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Abstract

This work presents a systematic methodology for the preliminary design and optimization
of electromechanical actuators, aimed at minimizing overall mass and rotational inertia
while satisfying torque and speed requirements. The proposed approach integrates di-
mensionless scaling relationships, derived and corrected from catalog data, with a genetic
algorithm that performs multi-parameter optimization across different actuator architec-
tures. The algorithm enables the exploration of non-linear and multi-modal design spaces,
allowing the identification of balanced solutions between mechanical efficiency and dy-
namic performance, employing custom functions for individual generation, constraint han-
dling, and compatibility verification to ensure feasible and consistent architecture designs
throughout the optimization process. A case study on the steering system of an aircraft nose
landing gear illustrates the method’s ability to define optimal design parameters in real
mechanical systems. Linear and non-linear dynamic analyses confirmed the compliance of
the optimized design with control and stability requirements. The study demonstrates how
the developed custom constrained genetic optimization approach can effectively support
the early design phase, reducing the computational effort required in further stages and
improving the overall consistency of electromechanical actuator development.

Keywords: electromechanical actuator; preliminary sizing; preliminary design; genetic
algorithm; scaling laws; nose landing gear

1. Introduction
Today, electromechanical actuators (EMAs) are widely used in various fields, such as

industrial automation, aeronautics, robotics, and electric mobility. These actuators convert
electrical energy into mechanical motion, either linear or rotary, enabling precise control of
position, velocity, and force/torque. In various application contexts, EMAs are considered
a more advantageous alternative to pneumatic and hydraulic actuators due to their ability
to be easily integrated with digital control and monitoring systems, their higher energy
efficiency under steady-state conditions, and their reduced infrastructural complexity [1,2].

Despite constraints in managing impulsive overloads and their capacity for pas-
sive energy dissipation, EMAs provide enhanced precision in motion control and more
straightforward predictive diagnostics owing to their inherent integration with sensors
and controllers [3]. The lack of pressurized fluids and the more compact design simplify
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installation, lower operational costs, and improve operational safety, especially in situations
that are sensitive to contamination or have stringent hygiene standards [4,5].

In addition to static and dynamic performance considerations, an important aspect
in the design and implementation of EMAs concerns their stability and long-term opera-
tional reliability. The stability of an actuator system depends on its capacity to preserve
controllable and predictable behavior under external disturbances, load variations, and
non-linearities within the electromechanical drive and control system. In EMAs, the use of
high-resolution feedback systems and advanced digital controllers helps mitigate many of
the dynamic instabilities typical of electromechanical architectures. In terms of reliability,
EMAs offer significant advantages over their fluid-dynamic counterparts, thanks to the
absence of fluid leakage, the reduction in wear-prone components, and the possibility of
continuous monitoring of operational parameters through integrated sensors [6,7].

The sizing of EMAs is essential to ensure that the required performance and reliability
are maintained over time and that the life-cycle maintenance cost is reduced. Over the
years, various approaches have been developed to support the preliminary design of EMAs,
each differing based on the level of abstraction adopted, the specific application context,
and the availability of initial data. The first set of methods adopts a top-down perspective,
focusing on high-level architectural definition and preliminary sizing. These approaches
are particularly suited for complex, redundant, or distributed systems—characteristics
often found in the aeronautical sector, where systemic integration is a central design require-
ment [8,9]. Alongside these high-level methods, simulation-based techniques have gained
prominence for their ability to evaluate performance, structural limitations, and functional
criticalities early in the design process. These tools provide essential feedback for refining
design choices before moving into detailed development phases [10,11]. Other studies
take a more functional or kinematic perspective, showing that established optimization
techniques—originally developed for conventional aircraft systems—can still be effectively
applied in the context of EMAs [12]. At the same time, some approaches explore the de-
tailed analysis of the electromechanical chain, modeling the integrated design of the motor,
linear actuator, and external load dynamics [13]. Within this framework, symbolic mod-
eling techniques have proven useful in guiding the selection of key components, such as
motor–gearbox combinations, based on system requirements [14]. More recently, advanced
top-down strategies have been proposed for control-oriented design, further reinforcing
the importance of systemic thinking from the earliest stages of EMA development [15].

In many of these studies, scaling laws or similarity laws (SLs) are employed to compare
different types of actuators. The use of SLs is often more cost-effective than bottom-up
design or the use of FEM or multiphysics simulations, especially in the preliminary stages
of design. SLs enable reliable estimates of key parameters, such as torque, mass, power
and efficiency, to be obtained quickly from existing actuators and components. In contrast,
bottom-up design requires detailed analysis and a long development time, while numerical
simulations require high computational resources and a very accurate initial data set. SLs
thus offer an excellent compromise between accuracy, speed and cost, ideal for feasibility
studies and pre-dimensioning. Indeed, SLs are widely used in various fields, such as
mechanics, hydraulics, and micro-systems, to compare different types of actuators and
components. Over the past two decades, several contributions have studied the application
of SLs for the analysis and optimization of electromechanical components such as motors,
gearboxes, clutches, and transmission systems. An example is the optimization of the rotor
arrangement (internal and external) of permanent-magnet motors based on the required
torque [16]. Following this, it is possible to produce SLs for the main components of
EMAs, enabling preliminary design decisions to be guided through symbolic modeling
frameworks [11,17,18].
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This study delineates a novel, comprehensive approach for identifying the optimal
EMA design, focusing on the minimization of mass and moment of inertia based on torque
and rotational speed system requirements. Specifically, the use of a genetic algorithm (GA)
to compare possible configurations and preliminary designs of the EMA, with verification of
requirements through a linear and a non-linear model, is presented. GAs offer a particularly
advantageous approach due to their ability to efficiently explore large and non-linear search
spaces without the need for gradient information or simplified models [19]. Inspired by
natural selection, GAs work with a population of potential solutions, evolving them through
selection, crossover, and mutation over successive generations. The GAs’ stochastic nature
is ideal for the constrained multi-objective problems of mechanical optimization, allowing
them to escape local minima and find global optima.

As validation, a case study is conducted in the aviation field, considering the ever-
growing phenomenon of “More Electric Aircraft”, which proposes the replacement of tra-
ditional pneumatic and hydraulic actuators with EMAs. In this context, the shift to electric
systems offers significant advantages in terms of efficiency and weight reduction [20,21],
enhancing the overall performance of the aircraft as well as the operational reliability, and
simplification of maintenance [22]. In the current work, the workflow is applied to an air-
craft nose landing gear (NLG) steering system, which is used as a practical case study for
demonstrating the optimization process.

Some studies have further explored the potential of EMAs in aircraft actuation sys-
tems [23,24], suggesting that their integration for the steering system can reduce the overall
weight of the aircraft while improving operational efficiency [25].

The application of EMAs in specific contexts, such as thrust control systems of landing
gear, has also been analyzed in relation to forced feedback systems, which improve stability
and safety during movement control [26,27]. The use of EMAs has also been considered for
the steering system of the NLG in several studies. Some studies present methodologies for
selecting the main components of the EMA for the NLG steering system based on a limited
number of inputs [10,11]. Others have analyzed the differences between various types
of transmission, observing the impact they have on steering system performance [28,29],
including for configurations with two actuators [30]. Other studies give special attention to
safety and reliability when selecting EMA components [8,9].

This article is organized as follows. In Section 2 the following topics are presented:
the description of the workflow; the methods used to define the system requirements;
identification of candidate architectures; the approach for defining the relevant SLs; and
finally, the non-convex method for identifying the optimal architecture. Section 3 discusses:
the requirements imposed as a function of the aircraft specifications for the case study; the
SLs defined for the identified components and the correction of the curves by fitting to the
catalog data; the tuning of the algorithm parameters used and the results, both of the case
study and as the input data vary; and the verification by frequency analysis of the results
obtained. Section 5 provides an overview of the presented work, with particular attention
to the results obtained and possible future implementations.

2. Materials and Methods
This section presents the methodology used for the workflow, and the logical steps are

shown in Figure 1.
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Figure 1. EMA preliminary design workflow.

