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Abstract: This research offered a comparison of hydraulic (HPS) and electro-hydraulic power 

steering (EHPS) hydraulic pressure characteristics. The goal is to assess the potential for energy 
savings if an electric motor replaces hydraulic pressure. The purpose is to calculate the potential 
energy efficiency if an electric motor replaces hydraulic pressure. For this comparison, HPS and 
EHPS were both modeled. A PI controller was developed based on these models to regulate the 
steering wheel position and angular motor speed. In addition, the systems are compared by using the 
same input reference and transient response system, and the energy consumption is computed. Thus, 
with the installation of an electric motor in the power steering, it has a good response, functions in 
an optimal region, stabilizes, and has a 59.95% increase in energy efficiency. 

 
Keywords: Steering Wheel Position Control, Motor Speed Control, Hydraulic Power Steering, 

Electric Hydraulic Power Steering, PI control, Energy Efficiency. 
 

1.  Introduction  
The power steering system is usually used to assist the 

driver in maintaining control of the steering wheel while 
the vehicle is turning or travelling at a low pace. It might 
also useful to hold while the car is traveling quickly. With 
the assistance of this power steering, the driver does not 
have to expend much effort and will not feel tired or 
agitated while driving, resulting in safety and comfort. 

Fitts invented power steering in vehicle in 1876, and a 
power steering patent was issued to Robert E. Twyford of 
America in 1990. The advent of hydraulic power steering 
(HPS) technology marked the beginning of power steering 
technology. Fluid is used as a generating medium in HPS 
technology. The hydraulic pressure created by the pump 
and pushed by the axle through the drive belt produces 
high-pressure power steering oil, which is then forwarded 
to the steering rack and attached to both sides of the 
vehicle's wheels. HPS technology is simple to use but 
inefficient since the hydraulic pump operates even when 
the driver does not want power steering assistance. 

EHPS (electro-hydraulic power steering) technology 
was also presented. EHPS technology is a complement to 
HPS technology in that it only operates when the driver 
requires assistance in adjusting or moving the steering 
wheel, as opposed to HPS, which operates the hydraulic 
pump continually. An electric motor drives a hydraulically 
pressured pump in EHPS technology. As the driver turns 
the steering wheel, an electric motor connected to it moves 

the front wheels of the vehicle. When the sensor detects the 
steering wheel's rotational direction, the steering wheel is 
in the correct position. EPHS is another option for reducing 
steering wheel movement in order to keep the steering 
wheel steady when the vehicle is driving at high speeds.  

An energy efficiency is defined as follows: (i) energy 
efficiency is the optimal use of energy to achieve certain 
goals using specific methods in order to decrease energy 
consumption. In general, the optimal use of energy is based 
on the availability of existing energy, and energy usage 
becomes more efficient with the implementation of 
particular methods. The control methods that is applied is 
usually optimal control, such as optimum PID, LQR, 
Kalman Filter, MPC, and others. (ii) energy efficiency is 
the efficiency of energy use, or the ratio of energy use 
between the output and input of the system. A system with 
proper energy utilization has an efficiency close to 100%, 
however achieving 100% input and output is unachievable 
since the system contains energy losses generated by 
mechanical and electrical systems in a plant. Energy 
efficiency is attained here, as is well known, by evaluating 
many system designs and adding or eliminating several 
mechanical or electrical components to boost energy 
efficiency; in other words, the ratio of energy input to 
output grows and approaches 100%. Typically, the control 
methods such as PID, SMC, fuzzy logic control, feedback 
control, and others are used. 

The following studies were conducted in order to answer 
the problem of energy efficiency. The HPS was adjusted 
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by altering the flow pressure from the air tank to push the 
cylinder and generate hydraulic pressure1). The pump 
pressure does not have to run continually2). A fundamental 
scientific and technical principles was used in the 
development of the hydraulic power steering alghorithms3) 

4) 5) 6). The hydraulics of airflow velocity and flow control 
are provided in Olleh7), Harinaldi8), and pressure control in 
Amico9). Furthermore, the hydraulic heat pump proposed 
in Takata 10) and Changru 11). 

Then, for heavy vehicles, EHPS technology was built in 
a modular manner12) 13) 14) 15) 16). The pump package, which 
includes an electronic controller, motor, pump, and 
reservoir, is attached to the main bracket17) 18). The rack and 
pinion gear valve has a substantial impact and is crucial in 
guiding the driver's actions during transitions, turning 
maneuvers, and low-speed driving modes. In 2019, was 
continued by designing an EHPS controller for smart 
electric buses, including a controller structure with a 
Luenberger observer19) 20), sliding mode21) and feedforward 
control22). All controllers are designed by analyzing 
vehicle responsibility based on the stability and 
controllability factors of the vehicle when the driver 
controls the steering wheel, taking into account uncertainty 
and road conditions. Thus, when the vehicle is turning and 
driving at moderate speeds, EHPS technology can give 
energy-efficient alternatives. Furthermore, the EHPS is 
outfitted with a control system and an observer, so the 
steering wheel takes on responsibility. According to 
Sawant23) and Nugraha24), an energy management system 
can be implemented. 

