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Abstract—This paper presents the application of an active disturbance
rejection controller (ADRC) to an electrical power assist steering system
(EPAS) in automobiles. The control objective is to reduce the steering
torque exerted by a driver so as to achieve good steering feel in the
presence of external disturbances and system uncertainties. With the
proposed ADRC, the driver can turn the steering wheel with the desired
steering torque which is independent of load torques that tend to vary
depending on driving conditions. The ADRC is constructed on a column-
type EPAS model. The computer simulation and frequency-domain
analyses verify the robustness and stability of the ADRC controlled
system.

Index Terms—EPAS, active disturbance rejection control, robustness,
system uncertainty, external disturbance, automobile.

I. INTRODUCTION

Asteering system is one of major subsystems for vehicle
operation [1]. The most conventional steering
arrangement is to turn the front wheel using a hand-operated
steering wheel which is positioned in front of the driver, via
the steering column. However, as vehicles have become
heavier and switched to front wheel drive, the effort to turn the
steering wheel manually will be greatly increased, often to the
point where major physical exertion is required. To alleviate
this, automobile manufacturers have developed power steering
systems. In modern world, there are two major types of power
steering systems: hydraulic and electric. A hydraulic power
steering (HPS) system uses hydraulic pressure supplied by an
engine-driven pump to assist the motion of turning the steering
wheel. Electric power assist steering (EPAS) is more efficient
than the hydraulic power steering, since the electric power
steering motor only needs to provide assistance when the
steering wheel is turned, whereas the hydraulic pump must run
constantly. In addition, the EPAS system has the advantages
of fuel economy, space efficiency, and environmental
protection [2, 3] over the HPS system. The EPAS system has
begun replacing the HPS system in some advanced small
vehicles. The utilization of the EPAS to all types of vehicles is
expected to be expanded exponentially [4] in the future.

The essence of an EPAS system is an electronically
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controlled assist motor [5] that can be taken as a smart
actuator. The EPAS is a classical example of the actuator
operating under feedback control [6]. When an appropriate
assist torque from the assist motor is applied in the same
direction as the driver’s steering direction, the amount of
steering torque required by the driver for steering can be
considerably relieved. Therefore the controller in EPAS aims
at driving the motor to output the assist torque so as to
improve the steering feel of the driver. The high performance
requirements of the EPAS in automobile industry also require
the control system to be robust against modeling uncertainties
and unknown disturbances. Specifically, a controller is crucial
for the EPAS system to stabilize the feedback system with
torque sensor and actuator (motor), to reduce the steering
torque, and to improve the steering feel of the driver.

There has been much research and development performed
on EPAS systems though detailed information on their control
strategies has not been extensively released in the literature [7].
Most of the current research [1-6] has successfully employed
high-order lead-lag compensator or Proportional Integral
Derivative (PID) controller to reach the control objective
given above. However, the multiple tuning parameters of the
compensator (with 4 or 5 tuning parameters) and PID
controller (with at least 3 tuning parameters) make them
difficult to adjust and implement in the real world. In addition,
the compensator and PID controller are sensitive to both
unknown external disturbances and parameter variations.
Their performances are greatly degraded in the presence of the
disturbance and structural uncertainties that are common in the
EPAS system. Hence dealing with the uncertain dynamics in
EPAS systems makes the control problem extremely
challenging and critically important. A limited amount of
research is reported using the advanced controller such as H,-
norm or H” approach [8, 9] to solve the robustness problem.
But the implementations of such advanced controllers in
practice are also restricted by their complex configurations
and multiple tuning parameters. Therefore, finding a simple-
to-implement  control solution being robust against
uncertainties and disturbances will have wide impacts on the
deployment of the EPAS in the next generation of vehicles.

