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Abstract: The development of vehicle drive systems targets different goals, which are partly con-
tradictory. While the focus is often on increasing efficiency and—depending on the type of drive
system—performance, the aim is to simultaneously reduce costs, weight, and volume as much as
possible. This goal generally presents a conflict of objectives; for example, a gain in efficiency usually
correlates with higher costs, or an increase in performance reduces the maximum achievable efficiency.
Therefore, each drive system represents a compromise among these goals, and depending on the
main focus, the development can be influenced. The methods presented in this work serve as a
methodological framework for the evaluation of vehicle drive systems. The procedure involves
evaluating different drive concepts based on defined criteria and comparing these evaluations with
one another. These criteria can be selected freely and weighted differently, depending on the individ-
ual focus. In the sense of a holistic assessment, a system evaluation factor ultimately serves as an
indicator, which is composed of the rating values of the individual criteria, taking into account their
specific weightings. With the help of the novel method presented in this paper, the complexity of
comparing differently designed powertrains is reduced, and a holistic assessment covering relevant
viewpoints is possible. Such an all-encompassing view is helpful in the early development phase and
is required as an evaluation basis for further, groundbreaking decisions in concept development.

Keywords: holistic evaluation of drive systems; technology-independent assessment; cost–benefit
analysis; pairwise comparison; weighted sum model

1. Introduction

The development of vehicle drive systems aims to achieve high customer benefits
while maximizing profits [1]. Such high customer benefits can be represented, for example,
by a high range, which depends on the size of the energy storage unit but is also influenced
by the efficiency of the drive system [2,3]. Furthermore, a high usable driving performance
also serves the customer benefit but is usually in conflict with high efficiency due to the
characteristics of drive systems [4]. At the same time, the development process strives to
minimize costs, both in terms of purchase prices from the customer and production costs
for the manufacturer. In addition, a compact and lightweight design of the power unit
is desirable.

To achieve these target criteria, a variety of different drive concepts can be considered.
Thus, the development of vehicle drive systems constantly involves new concepts that differ
from one another in terms of technology, design, execution, and more [5]. This results in an
almost unlimited variety of concept variants that require a suitable approach for processing.
While [6], for example, dealt with a simplified evaluation of costs and performances based
on scaled and optimized drive components, this work serves the holistic evaluation with
respect to initially defined criteria. The unique contributions of this study include the freely
selectable evaluation criteria and independence from specific drive technology.

In order to evaluate these concepts, suitable methods are needed that reflect the
individual strengths and weaknesses of the concepts. The derivation of key indicators for
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evaluation enables the selection of the best system based on defined evaluation criteria.
The methodological approaches of this work represent a framework for the evaluation
of vehicle drive systems, composed of key figures from relevant criteria. In doing so,
the evaluation method is defined in a universally valid way so that every type of drive
system can be compared with and evaluated holistically.

2. Methodological Approach

When considering the overall process of developing drive systems, the evaluation
methods presented in this paper are placed at the end. Once the specifications and require-
ments are defined, the design process for the drive components begins. The drive system is
then available in its entirety for a system evaluation.

As visualized in Figure 1, the methodological approach of this work begins with
the definitions of specific evaluation criteria, such as efficiency or costs. These defined
criteria are then weighted in relation to each other, and weighting factors are determined.
With the support of experts from internal departments, these criteria can be evaluated
for both a reference drive system and a sample drive system. For example, efficiency
can be determined using simulated cycle efficiencies, costs are made up of material and
manufacturing costs, and simulations of performance load spectra quantify the overall
performance of the drives. These investigations produce concrete results, e.g., how efficient
or expensive the drive systems are. In the fourth step, the calculated values, such as the
cycle efficiency and determined costs, are compared with the respective values of the
reference system, and rated. The final system evaluation is carried out together with the
weighting factors from Step 2. Comparing it with a reference drive establishes a uniform
basis for comparison.

Definition of the Evaluation Criteria

Weighting of the Specific Criteria

Evaluation of the Drive Systems

→ Uniform Basis for System Evaluation

Evaluation of the Criteria

 by internal Departments/Experts

Rating of the Evaluated Criteria

Efficiency
Simulation of Weighted Cycle 

Efficiency

Costs
Expenses for Components, 

Manufacturing processes...

