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Abstract - Power-assisted steering systems (or power steering
systems) are widely used in vehicles nowadays. Thus, evaluating
the stability and accuracy of the control system for the power-
assisted steering process is necessary. The paper presents the
modeling and control of an electric power steering (EPS) system.
The EPS plant model consists of three parts: motor, drive tires,
and steering linkage, derived from basic electrical physics laws,
virtual power principle, and TMeasy method, respectively. The
model Reference Adaptive Control (MRAC) algorithm is chosen
to deal with uncertainties in the system. These are implemented
and simulated in MATLAB/ Simulink. The simulation result
proved the proposed method's robustness and effectiveness,
especially regarding disturbance resistance.

Key words - Tire Model easy to use (TMeasy); Model Reference
Adaptive Control; Electric Power Steering (EPS) system.

1. Introduction

Power-assisted steering systems are widely used in
vehicles nowadays. The common power steering systems
can be classified into hydraulic power steering (HPS),
electro-hydraulic power steering (EHPS), and electric
power steering (EPS). Compared to traditional HPS, EPS
offers several advantages such as energy efficiency,
safety, adjustability of steering feel, modularity, and
environmental friendliness. In particular, the increasing
adoption of EPS in electric and hybrid vehicles has
significantly contributed to the system's growing market
share, which is projected to reach USD 39.5 billion by
2032 [1], [2]-

However, unpredictable road conditions, frictional
variations, and dynamic interactions between tires and
road surfaces introduce considerable modeling and
control challenges for EPS systems. Previous studies have
employed various modeling strategies, such as data-
driven lookup tables and single-track vehicle models. The
former approach [3], [4] often suffers from high
computational costs, while the latter [5] - [7] simplifies
dynamic interactions, especially those related to road
reaction torque and self-aligning torque, into an
aggregated disturbance force.

To improve modeling fidelity without compromising
computational efficiency, this study adopts the TMeasy tire
model—an established semi-empirical method capable of
capturing nonlinear tire behavior such as lateral slip, force

Tém tit - Hé thong tro luc danh lai duoc Umg dung rong rai trong
xe hoi ngay nay. Do do, viéc danh gia tinh 6n dinh va sy chinh
xac hé thong didu khién qua trinh tro luc danh lai cia xe hoi la
can thiét. Bai bao trinh bay viéc m6 hinh hoa va diéu khién hé
théng 1ai trg Iyc dién (EPS). M6 hinh hé théng 141 tro Iuc dién bao
gdm ba phan 1a dong co, 16p din dong, co cdu lai duoc 1dy 1in
luot tir cac dinh ludt vat 1y co ban, nguyén Iy cong suét o va
phuong phap TMeasy. Thuit toan diéu khién thich nghi dya trén
mo hinh dwoc lya chon dé ddi phé vai cac yéu td bit dinh trong
hé théng. Viéc nay dugc thuc hién va mé phong trong
MATLAB/Simulink. Két qua mo phong dé ching minh tinh 6n
dinh va hiéu qua cia phuong phap d& xuét, dic biét 1a vé kha ning
chéng nhiéu.

Tir khéa - Mo hinh 16p TMeasy; B diéu khién thich nghi dya
trén mo hinh (MRAC); H¢ thong 14i trg luc dién.

saturation, and relaxation dynamics [8], [9]. TMeasy has
also been validated in recent works concerning tire wear
and vehicle response, demonstrating its suitability for real-
time simulations [10], [11].

On the control side, the EPS system’s inherent
nonlinearities and uncertainties necessitate robust and
adaptive control methods. Among these, Model Reference
Adaptive Control (MRAC) has shown promising results in
handling parameter variations and unknown disturbances
[12], [13]. MRAC does not require a precise model of the
plant and has been successfully applied to various
automotive  systems to enhance stability and
responsiveness under real-world conditions.

In this paper, we present a comprehensive modeling
and control framework for an EPS system using the
TMeasy tire model and MRAC algorithm. The EPS plant
includes three major components: the assist motor, the
mechanical linkage, and the tire-road interaction. The
MRAC controller is designed to adaptively regulate
steering torque while compensating for modeling
uncertainties and external disturbances. Simulations in
MATLAB/Simulink are used to validate the proposed
system under realistic operating conditions.

Compared to previous works that often address either
simplified modeling [5], [6] or focus solely on control
aspects [12] - [14], this research integrates a semi-physical
tire model and an adaptive controller within a full EPS
architecture. To the best of the authors’ knowledge, such
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an integrated approach-featuring both TMeasy-based tire
modeling and MRAC for full EPS dynamics-has not been
comprehensively investigated in the literature.