The paper presents the employment of an emerging
practical control strategy that is Active Disturbance Rejection
Control (ADRC) [10-14] to the EPAS system. The controller
treats the discrepancy between the real EPAS system and its
mathematical model as the generalized disturbance and
actively estimates and rejects the disturbance in real time,
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hence the name ADRC. Since the controller design is not
based on the accurate mathematical model of a system, it is
very effective in dealing with a large amount of uncertainties
and external disturbances, the main challenges pertaining to
EPAS systems. For the first time, we modify the controller
and extend its use to the EPAS systems.

The rest of this paper is organized as follows. The dynamic
modeling of an EPAS system is given in section Il. The
design of ADRC is presented in section I1l. The stability and
robust analyses are included in section IV. The simulation
results are shown in section V. Section VI gives concluding
remarks and suggests future research.

1. DYNAMIC MODEL OF AN EPAS SYSTEM

We choose a column-type EPAS system to design its
controller. The plant includes the steering wheel-column-
torque sensor assembly, the steering rack shaft, and the
electric motor-gear box assembly. The mechanical model is
extracted from [1] and shown in Fig.1l, where Ts denotes
steering torque, T,, motor torque, T, the assist torque delivered
to the shaft, T, load torque, 8,, motor angle, 65 the angular
position at the steering shaft, and 6, the angular position at
the steering wheel.

A major function of the EPAS system is reduction in
steering torque for improving the steering feel of the driver. In
order to realize the function, a proper amount of assist torque
should be provided by the assist motor to reduce the driver’s
steering torque. So a steer controller is applied to drive the
assist motor to output the assist torque. A block diagram of the
EPAS control system is shown in Fig. 2, in which T is a
reference steering torque, F4 is an external disturbance, and u
is the control input to the assist motor. The reference torque is
also taken as the desired assist torque. It can be determined
based on the information of vehicle speed and steering wheel
angle 6, [1].

In Fig.2, the dynamics of the sensor and the motor can be
modeled as

PP @
s+Ps+P’
where -P; and -P,are the poles of torque sensor and actuator.
The transfer function of steering column and rack system is
represented by

P(s) =

Kg J532+bss @
RS2 (Jss2 +bgs + Ks)(mes2 +bes + Ke)’

where m. and b, are effective rack mass and damping
coefficient; Js, b, and K, are moment of inertia, damping
coefficient and stiffness of the steering column. The
parameters values in (1) and (2) are listed in Table Il in
Appendix. From (1) and (2), the transfer function
representation of the block diagram in Fig. 2 can be illustrated
as Fig. 3, where P(s) represents the dynamics of the sensor and
the actuator (motor), K, is a feed-forward gain from the
actuator, G(s) is the transfer function of the steering column
and rack system, T, is a measured steering torque, and C(S)
represents the controller to be designed.

G(s)=

(
—
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Fig.1: The dynamic model of an EPAS system [1]
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Fig. 2: Block diagram of the steering control system
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Fig. 3: Transfer function representation of EPAS control
system

KaP(s)G(s)

Define y=T;. The open-loop transfer function of the plant in
Fig. 3 can be represented by
y(s)
u(s)+Fy (s)

CONTROLLER DESIGN

=K,P(s)G(s)

_ KK, PP, (J,5” +b,5)
R (s+P)(5+P,)(J.8% +b,s+K)(m,s? +bs+K,)
@)
Since the product of P(s) and G(s) is a sixth-order system, the
transfer function (3) can be rewritten as

yes) a,s” +a,s (4)
u(s)+ Fy(s)  bgs® +Db,s® +b,s* +b,s® +b,s* +b,s+b,
where the parameters a; and b; are the coefficients of the
numerator and denominator of the transfer function (4). The
coefficients can be obtained through comparing the right sides
of equations (3) and (4). Converting the transfer function (4)
to an ODE form yields
bgy(® +b5y® +bsy ™ + byy®) + byy by +hgy = apu+ay u’
+ alFJ + alF& .

