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Abstract
Electro-hydraulic power steering (EHPS) systems are widely used in commercial vehicles due to their adjustable
power assist and energy-saving advantages. In this paper, a dynamic model of the EHPS system is developed, and
quantitative expressions for three evaluation indexes, steering road feel, steering sensibility and steering energy loss,
are derived for the first time. A multi-objective collaborative optimization model of the EHPS system is then estab-
lished, which consists of one total system and three parallel subsystems, based on collaborative optimization theory.
Considering the coupled variables of each subsystem, the total system is optimized by a multi-objective algorithm,
while the subsystems are optimized by a single-objective algorithm. The optimization results demonstrate that the av-
erage frequency domain energy of the steering road feel is increased by 69.1%, the average frequency domain energy
of steering sensitivity is reduced by 19.2%, and steering energy consumption is reduced by 10.8% compared to the
initial value. The non-dominated sorting genetic algorithm-II (NSGA-II) shows superior comprehensive performance
compared to the other two multi-objective algorithms, and the optimization performance can be further improved by
setting appropriate algorithm parameters.

Keywords: Electro-hydraulic power steering,multi-objective optimization, collaborative optimization, non-dominated
sorting genetic algorithm-II
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1. INTRODUCTION
As the focus on driving experience increases, research into vehicle steering systems has also gained attention.
Traditional hydraulic power steering (HPS) systems provide assistance torque through an engine and offer a
clear road feel, but have the disadvantage of high energy consumption. Electric power steering (EPS) systems
provide adjustable assistance torque through a motor and have lower energy consumption, but the power-
assisted range of EPS systems is narrow, limiting their application in vehicles with heavy front axle loads.
Electric-hydraulic power steering (EHPS) systems combine the advantages of both systems, providing better
road feel and lower energy consumption. Thus, EHPS systems have been widely used in commercial vehicles.

In recent years, research into EHPS systems has mainly focused on the control aspect [1–6]. Neural network
control algorithms have been applied to the steering assist control of EHPS systems to improve the driver’s
experience [7]. Kim et al. proposed a design method for the steering motor speed of EHPS systems based
on driver perception, which improved the driver’s steering road feel and eliminated the catch-up effect [8].
Lin et al. proposed a slip frequency control method for the steering motor of EHPS systems to effectively
improve the response speed and accuracy of the steering motor [9]. Ye et al. simplified the EHPS system and
introduced the H2/H∞ control method to control the power assistance, which improves the anti-interference
performance of the steering system [10]. Hur et al. analyzed the characteristics of the interior permanent-
magnet synchronous motor of EHPS systems and proposed precise control and real-time response control
methods for the motor [11].

However, current research rarely focuses on the steering experience of EHPS systems, and the optimization of
the overall EHPS system is rarely reported. The evaluation indexes of EHPS systems involve not only steering
flexibility and road feel, but also steering economy and other aspects with coupled effects [12–14]. Therefore, the
optimization of the EHPS system is essentially a multi-objective optimization problem (MOP).

Traditional multi-objective optimization algorithms usually set different weights for different indicators and
sum them, thus transforming multi-objective optimization into single-objective optimization [15]. However,
these optimization algorithms show poorer performance in solving toomany optimization objectives and non-
convex optimization problems, and are prone to falling into local optima [16]. As such, a number of intelligent
optimization algorithms, such as non-dominated sorting genetic algorithm (NSGA) and NSGA-II, have been
proposed and applied to satellite design and other fields [17,18]. Additionally, the collaborative optimization
(CO)method can effectively solve complex optimization problems, with the obvious advantages of simplifying
system decoupling and achieving parallel computation [19–21]. The complex optimization model is divided into
several subsystems according to the optimization objectives, and the coupling variables in the subsystems are
coordinated by the consistency constraint [22]. This is convenient for concurrent design, which is consistent
with the modern industrial design structure [23–25].

In this paper, steering road feel, steering sensitivity, and steering energy loss are taken as evaluation indexes.
Considering the coupling factors of each subsystem, the multi-objective collaborative optimization method of
the EHPS system is explored.

The rest of the paper is organized as follows. The dynamicmodel of the EHPS system is established in Section 2,
and the three evaluation indexes of the steering system are derived for the first time. Section 3 establishes the
multi-objective collaborative optimization model of the EHPS system and shows the multi-objective optimiza-
tion results. Conclusions are given in Section 4.
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Figure 1. Structure of EHPS system. 1-Torque sensor; 2-rack and pinion;3-hydraulic cylinder; 4- hydraulic pump; 5-drive motor; 6-rotary
valve.