2. System general structure

EPS system includes three basic components: The
Electric Control Unit (ECU), an assist motor, and a
mechanical part consisting of mechanisms between the
steering wheel and the tires. Its basic operating principle can
be described as follows: when the steering tires are
displaced, a self-aligning torque which tends to return the
wheels to their original position, arises. This torque requires
considerable steering effort to steer the vehicle, particularly
at low speeds. The EPS system employs an electric motor to
assist the driver in turning the steering wheel under such
driving conditions. The role of the ECU is to determine the
PWM control signal (Pulse Width Modulation) in order to
provide a comfortable steering experience.
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Figure 1. Electric Power Steering: System architecture

3. Plan model
3.1. One Tire model

The tire model block diagram is shown in Figure 2.
Block “1” describes the kinematics while the remaining
blocks, including equations derived in [8] represent the
dynamics of steering tires. These blocks will be described
in detail as follows.
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Figure 2. Block diagram of One Tire Model
In which:
* up: Rack displacement [m];
= a: Steering angle of steering tire [rad];
* 5, Lateral slip of steering tire;

. FySt: Static lateral force of steering tire [N];

* Tg4: Self-aligning torque of steering tire [M];
. FyD : Dynamic lateral force of steering tire [N];
= A,: Vertical tire deflection [m];
* 7,,: Time constant of 1% order tire dynamics equation;
= w: Angle velocity of steering tire [rad/s].
3.1.1. Tire-steering angle calculation

The relationship between the slip angle and the rack
displacement is derived based on Ackermann steering
geometry as illustrated in Figure 3.

Center of
rotation

Figure 3. Ackermann steering geometry [11]
Table 1. Description of symbols in Figure 3

Symbols Description Unit | Value
a,/a; |Angle of outer/inter-steering tire - -
FR_TR |Front track of the vehicle m 1.47

WH_BA |Wheel base of the vehicle m 2.55

WH_BA X tan(igj u
o, = arctan T (is1.ur) (1)
WHg,a + 5 X FR_TR X tan(ig,ugr)
WH_BA X tan(is;u,
@; = arctan _1 (s tp) 2)

WH_BA — 5 X FR_TR X tan(is ug)
Table 2. Description of parameters in (1) and (2)

Parameters Description Unit | Value
is Constant ratio of steering linkage - 9.3
3.1.2. Lateral slip calculation
sy =tana 3)

3.1.3. Lateral static force calculation

The static lateral force F;l can be determined as
follows:

F.A
adhesion
% ' full sliding

0 >
M s Sy

Figure 4. Typical longitudinal force characteristic [7]
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Table 3. Description of symbols in Figure 4 n/La
Symbol Description Unit | Value (n/L)g <
dFyO Init slope in the lateral direction - 66000 sliding 5
Jord Maximum lateral force N | 2950 e 1 *Q & %
E; Lateral force in full sliding state N | 2800 Iy = nF,v
531,"’ Lateral slip where F, = FyM - 0.205 i
555 Lateral slip where F, = Fys - 0.5 0 ;i - &
3.1.4. Lateral dynamics coefficients calculation ) _ - ' = . _- -
a. Tire deflection 4, Figure 6. T yplcaé npcll(;te ?]{ cllc;g;?’i ;‘ot;;cre[}uzo;gahzed tire offset,
A, =ry—15 = 2k —ch + ;/2|2c2212— altcm—c @ Table 5. Description of symbols in Figure 6
ZZZ;ZNC“ Symbol Description Unit| Value
Table 4. Description of parameters in equation (4) (n/L), |[Normalized caster offset /L when sy =0| - | 0.178
Parameters Description Unit | Value Syo sy where n/L passes sy axis - 02
Cz1 Radial stiffness at nominal load |N/mm| 190 S]; s, where n/L approaches s, axis again - | 0.35

Cz2 Radial stiffness at double payload |N/mm| 206

EN Gravity load (nominal load) of thecar | N 3200
To Unloaded tire radius m |0.3085
Ts Deflected or static tire radius m -
b. Time constants z,,
Ty
Ty = 5
v ol (6))
Dynamic rolling radius 7p:
rp =Ty + T )

3 3
Relaxation length 7, is a function of the static vertical

force ESt and the slip angle ag and can be determined from
experimental data, as shown in Figure 5.

6 afo] 8 10
Figure 5. Measured lateral force relaxation length for a typical
passenger car tire [8]

0 2 4

The wheel load (vertical force FS) is calculated as
follows:

¢t —ckh
FzSt = 2C221 - ng X Az + 4FN X (Az)2 (7)
z

3.1.5. Lateral force calculation

EP(s) = EFt(s) ®)

Ty Xs+1
(s in this equation is Laplace variable)
3.1.6. Self-aligning torque calculation

The dynamic self-aligning torque of the tire can be
approximated using the following expression:

T,=T® = —nF} 9)

Here, n denotes the steady-state tire offset and can be

calculated as a function of s, as illustrated in Figure 6.