()
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Integrating both sides of (5) double times, we will have

(6)

y“’)=f(y‘”,y",y',y,jyyﬂy,fu,FG,IFmeZU
where F@ vy v [Ty Jus P [ Fa) also denoted as f, is

taken as a generalized disturbance including internal dynamics
and unknown external disturbances. The basic idea of the
ADRC is to estimate the generalized disturbance using an
Extended State Observer (ESO), and actively cancel it in real
time to reduce the original system model (6) to a multiple
integrator. Then a traditional proportional derivative controller
will be used to drive the measured torque output y to a desired
value. Following the analysis above, we rewrite (6) as:

y(4) =f+pu, ()
where fS=a,/bg is a controller gain. We suppose f is an
estimated f through the ESO. Then the controller:

u:i(—f+u0), ®)
reduces (7) to a merely multiple integral plant of the form
y(4)=f—f+u0zu0' )

which can be readily driven to the desired torque by a
proportional derivative (PD) controller. Let r denote the
reference torque and r=T,. So the tracking error e=r-y. Then
the PD controller can be represented by

Ug :kpe_kdlé_deé_kdéé.’ (10)
where the controller gains are selected as
kei =Chod1i=0123" (11)

In this way, the only tuning parameter of the controller is the
controller bandwidth w. and all the closed-loop poles are set to
—w.. As analyzed above, the performance of the ADRC is
rigorously dependent on the accurate estimation of the ESO
whose design is stated as follows.

We suppose function f is continuous and its derivative is
bounded. Then the ESO including one augmented state f can
be represented by

2=Az+Bu+L(y-79), (12)
y=Cz
where 10000 0 y
01000 0 ¥
A=/0 0 1 0 0|B=|0[C=[1 0 0 0 Ol,z=|V]|,
00010 B y
0000 O 0 f

L=o, 1007 100} 50 w|=[l, 1, 1, 1, 1], and z is the

o

estimated state vector, in which ¥ is the estimated y, y the

estimated y, § the estimated y, and y the estimated y . The

vector L is denoted as observer gain vector and w, is observer
bandwidth. Similarly, the observer gains of the ESO have been
chosen such that all the eigenvalues of the ESO equal - w,.
From (11) and (12), we can see that in order to reach the
control objective, only two tuning parameters are needed for
the ADRC. They are the bandwidths (w, and w.) of the

controller and observer respectively. The details about how to
tune the parameters of the ADRC are explained in [16]. For
tuning simplicity, we generally choose w,=5w. [16]. So
eventually there is just one tuning parameter, which is «., for
the ADRC controller.

In summary, the proposed ADRC design proves to be a
good fit for an EPAS system for three reasons: 1) it requires
minimal a priori information of the plant (just the relative
order of the plant and its highest-order gain [11]), 2) it
actively estimates and compensates the unknown dynamics
and disturbances, 3) the controller only has one tuning
parameter, which is easy to be implemented and tuned,
compared to other methods.

IV. PERFORMANCE AND ROBUSTNESS ANALYSES

In this section, the steady-state performance of the closed-
loop control system is discussed. In addition, the robustness of
ADRC against parameter variations is analyzed through
frequency responses. The frequency-domain analyses of
ADRC are initially reported in [16]. This paper originally
employed the frequency-domain analyses to the EPAS system.

A. Transfer function expression of an EPAS control system
The Lapalce transform of the ESO given by (12) is

sZ(s) = (A—LC)Z(s)+ LY (s)+BU(s). (13)
where Z(s) is the Laplace transform of the estimated state
vector. The Laplace transform of the controller represented by
(8) and (10) is

R(s)
1 sR(s) | 1
U(s)*ﬁ[kp kdi kd2 d3 SZR(S) A kp kdl kd2 kd3 1]Z(5)
s°R(s)
(14)
Substituting (14) into (13) yields
U (s) = H(s)G, (S)R(S) — G, (s)Z (). (15)

In (15),
(s° +1,5" +1,8° +1,82 +1,5+15) (K, +KyyS +Kyp8° +Kyas® +5%)

H(s) = a 3 2
ST+ ST+ [3ST + 1S+ U

(16)
where z;=l1Kp+1oKg+13Kao+14Kas+ls, 12=loKy+ 15Ky +KaKgo+IsKgs,
uz=lsKp+14Kg1+15Kaz, 14=laKp+IsKq1, us=lskp, and
_ St S S S+ (17)
GC (s) - 5 4 3 2 !
L(S*+ 48"+ 4,8 + ;5" + 4,9)

where A1=Kgs+li, Ao=kgptKkgsli+ls, Az=kg+Kgli+kgslo+ls, and
Ag=KyHKg1l1+Kgalo+Kgsls+ 1.