Performance
Simulation of Performance Load 

Spectra

… …

Reference 

System

Sample

System

Efficiency

Costs

…

1

2

3

45
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ηReference vs.
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Figure 1. Scheme of the methodological approach.

3. Criteria for the Evaluation

In order to assess different drive systems comparably, concrete criteria for the evalua-
tions must be defined. In this case, five criteria are chosen: efficiency, performance, cost,
volume, and weight. However, these indicators can be freely chosen, and other techni-
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cal aspects (such as thermal behavior and NVH) or even non-technical factors (such as
environmental impacts or customer acceptance) could also be taken into account.

The initial aim is to deliver the greatest possible and tangible benefit for the customer
in terms of efficiency and driving performance. High efficiency correlates with low con-
sumption and, thus, a long range. The performance, on the other hand, can be measured
by the maximum achievable power and torque of the powertrain.

At the same time, the weight and volume of the drive system need to be reduced
as much as possible. Also, costs—including both purchase prices for the customer and
production costs for the manufacturer—should be minimized. Since both high efficiency
and high performance tend to correlate with increases in weight, volume, and cost, there is
a conflict of objectives. This trade-off of opposing goals is visualized using a radar chart
in Figure 2. An ideal drive system would combine high efficiency and great performance
with the lowest possible costs, weight, and volume.

maximum

Efficiency

high

Performance

low

Weight

low

Volume

low

Costs

Figure 2. Evaluation criteria and the conflict of goals.

To evaluate drive systems with regard to these criteria, all the required parameters
must be available in a comparable form. Comparing two drives of different maturity levels
may erroneously lead to wrong conclusions. In terms of efficiency, this means that the same
system boundaries and system losses must be considered. Performance, such as output
power, can be measured and, therefore, evaluated relatively easily. A level playing field
must also be created for costs, e.g., by ensuring that both raw material and manufacturing
costs, as well as expenses for tools, are taken into account.

The determination of these evaluation indicators is not discussed further in this work;
instead, the focus is on the evaluation method and its exemplary application.

4. Methods

The described conflict of opposing goals represents a multi-objective optimization
problem, which is addressed by established methods in the literature, e.g., [7] and [8]. Apart
from these or other well-known approaches mentioned in [9], this multi-criteria problem
requires a suitable method of analysis that leads to rational decision-making.

While simultaneously optimizing multiple objects increases the complexity in decision-
making, comparing only two criteria can reduce the complexity and, thus, facilitate the
decision [10]. This approach of comparing only two objects at a time is the basis of pairwise
comparisons. This process of mutual evaluation of the objects leads to prioritization and
ultimately to a hierarchy among the criteria. This priority can be interpreted as a weighting
of the specific criterion and used for a multi-criteria decision-making (MCDM) method.
In this context, [11] provides a good overview of existing MCDM methods in the literature.
Furthermore, [12] analyzes the characteristics and utilities of individual methodological
approaches. These utility analyses, such as the weighted sum model, divide an overall
problem into smaller subproblems. This type of fragmentation allows the overall problem
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to be captured holistically yet stated in a simplified manner, facilitating decision-making
on complex problems [13].

In decision theory, pairwise comparison and utility analysis are common methods.
Both are simple yet effective approaches, the combination of which is suitable for the given
optimization problem, serving as a methodological basis. Furthermore, this work builds a
framework for evaluating drive systems on the aforementioned methods.

4.1. Pairwise Comparison Method

A pairwise comparison (PWC) is a method of comparing entities or objects in order
to judge which one has the greater amount of a quantitative property. These objects
are contrasted and evaluated in pairs, with a rating score determining which of the two
entities is preferred [14]. The above-mentioned evaluation criteria can serve as such
objects. By juxtaposing the criteria, every criterion is assigned a priority. Based on this
prioritization, a weighting factor is determined for all criteria, representing the importance
of the individual criterion. Two tasks set up the approach: comparing all combinations
with respect to each criterion and computing the weights of the attributes [15].