3.2. Rack-and-pinion steering mechanism

The steering mechanism model block diagram is shown
in Figure 7. The model takes the tire forces, the torque
provided by the assist motor, and the wheel steering angle
as its inputs, and outputs the rack displacement.

Tire fOI’CE’ Generalized Force Tss N
Calculation T.
Total | °S
Torque i
Thotor Te 1 Rack Ug
—* Worm Gearbox > Displacement ——*
Asw Calculation

Figure 7. Block diagram of the steering mechanism
In which:

= Tire forces: Lateral forces and self-aligning torques
introduced in the previous part [N, M]
* Tuotor- Torque provided by motor [M]
= Tgs: Generalized force applying to steering shaft [M]
= T¢: Output torque of worm gearbox [M]
= Ts: Total torque applying to steering shaft [M]
3.2.1. Generalized force calculation
Tss = € X (abs(Fjl,)i) + abs(Ff,’o) + abs(Ts,;) (10)
+abs(Ts0) )
In which:
. FyDi /o- Lateral dynamic forces of inner/outer tire [N];
* Tsaij0: Self-aligning torque of inner/outer tire [M].

Table 6. Description of parameter in equation (10)

Parameters Description Unit Value
c Caster offset m 0.030326
3.2.2. Worm gear box
Tc = kwe X Tyotor (11)

Table 7. Description of parameter in equation (11)

Parameters Description Unit Value
ke Constant efficiency of i 0.92
worm gearbox
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3.2.3. Total torque calculation
Tss

TS=Th+TC_i_ (12)
s
Table 8. Description of parameter in equation (12)
Parameters Description Unit | Value
. Overall ratio of the steering wheel
is S - 13.5
to steering tire
3.2.4. Rack displacement calculation
1 Ts
Ur =._<Asw__) (13)
lsp Cs
Table 9. Description of symbols in equation (13)
Parameters Description Unit | Value
isp Ratio of the steering box rad/m| 125

3.3. Electric motor
The electric motor can be represented by transfer
function as described in [10]:

Tc(s) = Gro(5) X Vo (s)
iy X J X Ky X s XV, ()

T XLoXs2+(XR,+BxLy) XS+ (R, xB+K, xK,)
In which:
= e,: Voltage applied to the motor’s armature [V];

(14

* i,: Current appear in armature circuit [A];
* ¢,: The back electromotive force [V];

* Ry: Field part’s electric resistance [Q];

* L¢: Field part’s electric inductance [H];

* i¢: Current appear in field circuit [A];

* Tyotor (8): Torque created by motor [Nm];
* w(s): Angular velocity of motor [rad/s];

= s: Laplace variable.
Table 10. Motor parameters

Parameters Description Unit Value

R, The amamre part’s 0 0.086
electric resistance

L, The a@ature part’s H 0.00163
electric inductance

] Inertia load kg/m? 125

B Friction constant of the motor| Nm.s/rad | 5.05%10¢

K Motor torque constant Nm/A | 53.6%¥107

4. Proposed control algorithm: Model Reference
Adaptive Control for SISO system

MRAC Controller

Figure 8. System architecture with MRAC algorithm

4.1.1. Single input single output (SISO) plant model

Considering T, and Tss as uncertainties, the model of
the EPS plant can be described as shown in Figure 9.

Ssw |

Figure 9. Block diagram of SISO EPS system

Th=Tss _ kpwm

o by, o the transfer function

Leta,,=1-
of the EPS plant system can be achieved by applying block
diagram reduction as follows:

Gplant(s) = (;::/—(;3)

_ 0.204a,,s* + (10.75a,, — 171b,,)s + 0.003a,, (15)
h 25462552 + 1343.75s + 0.37
4.1.2. Reference model

The reference model is selected based on “Step response
of EPAS system to driver torque” as described in [13].

To enhance the performance of the control algorithm,
the overshoot component is eliminated and the rise time is
reduced to 0.01s. Let Ager, Brer be the denominator and the
numerator of the transfer function of the reference model;
thus, its transfer function can be written as follows:
Ug _ Bref . 1

B 0.01s + 1

6SW a Ares
4.1.3. Adaptive law
Let Apiant » Bpiant denote the denominator and

numerator of the transfer function of the plant. By applying
block diagram reduction, we obtain:

(16)

Grer =

BPlant
Ur Aplant Bpiant (17)

Ssw 14 igp X % Aplant + Isp X Bplant
Plant

Adaptive law:

d(kpwm) )4 1
—_— =X X X —————

de isp Bug X Bosw X 5015 + 2 (18)
PWMAdaptive = PWM; + kpwm (19)

In which:
" pWMAdaptive :
signal of motor.
Table 11. Description of symbols in equations (18) and (19)
Unit | Value

