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Abstract. System identification is an essential method
in control engineering that enables the creation and vali-
dation of mathematical models of dynamic systems. This
paper provides a detailed overview of the principles and
methods of system identification, with a particular focus
on validating the transfer function of an omnidirectional
test vehicle with a Killough chassis. Of particular inter-
est is the identification of the coupling structures of the
overactuated system. The identifiedmodel forms the ba-
sis for model-based function design.

Introduction

The multidisciplinary field of system identification,

which deals with the development of mathematical

models for dynamic systems based on experimentally

obtained data, plays a central role in engineering sci-

ence. This process is used in many application areas,

such as control engineering, signal processing, and me-

chanical engineering [1]. The ability to develop precise

models enables engineers and scientists to understand,

analyze, and control the behavior of complex systems.

The fundamental idea of system identification is to

find a model that describes the behavior of a system

based on input and output data. A dynamic system can

be represented by various mathematical models, includ-

ing differential equations, transfer functions, and state-

space representations.

These mathematical models enable the description

of the temporal or frequency-dependent behavior of a

system and the making of predictions about its future

states.

The acquisition of relevant data is the first and one

of the most important steps in the system identification

process. Data can be collected through experimental

procedures, which include targeted experiments to gen-

erate meaningful datasets, or through passive observa-

tion, where existing data from the operation of the sys-

tem is utilized. The aim of this work is to present the

fundamentals of system identification and to develop

a methodology for validating models based on exper-

imental data.

Here, a methodology presented below is used and

successively applied to a test vehicle described in Chap-

ter 4.1 in order to perform the verification and valida-

tion of the results on a real system in combination with

an iteratively built model.

1 Methodology

The consistently model-based and verification-oriented

function design and verification of networked mecha-

tronic systems according to [2] has proven to be

time and cost-efficient in numerous applications in

research and industry. Figure 1 shows the model-

based mechatronic development cycle, which includes

Model-in-the-Loop (MiL), Software-in-the-Loop (SiL),

and Hardware-in-the-Loop (HiL) simulations as well as

real-time realization through prototypes for verification.

The design process begins with modeling based on

the real system, which is reduced or simplified accord-

ing to requirements, initially resulting in a physical

model. This is converted into a mathematical model

using physical laws, which in turn can be represented

in the computer, for example in the form of signal

flow diagrams, and simulated using CAE tools and

appropriate numerics. The modeling process includes

measurements on the real system. The parameters

of the mathematical model are identified and the

simulation is validated.
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Mechatronic development cycle.

A subsequent analysis of the simulation results al-

lows conclusions about the fundamental static and dy-

namic properties of the real system, on the basis of

which the conception of functions takes place.

Both the function architecture and approaches for

its design and optimization are determined. Complex

functions are also broken down into hierarchical sub-

functions according to the generalized cascade principle

to reduce function complexity and thus make the design

process manageable.

For this purpose, hardware and software require-

ments are considered at an early stage of development

and interfaces for cross-functional communication are

defined.

The testing process is carried out in parallel with de-

velopment. When a subfunction has been developed, it

is tested and analyzed.

In this work, requirements are first determined us-

ing this method. Through the analysis of the physical

model as well as the mathematics, the function is mod-

eled. Each part of the function is tested accordingly.

2 State of Knowledge
System identification refers to the creation of a model

for a dynamic system that describes the relationship

between input and output data. This paper covers the

theoretical fundamentals of system identification, with

particular focus on identification using linear models.

Methods for determining non-parametric models are

presented, such as the determination of transfer func-

tions from step responses and the determination of the

frequency response. For parametric models, parameter

estimation is an essential component of system identifi-

cation.

The theoretical fundamentals of parameter estima-

tion are explained in detail in [3, 4]. Excitation signals

play a central role here, as they reveal the behavior of

the system to be controlled. In control engineering, it

is particularly important that the excitation signal cov-

ers the relevant frequency spectrum in order to develop

accurate models and ensure effective control. Various

types of excitation signals, such as impulses, steps, si-

nusoidal oscillations, and pseudo-random binary sig-

nals (PRBS), are used to comprehensively character-

ize system behavior. Precise model building based on

these signals enables engineers to optimize the control

behavior of systems and improve the stability and per-

formance of control loops. [4]

Frequency response analysis is a central method for

the identification and validation of models in control

engineering. It includes the analysis of the system re-

sponse to sinusoidal input signals at different frequen-

cies. This method describes how the system responds to

different harmonic input variables, whereby amplitude

and phase shifts are measured and analyzed. A Bode

diagram graphically represents the results of frequency

response analysis. It displays the logarithmic amplitude

and phase shift as functions of frequency. This not only

allows the stability and dynamics of a system to be as-

sessed, but also weaknesses in the model to be identi-

fied. The practical steps of a frequency response analy-

sis include:

1. Applying input signals to the system.

2. Measuring the respective output signals.

3. Calculating amplitude ratios and phase shifts be-

tween input and output signals.