2. SYSTEM DYNAMIC MODEL
The EHPS system consists of two parts: mechanical and hydraulic. The mechanical part includes a sequential
connection of the steering wheel, steering column, rack and pinion, etc. The hydraulic part includes the oil
tank, hydraulic pump, drive motor, rotary valve, and hydraulic cylinder. According to the vehicle speed and
steering wheel torque, the drive motor drives the hydraulic pump at a certain speed to supply oil to the rotary
valve and form a pressure difference on both sides. This pressure difference then provides adjustable assistance
for the steering system through the hydraulic cylinder.

The EHPS system structure is shown in Figure 1.

2.1. Steering model
Thedynamics model of the EHPS system can be expressed as follows, which includes the steering wheel model,
drive motor model, rack and pinion model, and steering resistance torque model [2,8].


𝐽𝑠𝑤 ¥𝜃𝑠𝑤 + 𝐵𝑠𝑤 ¤𝜃𝑠𝑤 = 𝑇𝑠𝑤 − 𝑇𝑠
𝐽𝑚

𝑑𝜔
𝑑𝑡 + 𝐵𝑑𝜔 = 𝑇𝑚 − 𝑇𝑐

𝑚𝑜 ¥𝑥𝑜 + 𝐵𝑜 ¤𝑥𝑜 = 𝐹𝑠𝑠 + 𝐹ℎ − 𝐹𝑟
𝑇𝑟 =

2𝑑𝑘1
𝑛1

( 𝑎𝜔𝑟
𝑢 + 𝐸1𝜙 + 𝛽 − 𝛿

) (1)

where 

𝐹ℎ = 𝐴𝑝 ( 𝜌

8(𝐶𝑞𝐴2)2

(
𝑄𝑠 − 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)2
− 𝜌

8(𝐶𝑞𝐴1)2

(
𝑄𝑠 + 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)2
)

𝑞 = 2𝑝𝑏
[
𝜋
(
𝑅2

2 − 𝑅2
1
)
− (𝑅2 − 𝑅1) 𝑍𝑡

]
𝑝𝑆 =

𝜌

8(𝐶𝑞𝐴1)2

(
𝑄𝑠 + 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)2
+ 𝜌

8(𝐶𝑞𝐴2)2

(
𝑄𝑠 − 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)2

𝑇𝑐 =
𝑞𝑃𝑠

2𝜋𝑘 𝑝
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2.2. Steering performance indexes
Considering the performance requirements of the EHPS system, steering road feel, steering sensibility, and
steering energy loss are taken as the evaluation indexes. The quantitative formulas of the three evaluation
indexes are derived as follows.

2.2.1 Steering road feel
In this paper, steering road feel is defined as a transfer function from steering resistance torque 𝑇𝑟 to steering
wheel torque 𝑇𝑠𝑤 , which reflects the efficiency of transmitting torque fluctuations from the road surface to the
driver. Besides, the steering wheel angle 𝜃𝑠𝑤 is defined as 0 to reduce a degree of freedom and facilitate the
analysis of the steering system.

It is assumed that the torque sensor can be simplified as a torsion bar spring, and the measured value of the
torque sensor could be computed by

𝑇𝑠 = 𝐾𝑠
(
𝜃𝑠𝑤 − 𝜃𝑝

)
= −𝐾𝑠𝜃𝑝 (2)

where 𝑇𝑠𝑤 is torque obtained by torque sensor.

According to the current control strategy, the current can be given by

𝐼 = 𝐾𝑇𝑠 (3)

The torque 𝑇𝑚 provided by the motor can be given by

𝑇𝑚 = −𝐾𝑎𝐾𝐾𝑠𝜃𝑝 (4)

Where 𝐾𝑎 is the torque coefficient of the motor, 𝐾 is power gain coefficient.

According to (1)-(4), steering road feel can be computed as follows.

𝐸 (𝑠) = 𝑇𝑠𝑤 (𝑠)
𝑇𝑟 (𝑠)

=
𝐾𝑠𝑞

𝑋1𝑠2 + 𝑌1𝑠 + 𝑍1
(5)

where 
𝑋1 = m𝑟𝑟

2
𝑝𝑞 + 𝑛2𝐽𝑚𝐴𝑝𝑟𝑝

𝑌1 = 𝐵𝑟𝑞𝑟2
𝑝 + 𝑛2𝐵𝑚𝐴𝑝𝑟𝑝 +

𝜌𝑞2𝑛𝜂𝑣𝐴
2
𝑝𝑟

2
𝑝

2𝐶2
𝑞𝐴

2
1

𝑍1 = 𝐴𝑝𝑟𝑝𝐾𝐾𝑎𝐾𝑠 + 𝑞𝐾𝑇𝑇
Generally, the effective road information frequency domain range is 0-40 Hz. Thus, steering road feel is mea-
sured by its average frequency power within this range.