According to (15), (16) and (17), the block diagram of the
closed-loop control system can be represented by Fig. 4, where
the plant Gy(s) is equal to K,P(s)G(s) as given in (3).

D(s)
+ u(s) +
Ge(s)

R(s)
—>

Z(s)
Gp(s) >

H(s)

Fig.4: Block diagram of the closed-loop control system
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From Fig.4, the open-loop transfer function is

G,(5) =G, (5)G, (5)* (18)
The closed-loop transfer function is
2(5) _ H(9G.(15,(5) - (19)

&R0 T 146.66,0

In addition, the transfer function from the disturbance input to
the torque output is
(20)

Gu(5)=@_ &)

D(s) 1+G,(5)G,(s)

B. Convergence of tracking error

In Fig. 4, the reference signal R(s) (or desired assist steering
torque) for the EPAS system is usually a sinusoidal signal [8]
and its expression is R(s)=Asin(w?). According to (19), the
steady-state output of the EPAS system is

Xss = AlGg (jo)|sin(et + ), (21)
where the phase shift is

: 1 Im(Gei (jo) (22)
¢=2Gg (jow) =tan Re(Gy (1)’

Define the magnitude error between the steady-state output of
the EPAS and the reference signal as e=A-A|G¢(jw)|. The ey
and @ versus the controller gain w, are shown in Fig. 5, where
both the magnitude error and the phase shift of the stead-state
output of the EPAS system are converging to zeros with the
increase of the controller bandwidth w.. According to Fig. 5,
we choose w=5x%10°rad/s, for which e, is about 0.6% of the
reference magnitude and &=-6x10rad, in the following
computer simulations of the ADRC.
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Fig.5: The steady-state magnitude error and phase shift

C. External disturbance rejection

This section will show how the external disturbance is
rejected by the ADRC in the presence of structural
uncertainties of the EPAS system. Substituting Gy(s) in (3) and
Gc(s) in (17) into (20), we have

6, (9)= Bs(a,s° +(a4, +2))s" +(a,4, +a,4,)s’ + (a4, +a,4,)s” +(a,4, +a,4,)s+a,4,)
‘ A(S) ‘
(23)
where A4(s), given in Appendix, is a tenth-order polynomial
including non-zero constant term. From (23), we can see that
as the input frequency w goes to zero or infinite, Gy(jew) will
converge to zero. This suggests that the disturbance will be
attenuated to zero with the increase of system bandwidth. The
Bode plots of (23) are shown in Fig. 6, in which the system
parameters (Js, bs, Ks, Rs, M, I, Rim, by @nd b) are varying from
the nominal values listed in Table Il in Appendix to 20% of
their nominal values. The figure demonstrated a desirable
disturbance rejection property in the presence of the variations
of the system parameters.
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Fig.6: the Bode diagrams of Gq(s) for varying system
parameters

D. Robustness and stability margins

The Bode diagram of the loop gain transfer function (18)
with varying system parameters (Js, bs, K, R, M, Jn, R, b
and b) is shown in Fig. 7. The stability margins of the system
with the variant system parameters are shown in Table 1.
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Fig. 7: Bode diagrams of G,(s) with varying system
parameters
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TABLE I: STABILITY MARGINS WITH DIFFERENT
SYSTEM PARAMETERS

Changes in parameters | Gain margin(dB) | Phase Margin(deg)
-20% 8.98 7.13
-10% 8.63 7.14
0% 10.77 10.16
10% 8.18 7.52
20% 8.69 7.07

From Fig. 7, we can see that as the system parameters are
changing from -20% to 20% of their nominal values, the Bode
diagrams are almost unchanged. Table | shows positive
stability margins of the ADRC controlled EPAS system. The
figure and table demonstrate the stability of the system in the
presence of system uncertainties. The stability of the ADRC
for a general n-th order physical plant is theoretically proved
in [18]. The frequency-domain analyses introduced in this
section confirmed the stability and robustness of the ADRC
for this specific EPAS system.

