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Abstract
Electric load simulator (ELS) systems are employed for electric power steering (EPS) test benches to load rack force
by precise control. Precise ELS control is strongly influenced by nonlinear factors. When the steering motor rapidly
rotates, extra force is directly superimposed on the original static loading error, which becomes one of the main
sources of the final error. It is key to achieve ELS precise loading control for the entire EPS test bench. Therefore, a
three-part compound control algorithm is proposed to improve the loading accuracy. First, a fuzzy proportional–
integral plus feedforward controller with force feedback is presented. Second, a friction compensation algorithm is
established to reduce the influence of friction. Then, the relationships between each quantity and the extra force are
analyzed when the steering motor rapidly rotates, and a net torque feedforward compensation algorithm is proposed
to eliminate the extra force. The compound control algorithm was verified through simulations and experiments. The
results show that the tracking performance of the compound control algorithm satisfies the demands of engineering
practice, and the extra force in the ELS system can be suppressed by the net torque corresponding to the actuator’s
acceleration.
Keywords: Electric load simulator, Electric power steering, Extra force, Compound control
1 Introduction
With excellent dynamic loading performance, the use of
an electric load simulator (ELS) is an important loading
method for electric power steering (EPS) test benches.
Currently, well-known supplement suppliers, such as
IABG and IPG, provide accurate rack force for EPS test
benches by controlling ELS loading [1]. ELS is a typical
nonlinear system, and the loading process is influenced
by friction, damping, and backlash [2]. In addition,
because it is a passive loading system, extra force is inevitably generated in ELS when the steering motor rapidly
rotates [3]. Extra force is directly superimposed on the
original static loading error and becomes one of the main
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sources of the final error. The test performance of the
EPS system depends largely on the ELS loading accuracy.
Therefore, it is crucial to improve ELS loading accuracy
for the entire EPS test bench.
To improve the loading accuracy of ELS, offline manual adjustment and online automatic control are the two
generally adopted methods. In engineering practices, ELS
can achieve high loading accuracy after repeated offline
manual adjustments for specific working conditions.
However, this method is time-consuming and laborious,
and it is not suitable for variable working conditions. In
the field of academic research, online automatic control
has become the main choice. Previous studies [4, 5] proposed a proportional controller and analyzed the stability of the control process. In other studies, a smooth
switching fuzzy proportional–integral–derivative (PID)
controller was proposed, and the algorithm was verified experimentally [6], and an adaptive robust torque
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controller was applied [7–11]. At the same time, a fuzzy
neural network controller was applied [12, 13]. Both control algorithms have excellent performance. In another
study [2], a variable structure wavelet neural network
recognition strategy based on adaptive differential evolution was used. A few researchers [14, 15] proposed a cerebellar joint model proportional–derivative (PD) hybrid
controller that avoids overlearning. For friction nonlinear factors, various friction models have been proposed,
such as a continuous friction model based on smooth
shape function [11], Lugre friction model [6, 16], friction model focusing on low speed [15], and the friction
model designed in other studies [17, 18]. Elimination of
extra force is divided into two modes: by hardware and
software. In the hardware mode, damping elements are
installed between the steering motor and the sensor [19].
However, the mode requires sophisticated structural
design. In the software mode, different compensation
algorithms have been proposed. In previous research [6,
9, 11], feedforward compensation algorithms were proposed based on the velocity. A few studies [7, 8] adopted
a fuzzy-logic compensation method, and a high-order
error dynamic reverse step controller was proposed [16]
to compensate for the extra force influence.
In this work, a novel precise compound control algorithm is proposed to improve ELS loading accuracy for
the EPS test bench. The algorithm consists of three parts.
First, to improve the loading accuracy, a fuzzy proportional–integral (PI) plus feedforward controller based on
force feedback is proposed. Next, to reduce the influence
of system friction, the design of a friction compensation
algorithm based on the Lugre friction model is described.
The force error and the load motor’s velocity are considered in the friction compensation algorithm. Then, the
influences on ELS loading accuracy are analyzed when
the steering motor rapidly rotates, and the state quantities are placed under the same coordinate axis. The
trends of extra force, the steering motor’s acceleration,
and the net torque corresponding to the rack acceleration
are similar. At the same time, when the steering motor
rapidly rotates, the precise real-time acceleration is difficult to obtain by the velocity differential or an acceleration sensor, while the net torque corresponding to the
rack acceleration is easily calculated by each feedback
force. Therefore, a net torque feedforward compensation
algorithm is proposed to suppress the extra force. The
compound control algorithm was verified through simulations and experiments. The results show that the tracking performance of the compound control algorithm
satisfies the demands of engineering practice.
This work is organized as follows. In Section 2, the model
of the EPS test bench is described. In Section 3, the compound control algorithm is detailed. The simulations in
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MATLAB/Simulink are discussed in Section 4, where test
results are presented and analyzed. Section 5 includes the
conclusions.