𝑆𝑐 =
1

2𝜋𝜔0

∫ 𝜔0

0
|𝐸 ( 𝑗𝜔) |2𝑑𝜔 (6)

2.2.2 Steering sensibility
Steering sensitivity reflects the response speed of a vehicle to steering action and has an important impact on
vehicle safety at high speed.

The vehicle three degree of freedom differential equation can be described as [17]
𝐼𝑧 ¤𝜔𝑟 − 𝐼𝑥 ¥𝜙 = 𝑁𝑟𝜔𝑟 + 𝑁𝛽𝛽 + 𝑁𝜙𝜙 + 𝑁𝛿𝛿
𝑚𝑢

(
𝜔𝑟 + ¤𝛽

)
− 𝑚𝑠ℎ ¥𝜙 = 𝑌𝑟𝜔𝑟 + 𝑌𝛽𝛽 + 𝑌𝜙𝜙 + 𝑌𝛿𝛿

𝐼𝑥 ¥𝜙 − 𝑚𝑠𝑢
(
𝜔𝑟 + ¤𝛽

)
ℎ − 𝐼𝑥 ¤𝜔𝑟 = 𝐿𝑝 ¤𝜙 + 𝐿𝜙𝜙

(7)
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where

𝑁𝑟 = −2 𝑎
2𝑘1+𝑏2𝑘2

𝑢 𝑁𝛽 = −2𝑎𝑘1 + 2𝑏𝑘2
𝑁𝜙 = −2𝑎𝐸1𝑘1 + 2𝑏𝐸2𝑘2 𝑁𝛿 = 2𝑎𝑘1
𝑌𝑟 = −2 𝑘1𝑎−𝑘2𝑏

𝑢 𝑌𝛽 = −2 (𝑘1 + 𝑘2)
𝑌𝜙 = −2𝑘1𝐸1 − 2𝑘2𝐸2 𝑌𝛿 = 2𝑘1
𝐿𝜙 = −[2𝑘1𝐸1ℎ + 2𝑘2𝐸2ℎ + 2(𝐶21 + 𝐶23 + 𝐶𝑎1+𝐶𝑎2

𝑑2 )𝑑2 − 𝑚𝑠𝑔ℎ]
𝐿𝑝 = −2 (𝐷21 + 𝐷23) 𝑑2

The following formula can be obtained by Laplace transformation of the above formula
𝜔𝑟 (𝑠)
𝛿(𝑠) = 𝐴3𝑠

3+𝐴2𝑠
2+𝐴1𝑠+𝐴0

𝐵4𝑠4+𝐵3𝑠3+𝐵2𝑠2+𝐵1𝑠+𝐵0

𝛽(𝑠)
𝛿(𝑠) =

𝐹3𝑠
3+𝐹2𝑠

2+𝐹1𝑠+𝐹0
𝐵4𝑠4+𝐵3𝑠3+𝐵2𝑠2+𝐵1𝑠+𝐵0

𝜙(𝑠)
𝛿(𝑠) =

𝐻2𝑠
2+𝐻1𝑠+𝐻0

𝐵4𝑠4+𝐵3𝑠3+𝐵2𝑠2+𝐵1𝑠+𝐵0

(8)

where
𝐴3 = −𝑚𝑢𝐼𝑥𝑁𝛿 + ℎ2𝑢𝑚2

𝑠𝑁𝛿 − ℎ𝑢𝐼𝑥𝑧𝑚𝑠𝑌𝛿
𝐴2 = 𝑚𝑢𝐿𝑝𝑁𝛿 + 𝐼𝑥𝑁𝛿𝑌𝛽 − 𝐼𝑥𝑁𝛽𝑌𝛿
𝐴1 = 𝑚𝑢𝐿𝜙𝑁𝛿 − 𝐿𝑝𝑁𝛿𝑌𝛽 + 𝐿𝑝𝑁𝛽𝑌𝛿 − hum 𝑠𝑁𝜙𝑌𝛿 + ℎ𝑠𝑁𝛿𝑌𝜙
𝐴0 = −𝐿𝜙𝑁𝛿𝑌𝛽 + 𝐿𝜙𝑁𝛽𝑌𝛿
𝐵4 = 𝑚𝑢𝐼2𝑥𝑧 − 𝑚𝑢𝐼𝑥 𝐼𝑧 + ℎ2𝑢𝐼𝑧𝑚