According to Zang1), Wong3) and Nimbarte4), energy 
efficiency in HPS can be attained by altering and 
regulating the hydraulic pressure, but energy efficiency in 
EHPS can be acquired by modifying and adjusting the 
electronic controller to indirectly regulate the motor as well 
as adjust the hydraulic pressure9) 12) 13) 18). This study, the 
efficiency of energy use is estimated based on the ratio of 
energy use between the output and input of the system. The 
selected system is a power steering system made up of HPS 
and EHPS. Assuming that the addition of an electric motor 
to the HPS transforms it into the EHPS and that a controller 
design is implemented on both of them, a system with the 
potential to be more energy efficient will be achieved. 
Some of the steps that must be taken to create an energy-
efficient system are as follows: (i) built models system to 
understand the performance of the power steering system 
and to validate the system to ensure that it fits the 
characteristics of the real power steering system, notably 
HPS and EHPS. (ii) based on these two models, a PI 
controller is developed to regulate the steering wheel 
position angle on HPS and then add the motor speed 
angularly on EHPS using a cascade control scheme. 
Furthermore, the two models are compared by providing 
the same input reference to obtain a transient response 
system that is considered the identical, and then the energy 
consumption is calculated. 

The paper is set up as follows. The power steering 
system is discussed in section 2. Section 3 contains a 
presentation of the PI control design. The simulation and 
debate are detailed in section 4, while section 5 of the 
report presents study conclusions. 

 
2.  Power Steering System 

This section's modeling method makes use of time 
domains. The time domain modeling technique is 
designed to understand the system's features and evaluate 
the system in order to establish a match between the model 
and the actual system. This study covers two types of 
power steering as follows: 

 
2.1  Hydraulic Power Steering  

The HPS model is provided as a linear model that 
represents a dynamic system and analyzes its robustness 
and stability. The motion of the steering rack is translated 
into linear motion, which comprises all of the system's 
motion. The hydraulic system is activated by a difference 
in the steering wheel angle and the rack position. This 
variation is caused by the displacement of the valve, which 
controls the pressure in the hydraulic cylinder. The HPS 
components seen in Fig. 1 are the steering wheel, steering 
column, rack, and pinion. Based on Fig. 1, the following 
mathematical equations illustrate the interaction 
connection between HPS components25) 26) 27) 28) 29). The 
steering wheel's force is detailed below: 

 
𝐽𝐽𝑤𝑤𝜃̈𝜃𝑤𝑤(𝑡𝑡) + 𝑏𝑏𝑤𝑤𝜃̇𝜃𝑤𝑤(𝑡𝑡) + 𝑘𝑘𝑤𝑤�𝜃𝜃𝑤𝑤(𝑡𝑡) − 𝑥𝑥𝑟𝑟(𝑡𝑡)� = 1

𝑟𝑟𝑟𝑟
𝑇𝑇𝑑𝑑(𝑡𝑡)

 (1) 
 
with 𝐽𝐽𝑤𝑤 is the steering wheel's moment of inertia, 𝜃𝜃𝑤𝑤 is 
the angle of the steering wheel, 𝑏𝑏𝑤𝑤 is the steering wheel's 
viscous damping, 𝑘𝑘𝑤𝑤  is the spring coefficient of the 
torsion bar, 𝑥𝑥𝑟𝑟  is the rack position, 𝑟𝑟𝑟𝑟  is the gear radius 
of the pinion, and 𝑇𝑇𝑑𝑑  is the steering wheel torque. The 
rack's force, including the tires, equals 
 
𝑀𝑀𝑟𝑟𝑥̈𝑥𝑟𝑟(𝑡𝑡) + 𝑏𝑏𝑟𝑟𝑥̇𝑥𝑟𝑟(𝑡𝑡) + 𝑘𝑘𝑤𝑤�𝑥𝑥𝑟𝑟(𝑡𝑡) − 𝜃𝜃𝑤𝑤(𝑡𝑡)� − 𝜌𝜌𝐿𝐿𝐴𝐴𝑝𝑝(𝑡𝑡) +
𝐹𝐹𝑙𝑙(𝑡𝑡) = 0 (2) 

 
with 𝑀𝑀𝑟𝑟 , 𝑏𝑏𝑟𝑟 , 𝐴𝐴𝑝𝑝 , 𝜌𝜌𝐿𝐿 , and 𝐹𝐹𝑙𝑙  denoting the rack mass, 
rack damping coefficient, cylinder area, oil density, and 
external load acting on the steering rack, respectively. The 
hydraulic system is described as follows: 
 
𝜌̇𝜌𝐿𝐿(𝑡𝑡) = − 𝑘𝑘𝑐𝑐

𝐶𝐶ℎ
𝜌𝜌𝐿𝐿(𝑡𝑡) + 𝑘𝑘𝑞𝑞

𝐶𝐶ℎ
𝑥𝑥𝑣𝑣(𝑡𝑡) − 𝐴𝐴𝑝𝑝

𝐶𝐶ℎ
𝑥̇𝑥𝑟𝑟  (3) 

 
with 𝑘𝑘𝑐𝑐  is the linearized flow-pressure coefficient, 𝑘𝑘𝑞𝑞 
is the flow gain, and 𝐶𝐶ℎ is the hydraulic capacitance. The 
difference in the steering wheel and rack position causes 
the valve to open where is 𝑥𝑥𝑣𝑣(𝑡𝑡) = 𝜃𝜃𝑤𝑤(𝑡𝑡) − 𝑥𝑥𝑟𝑟(𝑡𝑡). 