4. Presenting the results in Bode diagrams.

5. Comparing experimental frequency responses with

theoretical models.
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Through the systematic comparison of experimental

and theoretical data sets, the accuracy of the models can

be validated and possible modeling errors can be iden-

tified. [5, 6, 7]

3 Conception

The process of system identification begins with mod-

eling, in which the behavior of the system is described

by physical laws and equations [8]. Subsequently, in-

put and output signals of the system are measured,

which can be generated by suitable excitation signals,

see Chapter 2. Signals with a broad frequency spectrum

are particularly suitable for vehicle systems [9]. Based

on the measured data, a mathematical model is chosen,

often in the form of AR (Autoregressive), MA (Moving

Average), or ARMA (Autoregressive Moving Average)

models.

The parameters of the model are optimized using

methods such as the least squares method, the recursive

least squares method, or the prediction error method.

Validation is performed by comparing model predic-

tions with independent data sets to ensure that the model

adequately represents system behavior.

Challenges such as measurement errors, nonlineari-

ties, and temporal variations of the system require a bal-

anced relationship between model complexity and man-

ageability. Experimental methods are based on measur-

ing system responses to defined test signals, while theo-

retical approaches are based on modeling using physical

laws.

An important step in system identification is fre-

quency response measurement, which allows precise

validation of the transfer function.

In our case, the transfer function G(s), which

describes the ratio of the Laplace transforms of the

output to input signals, was established as follows:

G(s) =
Y (s)
U(s)

=
b0 +b1s+ · · ·+bmsm

a0 +a1s+ · · ·+ansn

To verify the transfer function, the system was

exposed to harmonic input signals of different frequen-

cies, and the respective output signals were measured.

The frequency response measurement was performed

with an Abacus 901, which precisely analyzes ampli-

tude and phase changes.

Validation consists of comparing the experimental

frequency response with the model prediction. If the

measured behavior matches the modeled behavior, the

model is considered confirmed. Deviations may indi-

cate nonlinear effects, measurement errors, or insuffi-

cient model assumptions.

3.1 Kinematics

The Mecanum wheel shown in Figure 2 displays the

quantities necessary for describing the kinematics. The

angular velocity ω is shown, which is often also repre-

sented by the rotational speed n in the further course. In

addition, the speed of the wheel in the locking direction

is at the inclination angle α of the rolling element.

The vehicle velocity V can be calculated via the wheel

radius r and the angular velocity ω .

Kinematics of a Mecanum wheel [10].

The goal is to establish the kinematics matrix shown

in Equation (1). This describes the wheel speeds n as a

function of the total velocity of the test vehicle in its

three degrees of freedom v f x, v f y, and ω̇ f .

⎡
⎢⎢⎣

n1

n2

n3

n4

⎤
⎥⎥⎦= K ·

⎡
⎣ v f x

v f y
ω̇ f

⎤
⎦ (1)

3.2 Decoupling

The decoupling of mechatronic systems is a central

concept in control engineering, which aims to mini-

mize or eliminate the interactions between different

components of a system.
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This enables independent control of the individual

components and improves the overall performance and

efficiency of the system.

In mechatronic systems, which often consist of

mechanical, electrical, and software-controlled com-

ponents, decoupling can be particularly challenging

since these components are closely interconnected. [11]

The decoupling is performed using the kinematics

matrix K. For a vehicle with four Mecanum wheels,

the result according to [12] is:

K =

⎡
⎢⎢⎢⎢⎣

cos(δ1)
sin(α1)

−sin(δ1)
sin(α1)

−sin(ε1)
sin(α1)

· r1

cos(δ2)
sin(α2)

−sin(δ2)
sin(α2)

−sin(ε2)
sin(α2)

· r2

cos(δ3)
sin(α3)

−sin(δ3)
sin(α3)

−sin(ε3)
sin(α3)

· r3

cos(δ4)
sin(α4)

−sin(δ4)
sin(α4)

−sin(ε4)
sin(α4)

· r4

⎤
⎥⎥⎥⎥⎦ (2)

With the barrel angle of the Mecanum wheel αi, the

position angle of the wheel axis βi to the vehicle’s co-

ordinate system, and the orientation angle γi.