The process starts with the definition of the system-level requirements, including
structural, functional, and integration constraints, as well as the specific performance
criteria for the EMA. Following these two phases, the next stage involves identifying
different EMA architectures and the components that can be used for them, depending on
criteria previously defined.

At this point, SLs are derived to mathematically characterize the attributes of the can-
didate components. The SLs, together with the established requirements, are incorporated
into a GA improved with custom verification functions. In the present work, the algorithm
iteratively explores the design spaces, identifying candidate architecture and components
that represent an optimal solution in terms of mass and inertia. After identifying an optimal
solution, components are selected from the catalogs, and a verification of the predefined
requirements is performed.

The data of the selected components are then used to create a linear model, which
varies depending on the components chosen. This model is used to verify key dynamic
performance metrics, such as stability, frequency response, and control system design. The
process returns to the component selection phase if they are not met, opting for components
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with similar characteristics and enhanced performance. Otherwise, the process of sizing
is considered successfully completed, and a preliminary non-linear model of the EMA
can be produced. With this, the system prerequisites can be tested under more realistic
operating conditions.

2.1. EMA Components

EMAs can be divided into two main types based on the type of motion they produce,
depending on the transmission system. Linear actuators convert the rotary motion of
the motor into linear motion through a mechanical drive mechanism. Rotary actuators
maintain the rotary motion of the motor and transmit it to other moving parts.

Generally, an EMA consists of a motor, a speed reducer, a motion transmission system,
and possibly electromagnetic brakes or clutches.

The motor is the component responsible for converting electrical energy into mechani-
cal motion. Depending on the specific requirements of the application, it may be a direct
current (DC), alternating current (AC), or stepper motor. The first transmission stage is a
speed reducer designed to reduce the motor’s rotational speed while increasing the torque
transmitted to the output. The clutch functions as a mechanism to temporarily disengage
the motor from the load, providing protection to the system from critical overload events.
The brake maintains the actuator in a fixed position when required. The second transmis-
sion stage conveys mechanical motion from the previous stages to the actuator’s output,
and it may incorporate gears, belts, or shafts.

2.2. Scaling Laws for EMA Components

SLs are mathematical formulations that characterize the variations in component
parameters by the variation in geometric dimensions. In the mechanical component sizing
context, SLs are widely used to establish the relationship between structural and physical or
dynamical parameters of a component, such as torque, speed, mass and moment of inertia.

In this work, the convention used for SLs denotes the scaling ratios by X∗, representing
the ratio between the parameter Xcom of a component and the corresponding parameter
Xre f of the reference component, as defined in Equation (1) [31].

X∗ =
Xcom

Xre f
(1)

Each EMA component has characteristic SLs, which can be obtained through different
approaches [11]. A combination of the Buckingham theorem approach and the direct
approach was used in the present work.

In this work, SLs are defined based on the fundamental relationships between the
nominal torque of the component and other parameters of interest. The results are validated
using the curves produced with the corresponding catalog parameters.

In particular, the generic SL of the generic component parameter X∗
i can be expressed

as an a–power function of its nominal torque Ti. In order to correct curves described by SLs
and to ensure a better fit for the catalog trends, the SL is multiplied by the coefficient ki, as
given in Equation (2).

X∗
i = kiT∗a

i (2)

The correction coefficient is optimized with respect to the catalog data, using a function
to minimize the Root Mean Squared Error between the estimated and predicted values.
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2.3. Non-Convex Optimization Selected

The selection of components for EMAS requires evaluation of both the system’s
technical specifications and the adopted analysis method. Since multiple components are
involved, such as the motor, gearbox, clutch, and transmission, the resulting optimization
problem may present a complex landscape of solutions characterized by different local
minima. In such scenarios, conventional gradient-based optimization techniques may
prove inadequate, making non-convex algorithms a more suitable approach [19,32].

Among non-convex optimization strategies, GAs are widely employed in mechanical
engineering. Inspired by natural evolution, GAs address complex optimization problems
by iteratively evolving a population of candidate solutions [33–35]. Through mechanisms
such as selection, crossover, and mutation, a GA progressively enhances the solution
quality to find the global optimum. The classic iterative process of a GA is shown in
Figure 2a. Figure 2b shows the modification proposed and used in this paper, based on the
compatibility of the components with each other and with the system requirements.

(a) (b)

Figure 2. Genetic algorithm flow chart. (a) Classic flow chart. (b) Proposed modification to flow chart.

2.3.1. Individual Characterization

The individuals are described by a chromosome, a sequence of genes, encoded as
parameter vectors [u1; . . . ; ui; . . . ; un], whose values determine the properties of the EMA
system. The genes used for the current work are listed in Table 1.
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Table 1. EMA genes used for the genetic algorithm to identify the individual with the best combination
of mass and inertia.

Symbol Gene Unit

u1 EMA output torque Nm
u2 Gearbox gear ratio −
u3 Max steering angle deg
u4 Min steering speed deg/s
u5 Driven helical gear tooth number −
u6rs Roller screw lead mm
u6wg Worm screw thread number −
u6hg Pinion helical gear tooth number −

Some genes are common to all configurations, while others are specific to configura-
tions. This is because different types of transmission include components characterized by
different properties that affect SLs. Specifically, configurations that include a roller screw
depend on the lead of the roller screw u6rs; those that include a worm gear depend on the
number of threads in the gear u6wg; and configurations with two helical gears are affected
by the number of teeth in the pinion u6hg.

For each EMA configuration, the initial population consists of a randomly generated
set of individuals. Each individual represents a potential solution. In cases where it is
not possible to reach the number of individuals designated for the initial population, the
algorithm will make further attempts to complete the filling. If the target initial population
number still cannot be reached, but there are viable individuals, the configuration will not
be discarded. However, a flag will be triggered that will take into account the small number
of individuals, which may lead to a suboptimal solution for that configuration at the end
of the planned generations. Conversely, if not even one individual can be identified, the
configuration will be discarded.

This is because attempting to optimize a configuration that is unable to meet the re-
quirements for any individual in its population would lead to a loss of computational time.

Throughout the generation of each individual, whether in the initial population or
subsequent iterations, the proper transmission of speed and torque is ensured across com-
ponents while accounting for efficiency losses and transmission ratios. Thus, component
compatibility is ensured.

With regard to speed constraints, each component must operate within its predefined
performance limits. Validation begins with the motor and proceeds through the trans-
mission chain, ensuring that the transmitted speed does not exceed the maximum speed
allowed by every component. Furthermore, depending on the architecture, the output
rotational speed is computed based on gear ratios. Any individual that fails to meet the
required performance criteria is excluded from the population.

Torque consistency is verified in reverse, starting from the output torque and working
back through the mechanical chain, up to the motor. If at any point the transmitted torque
exceeds the maximum capacity of the component, the individual is excluded.

2.3.2. Individual Fitness Based on Mass and Moment of Inertia

In optimization problems, fitness f is a function that evaluates the quality of a candi-
date solution according to certain criteria.

Unlike traditional approaches that focus only on mass minimization [34], this work
proposes a fitness evaluation criterion that simultaneously accounts for both the mass M
and moment of inertia J. This is because the total moment of inertia has a direct influence
on the EMA’s dynamic response and system stability.

https://doi.org/10.3390/act15020099
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In the present work, the moment of inertia of the EMA components JEMA and the
moment of inertia of the load Jload are considered. The load is the NLG itself. Both moment-
of-inertia contributions are referred to the motor shaft, according to an arbitrarily defined
convention. They are combined to provide a total equivalent moment of inertia Jtot.

The fitness function integrates both mass and inertia through a weighted criterion,
thereby allowing a more balanced evaluation of candidate solutions.