A state space model of the open loop system is used in 
the linear analysis of the system's stability margins. The 
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majority of the elements in the model are connected to the 
mechanical of the structure, such as masses, spring 
coefficients, and viscous damping; moreover, hydraulic 
coefficients that change depending on the working points 
are included. In order to undertake the margin analysis of 
the system’s stability, the working point dependency of the 
hydraulic coefficient must be defined. The HPS linear 
system may be expressed in state space form as follows: 

 
𝑥̇𝑥ℎ(𝑡𝑡) = 𝐴𝐴ℎ𝑥𝑥ℎ(𝑡𝑡) + 𝐵𝐵ℎ𝑢𝑢ℎ(𝑡𝑡) + 𝐻𝐻ℎ𝑑𝑑𝐿𝐿ℎ  
𝑦𝑦ℎ(𝑡𝑡) = 𝐶𝐶ℎ𝑥𝑥ℎ(𝑡𝑡) (4) 

 
with 𝐴𝐴ℎ  ∈  𝑅𝑅𝑛𝑛×𝑛𝑛 , 𝐵𝐵ℎ  ∈  𝑅𝑅𝑛𝑛×𝑚𝑚 , 𝐶𝐶ℎ  ∈  𝑅𝑅𝑚𝑚×𝑛𝑛 , 𝑥𝑥ℎ(𝑡𝑡) ∈
𝑅𝑅𝑛𝑛, and 𝑢𝑢ℎ(𝑡𝑡) ∈ 𝑅𝑅𝑚𝑚.  

Based on (1) to (3), The state variable defined:  
𝑥𝑥ℎ(𝑡𝑡) = [𝜃𝜃𝑤𝑤(𝑡𝑡) 𝜃̇𝜃𝑤𝑤(𝑡𝑡) 𝑥𝑥𝑟𝑟(𝑡𝑡) 𝑥̇𝑥𝑟𝑟(𝑡𝑡) 𝜌𝜌𝐿𝐿(𝑡𝑡)]𝑇𝑇 , with 
𝜃𝜃𝑤𝑤(𝑡𝑡) = 𝑥𝑥ℎ1(𝑡𝑡) , 𝜃̇𝜃𝑤𝑤(𝑡𝑡) = 𝑥𝑥ℎ2(𝑡𝑡) , 𝑥𝑥𝑟𝑟(𝑡𝑡) = 𝑥𝑥ℎ3(𝑡𝑡) , 
𝑥̇𝑥𝑟𝑟(𝑡𝑡) = 𝑥𝑥ℎ4(𝑡𝑡), and 𝜌𝜌𝐿𝐿(𝑡𝑡) = 𝑥𝑥ℎ5(𝑡𝑡). The input variable 
defined 𝑢𝑢ℎ(𝑡𝑡) = 𝑇𝑇𝑑𝑑(𝑡𝑡), and the output variable is 𝜃𝜃𝑤𝑤(𝑡𝑡). 
The matrices of 𝐴𝐴ℎ, 𝐵𝐵ℎ, and 𝐶𝐶ℎ on (4) are describes as 

𝐴𝐴ℎ =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

0 1 0 0 0
−𝑘𝑘𝑤𝑤
𝐽𝐽𝑤𝑤

−𝑏𝑏𝑤𝑤
𝐽𝐽𝑤𝑤

𝑘𝑘𝑤𝑤
𝐽𝐽𝑤𝑤

0 0
0 0 0 1 0
𝑘𝑘𝑤𝑤
𝑀𝑀𝑟𝑟

0 −𝑘𝑘𝑤𝑤
𝑀𝑀𝑟𝑟

−𝑏𝑏𝑟𝑟
𝑀𝑀𝑟𝑟

𝐴𝐴𝑝𝑝
𝑀𝑀𝑟𝑟

0 0 0 −𝐴𝐴𝑝𝑝
𝐶𝐶ℎ

−𝑘𝑘𝑐𝑐
𝐶𝐶ℎ ⎦
⎥
⎥
⎥
⎥
⎥
⎤

,  

𝐵𝐵ℎ = �0
1

𝐽𝐽𝑤𝑤𝑟𝑟𝑟𝑟
0 0 0�

𝑇𝑇
,   

𝐶𝐶ℎ = [1 0 0 0 0], 𝐻𝐻ℎ = [0 0 0 1 1]𝑇𝑇 , and 

𝑑𝑑𝐿𝐿ℎ = �0 0 0 −𝐹𝐹𝑙𝑙
𝑘𝑘𝑞𝑞
𝐶𝐶ℎ
� 

 
(1) Electronic speedometer, (2) ECU, (3) Electrohydraulic 

transducer, (4) Engine driven pump, (5) Oil reservoir,  
(6) Hose pipe 

Fig. 1: HPS System 
 
2.2  Electro-Hydraulic Power Steering (EHPS)  

The EHPS model is nearly identical to the HPS model, 
the only difference being that there is an addition of an 
electric motor to the pump, as illustrated in Fig. 2. The 

steering wheel force and hydraulic system in the EHPS 
model are the same as in equations (1) and (3). The 
installation of the electric motor system that characterizes 
the EHPS system, or the equation's electric motor, is as 
follows:26) 30)  

 
𝑉𝑉𝑚𝑚(𝑡𝑡) = 𝐿𝐿𝑚𝑚𝒊̇𝒊𝒎̇𝒎(𝑡𝑡) + 𝑅𝑅𝑚𝑚𝑖𝑖𝑚𝑚(𝑡𝑡) + 𝑘𝑘𝑒𝑒𝜃̇𝜃𝑚𝑚(𝑡𝑡) (5) 
𝐽𝐽𝑚𝑚𝜃̈𝜃𝑚𝑚(𝑡𝑡) + 𝑏𝑏𝑚𝑚𝜃̇𝜃𝑚𝑚(𝑡𝑡) − 𝑘𝑘𝑡𝑡𝑖𝑖𝑚𝑚(𝑡𝑡) = 𝑇𝑇𝑚𝑚(𝑡𝑡) − 𝑇𝑇𝑙𝑙(𝑡𝑡) (6) 

 
with 𝑉𝑉𝑚𝑚 , 𝐿𝐿𝑚𝑚 , 𝑖𝑖𝑚𝑚 , and 𝑘𝑘𝑒𝑒  denoting the motor voltage, 
mutual inductance, motor current, and the back emf 
constant, respectively. Moreover, 𝜃̇𝜃𝑚𝑚 , 𝐽𝐽𝑚𝑚 , 𝑏𝑏𝑚𝑚 , 𝜃𝜃𝑚𝑚 , and 
𝑇𝑇𝑚𝑚  are the speed, inertia moment, damping coefficient, 
position angle, and torque of the motor, respectively. 
Because there is an addition of an electric motor, equations 
(2) and (6) are substituted as follows:25) 26) 27) 28)  