Output of adaptive process. Input

Symbols Description

Adaptive coefficient, determined i 0.1
14 using Model-In-the-Loops method ’

Initial PWM signal, determined using
PWM, Model-In-the-Loops method - 04

5. Simulation results and discussion
5.1. Simulation environment

The system is built and simulated in the
MATLAB/Simulink development environment. There are
two scenarios considered under normal driving situations
with the vehicle traveling at approximately 80 km/h and
representing two typical driver behaviors.
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5.2. Simulation results 5.2.2. Scenario 2
5.2.1. Scenario 1 The input signal of the system is in the form of step
The input signal of the system which is the steering ~response of first order system as follows:
wheel signal is in the form of a sinusoid. Steering wheel angle
Wheel steering angle 15200
’&,? 500 ¢ ED 150
3 a
3} ~— 100
I 2
o %‘) 50
=!1]
Z 0
-500 0 0.2 04 0.6 0.8 1
0 2 4 6 8 10 Time (seconds)
. Time (seconds) ) Figure 15. Input of test scenario 2
Figure 10. Input of test scenario 1 Rack displacement
Rack displacement Z0.03
6 z
= 0.05 50.02
:
5 0 2001
Q o
= 5]
2-0.05 8 0 : _ : | |
a ‘ ‘ ‘ ! 0 0.2 0.4 0.6 0.8 1
0 2 4 6 g 10 Time (seconds)
Time (seconds) Figure 16. Output of EPS system: Rack displacement
Figure 11. Output of EPS system: Rack displacement x10™ Error of EPS system
<10 Error of EPS system 6 F”"'\
o T ) T
-
g 2
=0
2 0
4 e ——— 0 2 4 6 8 10
0 2 4 6 8 10 Time (seconds)

Time (seconds) Figure 17. Error of EPS system

Figure 12. Error of EPS system Angle of inner and outter tire

Angle of inner and outer tire .

_ e 8 15|
840t ] &
b o]
& A 10
L ~—
) 20 |
L) 207 & > —InnerTire
0 < ol --OuterTire| |
<

0f 0 0.2 0.4 0.6 0.8 1

0 2 4 6 8 10 Time (s)

Time (seconds)

Figure 18. Output of EPS system: Inner/Outer tire angle
Figure 13. Output of EPS system: Inner/Outer tire angle

Dynamics force of inter and outer tire

Dynamics force of inner and outter tire 3000
3000 T | 2000
= 2000
S o0
g 1000 : 0 ‘ ‘ ‘ I |
2 | . ‘ | 0 02 04 06 08 |
é 0 2 4 6 8 10 3000
g 3000] =y —_ R
g 2000
A 2000
1000
1000
0 | ‘ | : |
0 . . . I :
o 3 4 P 3 10 0 0.2 0.4 0.6 0.8 1
Time (seconds) Time (seconds)
Figure 14. Output of EPS system: Dynamics force of Figure 19. The output of EPS system. dynamics force of

Inter/Outer tire Inter/Outer tire
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5.3. Discussion

The simulation results above demonstrate the response
of the EPS system with the MRAC controller under normal
driving conditions. The control error of MRAC-based EPS
system was relatively low (as shown in Figures 12 and
Figure 17) and tent to decrease as time increases because
of the adaptive process.

In the steady-state case, even under perturbations, the
MRAC controller maintained good performance and
robustness. However, in situations involving relatively
high vehicle acceleration, accurate modeling became
challenging due to increased sensitivity to noise, which
led to the formulation of a new differential equation. The
problem of modeling EPS dynamics under high
acceleration conditions remains an open research
question.

In addition, the column-type Ackermann geometry was
introduced and modeled. Simulation results showed that
the steering angle of the inner tire was consistently greater
than that of the outer tire, consistent with Ackermann
geometry. This design helps ensure driving safety and
prolongs the lifespan of the steering tires.

From a system dynamics perspective, the EPS model
performed well overall, as the simulated tire steering forces
exhibited a similar pattern to the reference data presented
in [4]. However, some irregularities were observed, which
can be attributed to tire deflection phenomena and the use
of simplified approximating functions for the relationships
described in Section 3.

6. Conclusion

This paper presented the development of a plant model
for an Electric Power Steering (EPS) system, which
effectively captures the system’s nonlinearities and
uncertainties under real-world conditions. The column-
type Ackermann steering geometry was introduced and
modeled. Additionally, the TMeasy modeling method was
employed to represent the tire deflection phenomenon
using the side-slip domain instead of the traditional time or
frequency domains. An MRAC algorithm was also
proposed, implemented, and analyzed.

The influence of vehicle acceleration and the
application of alternative control strategies-such as input-
output linearization and sliding mode control-will be
investigated in future work.
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