To ensure that the mass and the moment of inertia can be fairly compared, both have
been normalized. This normalization process makes the two values comparable. Thus,
individual fitness is evaluated as the sum of the normalized mass M̄EMA and moment of
inertia J̄tot, each multiplied by its respective weight wm and wj, as shown in Equation (3).

f = M̄EMAwm + J̄totwj (3)

The weights wm and wj allow the relative influence of each parameter to be balanced
according to the specific needs of the case study. This flexible approach makes it possible to
emphasize mass or inertia reduction according to design priorities, avoiding suboptimal
solutions that would result from considering only a single optimization objective. The
weight assigned to the parameters depends on the application case and design specifications
that vary according to the field of application.

In fitness optimization, the dynamic performance and efficiency of the EMA are not
considered, as they are not defined as objects of minimization for this work. However, a
posteriori checks are carried out to analyze their correct sizing.

2.3.3. Parent Selection, Crossover and Generational Turnover

There are several types of selection for identifying the best individuals, including:
Roulette Wheel Selection, Tournament Selection, Rank-Based Selection, and Plus Selection;
similarly, the type of crossover can be: Single-point Crossover, Multi-point Crossover, Blend
Crossover, and Simulated Binary Crossover [36].

In the present work, Rank-Based Selection is used for parent selection. This method
involves assigning higher ranks to individuals with lower fitness. Unlike Roulette Wheel
Selection, which assigns selection probabilities proportional to absolute fitness, Rank-
Based Selection mitigates the risk of premature convergence by preventing a few highly fit
individuals from dominating the selection process [37].

To enhance variability in solution exploration, a probability of being selected is as-
signed to each individual based on its rank. Compared to Tournament Selection, this
approach maintains increased selective pressure control, ensuring balance between ex-
ploration and exploitation while avoiding the risk of frequently selecting less prominent
individuals [38].

A constraint is imposed to prevent the same parent from being used for the genera-
tion of more than one offspring, reducing the likelihood of premature convergence to a
local minimum.

Blend Crossover (α-BLX) is used to combine parents in the present work. This type
of crossover generates new individuals by selecting genes in an extended range relative
to their parents, favoring genetic diversity more than SBX, which tends to keep offspring
close to their parents [39]. In addition, α-BLX is better suited to optimization problems with
continuous variables, such as the one we are considering, as opposed to the single-point
and multi-point methods, which are better suited to problems with discrete solutions [40].
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In α-BLX the offspring genes are generated as a linear combination of the parent genes.
For each gene, a real number ui is selected from an interval that extends beyond the parent,
as in Equation (4) [36].

ui ∈
[

min(xi(t) ; yi(t))− α d, max(xi(t) ; yi(t)) + α d
]

(4)

with d = |xi(t) − yi(t) | (5)

where d is the distance between the two parent genes xi(t) and yi(t) ; the α coefficient regulates
the width of the interval and must be positive. An α value of 0.2 is used.

To increase genetic variability and avoid stagnation of the algorithm, a mutation
mechanism is also used. The new individual gene is selected from between the boundary
values of the corresponding gene when mutation occurs.

In particular, the inverse annealing approach is used, as it is useful in multiple-
continuous-variable problems [36]. This method involves an initial step of decreasing the
mutation probability Pm, followed by a gradual increase in the final generations, as shown
in Equation (6). In the following equation, g corresponds to the generation in which the
individual is generated, and Gmax is the maximum number of expected generations.

Pm = Pmmax −
∣∣∣∣sin

(
π g

Gmax

)∣∣∣∣(Pmmax − Pmmin) (6)

Constant mutation can lead to rapid convergence to suboptimal solutions, whereas
inverse annealing ensures that there is still sufficient genetic variation in the advanced
stages of the algorithm [38].

During the generation of each individual, component compatibility checks are per-
formed. This step is carried out using functions that analyze the rotation speeds and torque
transmitted between each component. Incompatible individuals are discarded during gen-
eration, which continues until the predetermined turnover value is reached. A parameter
regulates the number of attempts that can be made to generate each individual before
considering the two parents incompatible for the generation of a new individual.

It is also essential to check the compatibility of the individual with the application
case. In particular, as with the components, it is verified that the torque and rotation speed
obtained at the EMA output meet the requirements imposed.

A bottom-up method is used to perform these two verifications. Specifically, during
the generation of the individual components, the minimum torque and minimum rotation
speed required for the most downstream component are imposed. After that, the kinematic
chain is traced back, verifying that each component is capable of withstanding a torque
and rotation speed at least equal to that of the component further downstream.

The replacement of individuals with offspring is done by Tournament Selection. The
use of Tournament Selection for offspring replacement promotes competition within groups,
in which only the most promising individuals survive, but at the same time it ensures
genetic diversity in the population, giving individuals with higher fitness a chance to
survive [36].

3. Results and Discussion
This section presents and analyzes the results obtained from the application of the

workflow applied to the study case of the aircraft NLG steering system.

3.1. Case Study Scenario

The NLG steering system design must meet several requirements for proper operation
and to ensure safety, accuracy, and reliability during landing, take-off, and taxing [41].
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The EMA must provide sufficient torque TNLG to steer the wheel through the full
steering angle without requiring forward movement of the aircraft or asymmetric thrust
of the electric motor. Steering torque sizing must be accomplished in a stationary aircraft
condition, when the friction force on the wheels is maximum.

For aircraft taxing operations, it is necessary to define a maximum steering angle
θmax of the NLG, which characterizes the choice of EMA architecture. However, steering
capability must be reduced to a smaller angle during landing and take-off phases to ensure
aircraft stability and minimize the risk of skidding, especially on wet or icy surfaces. In
addition to the taxing maximum steering angle θtax and the landing and take-off maximum
steering angle θlan/to f f , the minimum steering speed ωmin of the NLG must be defined.
Generally, this range varies in the range 5–60 deg/s, depending on the aircraft type [41].

NLGs are typically equipped with an anti-shimmy device consisting of a damper,
designed to reduce the shimmy effect, which primarily occurs during the landing phase.

In some cases, in addition to the shimmy damper, EMA control is used to compensate
for the shimmy effect, operating at higher frequencies. In this work, it was decided not to
perform compensation, but to verify that the shimmy frequency does not resonate with the
natural frequencies of the system.

The aircraft construction and environmental data used for the present work corre-
sponds to data for a medium-sized transport aircraft and is summarized in Table 2. The
data were derived from the available information on the Douglas DC-6 (C-118) aircraft [42].

Table 2. Case study aircraft construction and environmental parameters from Douglas DC-6
aircraft [42].

Symbol Parameter Value Unit

MA Aircraft mass 48.000 kg
MNLG Nose landing gear mass 300 kg
hNLG Nose landing gear height 1.70 m
e Wheel displacement 0.07 m
Ro Tire free radius 0.26 m
s Tire thickness 0.23 m
− NLG load percentage 12 %
µ Road friction coefficient 0.8 −

In particular, the steering system is sized to withstand the maximum steering torque
associated with aircraft operation under full-load conditions, i.e., with a mass of 48.000 kg.
This assumption reflects a conservative approach to sizing and defines the reference oper-
ating conditions adopted for the design of the actuator. Based on the available data from
the Douglas DC-6 case study shown in Table 2 [42], it is possible to derive the necessary
requirements for the steering system. The requirements taken into consideration in the
current choice of architecture are given in Table 3.

Table 3. Case study on nose landing gear steering system requirements of Douglas DC-6 [41,42].

Symbol Parameter Value Unit

TNLG Required steering torque 5.000 Nm
θtax Taxing NLG steering angle ±45 deg
θlan/to f f Landing and take-off NLG steering angle ±1.5 deg
ωmin Minimum NLG steering speed 25 deg/s
fEMA Position cutoff frequency 4 Hz

https://doi.org/10.3390/act15020099
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A schematic representation of the NLG of the present case study is shown in Figure 3.
In particular, an “L” configuration is used. This configuration is used for the NLG because
of its high dynamic stability and neutral static stability [43].

(a) (b)

Figure 3. Schematic representation of the nose landing gear with an “L” shape. (a) Lateral view.
(b) Front view.

Steering Torque Estimation for Stationary Aircraft

To define the steering torque required by the EMA, it is necessary to analyze the
resistant torque TNLG that opposes the rotation. In stationary conditions, the resistant
torque depends on the friction force Ff between the wheel and the ground, as well as on the
contact area caused by the compression of the wheel against the ground due to the weight
force on the NLG FzNLG .