 
𝐽𝐽𝑒𝑒𝑒𝑒𝜃̈𝜃𝑚𝑚(𝑡𝑡) + 𝑏𝑏𝑒𝑒𝑒𝑒𝜃̇𝜃𝑟𝑟(𝑡𝑡) + 𝑁𝑁𝑟𝑟2(𝑘𝑘𝑤𝑤 + 𝑘𝑘𝑠𝑠)𝜃𝜃𝑚𝑚(𝑡𝑡) −
𝑘𝑘𝑤𝑤𝜃𝜃𝑤𝑤(𝑡𝑡) − 𝜌𝜌𝐿𝐿𝐴𝐴𝑝𝑝(𝑡𝑡) + 𝐹𝐹𝑙𝑙(𝑡𝑡) − 𝑇𝑇𝑚𝑚 = 0 (7) 

 

 
Fig. 2: EHPS System 

 
The EHPS linear system may be expressed in state 

space form as follows: 
 

𝑥̇𝑥𝑒𝑒ℎ(𝑡𝑡) = 𝐴𝐴𝑒𝑒ℎ𝑥𝑥𝑒𝑒ℎ(𝑡𝑡) + 𝐵𝐵𝑒𝑒ℎ𝑢𝑢𝑒𝑒ℎ(𝑡𝑡) + 𝐻𝐻𝑒𝑒ℎ𝑑𝑑𝐿𝐿𝐿𝐿ℎ  
𝑦𝑦𝑒𝑒ℎ(𝑡𝑡) = 𝐶𝐶𝑒𝑒ℎ𝑥𝑥𝑒𝑒ℎ(𝑡𝑡) (8) 
 

with 𝐴𝐴𝑒𝑒ℎ  ∈  𝑅𝑅𝑛𝑛×𝑛𝑛 , 𝐵𝐵𝑒𝑒ℎ  ∈  𝑅𝑅𝑛𝑛×𝑚𝑚 ,  𝐶𝐶𝑒𝑒ℎ  ∈  𝑅𝑅𝑚𝑚×𝑛𝑛 , 
𝑥𝑥𝑒𝑒ℎ(𝑡𝑡) ∈ 𝑅𝑅𝑛𝑛, and 𝑢𝑢𝑒𝑒ℎ(𝑡𝑡) ∈ 𝑅𝑅𝑚𝑚. Based on (1), (7), (3), and 
(5), The specified state variable 𝑥𝑥𝑒𝑒ℎ(𝑡𝑡) =
[𝜃𝜃𝑤𝑤(𝑡𝑡)  𝜃̇𝜃𝑤𝑤(𝑡𝑡)  𝑖𝑖𝑚𝑚(𝑡𝑡)  𝜃𝜃𝑚𝑚(𝑡𝑡)  𝜃̇𝜃𝑚𝑚(𝑡𝑡)  𝜌𝜌𝐿𝐿(𝑡𝑡)]𝑇𝑇 , with 
𝜃𝜃𝑤𝑤(𝑡𝑡) = 𝑥𝑥1(𝑡𝑡) , 𝜃̇𝜃𝑤𝑤(𝑡𝑡) = 𝑥𝑥2(𝑡𝑡) , 𝑖𝑖𝑚𝑚(𝑡𝑡) = 𝑥𝑥3(𝑡𝑡) , 
𝜃𝜃𝑚𝑚(𝑡𝑡) = 𝑥𝑥4(𝑡𝑡) , 𝜃̇𝜃𝑚𝑚(𝑡𝑡) = 𝑥𝑥5(𝑡𝑡) , and 𝜌𝜌𝐿𝐿(𝑡𝑡) = 𝑥𝑥6(𝑡𝑡) . 
Specified by the input variable 𝑢𝑢𝑒𝑒ℎ(𝑡𝑡) = [𝑇𝑇𝑑𝑑(𝑡𝑡) 𝑉𝑉𝑚𝑚(𝑡𝑡)], 
and the output variable is 𝜃𝜃𝑤𝑤(𝑡𝑡) and 𝜃̇𝜃𝑚𝑚(𝑡𝑡). The matrices 
of 𝐴𝐴𝑒𝑒ℎ, 𝐵𝐵𝑒𝑒ℎ, and 𝐶𝐶𝑒𝑒ℎ on (7) for (1) to (6) are describes 
as:  
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𝐴𝐴𝑒𝑒ℎ =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