2
𝑠

𝐵3 = 𝑚𝑢𝐼𝑧𝐿𝑝 + 𝑚𝑢𝐼𝑥𝑁𝑟 − ℎ2𝑢𝑚2
𝑠𝑁𝑟 + ℎ𝐼𝑥𝑧𝑚𝑠𝑁𝛽 + ℎ𝑢𝐼𝑥𝑧𝑚𝑠𝑌𝑟 − 𝐼2𝑥𝑧𝑌𝛽 + 𝐼𝑥 𝐼𝑧𝑌𝛽

𝐵2 = 𝑚𝑢𝐼𝑧𝐿𝜙 − 𝑚𝑢𝐿𝑝𝑁𝑟 − 𝑚𝑢𝐼𝑥𝑁𝛽 + ℎ2𝑢𝑚2
𝑠𝑁𝛽 + 𝑚𝑢𝐼𝑥𝑧𝑁𝜙 + 𝐼𝑥𝑁𝛽𝑌𝑟 − 𝐼𝑧𝐿𝑝𝑌𝛽

−ℎ𝑢𝐼𝑥𝑧𝑚𝑠𝑌𝛽 − 𝐼𝑥𝑁𝑟𝑌𝛽 + ℎ𝑢𝐼𝑧𝑚𝑠𝑌𝜙
𝐵1 = −𝑚𝑢𝐿𝜙𝑁𝑟 + 𝑚𝑢𝐿𝑝𝑁𝛽 − 𝐿𝑝𝑁𝛽𝑌𝑟 + ℎℎ𝑢𝑚𝑠𝑁𝜙𝑌𝑟 − 𝐼𝑧𝐿𝜙𝑌𝛽 + 𝐿𝑝𝑁𝑟𝑌𝛽 − 𝐼𝑥𝑧𝑁𝜙𝑌𝛽

− hum 𝑠𝑁𝑟𝑌𝜙 + 𝐼𝑥𝑧𝑁𝛽𝑌𝜙
𝐵0 = 𝑚𝑢𝐿𝜙𝑁𝛽 − 𝐿𝜙𝑁𝛽𝑌𝑟 + 𝐿𝜙𝑁𝑟𝑌𝛽 − hum 𝑠𝑁𝜙𝑌𝛽 + hum 𝑠𝑁𝛽𝑌𝜙

𝐹3 = −ℎ𝐼𝑥𝑧𝑚𝑠𝑁𝛿 + 𝐼2𝑥𝑧𝑌𝛿 − 𝐼𝑥 𝐼𝑧𝑌𝛿
𝐹2 = 𝑚𝑢𝐼𝑥𝑁𝛿 − ℎ2𝑢𝑚2

𝑠𝑁𝛿 − 𝐼𝑥𝑁𝛿𝑌𝑟 + 𝐼𝑧𝐿𝑝𝑌𝛿 + ℎ𝑢𝐼𝑥𝑧𝑚𝑠𝑌𝛿 + 𝐼𝑥𝑁𝑟𝑌𝛿
𝐹1 = −𝑚𝑢𝐿𝑝𝑁𝛿 + 𝐿𝑝𝑁𝛿𝑌𝑟 + 𝐼𝑧𝐿𝜙𝑌𝛿 − 𝐿𝑝𝑁𝑟𝑌𝛿 + 𝐼𝑥𝑧𝑁𝜙𝑌𝛿 − 𝐼𝑥𝑧𝑁𝛿𝑌𝜙
𝐹0 = −𝑚𝑢𝐿𝜙𝑁𝛿 + 𝐿𝜙𝑁𝛿𝑌𝑟 − 𝐿𝜙𝑁𝑟𝑌𝛿 + ℎ𝑢𝑚𝑠𝑁𝜙𝑌𝛿 − ℎ𝑢𝑚𝑠𝑁𝛿𝑌𝜙

𝐻2 = −𝑚𝑢𝐼𝑥𝑧𝑁𝛿 − ℎ𝑢𝐼𝑧𝑚𝑠𝑌𝛿
𝐻1 = − hum 𝑠𝑁𝛿𝑌𝑟 + 𝐼𝑥𝑧𝑁𝛿𝑌𝛽 + hum 𝑠𝑁𝑟𝑌𝛿 − 𝐼𝑥𝑧𝑁𝛽𝑌𝛿
𝐻0 = hum 𝑠𝑁𝛿𝑌𝛽 − hum 𝑠𝑁𝛽𝑌𝛿

According to Formula (1) and (8), the transfer function from the rotation angle of steering wheel 𝜃𝑠𝑤(𝑠) to the
rotation angle of front wheel 𝛿(𝑠) can be expressed as

𝛿(𝑠)
𝜃𝑠𝑤 (𝑠)

=
𝐴𝑝𝑟𝑝𝐾𝐾𝑎𝐾𝑠 + 𝐾𝑠𝑞

𝑋2𝑠2 + 𝑌2𝑠 + 𝑍2 + 𝑞2𝑑𝑘1
𝑛2

(
𝑎
𝑢
𝑤𝑟 (𝑠)
𝛿(𝑠) + 𝛽(𝑠)