The vertical force acting on the NLG FzNLG can be estimated as part of the total weight
force of the aircraft [41]. The safety standards require the weight force FzNLG acting on the
NLG to be between 6% and 20% of the total weight of the aircraft; a preferable range would
be 8% with, e.g., the aft center of gravity, increasing to 12% with, e.g., the forward center of
gravity [44].

In the current work, the limiting case of a load on the NLG equal to 12% of the total
load is considered. The vertical force FzNLG can then be derived from Equation (7).

FzNLG =
(Ltot − LNLG)

Ltot
MAg = 0.12MAg (7)

where MA is the aircraft mass, Ltot is the distance between the NLG and MLGs along the
aircraft’s x-axis, and LNLG is the distance between the NLG and the CoM.

The aircraft tire can be considered similar to a toroid, with thickness s, free radius
Ro and loaded radius RL, due to the flattening h of the wheel to the ground, as shown in
Figure 4.

As a result, the vertical force is distributed over the elliptical contact surface of the tire
Ae, generating an average pressure Pe, as expressed in Equation (8).
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P =
FzNLG

Ae
=

4FzNLG

2πas
(8)

where a is the half contact length of the tire. The curvature of the tire is taken into account
when calculating the half contact length, resulting in an 85% reduction in the apparent
contact length c.

2a = 0.85 · c = 0.85 · 2
√

R2
0 − R2

L (9)

R0 represents the free radius of the wheel, and RL the radius of the wheel under load.

Figure 4. A schematic diagram of the tire [43].

Assuming an evenly distributed specific ground pressure on the tire as the mean
pressure on the contact area P, a coefficient of friction between the tire and ground µ, and
an infinitesimal contact area dA distant l from the point O1, as shown in Figure 5, the
infinitesimal frictional moment d TNLG can be estimated with Equation (10).

dTNLG = µPldA = µ
FzNLG

π2as
ldA (10)

Assume O1 as the rotation point, corresponding to the projection of the Z-axis of the
NLG and shifted by a distance equal to the wheel arm e from the center of the wheel O0,
with e < a, and s as the tire thickness, as shown in Figure 5. It is possible to estimate the
value of the NLG frictional moment TNLG by integrating d TNLG on the contact surface in a
similar way to that reported for the car model [45].

Figure 5. Schematic diagram of tires rotating around the Z-axis of the NLG.
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To simplify the integral, it is possible to use polar coordinates and consider the rectan-
gular surface that circumscribes the contact ellipse. The pressure is assumed to be uniformly
distributed over the rectangle, with a ratio between the elliptical and rectangular surfaces
of π/4. Thus, the NLG frictional moment can be estimated by using Equation (11).

TNLG = 2
∫ atan

(
2(a−e)

s

)
0

∫ s
2cos(θ)

0

µFzNLG

2as
r2 drdθ

+ 2
∫ atan

(
2(a+e)

s

)
0

∫ s
2cos(θ)

0

µFzNLG

2as
r2 drdθ

+ 2
∫ atan

(
s

2(a−e)

)
0

∫ s
2sin(θ)

0

µFzNLG

2as
r2 drdθ

+ 2
∫ atan

(
s

2(a+e)

)
0

∫ s
2sin(θ)

0

µFzNLG

2as
r2 drdθ

(11)

3.2. EMA Candidate Configurations

EMAs are integrated systems combining an electric motor, a mechanical transmission,
and control electronics to generate precise and controllable motion. Their design can
vary significantly depending on performance requirements, leading to multiple possible
configurations that differ in motor topology, speed reduction mechanism, and transmission
type [10,20,29].

Both frameless brushless motors and conventional permanent-magnet synchronous
motors (PMSMs) represent viable choices for EMAs. Annular motor topologies, which
typically feature a higher pole count and a larger effective air-gap radius, offer increased
torque density and reduced rotor inertia. These characteristics make them particularly
suitable for applications requiring high precision and dynamic performance. Conversely,
cylindrical PMSMs, generally designed with fewer poles, are capable of achieving higher
rotational speeds but tend to exhibit lower torque per unit volume. Nevertheless, the actual
performance of either topology ultimately depends on the specific electromagnetic and
mechanical design.

Different technologies can be used for the speed reducer, including planetary, har-
monic, or cycloidal reducers. The choice between these solutions depends on the required
speed reduction and efficiency. The selection of an appropriate reduction mechanism
depends on the desired trade-off between speed reduction, torque transmission, and di-
mensional constraints. Harmonic drives provide high reduction ratios with compact size
and good precision. On the other hand, planetary reducers are more robust [46]; they can
be easily scaled due to their modular stage-based construction, and they can have higher
transmission ratios. One of the main advantages of cycloidal gears is their high resistance
to shock loads and ability to transmit high torques with relatively compact dimensions.

The clutch allows for locking motion in case of failure or enables free rotation under
specific operating conditions. Only one type of clutch is used because it does not impose
weight changes on the other components since it does not directly affect the magnitude of
the torque and speed transmitted.

Motion transmission to the load can be achieved through ball and roller screws or
different gear types, such as worm gears or helical gears, depending on the precision
requirements and the force to be transmitted. Roller screws are often used in aerospace
applications due to their efficiency and ability to handle high loads while maintaining
precise positioning. An alternative frequently considered for motion transmission is the
use of worm gears, which are particularly advantageous in applications requiring high
speed reduction and self-locking. Helical gears, on the other hand, are used only in
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configurations that require having the motor axis along an axis parallel to that of the NLG
due to construction requirements, as they are heavier and bulkier as solutions.

Configurations using two parallel motors can also be used to reduce the load on each
motor and to introduce an extra degree of redundancy [30]. In this paper, the considered
configurations assume the use of a single motor, but the process can be extended to multi-
motor configurations.

By combining the various components identified, a total of 18 possible EMA configura-
tions can be obtained from the combination of all components listed in Table 4. To identify
the configurations, acronyms are used, composed of the components’ abbreviations in the
order Motor–Reducer–Transmission. The clutch abbreviation is not mentioned because
only one type is used. All component abbreviations are also shown in Table 4.

Table 4. EMA components and corresponding abbreviations.

Motor Reducer Clutch Transmission
Type Code Type Code Type Type Code

Annular A Planetary P Electromagnetic Helical Gear H
Cylindrical C Cycloidal C dual flow Worm Gear W

Harmonic H Roller Screw, Rack, R
& Driven Gear

3.3. Scaling Laws with Correction Coefficient for Selected Components

Tables 5–9 show the SLs, obtained with the Buckingham theorem approach. The
parameters are expressed as a function of the nominal torque T or force F.

Table 5. Scaling laws for DC brushless annular and AC brushless cylindrical motors [11].

Parameter Unit Cylindrical Motor Annular Motor Equation

Nominal Output Torque Nm T∗ T∗

Mass kg M∗ = T∗3/3.5 M∗ = T∗2/3 (12)
Length m l∗ = T∗1/3.5 l∗ = T∗1/3 (13)
Diameter m d∗ = T∗1/3.5 d∗ = T∗1/3 (14)
Moment of inertia kg m2 J∗ = T∗5/3.5 J∗ = T∗4/3 (15)
Max allowed speed rpm ω∗ = T∗−1/3.5 ω∗ = T∗−1/3 (16)
Maximum allowed torque Nm T∗

max = T∗ Tmax = T∗ (17)

Table 6. Scaling laws for planetary, cycloidal and harmonic speed reducers [11].

Parameter Unit Planetary Gearbox
n Stages

Cycloidal & Harmonic
1-Stage Speed Reducer Equation

Nominal Output Torque Nm T∗ T∗

Mass kg M∗ = T∗ M∗ = T∗ (18)
Length m l∗ = T∗1/3 l∗ = T∗1/3 (19)
Diameter m d∗ = T∗1/3 d∗ = T∗1/3 (20)
Moment of inertia kg m2 J∗ = T∗5/3 J∗ = T∗5/3 (21)
Max allowed speed rpm ω∗ = T∗−1/3 ω∗ = T∗−1/3 (22)
Maximum allowed torque Nm T∗

max = T∗ T∗
max = T∗ (23)
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Table 7. Scaling laws for clutches [11].