0 1 0 0 0 0
−𝑘𝑘𝑤𝑤
𝐽𝐽𝑤𝑤

−𝑏𝑏𝑤𝑤
𝐽𝐽𝑤𝑤

0 𝑘𝑘𝑤𝑤
𝐽𝐽𝑤𝑤

0 0

0 0 −𝑅𝑅𝑚𝑚
𝐿𝐿𝑚𝑚

0 −𝑘𝑘𝑒𝑒
𝐿𝐿𝑚𝑚

0
0 0 0 0 1 0
𝑘𝑘𝑤𝑤
𝐽𝐽𝑒𝑒𝑒𝑒

0 0 −𝑁𝑁𝑟𝑟2(𝑘𝑘𝑤𝑤+𝑘𝑘𝑠𝑠)
𝐽𝐽𝑒𝑒𝑒𝑒

−𝑏𝑏𝑒𝑒𝑒𝑒
𝐽𝐽𝑒𝑒𝑒𝑒

𝐴𝐴𝑝𝑝
𝐽𝐽𝑒𝑒𝑒𝑒

0 0 0 0 −𝐴𝐴𝑝𝑝
𝐶𝐶ℎ

−𝑘𝑘𝑐𝑐
𝐶𝐶ℎ ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

,  

𝐵𝐵 = �0
1

𝐽𝐽𝑤𝑤𝑟𝑟𝑟𝑟
0 0 1

𝐽𝐽𝑒𝑒𝑒𝑒𝐿𝐿𝑚𝑚
0�

𝑇𝑇
, 

𝐶𝐶 = [1 0 0 0 1 0],  
𝐻𝐻 = [0 0 0 0 1 1]𝑇𝑇, and  

𝑑𝑑𝐿𝐿 = �0 0 0 0 −𝐹𝐹𝑙𝑙
𝑘𝑘𝑞𝑞
𝐶𝐶ℎ
�. 

 
3.  The PI Controller Design 

In this section describes the controller design to be 
applied in HPS and EHPS systems. The controller design 
using PI controller. The PI controller is a classic control 
but it is extensively utilized, easy to locate in physical 
form, and simple to create or modify to apply, particularly 
in power steering systems. Thus, the usage of PI control 
and its design become fascinating topics, particularly in PI 
control tuning, where several research has been ongoing. 

In this study, the controller was built in two modes. First, 
the PI controller on the HPS system is utilized to regulate 
the steering wheel position angle 𝜃𝜃𝑤𝑤(𝑡𝑡) in its 
implementation, as illustrated in Fig. 3a. Last, the cascade 
control approach is used to set the motor speed angle 
𝜃̇𝜃𝑚𝑚(𝑡𝑡) and steering wheel position angle 𝜃𝜃𝑤𝑤(𝑡𝑡)using the 
PI controller, as shown in Fig. 3b. 

The proportional (P) and integral (I) controllers make 
up the PI controller. By tuning the 𝐾𝐾𝑝𝑝 and 𝐾𝐾𝑖𝑖 gains, the 
PI controller is designed. The goal of this tuning is to 
produce a system with a satisfactory output response that 
has a steady-state error and reaches a proper steady-state 
and transient time. The following equation describes the 
PI controller;25) 30) 31) 32)  

 
𝑢𝑢𝑐𝑐(𝑡𝑡) = 𝐾𝐾𝑝𝑝𝑒𝑒(𝑡𝑡) + 𝐾𝐾𝑖𝑖 ∫ 𝑒𝑒(𝜏𝜏)𝑡𝑡

0  𝑑𝑑𝑑𝑑 (9) 
 

with 𝑒𝑒(𝑡𝑡)  is the error state determined from difference 
the desired output system 𝜃𝜃𝑤𝑤(𝑡𝑡)  or 𝜃̇𝜃𝑚𝑚(𝑡𝑡)  with the 
input reference 𝜃𝜃𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) or 𝜃̇𝜃𝑚𝑚,𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡), can be written; 

 
𝑒𝑒𝑤𝑤(𝑡𝑡) = 𝜃𝜃𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) − 𝜃𝜃𝑤𝑤(𝑡𝑡)  
𝑒𝑒𝑚𝑚(𝑡𝑡) = 𝜃̇𝜃𝑚𝑚,𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) − 𝜃̇𝜃𝑚𝑚(𝑡𝑡) (10) 

 
The PI controller is written in the form of a transfer 

function 
 
𝐺𝐺𝑐𝑐(𝑠𝑠) = 𝑈𝑈𝑐𝑐(𝑠𝑠)

𝐸𝐸𝜃𝜃(𝑠𝑠)
= 1

�1+
𝐾𝐾𝑖𝑖
𝑠𝑠 �𝐾𝐾𝑝𝑝

 (11) 

 
a)  PI Controller of HPS 

 

 
b)  PI Controller of EHPS 
Fig. 3: PI Controller Design 

 
The transfer function for equations (4) and (8) is 

written as follows: 
 
𝐺𝐺𝑠𝑠(𝑠𝑠) = 𝑌𝑌𝑣𝑣(𝑠𝑠)

𝑈𝑈𝑐𝑐(𝑠𝑠)
= [𝐶𝐶𝑣𝑣(𝑠𝑠𝑠𝑠 − 𝐴𝐴𝑣𝑣)−1𝐵𝐵𝑣𝑣] (12) 

 
Terms: 𝐺𝐺𝑠𝑠(𝑠𝑠)  is a system of order-2 as follows 

𝐺𝐺𝑠𝑠(𝑠𝑠) = 𝑠𝑠2 + 𝑎𝑎𝑎𝑎 + 𝑏𝑏. For a multi-order system, it can be 
obtained to be a 2-order system by selecting two dominant 
poles that represent the system. The close-loop system can 
be illustrated as shown in the block diagram of Fig. 4. For 
example, a closed system from 𝜃𝜃𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑠) to 𝜃𝜃𝑤𝑤(𝑠𝑠)  is 
obtained: 

 
𝜃𝜃𝑤𝑤(𝑠𝑠)

𝜃𝜃𝑤𝑤,𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑠)
= 𝐾𝐾𝑝𝑝(𝑠𝑠+𝐾𝐾𝑖𝑖)

𝑠𝑠2+�𝑎𝑎+𝐾𝐾𝑝𝑝�𝑠𝑠+𝑏𝑏𝐾𝐾𝑝𝑝𝐾𝐾𝑖𝑖
 (13) 

 
To get the transient response of the second-order system, 

the 𝐾𝐾𝑝𝑝  and 𝐾𝐾𝑖𝑖  gains are tuned using the characteristic 
equation of the second-order system. The following may 
be used to write the characteristic equation: 