Together with the absolute distance of the origin co-

ordinate system of the Mecanum wheel to the origin co-

ordinate system of the vehicle ri, the polar coordinates

result starting from the coordinate origin.

αi = (−1)i ·45◦ (3)

βi = arcsin

(
bi

ri

)
− (i−1) ·90◦ (4)

γi = arcsin

(
bi

ri

)
+(i−1) ·90◦ (5)

r1 =

√
b2

i
2
+bn

2,ri>1 =
√

b2
i−1 +b2

i (6)

The construction angles δi = αi − βi − γi and εi =
αi −βi result from these. For the test vehicle used, the

kinematics matrix K is thus:

K =

⎡
⎢⎢⎢⎣

1 −1 − lx+ly
2

1 1 − lx+ly
2

1 −1
lx+ly

2

1 1
lx+ly

2

⎤
⎥⎥⎥⎦ · 1

2 ·π · r (7)

4 Test Setup Infrastructure

The identification of a simulation model requires, as al-

ready mentioned, additional hardware and software as

well as corresponding adaptations in the test vehicle.

All necessary interventions are presented below. The

transfer function of the test vehicle’s velocity is to be

determined.

4.1 Test Vehicle Setup

The test vehicle offers numerous functions, whereby

only the systems relevant to this work are described

here. Further details can be found in [12].

One relevant system is the microcontroller. The test

vehicle used is equipped with an STM32H743 board,

which has a dual-core architecture. The microcontroller

can receive instructions and transmit status information

via a LAN interface. The drive system of the test ve-

hicle can consist of swerve, holonomic, or Mecanum

systems.

Mecanum wheels, developed by Bengt Ilon, enable

omnidirectional movement through special rollers on

the circumference of the wheel, which allow indepen-

dent control of the direction of movement in all axes.

Swerve wheels combine rotational movements and lat-

eral displacements, allowing the vehicle to also be

steered in all directions, while holonomic wheels offer

similar freedom of movement, but in a completely dif-

ferent way. Mecanum, swerve, and holonomic wheels

offer advantages such as space savings, lower construc-

tion and maintenance costs, high precision, and easy re-

placement of rollers.

Mecanum wheels consist of obliquely mounted

rollers that allow the vehicle to move without direc-

tional restrictions. Swerve wheels are special steering

and chassis combinations that enable complete freedom

of movement in all directions by independently control-

ling the steering and speed of each wheel. Holonomic

wheels refer to systems that enable a vehicle to move

in all directions without restrictions on the direction of

movement. They are ideal for intralogistics, automated

guided vehicle systems, and mobile robotics [13]. The

test vehicle is scaled down; the scaling law will be taken

into account during evaluation and adaptation.

In a next step, a distance controller is to be imple-

mented on the test vehicle’s Raspberry Pi. This con-

troller continuously records the distance to a preced-

ing object and calculates an appropriate target velocity

based on this.
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The calculated velocity values are then transmitted

to the vehicle’s microcontroller, which takes over the

control of the drive unit.

4.2 Measurement Test System

Figure 3 shows the measurement test system. A host PC

with DP900 software from Data Physics is connected to

the Abacus 901 via an Ethernet connection. The exci-

tation signal as output, as well as the two inputs, are

connected to the test vehicle.

The Abacus 901 generates analog excitation signals,

which are converted into digital signals by the AD con-

verters of the dSPACE real-time hardware. This digital

excitation signal is immediately fed back through a DA

converter to the Abacus. This signal later serves as a

reference signal.

This makes it possible to compensate for the pos-

sible interfering influences resulting from the AD and

DA conversion. The chosen signal path was deliber-

ately designed so that the dead times that occur due to

signal and information conversions can be recorded.

The digital excitation signal is received via the Eth-

ernet interface of the microcontroller as a target velocity

signal [12].

The microcontroller now regulates the target veloc-

ity using a velocity controller implemented on the mi-

crocontroller. The drive motors are equipped with ro-

tary encoders.