Parameter Unit Clutch Equation

Nominal Output Torque Nm T∗

Mass kg M∗ = T∗3/4 (24)
Length m l∗ = T∗1/3 (25)
Diameter m d∗ = T∗1/3 (26)
Moment of inertia kg m2 J∗ = T∗5/4 (27)
Max allowed speed rpm ω∗ = T∗−1/3 (28)
Maximum allowed torque Nm T∗

max = T∗ (29)

Table 8. Scaling laws for roller screw and racks [11].

Parameter Unit Roller Screw Rack Equation

Nominal Output Force N F∗ F∗

Mass kg M∗
n = F∗3/2 (nut) − (30)

Mass per unit length kg/m Ml = F∗ (screw) M∗
l = F∗ (31)

Nominal diameter m d∗ = F∗1/2 − (32)
Moment of inertia kg m2 J∗n = F∗5/2 (nut) − (33)
Moment of inertia per unit length kg m J∗l = F∗2 (screw) J∗l = F∗2 (34)
Maximum allowed output force N F∗

max = F∗ F∗
max = F∗ (35)

Table 9. Scaling laws for worm gears and helical gears [11].

Parameter Unit Pinion or Wheel Worm Gear Equation

Nominal Output Torque Nm T∗ T∗

Tooth Number − Z∗ Z∗

Mass kg M∗ = T∗ · Z∗ M∗ = T∗ (36)
Width m h∗ = T∗1/3 · Z∗−1/3 h∗ = T∗1/3 (37)
Nominal diameter m d∗ = T∗1/3 · Z∗2/3 d∗ = T∗2/3 (38)
Moment of inertia kg m2 J∗ = T∗5/3 · Z∗7/3 J∗ = T∗5/3 (39)
Max allowed speed rpm ω∗ = T∗−1/3 − (40)
Maximum allowed output torque Nm T∗

max = T∗ T∗
max = T∗ (41)

Figure 6 shows the mass and moment of inertia SL curves obtained from
Tables 5–9 and the corresponding corrected curves with the ki correction parameter. Curves
are compared to the catalog data, and the difference between the relative errors ∆J and
∆M, with and without the correction coefficient, is shown.

In Figure 6a, the cyan rhombuses represent catalog data of the mass M∗ over the
torque T∗; the straight lines represent the M∗ scaling laws without and with the correction
coefficient, respectively in black and blue; masses’ relative errors ∆M between theoretical
and catalog values are shown at the bottom, with light gray squares for data without
correction and purple circles with correction. Similarly, in Figure 6b, the orange rhombuses
represent catalog data of the inertia J∗ over the torque T∗; the straight lines represent the J∗

scaling laws without and with the correction coefficient, respectively in black and crimson;
relative errors ∆J between theoretical and catalog values are shown at the bottom, with
dark gray square for the data without correction and red circles with correction.
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(a)

(b)

Figure 6. Scaling laws as a function of nominal torque T∗ and their relative errors for frameless
brushless motor [47]. (a) Scaling laws of mass M∗. (b) Scaling laws of moment of inertia J∗.

As can be seen, the improvement brought by the correction is particularly evident for
the moment-of-inertia relative error, while for the mass relative error there is an overesti-
mation for lower torque values and a more accurate estimate for intermediate and higher
values. Overall, even for mass, the result can be considered acceptable.

In Table 10 is shown the comparison between the coefficients of determination R2 for
all the SLs described in Tables 5–9, both with and without the correction coefficients ki of
Equation (2).

Table 10. Comparison of coefficients of determination R2 of mass, inertia and speed SLs of the EMA
components, with and without correction coefficient. Theoretical data are compared with component
catalogs [47–55].

Component
Coefficient of Determination—R2

Mass Inertia Speed
Original Corrected Original Corrected Original Corrected

Annular Motor 0.793 0.978 0.887 0.985 0.349 0.800
Cylindrical Motor 0.547 0.947 0.771 0.975 0.685 0.862
Planetary Reducer 0.963 0.963 0.780 0.937 0.429 0.821
Cycloidal Reducer 0.885 0.996 0.588 0.977 0.591 0.622
Harmonic Reducer 0.948 0.960 0.886 0.944 0.766 0.882
Clutch 0.432 0.798 0.141 0.819 0.706 0.723
Roller Screw 0.979 0.987 0.940 0.972 - -
Helical Gear 0.716 0.961 0.520 0.970 - -

This analysis confirms the validity of the proposed SLs if considering the correction co-
efficients, demonstrating good agreement between theoretical predictions and catalog data.

3.4. EMA Optimization via Genetic Algorithm

The GA is developed to compare different EMA configurations and select the optimal
one for the case study. The optimization process has two main steps: initially, the algorithm
is used to identify the best solution within each configuration, and then the optimal solu-

https://doi.org/10.3390/act15020099

https://doi.org/10.3390/act15020099


Actuators 2026, 15, 99 17 of 34

tions identified for the different configurations are compared with each other to determine
the overall optimal solution.

3.4.1. GA Parameter Tuning

First it is necessary to choose the weights assigned to the parameters of the fitness
function. In this work, wm = 0.8 and wj = 0.2 were chosen. This heuristic choice reflects
the intent to prioritize actuator optimization from a mass-reduction perspective while still
retaining a non-negligible contribution from inertia in the overall performance index. The
weights were defined to enable a representative test of the optimization routine and were
chosen to demonstrate the GA’s ability to balance multiple objectives.

To ensure an optimal balance between exploration and exploitation, the choice of GA
parameters shown in Table 11 is guided by a sensitivity analysis of the GA performance.
The results shown below are related to the EMA configuration that includes an annular
motor, a planetary reducer and a roller screw, rack and driven wheel.

Table 11. Parameters of the genetic algorithm used to identify the optimal architecture of the
NLG EMA.

Parameter Value

Initial population 150
Population turnover rate 0.20
Crossover type α-BLX
Offspring gene α factor 0.2
Parent selection method Rank-based
Duplicate parents False
Maximum mutation rate 0.1
Minimum mutation rate 0.01
Discarded individual selection method Tournament
Max number of generations 150
Population minimum delta fitness 0.0001
Mass weight rate 0.8
Inertia weight rate 0.2

Figures 7 and 8 show the results of the evolution of the best individual fitness fb,
the mean population fitness fm and the delta population fitness δ f over generations for
different numbers of populations and turnover values, over different executions.

Figure 7 examines the influence of variation in population size between 50 and 300 in-
dividuals, while maintaining a fixed turnover rate equal to 0.20.

As can be seen, a larger population provides greater genetic diversity, delaying con-
vergence and also allowing for deeper exploration of the search space. However, beyond a
certain population threshold, the fitness improvement becomes marginal, on the order of
10−4, indicating that a larger population does not significantly improve the quality of the
solution, but increases the computational cost. From the shown results, it can be concluded
that a value of 150 individuals in the population is the most suitable choice.

Analyzing the generations at which the δ f thresholds are reached and the correspond-
ing values of fb in Figure 7 allows the optimal maximum number of generations to be
determined. In particular, for generations greater than the 150th, the fb improvement
becomes marginal, on the order of 10−4. Based on this analysis, the maximum number of
generations was set to 150.
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Figure 7. Evolution of best individual fitness fb, the mean population fitness fm and the delta
population fitness over 300 generations for populations with different numbers of individuals and a
turnover value of 20.
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Figure 8. Evolution of average population fitness and fitness of the best individual over 150 genera-
tions for a population of 150 individuals and different turnover values.
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It is important to note that for the population range analyzed for all the configurations,
the best final fitness value fb300 varies by approximately 1%, regardless of the number
of individuals in the population. This indicates that the choice of population size and
turnover influences the convergence behavior of the optimization process, affecting the
number of generations required to reach a converged solution and, consequently, the overall
computational time.