 
𝑠𝑠2 + 2𝜁𝜁𝜔𝜔𝑛𝑛𝑠𝑠 + 𝜔𝜔𝑛𝑛 = 0 (14) 
 
where 𝜁𝜁 is the damping ratio and 𝜔𝜔𝑛𝑛 is the damping 

factor. 𝜁𝜁  to determine the deviation, while 𝜔𝜔𝑛𝑛  to 
determine the settling time and steady time. To obtain the 
transient response of a 2nd-order system, the denominator 
of the 2nd-order system is the same as the 2nd-order 
characteristic equation, written as follows; 

 
𝑠𝑠2 + �𝑎𝑎 + 𝐾𝐾𝑝𝑝�𝑠𝑠 + 𝑏𝑏𝐾𝐾𝑝𝑝𝐾𝐾𝑖𝑖 = 𝑠𝑠2 + 2𝜁𝜁𝜔𝜔𝑛𝑛𝑠𝑠 + 𝜔𝜔𝑛𝑛2 (15) 

Thus it can be determined the value of 𝐾𝐾𝑝𝑝 = 2𝜁𝜁𝜔𝜔𝑛𝑛 − 𝑎𝑎, 

and 𝐾𝐾𝑖𝑖 = 𝜔𝜔𝑛𝑛2
𝑏𝑏𝐾𝐾𝑝𝑝� . 
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Fig. 4: Block Diagram PI Controller 

 
4.  Simulation and Discussion 

This section discusses about the validation system by 
conducting simulations in order to obtain a fit of the model 
built with the real of the power steering system. The 
validation of the performance system includes model 
analysis for each subsystem (including hydraulic, electric 
motor, and torque map characteristics) and open-loop 
system analysis based on system transient response. Then 
apply the PI controller design to the power steering system. 
Next, do an analysis stability system to get the tolerance of 
the resistance system. Furthermore, both models are 
compared by providing the same input reference to obtain 
a transient response system that is considered the same, 
then the energy consumption is calculated. Then the 
validate system by conducting simulations in order to 
obtain a match between the model built and the real power 
steering system, including; hydraulic characteristics, 
determining the torque map, analyzing the transient 
response system, and calculating energy consumption to 
achieve the most efficient power steering system. Finally, 
compared the performance of HPS systems with EHPS to 
get energy efficiency.  

 
Table 1. The Parameters of HPS and EHPS 

Symbol Parameter Value Unit 

𝐽𝐽𝑤𝑤 Moment inertia of steering wheel 0.0258 Kgm2 
𝑏𝑏𝑤𝑤 Damping coefficient of steering 

wheel 
0.742 Nm s/rad 

𝑘𝑘𝑤𝑤 Torsional stiffness of torque sensor 2.5 Nm/rad 
𝑟𝑟𝑟𝑟 Gear radius 0.05 m 
𝑀𝑀𝑟𝑟 Rack mass 32 Kg 
𝑏𝑏𝑟𝑟 Damping coefficient of rack 35283 Nm s/rad 
𝑏𝑏𝑐𝑐 Lateral viscous damping of steering 

column 
1.53 Nm s/rad 

𝑘𝑘𝑠𝑠 Lateral spring coefficient of the tire 2.5 Nm/rad 
𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 External load acting on the steering 

rack 
0.027 Nm 

𝐴𝐴𝑝𝑝 Cylinder area 0.00925 m2 
𝐶𝐶ℎ Capacitance hydraulic 1.75 cc/rev 
𝑅𝑅𝑚𝑚 EHPS motor resistance 0.007 Ohm 
𝐿𝐿𝑚𝑚 EHPS motor inductance 5.1x10-4 H 
𝐽𝐽𝑚𝑚 Inertia moment of the EHPS motor 1.38x10-6 Kgm2 
𝑏𝑏𝑚𝑚 Damping coefficient of the EHPS 

motor 
6.8x10-5 Nm s/rad 

𝑘𝑘𝑒𝑒 Back-emf constant of the EHPS 
motor 

0.0585 V.s/rad 

𝑘𝑘𝑡𝑡 Torque constant of the EHPS motor 0.0495 Nm s/rad 
𝑁𝑁𝑟𝑟 Gear ratio 13.65  

 

 
Fig. 5: BRIN Minibus 

 
For simulation needs, the HPS model (4) and the EHPS 

model (8) are included in some of the parameters provided 
in Table 1 thought numerical parameterization. Some of 
the parameters listed in Table 1 are obtained from the 
component datasheet, and for some parameter values that 
were needed but not found on the datasheet, identification 
was carried out by measuring directly to the real power 
steering system on BRIN minibuses, as shown in Fig. 5, 
which also calculates some of the necessary parameters 
based on the general formula of physics. These parameters 
correspond to the real condition of the actual installed HPS 
and EHPS on minibus vehicles. 

 
4.1  Hydraulic Characteristics  

The valve hydraulic characteristic is depicted in Fig. 6a, 
where the valve area openings are represented as a function 
of steering wheel torque applied. As the valve 
displacement is directly proportional to a generated load 
pressure, the typical power steering is based on a valve 
controlled (open center - A1) and a pump flow controlled 
(close center - A2). In actuality, the enlarged area is 
restricted by the valve and the level off ranges from 20 to 
30 mm2. The value still in the tolerance of the performance 
system. The connection between the load pressure and the 
steering wheel torque produced by the hydraulic system is 
seen in Fig. 6b. When the steering rack velocity is low, the 
curve is only applicable. The resultant load pressure is also 
quasi statically impacted by the load flow, which is caused 
by rack motion. Depending on the motion's direction, the 
pressure will rise or fall. 