2 Mathematical Modeling
Figure 1 shows the system structure of the EPS test bench
divided into six parts: a force sensor, a combination of a
load motor and speed reduction mechanism, a combination of a column and rack, a torque sensor, an assist motor,
and a steering motor. The combination of the load motor
and the speed reduction mechanism is the ELS system. The
steering motor and the load motor are driven by motor
drivers. The PXI controller completes the computational
instruction of each motor driver and provides information
to the PC.
The steering motor proactively provides the power of
movement for the EPS system. The steering motor is a permanent magnet synchronous motor controlled by a position servo through a motor driver. Without considering
the controller and the friction of the steering motor, the
steering motor’s electric and torque balance equation is
described as
us = Ls İs + Rs Is + Cs ωs ,

(1)

Ts = Js ω̇s + Bs ωs + Tt ,

(2)

Ts = Ks Is ,

(3)

where Ls is the inductance of the steering motor, Rs is
resistance, Cs is the back-electromotive-force (EMF) coefficient of the steering motor, Js is the rotational inertia
of the steering motor, Bs is the damping coefficient of
the steering motor armature, Tt represents the torque of
the torque sensor, and Ks is the torque coefficient of the
steering motor.

Figure 1 System structure of EPS test bench
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The torque sensor’s deformation is linear with the
torque, so the equation ignoring the damping coefficient
of sensor is

Tt = Kt (θs − θc ),

(4)

where Kt is the stiffness coefficient of the torque sensor,
and θs and θc are the angles of rotation of the steering
motor and column.
The assist motor is regarded as an armature-controlled
DC motor [20]. The effective voltage signal, ua, that
drives the assist motor electrical circuit can be expressed
as

ua = La İa + (Ra + Rf )Ia − Ka ωa ,

(5)

where, La indicates the inductance of the assist motor, Ra
and Rf are the resistances of the armature circuit and the
current feedback, and Ka is the back-EMF constant of the
assist motor.
Connected with the column by a gear pair, the assist
motor’s torque is enlarged through the transmission
ratio. The assist torque shown on the column is

Tm = Ga Ki Ia ,

(6)

where, Ga indicates the ratio of the assist gear pair, and Ki
is the assist motor torque constant.
The column is rotated by the power from the steering and assist motors, and it is regarded as a part of the
combination with the rack. As a combination, after the
rotational inertia and damping coefficient of rack are
converted to the column, the torque balance equation
should be

Tt + Tm = Jc ω̇c + Bc ωc + Tl ,
Tl = FP rP ηP ,

(7)
(8)

where Jc is the rotational inertia of the combination of
column and rack, Bc is the damping coefficient of the
combination of column and rack, Tl represents the torque
of the pinion, FP is the force of the force sensor, rP is the
radius of the pinion, and ηP represents the effectiveness
of the pinion pair.
The force sensor’s deformation is linear with the force.
The real-time force is gathered from the force sensor,
which is depicted as

FP = KP (θc GP − θl Gr ),

(9)

where KP is the stiffness of the force sensor, θc is the rotation angle of the column, GP represents the ratio of the
pinion, θl is the rotation angle of the load motor, and Gr
denotes the ratio of the reduction mechanism.