This indicates that the choice of the individual number in the population and the
number of generations mainly influence the computational time to converge to the optimal
solution due to different numbers of required computations.

Figure 8 analyzes the effect of different turnover rates on the evolutionary process. The
turnover is chosen in the range of 0.1–0.3, the value of population is fixed at 150 individuals
and the maximum number of generations is 150.

As can be seen, the δ f thresholds are reached more quickly for intermediate values,
indicating convergence to the fastest optimal solution. For extreme values of sales, it can
also be seen that despite the reduction in δ f , the algorithm converges to a local minimum
solution. This is due to the fact that the exploration within the solution space leads to lower
values of δ f .

This analysis shows that the influence of turnover on the value of the final best fitness
fb150 is greater than the number of individuals in the population. Considering all the
analyses performed on the configurations, the value of fb150 varies by about 3% depending
on the turnover chosen. The turnover has a significant impact not only on the computation
time but also on the solution found. It is fixed at 0.2.

Both Figures 7 and 8 show the influence of mutations on δ f in the early and late
generations. Increasing the probability of mutations increases the genetic variability, which
prevents the algorithm from getting stuck in a local minimum. Conversely, decreasing
the mutation rate in intermediate generations ensures that the focus remains on the most
promising solutions. The values chosen for the extremes of the mutation rates are 0.1
and 0.01.

After choosing the above values, it is possible to set the minimum delta fitness value
within the population, which is set to 10−4. A larger value would reduce the computation
time, but would lead to an overly early solution, negating the effect of reactivating the
mutation rate. Conversely, a smaller value would never be reached due to the presence
of mutations.

The main parameters configured for the GA used in this paper are presented in detail
in Table 11.

It is important to note that the optimal identified configuration does not change for
GA parameters in the neighborhood of those selected. However, the solution quality varies
depending on them. If the parameters are not set correctly, the algorithm will still converge
to a great solution, but not necessarily the optimal one.

Tests were also carried out with different combinations of mass and moments-of-
inertia weights, from which it can be seen that increasing the weight assigned to inertia
results in only a small improvement in inertia reduction, but a significant increase in mass.
This effect is due to the quadratic dependence of inertia on component size, which makes it
more difficult to contain without significantly affecting the overall weight of the EMA.

3.4.2. Case Study of EMA Optimal Configuration

The results of the optimization of the EMA configurations for the case study of the
present work are shown in Figure 9.
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Figure 9. Comparison of mass, moment of inertia, and mechanical efficiency with electromechanical
actuator configurations for the case study’s optimal configurations. Required torque of 5.000 Nm and
required rotational speed of 25 deg/s.

The number of configurations shown is 14 compared to the 18 analyzed, because
the algorithm failed to initialize the population for the following configurations: APR,
AHR, CCR, CHR. As can be seen, all of the excluded configurations involve the use of
roller screws, with different combinations of motors and gearboxes. In some cases, this
is due to the inability to achieve the necessary gear ratio to develop the required torque.
This is because for these configurations it is not possible to find feasible solutions that
accommodate both the torque and rotational speed requirements, due to the possible
transmission ratio arrangements.

The EMA configurations are compared through an analysis of the mass and inertia
values, both normalized with respect to the maximum value recorded among the identified
solutions. The components of the configurations are indicated by the acronyms in Table 4.

The bar graphs also show the percentage distribution of the total mass among the
different components, allowing the contribution of each element to the overall configuration
to be assessed. This presentation helps to highlight structural differences among the
solutions and to better understand the role of each component in determining the overall
properties of the system.
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Mechanical efficiency is reported in Figure 9, but it was not used as a selection criterion
for the configuration optimization. This is due to the analyzed configurations having
comparable efficiencies. Moreover, the configuration efficiency undergoes small changes
with different combinations of torque and rotational speed.

From the graph, it can be seen that configurations with annular motors are lighter than
their counterparts with cylindrical motors, as previously explained. The mass distribution
percentage shows that for configurations with the same components except for the motor,
it is the motor that negatively affects the fitness f .

By analyzing the fitness of the different configurations shown in the graph, it is clear
that the optimal solution for this case study is the APR configuration, which includes an
annular motor, planetary gearbox, roller screw, rack and driven gear. A representation of
the chosen configuration is shown in Figure 10.

Figure 10. Schematic representation of the EMA, highlighting the transmission of motion from the
motor with a gearbox to the load through a roller screw and a rack and driven gear system.

3.4.3. Optimal EMA Configuration Mapping

Beyond the identification of a single optimal solution for the case study, the proposed
framework also enables a systematic exploration of how architectural preferences evolve
across the torque–speed space under different design-priority assumptions. An analysis
was conducted using the GA to generate a map of solutions in the space defined by the
torque and speed required by the system. Since no specific application case was defined for
this generalized analysis, the same values as in the case study were used for the weights
assigned to the fitness-function parameters. The objective is to identify the regions in which
each combination of components is optimal, thus providing a reference for selecting the
most suitable configuration based on operational requirements.

Figure 11 shows the division of the torque–speed space into their respective character-
istic regions.

The analysis shows how the solutions vary as the torque–speed requirements change.
The acronyms indicate the type of architecture chosen, with the abbreviation of the EMA
components described in Table 4.

The dominant motor within the identified solutions is the annular motor. This result
was to be expected, as the annular motor has a lower exponential coefficient for the mass
SL with respect to the cylindrical motor, as can be seen in Table 5.
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Figure 11. Map of optimal EMA configurations in torque–velocity space. APR: Annular–Planetary–
Roller Screw; APW: Annular–Planetary–Worm Gear; AHR: Annular–Harmonic–Roller Screw; ACR:
Annular–Cycloidal–Roller Screw; ACW: Annular–Cycloidal–Worm Gear; NFS: No Feasible Solution.

The planetary gearbox is dominant among solutions requiring higher speeds with
varying torque. This is due to the greater range of possible gear ratios of the multistage
planetary gears, which allows for a lower mass and total inertia on the motor side. With a
higher gear ratio, it is possible to reduce the size of the electric motor, while still increasing
the sizes of the clutch and transmission. Conversely, with lower gear ratios, the same
torque can be obtained with higher electric motor and transmission sizes, but with greatly
reduced clutch sizes. This can be observed in Figure 9. In addition, the rotational speed at
the output of the planetary gearbox tends to be higher than that of the other types at the
same transmitted torque. For applications with low speed, both the harmonic gearbox for
non-excessive torques and the cycloidal gearbox for intermediate and high torques become
competitive. In particular, harmonic gears are more suitable for lower-torque solutions,
while cycloidal gears are suitable for higher torques. The reason is that for the same gear
ratio, planetary gears are heavier, and since high rotational speed is not required, lower
gear ratios are sufficient. In particular, harmonic gears are more suitable for lower-torque
solutions, while cycloidal gears are suitable for higher torques. This is because a lower
mass SL correction coefficient is assigned to cycloidal compared to harmonic gearboxes,
resulting in lighter cycloidal gears for high torques and vice versa.

Regarding the type of transmission, a clear boundary can be observed between the
regions dominated by roller screws and those dominated by worm gears. Looking at the
coefficients of the two components in Tables 8 and 9, it is evident that the roller screws
have a higher exponent for the SL of mass. This means that for lower torque, the roller
screws present lower mass. The behavior of inertia is opposite for these components, but
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this is combined with the fact that in the fitness calculation, the contribution of inertia is far
lower than that of mass. As a result, in the lower part of the curve, architectures with roller
screws are preferred, while in the upper part, those with worm gears are most suitable. No
architectures with helical gears appear among the optimal solutions, since the parameters
considered allow much lower gear ratios than those of the other components, and helical
gears negatively affect the size of the other components, making them less favorable. This
can be seen in Figure 9.