The displacement pump is a fixed directly driven 
electric pump and a flow control valve. The pump is 
chosen mostly based on the system's energy consumption. 
Figures 6c and 6d illustrate how the pump's typical flow 
pressure fluctuates with temperature and pressure. Figures 
6c and 6d show the power steering pump's flow pressure 
characteristics as a function of temperature fluctuation and 
pump speed at 850 and 1500 revolutions per minute, 
respectively. The dominated characteristic is the pump 
speed at 1500 rpm whereas the characteristic of the flow 
controller is noticeable. 
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(a) (b) 

 

   
(c) (d) 

 

   
(e) (f) 

Fig. 6: The Characteristics Responses of the Hydraulic 
System 

 
The hydraulic coefficient in (3), there are the linearized 

flow-pressure coefficient (𝑘𝑘𝑐𝑐)  and the flow gain (𝑘𝑘𝑞𝑞 ). 
Both coefficients must be calculated in order to analyze 
the stability of the power steering system and to calculate 
the system's margin stability. The actual valve 
displacement and load flow affect both coefficients. As 
can be seen in Fig. 6e for the linearized flow-pressure 
coefficient and Fig. 6f for the flow gain, the load flow is 
normalized in relation to the system flow and the load 
flow (q). 

 
4.2  Torque Map  

The torque map is then determined by identifying the 
response system and supplying a load torque value and a 
torque map under zero circumstances (𝜏𝜏𝑙𝑙 = 0, ℎ = 0). The 
power steering system's characteristics were determined 
using data acquired on the assist motor current (𝑖𝑖𝑚𝑚) from 
the current sensor and the driver torque (𝜏𝜏𝑑𝑑 ) from the 
torque sensor. Figure 7 depicts the relationship between 

assist motor current (𝑖𝑖𝑚𝑚) and steering driver torque (𝜏𝜏𝑑𝑑) at 
three different vehicle speeds: 0 km/h, 40 km/h, and more 
than 240 km/h. To obtain the assist value for motor torque 
(𝜏𝜏𝑎𝑎), multiply the motor torque constant by two. 

 

 
Fig. 7: Torque Map Characteristics 

 
4.3 The Response Transient System  

The next step is to look at the response transient system, 
which is the correlation between the motor speed, velocity 
flow, flow control valve, and pump flow control. As an 
ideal reference, a hydraulic-based power steering refers to 
the hydraulic characteristics and for the input system 
pattern using a torque map which explains the relationship 
between motor current and steering torque to vehicle speed. 

 

 
(a)  Electric Motor 

 

 
(b)  Hydraulic 

Fig. 8: Response Transient System 
 

For the valve flow control system, the motor speed was 
maintained at 1450 rpm, and it was changed from 0 to 1450 
rpm in accordance with the control scheme for the pump 
flow control system as illustrated in Fig. 8a. The 
comparison of velocity response of valve and pump flow 
shows in Fig. 8b. Pump flow control responded more 
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quickly than valve flow control. The delay time, rise time, 
and settling time for the valve flow control are 0.05, 0.01, 
and 0.01 seconds, respectively, while the delay time for the 
pump flow control is 0.14, 0.28, and 0.45 seconds, 
respectively. This means the maximum motor speed is set 
at 1450 rpm and for the motor speed rate at 700 rpm which 
has the delay time, rise time, and settling time about 0.14, 
0.28, and 0.45 seconds, respectively. It can see that the 
response motor speed is proportional with the pump flow. 
At maximum motor speed, velocity of valve control and 
velocity of pump control both reach an average of 10 cm/s, 
the difference is the delay time and rise time for both. Thus 
it can be obtained the relationship of response 
characteristics between the electric motor and the 
hydraulic part. 

Referred to the power steering characteristics, the next 
step is to compare the performance of the HPS and EHPS 
systems based on the models in equations (4), (8), and 
Table 1. The response system for the open-loop can be seen 
in Fig. 9 and Fig. 10. The HPS and EHPS systems are given 
the same input response (𝑇𝑇𝑑𝑑(𝑡𝑡)) as shown in Fig. 3 and a 
different response can be seen for the flow pressure pump. 
In Fig. 9, HPS only has a hydraulic drive, so a velocity 
response system can be obtained between the pump (black 
line) and valve control (red line). Based on the velocity 
response system, the steering wheel angle (blue line) value 
is obtained but this value does not reach the desired 
reference value (dash-black line). The HPS performance 

 

 
(a)  Hydraulic Response 

 

 
(b)  Output Response 

Fig. 9: Open Loop System of HPS 
 

has a transient response that cannot reach the specified 
reference value (Fig. 9b) and the energy used to reach the 
reference is calculated, the HPS with a pressure of 20 bar 

and a velocity of 10 cm/s (Fig. 9a) used approximately 
2758 watt-hours. 

 

 
(a)  Hydraulic and Motor Electric Response 

 

 
(a)  Output Response 

Fig. 10: Open Loop System of EHPS 
 
In Fig. 10, an electric motor drives the hydraulic system, 

allowing the velocity response system to be obtained at the 
left side between the pump (black line), valve control (red 
line), and motor speed (blue line). Based on the velocity 
response system, the steering wheel angle value (blue line 
in right-side) is obtained and a smooth response is obtained 
and achieves the desired reference value (dash-black line 
in right-side). The EHPS transient response can achieve the 
specified reference value but it still has a big oscillation 
(Fig. 10b) while the EHPS with a pressure of 5 bar, a 
velocity of 10 cm/s, and a motor speed of 700 rpm (Fig. 
10a) used approximately 400 watt-hours. As a result, 
adding an electric motor to an EHPS can lower energy 
consumption by 58.95%. 