𝛿(𝑠) + 𝐸1
𝜙(𝑠)
𝛿(𝑠)

) (9)

where
X2 = m𝑟𝑟

2
𝑝𝑞𝑛1 + 𝑛1𝑛2𝐽𝑚𝐴𝑝𝑟𝑝

𝑌2 =

(
𝐵𝑟𝑞𝑟

2
𝑝 + 𝑛2𝐵𝑚𝐴𝑝𝑟𝑝 +

𝜌𝑞2𝑛𝜂𝑣𝐴
2
𝑝𝑟

2
𝑝

2𝐶2
𝑞𝐴

2
1

)
𝑛1

𝑍2 =
(
𝐴𝑝𝑟𝑝𝐾𝐾𝑎𝐾𝑠 + 𝐾𝑠𝑞

)
𝑛1 − 2𝑞𝑑𝑘1

𝑛1
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Figure 2. The schematic diagram of energy flow.

In this paper, the transfer function from the yaw velocity𝜔𝑟(𝑆) to steering wheel 𝜃𝑠(𝑆) is defined as the steering
sensitivity, expressed as

𝜔𝑟 (𝑠)
𝜃𝑠𝑤 (𝑠)

=
𝜔𝑟 (𝑠)
𝛿(𝑠)

𝛿(𝑠)
𝜃𝑠𝑤 (𝑠)

(10)

Similar to steering road feel, the steering sensibility is also measured by the average frequency power in the
range of 0-40 Hz and computed as

𝐹𝑙 =
1

2𝜋𝜔0

∫ 𝜔0

0

����𝜔𝑟 (𝑠)𝜃ℎ (𝑠)

����2
𝑗= 𝑗𝜔

𝑑𝜔 (11)

2.2.3 Steering energy loss
Compared with traditional HPS systems, energy consumption of EHPS systems is greatly reduced. However,
it still has a huge potential for energy saving. The schematic diagram of the energy flow of the EHPS system is
shown in Figure 2.

The total energy of the steering system is supplied by the battery. One part of the energy is supplied to the
ECU,and the energy loss is denoted as 𝑃𝐸−𝑙𝑜𝑠𝑠. The other part is supplied to the drive motor, which drives the
hydraulic pump according to the ECU command. The energy loss of the drive motor is denoted as 𝑃𝑚−𝑙𝑜𝑠𝑠.
The hydraulic pump pumps the hydraulic oil into rotary valve, and the energy losses of the two are denoted as
𝑃𝑝−𝑙𝑜𝑠𝑠 and 𝑃𝑣−𝑙𝑜𝑠𝑠, respectively [9,14]. Thus, the total energy loss can be calculated as

𝑃 = 𝑃𝐸−𝑙𝑜𝑠𝑠 + 𝑃𝑚−𝑙𝑜𝑠𝑠 + 𝑃𝑝−𝑙𝑜𝑠𝑠 + 𝑃𝑣−𝑙𝑜𝑠𝑠 (12)

where

𝑃𝐸− loss = 𝑅𝑎𝑖2 + 𝑈2
𝑠

𝑅elec

𝑃𝑚− loss =

[
𝐵𝑣n𝜋

30 +𝑇𝐿𝑜
K𝑎 ra + ken𝜋

30 − 𝐾𝑎𝜔(𝑡)
]
𝑖

𝑃𝑝− loss = 𝜌

8𝐶2
𝑞

[(
𝑄𝑆−𝐴𝑃 ¤𝜃𝑃𝑟𝑃

𝐴2

)2
+
(
𝑄𝑆+𝐴𝑃 ¤𝜃𝑃𝑟𝑃

𝐴1

)2
]
(𝑞𝑛 −𝑄𝑆)

𝑃𝑣− loss = 𝜌

8(𝐶𝑞𝐴1)2

(
𝑄𝑠
4 + 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)3
+ 𝜌

8(𝐶𝑞𝐴2)2

(
𝑄𝑠
4 − 𝐴𝑝 𝑑𝑥𝑟𝑑𝑡

)3

𝑖 = 𝐽𝑚
𝐾𝑎

𝑑𝜔(𝑡)
𝑑𝑡 + 𝐵𝑑

𝐾𝑎
𝜔(𝑡) + 𝑇𝑐

𝐾𝑎
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Table 1. The basic parameter of EHPS system

Name Value Name Value

m/kg 4495 𝐶21/(N•m/rad) 14,130
ms/kg 3350 𝐶23/(N•m/rad) 71,200
𝐼𝑥/kg•m2 2510 𝐶𝑎1/(N•m•s/rad) 4,000
𝐼𝑥𝑧/kg•m2 2810 𝐶𝑎1/(N•m•s/rad) 3,800
𝐼𝑧/kg•m2 18800 𝑑/m 0.23
𝑘1/(N/rad) -2900 𝐽𝑠𝑤/kg•m2 0.04
𝑘2/(N/rad) -2900 𝐶𝑞 0.62