Finally, the combination of the load motor and the
reduction mechanism is the same as for the steering
motor except for the mechanical parameters and friction of the combination, for which the influence of the
reduction mechanism should be considered. Therefore,
after the rotational inertia and damping coefficient of the
reduction mechanism are converted to the load motor, its
electric and torque balance equation is described as

ul = Ll İl + Rl Il + Cl ωl ,

(10)

Tl = Jl ω̇l + Bl ωl + (FP + Ff )rr ηr ,

(11)

Tl = Kl Il ,

(12)

where, Ll is the inductance of the load motor, Rl is the
resistance and Cl is the back-EMF coefficient of the load
motor, Jl is rotational inertia and Bl is the damping coefficient of the combination of the load motor and reduction
mechanism, Ff represents the friction of the combination
of the load motor and reduction mechanism, rr is the
equivalent radius of the reduction mechanism, ηP represents the inverse effectiveness of the combination of
the load motor and reduction mechanism, and Kl is the
torque coefficient of the load motor.
The current loop proportion of the steering motor is
defined as Kvs, and load motor’s current loop proportion
is defined as Kvl . The current control gains are defined
as KPs and KPl , and the current feedback coefficients are
defined as Kfs and Kfl. Considering the load force controller with force feedback, the block diagram of the entire
test bench can be depicted as Figure 2.

3 Precise Compound Control of Loading Force
As shown in Figure 3, the novel compound control algorithm consists of three terms: a fuzzy-PI plus feedforward controller, a friction compensation algorithm, and
a net torque feedforward compensation algorithm. The
final force multiplies a force voltage coefficient KFv, to
transform to a target voltage. The target voltage is shown
as Vl in Figure 2.
3.1 Fuzzy‑PI Plus Feedforward Controller

It is difficult to satisfy the precision demand when PID
controllers are used, because PID controllers are linear
and have been incapable of providing good control over
highly nonlinear systems [21]. A fuzzy controller is suitable for nonlinear systems [22, 23] because of its outstanding robustness and fault tolerance, and it can offset the
uncertainty of those parameters of the test bench.
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Figure 3 Block diagram of compound control algorithm

Because of the lack of integral terms, it is easy for a fuzzy
controller to generate steady-state static error [24, 25]. For
this situation, a novel combined controller that considers the
two factors is presented as the structure shown in Figure 3.
A double-input fuzzy controller is employed, and its
inputs include the force error and the rate of force error
change. The output of the fuzzy controller is an increment. The steps for the fuzzy controller are as follows.
First, the force error and the rate of force error
change need to be processed to meet the fuzzy control
requirements.
Next, the corresponding membership function has
been depicted in Figure 4. The rules of the fuzzy controller are shown in Table 1. Finally, the value of output
is as shown in Figure 4.







Figure 2 Block diagram of ELS of an EPS test bench
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Figure 4 Corresponding membership function of force error, rate of
force error change, and output of fuzzy controller

Next, an integral term is employed to compensate the
steady-state error of the fuzzy controller. A method in which
the output increment of the fuzzy controller is used as the
input of the PI controller is presented. To play the role of
fuzzy controller, the proportion parameter of the PI controller
is set to 1. Here, the PI controller just plays the role of introducing an integral term for the fuzzy controller.
Then, as a feedforward term, the target force superimposes on the fuzzy-PI controller’s output considering
the dynamic response of controller. Theoretically, the
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Table 1 Rules of fuzzy controller
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combined controller is rapid and adaptive in terms of the
feedforward and fuzzy controller. Its integration term
keeps the accuracy of control. Therefore, the output Fo1,
of the combined controller can be described as
 t
1
Fo1 (t) = Ftarget (t) + p · �F (t) + i · ·
�F (t) dt,
T
0
(13)
where Ftarget is the value of the target load force, F represents the output increments of the fuzzy controller, and
p and i are the proportion and integral term parameters
of the PI controller.
3.2 Friction Compensation Control

Force F

(N )

Ff max

2

1
–thre

thre
Velocity 
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(rad / s )