Of particular note is the isolated APR solution for a steering torque value of 6 kNm
and a speed of 40 deg/s. For this point, the fitness values of the optimal solutions produced
by APW and APR differ by less than 5 · 10−4. This outcome can be explained by the fact
that the optimal APR solution incorporates a planetary gearbox with a smaller size, and
consequently lower mass and inertia, compared to the APW configuration. Specifically,
the planetary gearbox of the APR configuration has the highest reduction ratio with only
one reduction stage, while the APW configuration has the lowest reduction ratio with
two reduction stages, increasing its mass. A similar behavior can also be observed in the
neighboring requirement combinations, where APR remains competitive despite APW
being generally dominant in the surrounding region.

There are also areas marked NFS, where the GA did not find any feasible solution.
This indicates combinations of torque and speed that fall outside the feasible operating
range of the available components considered in the analysis.

Building on the mapping of optimal configurations, the GA is applied to the specific
case study characterized by the aircraft data in Table 2 and the requirements in Table 3.

Building on the configuration mapping presented in Figure 11, an additional analysis
was conducted to investigate the influence of the weighting coefficients adopted in the
fitness function on the identified optimal EMA architectures.

As discussed in Section 3.4.1, the weighting factors associated with mass and equiva-
lent inertia represent design priorities rather than intrinsic physical properties, and their
selection is inherently application-dependent. In practical design applications, the selection
of weighting coefficients would be driven by system-level requirements, such as control
bandwidth, transient response, or stability margins, and would typically be refined as the
design process progresses and higher-fidelity models become available. In the absence
of explicit higher-level system requirements for the generalized torque–speed characteris-
tics, the weighting factors are therefore used to explore alternative design scenarios and
to highlight how changes in priority influence the relative competitiveness of different
EMA architectures.

To this end, two additional optimization campaigns were performed using alternative
weight combinations: an equal-weight case (wm = 0.5, wj = 0.5) and an inertia-prioritized
case (wm = 0.2, wj = 0.8). The resulting configuration maps are reported in Figure 12a and
Figure 12b, respectively, and are directly comparable with the baseline map obtained using
wm = 0.8, wj = 0.2.

A first relevant observation is that the overall structure of the solution space remains
qualitatively consistent across all weighting scenarios. The dominant motor topology con-
tinues to be the annular motor, and the main transitions between reducer and transmission
technologies occur along comparable torque–speed boundaries. This indicates that the
optimization outcomes are primarily driven by the underlying scaling laws and feasibility
constraints, rather than being arbitrarily dictated by the chosen weighting coefficients.
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(a) (b)

Figure 12. Map of optimal EMA configurations in torque–velocity space for different masses and
inertia weights: (a) wm = 0.5 and wj = 0.5; (b) wm = 0.2 and wj = 0.8. APR: Annular–Planetary–
Roller Screw; APW: Annular–Planetary–Worm Gear; AHR: Annular–Harmonic–Roller Screw; ACR:
Annular–Cycloidal–Roller Screw; NFS: No Feasible Solution.

Nevertheless, noticeable quantitative differences emerge in the relative extent of the
regions associated with specific architectures. In both alternative weighting cases, the region
corresponding to the APR configuration expands and partially replaces areas previously
dominated by the APW configuration in the baseline map. This behavior can be physically
interpreted by considering the effect of the achievable reduction ratios on the equivalent
inertia reflected at the motor shaft, which alters the distribution of size and mass along the
actuation chain. The planetary reducer combined with the roller-screw-based transmission
allows higher reduction ratios to be realized within feasible component limits, leading to a
more effective attenuation of downstream inertial contributions.

As the weight assigned to inertia increases, this effect becomes progressively more
influential in the fitness evaluation, favoring architectures capable of minimizing reflected
inertia even at the expense of moderate mass penalties.

The observed behavior indicates that the optimization results are reasonably stable
with respect to moderate variations in the fitness-function weighting, while remaining
sensitive to changes in the relative importance assigned to mass and inertia.

3.4.4. Linear and Preliminary Non-Linear Models Analysis

In order to analyze the dynamic behavior of the EMA, the system in Figure 10 can be
represented by an equivalent mechanical linear representation, as shown in Figure 13.

The components of the EMA are linearized as rotating masses, connected to each
other by springs, representing the stiffness of the component. In this analysis the motor is
approximated to a single-phase motor.

The equations describing the linear model are given in the system Equation (42).
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Figure 13. Equivalent mechanical model of the EMA, showing the subsystems with their respective
torsional and linear stiffness for dynamic analysis of the system. kRID is the equivalent torsional
stiffness of the motor and gearbox, considered a single subsystem; kRS is equivalent torsional stiffness
of roller screw and clutch, also considered a single subsystem; kPR is the equivalent linear stiffness of
the roller nut and rack subsystem; the last subsystem is the rack and NLG, where NLG stands for the
nose landing gear leg.
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 = 0

(42)

The natural frequencies of the system in Equation (42) are [17632, 1989, 1183, 1033] Hz.
Since these values are at least two orders of magnitude higher than the operating frequency
in Table 3, resonance effects will not occur.

Considering this case study, another phenomenon must be taken into account. A
common issue with the NLG is the shimmy phenomenon, an oscillation that depends on
both the speed of the aircraft and the inertia characteristics of the landing gear [56]. The
shimmy can occur when the aircraft travels over uneven surfaces or due to worn tires
and can range from mild vibrations to severe vibrations, which can potentially lead to
catastrophic failure such as NLG detachment. It is necessary to verify that the operating
frequency of the EMA does not resonate with the shimmy frequency. To mitigate this risk,
the NLG is often equipped with a shimmy damper, a device designed to reduce oscillations.

The dynamic behavior of the NLG during ground operations can be represented
schematically as shown in Figure 14.

Figure 14. Schematic representation of the nose landing gear with an “L” shape in top view; presence
of the slip angle α for shimmy evaluation.
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In this representation, the NLG moves at the speed v. e is the caster length. Since the
wheel is free to swing around the pivot, the yaw rotation angle ψ and the slip angle α define
the motion of the system. µ is the torsional stiffness of the tire. CD represents the equivalent
damping coefficient. The force Ft is the force of the tread–track contact, which depends on
the steering stiffness coefficient cs. kL represents the lateral stiffness. As already shown in
Figure 4, a force FzNLG is applied to the tire, causing it to flatten with the half-length of the
contact surface a. This can be represented by the system in Equation (43).[

J 0
0 0

]{
ψ̈

α̈

}
+

[
CD +

0.15a2cs FzNLG
v 0

ckLe 1

]{
ψ̇

α̇

}
+

[
0 − e

c − µ

ckL ckLv

]{
ψ

α

}
=

{
0
0

}
(43)

By analyzing the system Equation (43) it is possible to determine the frequencies at
which shimmy may occur [57]. Taking into consideration a variable aircraft speed, as it
changes, it is possible to obtain a curve representing the shimmy frequency band, as shown
in Figure 15.

Figure 15. Shimmy frequency analysis with varying aircraft cruising speed.

Depending on the aircraft speed, the shimmy frequency can vary in the range of
15–25 Hz. Previous studies present similar results, placing the frequency band of the
shimmy phenomenon between 10 and 30 Hz, validating the results obtained [41,58].

Having verified that the shimmy frequency band is lower than the natural frequencies
of the steering system obtained with Equation (42), the proper system operation can be
verified by using a position controller with nested rotational speed and current loops.

The controlled position corresponds to the commanded angular displacement and
is implemented using a proportional (P) controller, while proportional–integrative (PI)
controllers are employed for the regulation of rotational speed and current.

Feedback signals are acquired through transducers of varying dynamic orders. A
zero-order transducer is used for position measurement, as a simplification of a rotary
variable differential transformer. Velocity feedback is provided by a first-order transducer,
serving as a simplified approximation of a resolver. Current measurement is modeled using
a second-order transducer, corresponding to an idealized form of a current transformer.

This ensures a faster response and suitable performance while preserving system
stability. Figure 16 shows the Bode plots of controller magnitudes and phases.