According to Formula (1), this weighting factor for each criterion C corresponds to the
relative weighting gn(C), which is defined as the ratio of absolute weighting Gn(C) to the
sum of weighting factors for N criteria.

gn(C) =
Gn(C)

N
∑

n=1
Gn(C)

(1)

Figure 3 shows an example of a tabular pairwise comparison. First, all criteria, 1 . . . N,
are listed in both vertical and horizontal directions. This is followed by comparing vertical
elements with horizontal objects and assigning a scalar between 0 and 2. For this value,
0 means less important, 2 means more important, and 1 represents equal importance.

Criterion 1 Criterion 2 Criterion 3 … Criterion N Sum Weighting

Criterion 1 2 0 C1 to CN 2 0.33

Criterion 2 0 1 C2 to CN 1 0.17

Criterion 3 2 1 C3 to CN 3 0.50

… … …

Criterion N CN to C1 CN to C2 CN to C3 ∑CN = GN(C) gN(C)

compare ↓

to →

Figure 3. Methodology of the pairwise comparison and weighting factor.

For example, Criterion 2 is less significant than Criterion 1, represented by the value
of 2, but just as important as Criterion 3, which is expressed by the value of 1. The sum of
these scalars gives the absolute weighting, Gn(C), and the weighting factor, consequently,
represents the relative weighting, gn(C). The functionality of PWC is further explained and
visualized in [16].

This procedure enables the pairwise prioritization of criteria. By defining the im-
portance of objects among themselves, this comparison method is also well suited for
highlighting small differences. Subsequently, the weighting factor comes into play in the
weighted sum model.

4.2. Weighted Sum Model

The weighted sum model (WSM) is a proven method for utility analyses. The goal
is to compare multiple systems with respect to various criteria by evaluating individual
performance in that discipline. This assessment is represented by the rating value (RV).
Moreover, each criterion can be weighted differently. Sticking with the weighting factors
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mentioned above, Criterion 3 would have the greatest impact on the evaluation among
multiple systems.

Based on these weighting factors, a criterion evaluation factor (CEF) is calculated for
each system as well as each criterion according to Formula (2).

CEFSys(Cn) = gn(C) · RVSys(Cn) (2)

Formula (3) sums the CEF value per criterion for each system, resulting in the system
evaluation factor (SEF).

SEFSys =
N

∑
n=1

CEFSys(Cn) (3)

This approach leads to an evaluation method that can be used, for example, to evaluate
differently designed drive systems. The evaluation is represented by a single scalar. Thereby,
the scale of rating values ranges from 0 (as the worst grade) to 10 (as the best grade). Figure 4
summarizes the methodical approach of the weighted sum model.

Reference System Sample System 1 Sample System 2 Sample System 3

Weighting RV CEF RV CEF RV CEF RV CEF

Criterion 1 0.33 5 1.65 RVSys1(C1) CEFSys1(C1) RVSys2(C1) CEFSys2(C1) RVSys3(C1) CEFSys3(C1)

Criterion 2 0.17 5 0.85 RVSys1(C2) CEFSys1(C2) RVSys2(C2) CEFSys2(C2) RVSys3(C2) CEFSys3(C2)

Criterion 3 0.50 5 2.50 RVSys1(C3) CEFSys1(C3) RVSys2(C3) CEFSys2(C3) RVSys3(C3) CEFSys3(C3)

… … … … … … … … … …

Criterion N gN(C) RVRS(CN) CEFRS(CN) RVSys1(CN) CEFSys1(CN) RVSys2(CN) CEFSys2(CN) RVSys3(CN) CEFSys3(CN)

System Evaluation Factor 5 SEFSys1 SEFSys2 SEFSys3

Figure 4. Methodology of the weighted sum model.

As shown, a reference drive system forms the basis for the evaluation of three sample
systems. The rating values of this reference drive system are all equal to 5 and, thus, define
the reference point. Consequently, the sum of all CEF values also results in a value of 5.
Depending on the chosen rating values for the sample systems, all CEF values (as well as
SEF values) can be calculated according to the above-mentioned formulas.

5. Results

In order to practically demonstrate the functionality of the presented methods of
PWC and WSM, this section deals with the comparison between three drive systems and a
reference drive system. First of all, all drive systems are introduced with regard to their
technical specifications. In order to reveal the results, two exemplary case studies with
different weightings are then considered.