The PI controller gains were empirically modified using 
the second-order characteristic equation approach, as 
described in (15). The controller gains of the steering 
wheel angle was found to be 𝐾𝐾𝑝𝑝 = 0.01 , and 𝐾𝐾𝑖𝑖 =
0.0001. Controller gains of the motor speed was found to 
be 𝐾𝐾𝑝𝑝 = 0.02 , and 𝐾𝐾𝑖𝑖 = 0.00025 . The closed-loop 
system, specifically for EHPS, enhanced the tracking 
capabilities of the hydraulic velocity control (including 
pump flow, valve flow, and pressure pump), steering 
wheel angle, and motor speed. The transient response 
closed-loop is depicted in Fig. 11. By adding a PI 
controller, both HPS (blue-line in left-side) and EHPS 
(blue-line in right-side) can achieve the desired reference 
value. Thus, based on the same input reference to obtain a 
transient response system that is considered the same, then 
the energy consumption is calculated. The performance of 
the closed-loop system (system with controller) may be 
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shown in Fig. 11. Both HPS and EHPS can reach the 
system's reference and make the system more responsive. 

 

 
(d)  HPS 

 

 
(e)  EHPS 

Fig. 11: Close Loop System of HPS 
 
The energy consumption shows in Fig. 12. The same 

trends could be observed as the HPS and EHPS. Energy 
consumption is calculated based on several parts of the 
mechanical and electric system or namely the engine. In 
HPS there are belt drive, pump, and gear box hydraulic 
sections, while in EHPS there are generators, electric 
motors, power network, gear box of motors and steering. 
In addition, energy consumption is also calculated based 
on the vehicle at idle and traveling at low speed (40 Km/h) 
as shown in Fig. 7. Similarly, for energy consumption, Fig. 
12a shows that with a 30 bar pressure pump, the average 
energy use is 2200 watt-hours, but in EHPS, Fig. 12b 
shows that with a pressure pump rate of 16 bar, the average 
energy use is 170 watt-hours. The energy efficiency of the 
system before and after the controller is implemented may 
be observed in the comparison. Energy may be lowered by 
approximately 25.36% for HPS and around 57.5% for 
EHPS. As a result, the comparison of energy ratios may be 
stated as follows: (i) for HPS, the difference between HPS 
benchmark (without controller) and HPS with controller is 
25.36%. (ii) the ratio of EHPS benchmark (without 
controller) to EHPS with controller is 57.5%. (iii) when 
comparing the usage of HPS and EHPS, the energy use 
ratio is roughly 58.95%, indicating that EHPS is more 
energy efficient than HPS. 

Based on the direct measure on minibus, the average 
energy consumptions of HPS is 2328.07 watt-hours and 
EHPS is 132.48 watt-hours. Table 2 provides an overview 
of the performance attained in HPS and EHPS. According 
to the simulation results, HPS has an energy efficiency of 

22% with a power loss of around 70 watt-hours, whereas 
EHPS has an energy efficiency of 60% with a power loss 
of approximately 30 watt-hours. Thus the EHPS 
technology with the addition of an electric motor as a 
pump driver makes the power steering more energy 
efficiency and reduce energy consumption. Thus, the 
discrepancy between simulation and measurement 
findings is 0.105%, indicating that the system validation 
results are valid. 

 

 
(a)  HPS 

 

 
(b)  EHPS 

Fig. 12: Energy Consumption 
 

Table 2. The Energy Consumption 
Hydraulic Electro-Hydraulic 

Engine Energy 
Consumption  Engine Energy 

Consumption  

 Idle Driving  Idle Driving 

Belt Drive 0.95 10 Generator 0.45 10 
Pump 0.7 40 Power Network 0.85 10 
Gear Box 
Hydraulic 

0.9 20 Electric Motor 0.7 20 

   Gear Box Motor 0.85 0 
   Gear Box 

Steering 
0.95 0 

      
Efficiency 40% Efficiency 88% 
Power Loss 70 W Power Loss 30 W 

 
5.  Conclusions 

The comparison of the hydraulic pressure 
characteristics of HPS and EHPS to control the steering 
wheel position has been proposed. The hydraulic pressure 
has an important role to move the steering wheel position 
and get energy-efficient consumption. An efficiency 
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energy of the HPS can be obtained by modifying and 
adjusting the hydraulic pressure, while in the EHPS, 
efficiency energy can be carried out on the electronic 
controller to regulate the motor indirectly as well as adjust 
the hydraulic pressure. For the purposes of this 
comparison, HPS and EHPS modeling were carried out 
using the time domain approaches. The use of both models, 
a PI controller is designed constructed to regulate the 
steering wheel's position angle on the HPS and for EHPS 
added to control the angular motor speed with the cascade 
control scheme. Both PI controller designs are compared 
by providing the same input map torque reference to see 
the power steering performance and calculated the energy 
consumption.  

The simulation results show, the comparison of energy 
ratios may be stated as follows: (i) for HPS, the difference 
between HPS benchmark (without controller) and HPS 
with controller is 25.36%. (ii) the ratio of EHPS 
benchmark (without controller) to EHPS with controller is 
57.5%. (iii) when comparing the usage of HPS and EHPS, 
the energy use ratio is roughly 58.95%, indicating that 
EHPS is more energy efficient than HPS. Thus, with the 
addition of an electric motor in the power steering, it has 
the same hydraulic pressure characteristics but has more 
energy-efficient. The relationship between the hydraulic 
pressure characteristics with the steering wheel position of 
the hydraulic-based power steering can be used to design 
hydraulic-based active power steering for future work, 
and further control strategies can be developed such as 
robust control for steering system stability, optimal 
control for optimizing steering wheel torque and pressure 
hydraulic, and intelligent control for active power steering. 
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