The controllers is tuned such that the current loop cutoff frequency does not exceed
the electrical limit imposed by the motor’s electric characteristics. The position loop cutoff
frequency must be greater than the required specification in Table 3. The parameters are also
tuned so that the cutoff frequency of the speed loop is about halfway between the others.
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Figure 16. Bode diagrams of current, speed and position loops of the position controller, with nested
speed and current loops.

Following the controller parameter tuning, a preliminary non-linear model can be
developed. This model includes the controller described above, with the addition of the
saturation imposed by the selected motor. The motor is simplified and modeled as a DC
motor, the transmission components are shown as in Figure 13, and the NLG friction force
model described above is developed to verify the force.

Figure 17 shows the dynamic response to a 45 deg step position input for the non-
linear model, without an external load. The step signal is equal to the maximum steering
angle allowed during taxing maneuvers.

Figure 17. Preliminary non-linear model time response for a step position input corresponding to the
maximum allowable NLG position angle in taxing operations.

As can be seen, the current and speed responses are fast enough to match their set
signals, according to the controller parameter tuning. This analysis makes it possible to
evaluate the maximum rotation speed of the NLG. It corresponds to 25.87 deg/s, which is
greater than the requirement in Table 3.

Figure 18 shows an example of an aircraft taxing operation. The maneuver is per-
formed at the maximum speed allowed by the NLG and with a steering angle within the
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range specified in Table 3. A disturbance torque is also applied, in accordance with the
model described in Section 3.1.

Figure 18. Preliminary non-linear model time response for a taxing operation: the input corresponds
to the maximum rotational speed, until the maximum permitted angle is reached; the reverse
maneuver is then performed.

As can be seen, in addition to the rotational speed requirement, the torque requirement
is also satisfied. In particular, the EMA is capable of generating a torque of 6500 Nm, which
is higher than the requirement in Table 3.

Finally, a chirp signal can be used to verify that the EMA can also meet the frequency
response requirement for the landing and take-off operations. Figure 19 shows the appli-
cation of a chirp signal with an incremental frequency from 0.1 Hz to 4.2 Hz, with a fixed
amplitude of 1.5 deg.

Figure 19. Preliminary non-linear model time response for a chirp (0.1–4.2 Hz) position input with an
amplitude of 1.5 deg.

The position feedback, although slightly delayed, has an acceptable response, with an
attenuation of about 30% at 4 Hz. Therefore, the frequency response requirement in Table 3
is verified for a signal with maximum amplitude equal to the maximum angle during
take-off and landing phases, also shown in Table 3.
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The characteristics of the designed APR-EMA shown in this section are listed and
compared with the requirements of the case study in Table 12.

Table 12. Comparison between the requirements imposed in genetic algorithm for optimal EMA
configuration identification and the characteristics of the identified and designed APR-EMA.

Symbol Parameter Requirement Designed Unit

TNLG Required steering torque 5.000 6.500 Nm
θtax Taxing NLG steering angle ±45 ±45 deg
θlan/to f f Landing and take-off NLG steering angle ±1.5 ±1.5 deg
ωmin Minimum NLG steering speed 25 25.87 deg/s
fEMA Position cutoff frequency 4 4.2 Hz

4. Summary
This paper presents a novel and systematic framework for the early-stage design and

optimization of electromechanical actuators (EMAs), with particular relevance to aerospace
applications. The key achievements can be summarized as follows:

• Integrated preliminary design methodology: This paper presents a novel and sys-
tematic framework for the early-stage design and optimization of electromechanical
actuators (EMAs), with particular relevance to aerospace applications. The proposed
workflow integrates system-level requirements, component-level scaling laws, and
architecture selection within a single optimization framework, enabling consistent
and traceable EMA sizing from the earliest design phases.

• Custom genetic algorithm for non-convex, multi-architecture optimization: A tailored
genetic algorithm is developed to handle multiple EMA architectures and several
design variables, including strict compatibility and constraint checks along the elec-
tromechanical chain. This allows a robust exploration of feasible solutions in highly
non-convex design spaces, where traditional gradient-based methods would fail.

• Application and validation on a realistic aerospace case study: The proposed method-
ology is applied to the nose landing gear steering system of a transport aircraft,
demonstrating its capability to identify the optimal EMA architecture under realistic
operational requirements.

• Dynamic validation of optimized solutions: Linear and non-linear dynamic analyses
are performed to confirm that the optimized EMA configurations satisfy stability and
control requirements, showing that the early-stage optimization does not compromise
system-level dynamic behavior.

• Reduction in downstream design effort: By providing well-balanced and dynamically
consistent preliminary designs, the proposed framework reduces the need for exten-
sive redesign in later development stages, thereby lowering overall development time
and computational cost.

5. Conclusions and Future Developments
The objective of this article is to present a workflow for the preliminary design of an

actuator, from the perspective of mass and moment-of-inertia optimization.
Starting from the definition of system requirements, a systematic identification and

selection of the EMA components of interest can be performed by considering different
families of motors, gearboxes, etc., depending on the intended actuator application. Within
this framework, the proposed methodology provides a structured approach to support
the early design phase, enabling the evaluation and comparison of alternative component
typologies while targeting mass and inertia optimization.
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The workflow is based on the definition of SLs for the selected components and on the
use of a custom GA. The algorithm includes compatibility checks among the components
and with the assigned system specifications, enabling a consistent comparison of different
configurations and the identification of an optimal solution for the defined requirements.

The proposed approach has been applied to a case study involving the steering system
of the Douglas DC-6. In this application, the steering torque requirement was derived
from the NLG assembly and from the friction force generated by ground contact. Based
on the optimization results, the configuration that includes an annular motor, planetary
reducer, roller screw, rack and gear was identified as the optimal solution for the considered
operating conditions.

The selection of the weights associated with mass and inertia in the fitness function
has a direct influence on the GA optimization process and on the resulting optimal con-
figuration. To analyze this effect, a sensitivity analysis on fitness-function weights was
conducted to generate a set of solution maps as a function of required steering torque and
rotational speed.

The configuration identified for the case study was subsequently implemented using
a linear model to preliminary verify the frequency response requirements and was then
extended to a preliminary non-linear model to evaluate its time-domain performance.

Finally, it is important to note that the steering system case study was adopted for il-
lustrative purposes and represents only one practical application of the proposed workflow
within a realistic design problem. The methodology can be extended to the preliminary
design of different types of actuators, including non-electromechanical solutions.

With respect to system modeling, the preliminary non-linear model adopted in this
work can be further extended toward higher-fidelity formulations in order to verify the
obtained design under more realistic operating conditions. Moreover, the detailed actua-
tor model could be integrated into a more comprehensive system-level model, enabling
the evaluation of the EMA behavior within representative operational scenarios of the
real system.

As stated above, the proposed workflow is focused on the optimization of EMA mass
and moment of inertia, while some system-level requirements are not explicitly addressed.
Among these, the verification of accuracy requirements represents a relevant limitation
of the current framework. For applications in which positioning or tracking accuracy
constitutes a system requirement, the integration of accuracy-related metrics within the GA,
either as feasibility constraints or as additional optimization objectives, would represent a
natural extension of the proposed methodology.

In addition to accuracy, safety and reliability aspects of the resulting configurations
are not explicitly considered. Although not included in the current formulation, safety and
reliability assessments should be regarded as a necessary step in the component selection
process. A possible and relevant future development consists of the integration of safety
and reliability analyses within the GA framework, with the objective of reducing the
number of external preliminary evaluation steps required when applying the workflow.
These analyses could be incorporated either as feasibility checks, by imposing threshold
criteria on the admissibility of a given architecture, for instance, based on a maximum
acceptable failure rate, or as additional optimization objectives, by including reliability
maximization within the fitness function.

A further potential enhancement of the proposed methodology is the evaluation and
minimization of the overall EMA dimensions. As in the case of accuracy, safety, and re-
liability, configurations that are optimal in terms of mass and moment of inertia do not
necessarily satisfy dimensional constraints, which may represent a system-level require-
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ment in several applications. For this reason, the automation of the overall dimensional
assessment within the GA represents an interesting direction for future implementations.
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