Table 2. The initial value and range of each variable

Design variable Initial value Lower Upper

𝐴𝑝 (m2) 1.2∗10−4 0.5∗10−4 2∗10−4

𝑝𝑏 (m) 0.008 0.003 0.01
𝐾𝑠 (N/m) 80 30 150
𝐽𝑚/kg•m2 5∗10−3 10−3 10−2

𝑟𝑝 (m) 0.05 0.01 0.1
𝑤 (m) 10−3 10−4 2∗10−3

3. INTEGRATION OPTIMIZATION
As mentioned above, the optimization of EHPS system involves three evaluation indexes, steering road feel,
steering sensitivity, and steering energy loss. Therefore, Amulti-objective collaborative optimizationmodel has
been built, which simplifies the system decoupling, and the multi-objective optimization algorithm is applied
to the model for a Pareto optimal solution set. Besides, the basic parameters of the EHPS system are shown in
Table 1.

3.1. Optimization model
Based on collaborative optimization theory, the main system is divided into three independent subsystems,
which is convenient for parallel computation and reduces the optimization time. In the main system, three
optimization objectives, steering road feel, steering sensibility and energy loss, are optimized bymulti-objective
optimization algorithm. Besides, the consistency constraint of design parameters is taken as the optimization
goal of each subsystem, and the sequential quadratic programming (NLPQL) algorithm is used to optimize
each system.

In this paper, the effective area of piston 𝐴𝑝 , the moment of inertia of motor 𝐽𝑚 , the stiffness coefficient 𝐾𝑠, the
stator thickness 𝑝𝑏 , the gap width of rotary valve and the radius of the rack and pinion 𝑟𝑝 are selected as the
optimization variables. The initial value and design scope of each variable are given in Table 2.

The main system of optimization model is given by



𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑃

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐹𝑙
𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑆𝑐
𝐷𝑒𝑠𝑖𝑔𝑛 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐵𝑜𝑢𝑛𝑑𝑠 :

3 ≤ 𝑇𝑝 ≤ 5
𝑍𝐿 ≤ 𝑍

(
𝐴𝑝 , 𝑝𝑏 , 𝐾𝑠, 𝐽𝑚 , 𝑟𝑝 , 𝑤

)
≤ 𝑍𝑈

𝑅1,2,3 ≤ 0.01

(13)

where 𝑇𝑝 is effective power torque, which is computed by

𝑇𝑝 = 𝐴𝑝𝑟𝑝 𝑝𝑎𝑏 (14)
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where 
𝑝𝑎𝑏 =

𝜌

8(𝐶𝑞𝐴 𝑓 2)2

(
𝑞𝑛𝜂𝑣 − 𝐴𝑝𝑟𝑝 ¤𝜃𝑝

)2 − 𝜌

8(𝐶𝑞𝐴 𝑓 1)2

(
𝑞𝑛𝜂𝑣 + 𝐴𝑝𝑟𝑝 ¤𝜃𝑝

)2
𝐴 𝑓 1 = 𝑁𝐿 [𝑤 + 𝑅

(
𝜃𝑧 − 𝜃𝑝

)
]

𝐴 𝑓 2 = 𝑁𝐿 [𝑤 − 𝑅
(
𝜃𝑡 − 𝜃𝑝

)
]

The first subsystem named as energy loss is given by

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒

𝑅1 =
(
1 − 𝐴′𝑝/𝐴𝑝

)2
+
(
1 − 𝑝′𝑏/𝑝𝑏

)2
+
(
1 − 𝐽𝑚/𝐽′𝑚

)2 + (
1 − 𝑟′𝑝/𝑟𝑝

)2
+ (1 − 𝑤′/𝑤)2

𝐷𝑒𝑠𝑖𝑔𝑛 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐵𝑜𝑢𝑛𝑑𝑠 :
3 ≤ 𝑇 ′

𝑝 ≤ 5
𝑥𝐿 ≤ 𝑥

(
𝐴′𝑝 , 𝑝

′
𝑏 , 𝐾

′
𝑠, 𝐽

′
𝑚 , 𝑟

′
𝑝 , 𝑤

′
)
≤ 𝑥𝑈

(15)