5.1. Reference Drive and Sample Drive Systems

The reference drive system offers a good compromise among the criteria of efficiency,
performance, cost, volume, and weight. As mentioned, these criteria influence each other.
For example, efficiency and cost have an almost linear relationship, meaning that a gain
in efficiency is generally accompanied by an increase in costs. Likewise, an increase in
performance tends to lead to increases in costs, weight, and volume [17]. Amidst these
dependencies, the reference drive system is very well balanced, which is reflected by a
rating value of 5 for all criteria, according to Figure 5.
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Reference 

System
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System
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System
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Performance 

System

Weighted Cycle Efficiency 100% −4% +7% −5% 5 3 9 3

Mean Cycle Consumption 100% +3% −7% +3% 5 4 9 4

Mean System Losses 100% +4% −8% +4% 5 3 9 3

Mean Efficiency 100% −4% +7% −4% 5 3 9 3

Performance Load Spectra 100% −19% −9% +42% 5 3 4 9

Drive Power 100% −12% −3% +33% 5 4 5 8

Drive Torque 100% −16% −6% +34% 5 3 4 8

Duration of Peak Performance 100% −15% −4% +31% 5 4 5 8

Mean Performance 100% −16% −6% +35% 5 3 4 9

Material Costs 100% −8% +6% +1% 5 9 2 5

Production Costs 100% −6% +4% +0% 5 8 3 5

Mean Costs 100% −7% +5% +1% 5 9 3 5

Active Volume of Drive Unit 100% −1% +9% −6% 5 5 3 7

Installation Space with Periphery 100% −1% +12% −6% 5 5 2 7

Mean Volume 100% −1% +11% −6% 5 5 2 7

Weight of Drive Unit 100% −6% +6% −3% 5 7 4 6

Total Weight with Periphery 100% −6% +9% −3% 5 7 3 6

Mean Weight 100% −6% +8% −3% 5 7 3 6
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Figure 5. Derivation of rating values from relative deltas.

This table shows the evaluation criteria and their indicators, e.g., the expenses for
material and production as cost criteria. The chart also shows all relative deltas to the
reference drive system on the left-hand side, from which the rating values on the right-hand
side were derived.

For this derivation, empirically determined amplification factors (AFs) are used to
adjust the relative deltas to the rating value scale (0 to 10). These multipliers are necessary
because relative deltas of different rating criteria are not necessarily comparable. For ex-
ample, while an efficiency delta of 2% is relatively high, a performance delta of only 2% is
rather negligible. For this reason, the AF for efficiency (10) is five times greater than that for
performance (2). Ultimately, these amplification factors enable a comparative assessment
of the criteria.

It should also be noted that the sign of the relative deltas could have an opposite effect
on the rating value. For example, while the weighted cycle efficiency has a positive delta,
the mean cycle consumption is higher and is, therefore, represented by a negative delta.

The resulting rating values are visualized in Figure 6, where all drive systems are
compared with each other based on their already-known rating values.

This radar chart shows the comparison between all four drive systems and, thus,
highlights the different emphases of the three sample drive systems. Each one has a
specific purpose, which was consistently pursued during development. As the name
suggests, the low-cost system is primarily aimed at low system costs, with both efficiency
and performance dropping significantly compared to the reference drive system. This is
represented by an RV(Cst) value of 9, while both RV(E f f ) and RV(Per) are equal to 3.
On the other hand, the active volumes of both drive systems are comparable, so RV(Vol) is
5 as well, and, notably, the weight is even slightly better than the reference drive system,
with an RV(Wgt) of 7, making the low-cost system only slightly inferior overall.

In contrast, the high-efficiency system achieves significantly higher overall efficiency
with an RV(E f f ) of 9, but falls short of the reference drive system in all other disciplines.
Since high efficiency tends to correlate with high volume, costs, and weight, these criteria
are usually inversely related, which is why the ratings are so low with an RV(Vol) at 2 and
RV(Cst) and RV(Wgt) at 3 each. This is due to the strong anti-proportional dependence of
the size and cost on efficiency [18]. Ultimately, the RV(Per) is set to 4 but there is no clear
correlation between performance and efficiency.
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Efficiency

Performance

CostsVolume

Weight

Reference Low-Cost

High-Efficiency High-Performance

Figure 6. Comparison between the reference drive and sample drive systems in a radar chart.