Friction is the largest factor to influence the ELS pre– Ff max
cise loading control. Lugre friction is the most common
model used in engineering practice [26, 27]. To reduce
the adverse effects of system friction, a friction comFigure 5 Lugre friction model
pensation algorithm is proposed based on the model of
Lugre friction shown in Figure 5.
The friction model facilitates the process from static
friction to dynamic friction. First, the force error is the
static friction when the load motor is static. Second, considering the movement of the load motor, double linear
friction compensation is added on the force error. It is
Fo2 = Ff 1 .
(15)
used to eliminate the influence of the load motor movement on the process that, from static friction, transforms
When |Ff| ≥ Ffmax (area 2 shown in Figure 5), its expresto dynamic friction. Finally, a threshold of the fricsion is
tion output is set up to reach the Lugre friction model’s
requirement. The expression can be presented as follows.
Fo2 = Ff max · sign(Ff 1 ),
(16)
When |Ff| < Ffmax (area 1 shown in Figure 5), its expression is
�
�

� Ff max �
F
+
2

�
e

ωthre � · ωl , |Fe | < Ff max &|ωl | < |ωthre |,


Fe + 2Ff max · sign(ω�l ), |Fe�| < Ff max &|ωl | ≥ |ωthre |,
(14)
Ff 1 =
� Ff max �

 Ff max · sign(Fe ) + 2� ωthre � · ωl , |Fe | ≥ Ff max &|ωl | < |ωthre |,


Ff max · sign(Fe ) + 2Ff max · sign(ωl ), |Fe | ≥ Ff max &|ωl | ≥ |ωthre |.
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where Fo2 is the output value of friction compensation, Fe
is defined as the force error, ωthre represents the threshold of velocity, Ffmax means the maximum of static friction, and the function, sign(), takes a positive or negative
sign of the quantity.
3.3 Net Torque Feedforward Compensation Control

Angle  ( °)

In the EPS test bench, the steering motor rotates through
the position servo, which makes the rack linear move with
the help of the assist motor. At the same time, the load
motor provides rack force following the rack movement
through the force sensor. However, the rapid rack movement is a disturbance to the precision of load force control.
Extra force is generated in this procedure. Extra force is the
peak and valley of force error generated after the fuzzy-PI
plus feedforward controller and the friction compensation
algorithm are used when the steering motor rapidly rotates.
In Figure 6 under a step steering condition, the simulation results without control, including the steering angle,
rack velocity, rack acceleration, sensor force, extra force,
and net torque, are shown. Considered the target force
and the actual sensor force, the existence of extra force
can be illustrated. The correlations between the extra
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force and steering angle or the rack velocity cannot be
perfunctorily and simply recognized. However, the rack
acceleration’s trend nearly coincides with the extra force’s
trend. Movement is generated later than velocity, and
velocity is generated later than acceleration. Therefore,
under such rapid movement disturbance, the force sensor has been forced before the rack moves. This suggests
that extra force is affected greatly by the rack acceleration
when the load motor precisely executes the signals from
the computer.
The above-mentioned inference suggests that the rack
acceleration is multiplied by a gain to feedforward compensate. The compensation, Fc, is shown as

Fc = Kc a,

(17)

where Kc is the compensation gain, and a represents the
rack acceleration.
When the steering motor rapidly rotates, the precise
real-time acceleration is difficult to obtain by the velocity
differential or an acceleration sensor. However, the trend
of net torque corresponding the rack acceleration nearly
coincides with the trend of extra force as well. The net
torque is defined as Tcr , depicted in Figure 2.

Tcr = Jc ω̇c ,

(18)

a = ω̇c rP .

(19)
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50

Analyzing Eqs. (18) and (19), the net torque can be
regarded as the acceleration multiplied by a constant
gain. The net torque is easy to obtain by calculating the
value of the torque sensor, the EPS assist force, and the
force sensor. The net torque is real time and always generates earlier than the rack movement. Therefore, the
net torque substituting for the acceleration becomes the
basis of compensation. This suggests that the net torque
is multiplied by a gain k to feedforward compensate. The
compensation, Fo3, can be depicted as

Fo3 = kTcr .