The second subsystem named as road feel is given by

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒

𝑅2 =
(
1 − 𝐴′′𝑝/𝐴𝑝

)2
+
(
1 − 𝑝′′𝑏/𝑝𝑏

)2
+
(
1 − 𝑟′′𝑝/𝑟𝑝

)2
+
(
1 − 𝐽𝑚/𝐽′′𝑚

)2 + (
1 − 𝐾′′

𝑠 /𝐾𝑠
)2

𝐷𝑒𝑠𝑖𝑔𝑛 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐵𝑜𝑢𝑛𝑑𝑠 :
3 ≤ 𝑇 ′′

𝑝 ≤ 5
𝑥𝐿 ≤ 𝑥

(
𝐴′′𝑝 , 𝑝

′′
𝑏 , 𝐾

′′
𝑠 , 𝐽

′′
𝑚 , 𝑟

′′
𝑝

)
≤ 𝑥𝑈

(16)

The third subsystem named as steering sensibility is given by

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒

𝑅3 =
(
1 − 𝐴′′′𝑝 /𝐴𝑝

)2
+
(
1 − 𝑝′′′𝑏 /𝑝𝑏

)2 + (
1 − 𝐾′′′

𝑠 /𝐾𝑠
)2

+
(
1 − 𝐽′′′𝑚 /𝐽𝑚

)2 + (
1 − 𝑟′′′𝑝 /𝑟𝑝

)2
+ (1 − 𝑤′′′/𝑤)2

𝐷𝑒𝑠𝑖𝑔𝑛 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝐵𝑜𝑢𝑛𝑑𝑠 :
3 ≤ 𝑇 ′′′

𝑝 ≤ 5
𝑥𝐿 ≤ 𝑥

(
𝐴′′′𝑝 , 𝑝

′′′
𝑏 , 𝐾

′′′
𝑠 , 𝐽

′′′
𝑚 , 𝑟

′′′
𝑝 , 𝑤

′′′
)
≤ 𝑥𝑈

(17)

According to the above models, the multi-objective collaborative optimization model of EHPS is showed in
Figure 3.

3.2. Multi-objective optimization algorithm
TheNSGA-II algorithm has excellent global search performance and is often used in multi-objective optimiza-
tion. On the one hand, the NSGA-II introduces an elite strategy in the process of ranking, which avoids the loss
of non-dominated individuals in the evolution process and speeds up the convergence speed of the algorithm.
On the other hand, the NSGA-II improves the crowded-comparison approach, which ensures the diversity of
the next generation and enhances the global exploratory capability of the algorithm.

The main steps of NSGA-II algorithm can be depicted as follows.

(1) Generate the initial population 𝑃0 at random and the size of 𝑃0 is 𝑁 ;
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Figure 3. Optimization model of EHPS.

(2) Calculate the fitness degree of each individual by fitness function, sorting all individuals according to non-
dominated regulation;

(3) Generate the next population 𝑄𝑡(𝑡) ≥ 1 by crossover and mutation, and the size of 𝑄𝑡 is 𝑁 . Forming a new
population 𝑅𝑡 consisted of 𝑃𝑡 and 𝑄𝑡 ;

(4) Calculate the fitness degree and crowd degree for each individual. Then, select 𝑁 individuals to constitute
a new population 𝑃𝑡+1 according to the non-dominated regulation;

(5) 𝑡 = 𝑡 + 1;

(6) Run Step 3 to Step 5 repeatedly until 𝑡 equals to the maximum generation.

The flowchart of the NSGA-II algorithm is shown in Figure 4.

3.3. Optimization results
According to the established multi-objective collaborative optimization model of the EHPS system, the NSGA-
II is applied to the main system for the overall optimization of evaluation indexes, and the NLPQL algorithm
is applied to each subsystem for the consistency of design variables. Additionally, the multi-objective particle
swarm optimization algorithm (MOPSO) and NCGA multi-objective optimization algorithms are applied to
the main system, and the NSGA-II algorithm is used to optimize the whole EHPS system. The solution set
distribution of the optimization results is shown in Table 3, and the multi-objective optimization results are
shown in Table 4.

Table 4 shows the distribution of the Pareto solutions obtained by different multi-objective algorithms. It
should be noted that all algorithms are executed 2000 times.

http://dx.doi.org/10.20517/ces.2022.57
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Figure 4. The flowchart of NSGA-II.

Firstly, multi-objective optimization method and multi-objective collaborative optimization method are com-
pared. The distribution of the Pareto solutions obtained by only the NSGA-II is similar to the result by the
NSGA-II with CO. 278 Pareto solutions are obtained by the NSGA-II with CO, and form a near-complete
Pareto front. However, the number of Pareto solutions (104) obtained by the multi-objective optimization
(NSGA-II) is too few to form a near-complete Pareto front. Furthermore, due to the insufficient number of
solutions, poor non-dominant solutions cannot be eliminated, resulting in a low quality of the optimization
solution set. Thus, it could be concluded that themulti-objective collaborative optimization has better solution
set diversity and higher solution quality than the multi-objective optimization.