Finally, the high-performance system is basically the opposite of the high-efficiency
system. In particular, in the case of high performance with an RV(Per) of 9, efficiency
drops significantly to an RV(E f f ) of 3, which is why high efficiency and high performance
together are two opposing targets [19]. Compared to the high-efficiency system, the focus
here is on increasing performance at the expense of a reduction in efficiency. This shift
in focus makes the costs with an RV(Cst) of 5 comparable to those of the reference drive
system. Due to the compact design of this high-performance module, gains in volume and
weight can be achieved, resulting in an RV(Vol) of 7 and RV(Wgt) of 6.

As the method of this holistic assessment is intended to apply to conventional, electri-
cal, and hybrid drive systems, these three drive systems serve as demonstration examples.
Therefore, no further details (such as technical specifications) are provided.

5.2. Holistic Assessment

In the context of a holistic system evaluation, individual objectives play a decisive
role. Therefore, the following assessment consists of two case studies (CSs) with different
focal points. While the first exemplary case study focuses on efficiency as the main target,
the second exemplary case study is aimed at costs.

5.2.1. Case Study 1—Focus on Efficiency

Based on the methodology of the PWC shown above, Figure 7 illustrates the weightings
for CS1. As focused, efficiency is the main objective, which is represented by a weighting
factor of 40%. Regardless of the targeted design of individual drives, efficiency is set as the
main focus for all, followed by cost and performance. As [20] shows, efficiency is directly
related to all evaluation criteria. As already mentioned, an increase in efficiency correlates
with increasing costs and influences performance, which is why any gain in efficiency
must always be evaluated, taking into account its cost and performance impact. For this
reason, each of the two indicators is weighted relatively high at 20%. Both volume and
weight are influenced by the efficiency of the drive, but with a lower priority, and, therefore,
are weighted at 10%, respectively. These weighting factors ultimately express the clear
gradation and prioritization of the criteria.



Vehicles 2023, 6 410

Efficiency Performance Costs Volume Weight Sum Weighting

Efficiency 2 2 2 2 8 40 %

Performance 0 1 1 2 4 20 %

Costs 0 1 2 1 4 20 %

Volume 0 1 0 1 2 10 %

Weight 0 0 1 1 2 10 %

compare ↓

to →

Figure 7. Pairwise comparison and derivation of the weighting factors according to CS1.

These derived weighting factors are now applied to the system evaluation in Figure 8
using the weighted sum model. While the weighting of the rating values in the case of the
reference drive system leads to an overall SEF value of 5.0, the system evaluation of the
sample drive system results in SEF values.

Reference 

System

Low-Cost

System

High-Efficiency 

System

High-Performance 

System

Weighting RV CEF RV CEF RV CEF RV CEF

Efficiency 0.4 5 2.0 3 1.2 9 3.6 3 1.2

Performance 0.2 5 1.0 3 0.6 4 0.8 9 1.8

Costs 0.2 5 1.0 9 1.8 3 0.6 5 1.0

Volume 0.1 5 0.5 5 0.5 2 0.2 7 0.7

Weight 0.1 5 0.5 7 0.7 3 0.3 6 0.6

System Evaluation Factor 5.0 4.8 5.5 5.3

Figure 8. Weighted sum model according to CS1.

As the table shows, the main focus on efficiency makes it clear that the high-efficiency
system with a SEF value of 5.5 is to be preferred. At 5.3, the high-performance system also
produces a higher SEF value than the reference drive system. Only the low-cost system is
worse, with an SEF value of 4.8.

5.2.2. Case Study 2—Focus on Costs

The procedure for CS2 is basically analogous to the approach for CS1. In line with the
focus on costs, the weighting has been selected accordingly. As costs are now weighted
with a value of 40%, efficiency is weighted with 30% as the second most important criterion.
The remaining criteria are determined according to the weighting factors shown in Figure 9.