E. Frequency responses with varying loop gain

The assist gain K, in Fig.3 determines the driving and
parking modes of a vehicle. As Ka=40, it represents parking
mode where a large assistance for steering wheel is required.
As Ka=1, it represents high-speed driving mode under which
the assistant torque is much smaller than the one for parking
mode. As Ka is ranging from 1 through 40, the driving speed
is decreasing with the increase of Ka. The Bode diagrams of
loop gain transfer function with varying assist gain Ka are
given in Fig. 8.

Bode Diagram
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Fig.8: Bode plots of loop gain transfer function with changing
assist gain (Ka)

Fig. 8 shows that the control system is robust against the
variations of assist gain which represents different driving
conditions with different speeds.

V. SIMULATION RESULTS

In order to verify the effectiveness of the ADRC, we apply it
to the EPAS system shown in Fig. 3. The objective of the
ADRC is to control the assist motor to generate a proper
amount of assist torque so that the output steering torque T
(measured by torque sensor) tracks a reference steering torque

T, As introduced in [8], the reference steering torque T,s can
be determined by a torque map based on the driving
conditions (vehicle speed and steering wheel angle). In our
simulation, we take T, as a step input signal with magnitude
of 5Nm, and the square-wave and sinusoidal signals with the
amplitudes of 5Nm and frequencies of 0.25Hz respectively.

The simulation results are shown in Figs 9, 10, and 11, from
which we can see that under the control of ADRC, the steering
torques follows the reference steering torques very well. As a
disturbance force (with the magnitude of 2Nm) is added to the
EPAS system and the values of the parameters such as
effective rack mass, damping and moment of inertia of the
steering column are varying within 20% of the original values,
the steering torque output still tracks the reference steering
torque as well as the ones shown in Figs 8 through 10. Fig. 11
shows the external disturbance added to the system. Fig. 12
shows the ESO-estimated torque output approximates the real
torque output very well in the presence of the disturbance.

The simulation results have validated the good tracking
performance and the robustness of the ADRC against the
disturbances and parameter variations successfully.

VI. CONCLUDING REMARKS

The technological advance in EPAS systems and their
applications to the automobiles invariably bring on
challenging control problems such as disturbance rejection,
stabilization, and active compensation for modeling
uncertainties. Furthermore, the space limitation of the EPAS
system needs the control electronics to be as simple as
possible. Therefore, multiple tuning parameters and
complicated controller structure should be avoided. In this
paper, an emerging practical controller ADRC is developed on
a column-type EPAS system to reduce the torque efforts and
to improve the steering feel of a driver. Both simulation results
and frequency-domain analyses demonstrate the stability,
robustness, and excellent tracking performance of the ADRC
controller. In addition, the ADRC only has one tuning
parameter, making it very simple to implement and to tune in
the real world. We can conclude that the proposed research
has successfully addressed the above problems of the EPAS
system based on advanced control design techniques.

In the future, we plan to validate the EPAS controller design

* with lab and road testing. We also expect to enhance the range

of the applications of the ADRC to other subsystems of the
automobile, such as cruise control, anti-sliding control, and
intelligent rollover detection and so on.
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APPENDIX

TABLE II: PARAMETER VALUES FOR AN EPAS SYSTEM

VA A A
AL AL )

Pt=90r Pa=200n K.=115 R.=0.00778
22 b=0.36 | G=7.225 m=32.1 3,=0.0004707
z b= 1365 | by,=0.00668 | K;=80000 | m,=438.04
20 1.=0.04 Rin=0.00778 | b,=7413.98 | K,=1980000
(]
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