(20)

Extra force is eliminated by the net torque compensation with apposite parameters. Extra force is supposed as
Fe1, and the relationship of extra force and the net torque
compensation can be depicted as

Gs Fo3 + Fe1 = 0,

(21)

where, Gs is the transfer function of the combination of
the load motor and the speed reduction mechanism.
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4 Simulation and Experimental Results
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Figure 6 Simulation results without control under step steering
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4.1 Simulation Results

A simulation model based on the mathematical model
was built in MATLAB/Simulink, where the map of EPS
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As shown in Figure 9, the effectiveness of the friction
compensation was verified by employing friction compensation and the fuzzy-PI plus feedforward controller,
and without the net torque feedforward compensation.
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assist torque was adopted from a B-classed car on the
CARSIM. A steering condition was designed, where
the target force was set to 1 kN, and the steering motor
steered 150° within 0.15 s, since the 1.1th second under a
vehicle speed of 60 km/h. In addition, the sliding friction
of the ELS model was set to ± 500 N. Three simulation
results are shown, and they respectively verify the fuzzyPI plus feedforward controller, the friction compensation
algorithm, and the net torque feedforward compensation
algorithm. Table 2 lists the key parameters of the entire
model.
To verify individually the tracking performance of the
fuzzy-PI plus feedforward controller and provide a comparable object, the friction compensation and the net
torque feedforward compensation were not employed
in the simulation. The result is shown in the Figure 7.
The remaining part, except the period of steering, nearly
coincides with the target force. Peak A is generated when
the steering motor starts to rotate, and valley B is generated when steering motor brakes. The value of peak
A is far greater than the value of valley B, because peak
A needs more power to generate accelerations starting
from a static state.
At the same time, simulation employing only a pure
PID controller was done for comparison with the fuzzyPI plus feedforward controller. The PID controller’s proportion, integral, and differential term parameters were,
respectively, set as 10, 10, and 0.001. The result is shown
in Figure 8.
The comparison of Figures 7 and 8 shows that the
value of peak A reduces by more than 46% and the value
of valley B reduces by more than 79% when the fuzzyPI plus feedforward controller is employed. In addition,
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10 shows that the value of peak A decreased by more
than 97% and the value of valley B decreased by more
than 85% when the compound algorithm was employed.
4.2 Experimental Results

Comparison of Figures 7 and 9 shows that the friction
compensation reduces the value of peak A by more than
56%, while there is little change of the value of valley B.
When the steering motor starts to rotate, the friction
compensation makes a step change to compensate for
part A. That leads to the reduction of peak A. When the
steering motor brakes, the friction compensation does
not change, which is shown as part B. At this moment,
the friction compensation just compensates for the
steady-state error in part B. Because the test bench is not
absolutely rigid, there are a slight rack movement and
force error when the load force starts to increase from
zero. Thus, the friction compensation is generated during
part C.
As shown in Figure 10, the effectiveness of the compound control algorithm was verified by employing the
net torque feedforward compensation and all the other
algorithms. Comparison of Figures 9 and 10 shows that
the value of peak A reduced to 6 from 78 and the value
of valley B reduced to − 5 from − 36 when the net torque
compensation algorithm was employed. As analyzed in
Section 2, the trends of extra force and the net torque
were similar, and peak A and valley B simultaneously
existed in extra force and the net torque. Therefore, the
extra force was reduced by the net torque compensation
with apposite parameters. Comparison of Figures 7 and

An EPS test bench was built, and it is shown in Figure 11,
where the test bench includes the steering motor, the EPS
system, the rack steering, and the load motor.
In this test bench, the EPS system is the tested part
rather than the developed part, and it provides the assist
torque, as in normal cars. At the same time, the load
motor provides the rack force replacing the steering tires.
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8
7

6
5

2

3,4

Figure 11 EPS test bench: 1. Steering motor; 2. Column and rack;
3. Torque sensor; 4. Assist motor; 5. Force sensor; 6. Load motor and
speed reduction mechanism; 7. Motor driver; 8. PXI controller; 9.
Computer
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4.2.1 Verification of Fuzzy‑PI Plus Feedforward Controller
with Force Feedback