With the help of these encoders, the microcontroller

can determine the current wheel speed and, using the in-

verse kinematics from Eq. (7), the velocity. The veloc-

ity is then sent back via the Ethernet interface of the mi-

crocontroller to the dSPACE real-time hardware, which

transmits this velocity as an analog signal to the Abacus

901.

This signal path is to be identified, since later the

Raspberry Pi will also send the target velocity to the

microcontroller via the Ethernet interface.

The setup shown in Figure 3 represents the transmis-

sion of measurements in the software. When forming

the transfer function, the excitation signal of the Aba-

cus is not used as the system input, but rather the signal

influenced by the real-time hardware.

Test

Test

Transmission of excitation in the software.

5 Results

The results of the frequency response measurements

were analyzed and compared with the mathematical

model. Through parameter adaptation, the parameters

of the model were modified and optimized with respect

to the deviation from the measurements.

Thus, the transfer matrix G of the system could be

found.

G =

⎡
⎣ Gv;x,x Gv;x,y Gv;x,ψ

Gv;y,x Gv;v;y,y Gv;y,ψ
Gv;ψ,x Gv;ψ,y Gv;ψ,ψ,

⎤
⎦ (8)

The main diagonal describes the direct effect of the

excitation signal set for the respective degree of free-

dom via the kinematics. The transfer functions of the

main diagonal were excited with the help of the trans-

formation matrix shown in Eq. (7) via the velocity con-

troller and related to the degree of freedom to be inves-

tigated by direct backward transformation of the mea-

surement signals.

The Bode diagram shown in Figure 4 represents the

transfer function of velocity in the x-direction with ex-

citation in the x-direction. The diagram shows the char-

acteristic of a PT1 system.

The transfer function Gv;x,x thus results as a first-

order time delay element with a time constant of ω =
1.93 ·101 → T = 1

19.3 ≈ 0.05 and a gain factor K = 1.

The off-diagonal elements of the transfer matrix rep-

resent the coupling of the system and would be disrup-

tive to the desired system dynamics with a relatively

high gain factor.

Test

Test
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Transfer function of velocity fromMATLAB/Simulink.

Transfer functions of some off-diagonal elements of
velocity from MATLAB/Simulink.

The Bode diagrams shown in Figure 5 represent the

transfer functions of the off-diagonal elements. The up-

per Bode diagram is the transfer function for velocity in

the y-direction with excitation in the x-direction. The

middle diagram shows excitation in the x-direction and

the system response in ψ , the vertical axis of the vehi-

cle. The last diagram shows excitation in the y-direction

and again the system response in ψ around the vertical

axis of the vehicle.

What all responses have in common is that the gain

factor of the identified PT1 systems is at −320 dB =
20log10(K)→ K ≈ 10−16 and thus the influence of the

coupling in relation to the desired system dynamics of

the main diagonal is very low.

Based on this modified model, the controller syn-

thesis and optimization can now be carried out using

the mechatronic development process.

For this purpose, a reference model of the same or-

der and structure with free parameters is built. The

identification of the optimal parameters is performed

by minimizing the squared error between an assumed

transfer element of the reference model as the feed-

forward transfer function of the separated transfer path

within the transfer matrix and the measured frequency

response.

The entirety of the transfer elements is thus opti-

mally fitted to the measured frequency response in their

course.

6 Summary and Outlook

To derive a model of the dynamic behavior of an

omnidirectional intralogistics vehicle on a reduced

scale, the presented methods of system identification

were applied. The omnidirectionality of the vehicle is

realized here through the use of a Killough chassis with

four Mecanum wheels.

In the field of kinematics, the Mecanum wheel de-

scribes the movement of a vehicle based on angular ve-

locity and vehicle velocity. Decoupling is a central con-

cept for minimizing interactions between system com-

ponents.

The test vehicle is also equipped with a microcon-

troller which is responsible for the local control of

the chassis. The hardware additionally required for

measurement includes a connection to the host PC and

the Abacus 901 signal analyzer; necessary additions

in the vehicle’s software include the processing and

retransmission of setpoint and actual values to these.

The results include the representation of transfer

functions for various degrees of freedom and show the

system responses to different excitations.

In the further course, the same method for identify-

ing the transfer function will be carried out on a larger

test vehicle. The test platform AURONA serves as a

platform for current research projects, therefore it is

necessary to identify basic driving dynamics models for

this vehicle and, based on this, to further develop vari-

ous autonomous driving functions that were first imple-

mented with the help of the small test vehicles.
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