., the associated efficiency
increases with increasing total mass. After reaching a maximum,
however, exactly the opposite is noticeable: with increasing
total mass, the efficiency decreases with indirect proportionality.
A comparison with Fig. 7(a) illustrates these parallels quite
clearly.

Fig. 7(d) illustrates the resulting motor shaft output speed,
which is defined by the relationship between axle output speed
and maximum speed, in the third dimension. It is evident at first
glance that the designs are spread over a wide speed range of
∼13 000–23 000 r/min. This means that high-rotating motors
are more likely to be found in areas of lower efficiency and
lower mass or volume, whereas low-rotating motors tend to be
found in areas of higher efficiency and higher mass or volume.
In other words, a compromise must be found between design
space and efficiency. Using the definitions from Section III-C,
the motor losses are calculated accordingly for further detailed
comparisons. Fig. 8 shows the difference derived by subtracting
the efficiency map of design 2© from the efficiency map of design
1©, which is up to −9.0 %. This advantage is located primarily

in the WLTC region.
Further interesting details emerge when looking at the final

optimization results in relation to their variables. Fig. 9 shows
the distribution of the 11 variables in a parallel plot for the design
space under discussion. It can be seen that the efficiency depends
not only on do and la, but also on hv . The efficiency tends to
increase with decreasing hv , i.e., more efficient designs tend
to have a flatter magnet arrangement. Furthermore, it can be
seen that the design space is divided into several paths with
respect toNe; winding configurations withNe equal to 1.5 occur
most frequently and are among the more efficient designs. In
particular, this graph shows the wide range of possible solutions,
including different winding configurations, that can be covered
by the proposed design space analysis. The cross section of
the design with the highest efficiency (see Fig. 9) is shown in
Fig. 10. The flattened magnet arrangement mentioned above is
well recognizable in this example.
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Fig. 7. Set of possible and Pareto optimal designs for the three specified objective functions in the respective illustration for motor efficiency
related to (a) WLTC, (b) stator current, (c) total mass, and (d) maximum motor shaft output speed. Designs 1© and 2© marked in (a) refer to the built
prototype and the design with the highest efficiency, respectively.

Fig. 8. Difference between efficiency maps of designs 1© and 2©
( 2© subtracted from 1©; speeds are related to propulsion system level).

Considering all of the achieved and explained results, it can
be stated that, from the perspective of the design space, all
relevant evaluation criteria and requirements must be examined
simultaneously; an evaluation and optimization of individual,
isolated parameters will not result in an overall optimal solution.
This study highlights the importance of considering constraints

at an early stage, as, in the worst case, new restrictions will result
in a significantly reduced solution space, which will inevitably
lead to suboptimal designs. The analysis has shown that there is
no unique “best solution”. Several designs perform equally for
optimal parameter combinations.

V. EXPERIMENTAL VERIFICATION

In this section, the proposed procedure is evaluated by an
experimental verification and examined for its accuracy. For
this purpose, a representative example was selected from the
design space. Due to the constraint that the prototype to be
built must be able to be integrated into an existing vehicle
architecture (machine diameter limited) for initial functional
tests, the decision was made to select design 1© as the prototype
design (see Fig. 7), whose technical specification is given in
Table IV. The measurements of this prototype are performed on
the test bench shown in Fig. 11.

It is important to note that the test setup offers the possi-
bility to condition the temperatures of the electrical machine
according to the values defined in Section IV-A. Before starting
the measurements, the stator is warmed up to a temperature of
120 ◦C and the rotor and its magnets to 80 ◦C. After completion
of this routine, the maximum characteristic curve for the torque
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Fig. 9. Optimization results from the design space analysis across all 11 variables for designs with a minimum motor efficiency related to WLTC
of 81.6 %; configuration of design 2© with the highest efficiency is marked in red.

50mm

Fig. 10. Cross section and magnet arrangement of design 2©.

TABLE IV
PROTOTYPE SPECIFICATION

Fig. 11. Experimental setup for prototype measuring with regard to the
electrical characteristics.

Fig. 12. Comparison between measurement and simulation of design
1© from the design space analysis.

of the electrical machine is measured. As a control strategy, the
optimal efficiency method [21] is used and utilized for both mea-
surement and simulation. Efficiency is determined by the ratio
of electrical power input to mechanical power output. The total
motor losses are calculated from the difference between these
two measured quantities. The comparison with the characteristic
simulated for the analysis in Section IV-F is shown in Fig. 12.
It is evident that minor deviations with respect to the nominal
speed are discernible in the speed range of 0.30–0.35 p.u., but
the maximum torques correspond relatively well.

At maximum speed, the simulation results in a slightly lower
torque compared to the measurement. In terms of operating
efficiency, it can be seen that the highest measured efficiency is
in the range of approx. 97 %. In comparison with the simulation,
this result is relatively consistent; toward higher speeds and
torques, the deviations become gradually larger. From 91% to
96 %, measurement and simulation correlate relatively well.

For a detailed analysis of the motor characteristics, a passive
measurement of the prototype is carried out. The curves of the
short-circuit currents for passive terminal short-circuit and the
induced open-circuit voltages are measured, each at different
rotor magnet temperatures (see Fig. 13).
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Fig. 13. Measured characteristics of the short-circuit currents (rms) for
passive terminal short-circuit and the open-circuit voltage (rms) curves
at rotor magnet temperatures of 20 ◦C, 80 ◦C, and 120 ◦C.

Fig. 14. Torque waveforms at characteristic operation points (motor
speed, motor torque) under consideration of the optimal efficiency con-
trol strategy [21].

An exemplary comparison of the measured induced voltage
at 1000 r/min and a magnet temperature of 20 ◦C with the
simulation yields a deviation of 7.6 % (32.8 V measured, 35.3 V
simulated). Furthermore, the torque ripples are considered under
load. It is important to note that the rotor is skewed to the 18th
harmonic order. Three characteristic operation points are used,
for which a simulation with respect to the torque waveform is
performed. The results are shown in Fig. 14. The torque fluctua-
tions across the operating points are in a range of 3.5 % – 5.0 %,
whereby the sixth harmonic order is mainly responsible for the
identifiable ripple.

The comparison of measurements carried out with the under-
lying simulations derived from the proposed procedure suggests

that the modeling accuracy is sufficient to allow inferences with
respect to the study.

VI. CONCLUSION

A generalized procedure for parametric and functional
IPMSM models under consideration of system requirements was
developed and demonstrated in this article. Compared to the state
of the art and the literature, the proposed current-adaptive pro-
cedure allows a more general and flexible analysis of electrical
machines, as the study under discussion had shown. As a result,
the number of global degrees of freedom and the associated
definition ranges can be extended, enabling the focus to be placed
on the architectural level; existing approaches were typically
limited by model restrictions to local investigations. In addition
to the analysis and optimization of systems, it was shown that
the proposed procedure can support decision-making processes
due to the integrated system focus, e.g., in this study, the design
space.

Further research needs to be continued with respect to other
technologies (e.g., induction motor), topologies, and criteria,
including evaluation of thermal aspects (e.g., continuous power),
mechanical design limits of the rotor, demagnetization, and
torque ripple. Additionally, an extension to the remaining system
components (power converter, transmission, software strategy,
etc.) must be carried out to extend the SE approach.
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