Actual sensor force Fp (N)

1000
800
600

330N

400

Force F ( N)

Experiment 1 was designed to verify individually the
tracking performance of the fuzzy-PI plus feedforward
controller when employed in a static condition. In experiment 1, the steering motor was braked as a static object.
The target rack force gained from CARSIM is shown in
Figure 12. The result of the test experiment is shown in
Figure 12 as well.
Figure 12 shows that the actual sensor force nearly
coincides with the target force, and its maximum error is
7%, satisfying the demands of engineering practice.

749N

200
0
-200
-400

extra force with compensation
-600
-800

4.2.2 Verification of Extra Force Suppression Control by Net
Torque Feedforward Compensation Algorithm

Experiment 2 was designed to verify the effectiveness of
the net torque feedforward compensation. In experiment
2, the steering motor drove the entire bench as a steering
wheel. The steering motor rotated with a sine condition,
whose amplitude was set to 180° and frequency was set
to 1 Hz. The target rack force was set to zero, while the
net torque was obtained by calculating the values of the
torque sensor, the EPS assist motor, and the force sensor.
The net torque feedforward compensation algorithm and
other algorithms were used from beginning to the 10th
second, while the result without the net torque feedforward compensation algorithm was generated from the
10th to the 17th second. The actual sensor force of experiment 2 can be regarded as extra force and is shown in
Figure 13.
In Figure 13, a comparable performance is shown,
where the extra force was reduced to 322 N from 749 N
with the net torque feedforward compensation. With the
load motor as a physical part, the loading accuracy was
nearly 200 N. The load motor’s physical loading accuracy

0
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10
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14

16

Time t (s)

Figure 13 Actual sensor force of experiment 2

was hardly improved by the control algorithms. Because
the results were based on the motor physical loading
accuracy, the improved performance of the net torque
feedforward compensation algorithm was far more than
56%.
4.2.3 Verification of the Compound Control Algorithm

Experiment 3 was designed to verify the tracking performance of the compound control algorithm comprehensively when it was employed in a dynamic condition. In
experiment 3, the steering motor rotated according to the
target steering angle, which is shown in Figure 14. The
target rack force gained by the CARSIM is shown in Figure 15. The result of experiment 3 is shown in Figure 15
as well.
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Figure 12 Tracking performance of experiment 1
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Figure 14 Steer angle of experiment 3
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sponding to the acceleration of the actuator in the
ELS system.
(4) Comprehensive experimental investigation shows
that the tracking performance of the compound
control algorithm satisfies the demands of engineering practice, and this provides a foundation for
the testing of EPS systems.
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Figure 15 Tracking performance of experiment 3

Figure 15 shows that the actual load motor force deviated from the target force and the actual sensor force
in some periods. Owing to the existence of friction, the
actual load motor force deviated from the actual sensor
force when the rack was static, which is shown as areas 1
and 2, and this proved the validity of the friction control
algorithm. There were many disturbances on the actual
load motor force. The combination of the load motor
and speed reduction mechanism can be regarded as a
low-pass filter because of the friction and damping. The
high-frequency noise was partly suppressed when the
actual load motor force passed through the low-pass filter. Therefore, the actual sensor force under small noise
nearly coincided with the target force.

5 Conclusions
A compound control algorithm was proposed with the
fuzzy-PI plus feedforward controller superimposed on
the friction compensation algorithm and the net torque
compensation algorithm. The control algorithms were
verified by simulations and experiments.
(1) The efficacy of the fuzzy-PI plus feedforward controller is sufficient for the tracking performance of
the control in such a nonlinear system.
(2) The friction compensation algorithm considering
the force error and the load motor movement is
suitable for the ELS system.
(3) The sensor force is the result of the collective effect
of the load motor and the steering motor, and the
extra force can be reduced if the net torque drives
the column and rack. This suggests that the extra
torque can be reduced by the net torque corre-
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