Efficiency Performance Costs Volume Weight Sum Weighting

Efficiency 2 0 2 2 6 30 %

Performance 0 0 1 2 3 15 %

Costs 2 2 2 2 8 40 %

Volume 0 1 0 1 2 10 %

Weight 0 0 0 1 1 5 %

compare ↓

to →

Figure 9. Pairwise comparison and derivation of the weighting factors according to CS2.
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In contrast to CS1, this second case study clearly demonstrates the difference caused
by an alternative weighting of the criteria. While the SEF value of the reference drive
system remains unchanged at 5.0, the SEF values of the sample drive systems differ from
the previous ones, as shown in Figure 10.

Figure 10. Weighted sum model according to CS2.

By prioritizing costs, the SEF value of the low-cost system is unsurprisingly the highest
at 5.8. The SEF value of the high-efficiency system, on the other hand, drops significantly to
just 4.85. Interestingly, the high-performance system remains more or less the same at 5.25.

6. Discussion

To determine whether a benefit, such as an increase in efficiency, outweighs its cost,
a cost–benefit analysis (CBA) is a common method for making decisions. Additional
benefits often correlate with an increase in costs, so the purpose of this evaluation method
is to quantify and weigh the benefits against the costs using a cost–benefit ratio. The goal is
to assess the economic efficiency and determine whether it is worth the investment [21].

Benefits and costs also correlate in the case of drive systems, as an increase in energy
efficiency is accompanied by an increase in system costs. Using the example of CS1,
according to which efficiency is weighted most heavily (see Figure 8), the sample systems
are evaluated with a cost-efficiency analysis. The diagram in Figure 11 shows the rating
scales of efficiency over cost and marks the drive systems mentioned.
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Figure 11. Cost-efficiency analysis and evaluation of the sample systems.
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Since the efficiency weighting g(E f f ) of 40% is twice as high as the cost weighting
g(Cst) of 20%, the ratio between these weightings is 2:1. In terms of cost and efficiency, this
ratio allows systems to be considered equivalent, where, for example, a cost advantage
and an associated efficiency disadvantage balance each other out. Based on this ratio,
the system cost rating value, RV(Cst), must be two points better to compensate for one
point lower efficiency. This dependency is expressed by the equation in Formula (4) and is
represented by the dashed straight line in Figure 11.

f (RV(Cst)) = 7.5 − g(Cst)
g(E f f )

· RV(Cst) (4)

As shown, the low-cost system lies on the dashed line, which means that the cost-
efficiency ratio is equal to that of the reference drive system. The lower efficiency is
compensated by lower system costs, so the ratio remains the same. The high-efficiency
system, on the other hand, exceeds this ratio and performs better than the reference. This
can be interpreted to mean that the higher system costs are justifiable relative to the
efficiency gain. In addition, the increase in efficiency for this system may allow for a
reduction in battery size or capacity, which in turn reduces the cost and weight. In contrast,
the high-performance system has a worse ratio due to the lower efficiency at the same
costs. The focus on performance brings unfavorable conditions with regard to the cost-
efficiency ratio.

7. Conclusions and Extension

The methods presented in this work serve as a framework for the evaluation of
drive systems regarding various criteria. Thereby, the selection and weighting of these
criteria are adjustable and can be adapted depending on the priorities in the development.
The functionality of the methods is explained using the example of the three sample
systems presented. Despite completely different emphases, these systems are brought
to a comparable basis and compared under the same aspects. The exemplarily chosen
weightings remain constant. As a result, the respective focal points of the three drive
systems are reflected in the system evaluation factors, demonstrating and validating the
applicability of the methodology.

The rating values are currently determined by the user and are, therefore, liable to
subjective assessment. Through enhancements to the method, the determination of rating
values will be automated by using concrete examination results as a basis. For example,
a simulation-based objectification of the system efficiency and performance is carried out,
as well as a breakdown of the costs, weight, and volume of the drive components.

A system evaluation based on a tabular utility analysis requires a certain level of
complexity and a good imagination. Alternatively, a system evaluation based on the
surface area of the individual pentagonal mesh shapes could serve as a better illustration.
The larger the surface area, the better the overall system. However, this would not take
into account the different weighting factors. For example, the area of the high-performance
system is greater than that of the high-efficiency system despite a poorer SEF value. This
challenge could be countered by a three-dimensional (3D) radar chart, where the height
of each corner corresponds to the weighting factor of the criterion. In this case, the mesh
would be in 3D space, with the individual pentagons placed on this plane. The area as an
indicator would then become the volume.
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