Secondly, the results obtained by CO combing with different multi-objective algorithms are compared. The
MOPSO gets 53 Pareto solutions, while the NCGA and the NSGA-II have 269 and 278 Pareto solutions, respec-
tively. Due to the neighborhood cultivation mechanism of the NCGA algorithm, excellent parent generations
could be preserved in the next generation, which guarantees more Pareto solutions obtained, and the Pareto
solutions distribution is more concentrated. In terms of NSGA-II algorithm, the elitist strategy is introduced;
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Table 3. The distribution of Pareto solutions

Pareto solutions

NSGA-II

NSGA-II (CO )

MOPSO (CO)

NCGA (CO)

Table 4. Optimal result

Design variable Initial value NSGA-II NSGA-II (CO) MOPSO (CO) NCGA (CO)

𝐴𝑝 (m2) 1.2∗10−4 1.21∗10−4 1.79∗10−4 1.24∗10−4 1.50∗10−4

𝑝𝑏 (m) 0.008 0.0034 0.0044 0.0035 0.0042
𝐾𝑠 (N/m) 80 32.45 31.7 41.4 36.2
𝐽𝑚 (kg· m2) 6∗10−3 1.26∗10−3 1.82∗10−3 1.12 ∗10−3 1.78 ∗10−3

𝑟𝑝 (m) 0.06 0.037 0.032 0.034 0.021
𝑤 (m) 10−3 5.88∗10−4 6.76 ∗10−4 5.59∗10−4 5.27∗10−4

𝐹𝑙 (𝐽) 3.24∗10−5 2.81∗10−5 2.65 ∗10−5 2.61∗10−5 3.13∗10−5

𝑆𝑐 (𝐽) 0.016 0.023 0.027 0.021 0.026
𝑃 (𝑊) 132.41 124.46 118.28 120.24 116.34

thus, excellent parent generations information could also be preserved in the next generation. Meanwhile, the
sorting method based on crowding distance ensures that the Pareto solutions are distributed uniformly.

The optimization results are shown in Table 4. Through themulti-objective collaborative optimizationmethod,
the average frequency domain energy of steering sensibility is 2.65 × 10−5 J, which is decreased by 19.2% com-
pared with the initial value. The average frequency domain energy of the steering road feel is 0.027 J, and it
is 1.69 times bigger than the initial value. Moreover, the steering energy loss is reduced to 118.28 W, which
is reduced by 10.8% compared to the initial value. Besides, compared to the results by only the NSGA-II al-
gorithm, the optimization objectives have been further improved by the NSGA-II algorithm with CO. The
average frequency domain energy of steering sensitivity is further reduced by 5.69%. The average frequency
domain energy of the steering road feel is further increased by 17.39%, and the steering energy loss is further
reduced by 5.00%. Furthermore, the optimization by the NSGA-II algorithm with CO has the best comprehen-
sive performance compared with the results obtained by CO with the other two multi-objective algorithms.

The Bode diagram of the steering road feel step response is shown in Figure 5. The amplitude in the 0-40 Hz
range has been improved compared to that before optimization. Especially for the NSGA-II with CO method,
it gets the highest average frequency domain energy among the optimization algorithms, which means that
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Figure 5. Step response Bode diagram of steering road feel.

the information from the 0-40 Hz range of the road surface can be transmitted to the driver better.

TheBode diagramof the steering sensibility step response is shown in Figure 6. Although theNSGA-IIwithCO
method does not obtain the least steering sensibility, the optimization result obtained is still greatly improved
compared to that before optimization.

Therefore, it could be concluded that multi-objective collaborative optimization can improve the steering road
feel and reduce the steering sensitivity while improving the economy of the steering system. At the same
time, the collaborative optimization of NSGA-II with CO has better solution sets diversity and comprehensive
optimization results.

4. CONCLUSIONS
(1) On the basis of the EHPS system dynamics model and energy flow analysis, the evaluation index formula
of the steering system is derived for the first time, including steering road feel, steering sensibility, and steering
energy loss. In addition, considering the coupling relationship between subsystems, a multi-objective collabo-
rative optimization model is established to achieve parallel computing.

(2)Themulti-objective collaborative optimization further improves the performance of the EHPS system com-
pared with the multi-objective optimization. Besides, the NSGA-II algorithm shows the best comprehensive
performance in optimizing the design parameters of the EHPS system in the comparison of CO combing with
multi-objective algorithms.

(3) The optimization results show that the EHPS system is optimized successfully and multiple evaluation in-
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Figure 6. Step response Bode diagram of steering sensibility.

dexes could be improved simultaneously. Besides, the optimization is beneficial for promoting the application
of the EHPS system in the area of power steering and also serves as a good example for the optimization of
electric power steering systems and active steering systems.
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