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1. Introduction 
In traditional automotive suspension systems, passive components, such as fixed spring stiffness and damping 
coefficients, help absorb vibrations caused by road irregularities by dissipating the energy as heat. Each wheel's 
suspension unit typically involves a hydraulic shock absorber paired with a suspension spring. This design reduces 
vibrations by dissipating them as heat, effectively "wasting" the energy instead of repurposing it. However, regenerating 
this wasted energy has become an important goal in modern suspension systems, especially for hybrid and electric 
vehicles. Standard viscous shock absorbers, which rely on fluid resistance, are not well-suited for energy regeneration.  
To address this, electromagnetic and magneto-rheological (MR) dampers have emerged as alternatives. These devices 
are designed to convert dissipated vibration energy into electrical energy, which can be stored and reused, making them 
more energy-efficient and sustainable. The structure of electromagnetic dampers is such that can operate in either the 
mechanical or electrical domain. In the mechanical domain, the damper includes components like a permanent-magnet 
DC motor, ball screw, and nut. As the vehicle encounters road irregularities, these components work together to convert 
vibrational energy into rotational energy. This rotational energy is then transformed into electrical energy by the motor, 
allowing the damper to manage vibrations and generate usable power.  

As proposed in El-Demerdash (2002), this approach optimizes the damper's performance and improves vehicle 
performance by generating energy from road-induced vibrations. By replacing traditional dampers with electromagnetic 
or MR dampers, automotive suspension systems can improve ride quality and capture lost energy that would otherwise 
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be wasted as heat. By using these technologies, automotive applications can shift from simple energy dissipation to 
energy regeneration, offering potential benefits for electric and hybrid vehicles by supporting auxiliary power systems. 
This advancement aligns with the push for sustainable energy solutions in automotive technology, improving ride quality 
and energy efficiency (El-Demerdash, 2002). The structure of a mechanical domain was changed modified into a 
permanent magnetic generator with a rack–pinion mechanism Ibrahim & El-Demerdash (1999), or alternatively into a 
system comprising a DC brushless motor, rack - pinion mechanism and rectifier circuit.  These modifications were 
designed to evaluate the energy harvested and recover vibration energy effectively. adjusted by varying the resistance 
applied to the DC-brushless linear or rotate electric motors, which are connected to electric terminals and a resistive load 
(Soliman, 2016).  

The Electrical domain of an electromagnetic damper comprises four key components: a permanent magnet array, 
a coil windings array, two guide cylinders and a spiral spring. The structure and operating principle of this domain were 
analysed in Zareh et al. (2012), focusing on the generation of regenerative electric power through the relative vertical 
motion between the coil and permanent magnet assemblies. Two configurations, linear and rotary devices, were selected 
as from electrical-domain shock absorbers to develop regenerative electric power (Ahn et al., 2009). Additionally, the 
electro-mechanical and thermal characteristics of these systems were investigated both numerically and experimentally 
providing valuable insights into their performance (Askari & Davaie-Markazi, 2008). Finite element methods and 
MATLAB software programmers were utilized to simulate and analyse the energy-harvested from shock absorber design 
(Wang, 2009). The numerical analysis was validated through experimentation.  The efficiency of the developed 
electromagnetic vibration energy harvesting systems was thoroughly evaluated by (Zong et al., 2012). The passive 
electromagnetic damper cannot completely isolate the automobile body from road disturbances. Their low damping force, 
designed primarily for energy generation, results in restricted performance under fixed conditions and parameters. This 
limitation makes them less effective at handling dynamic road conditions. Semi-active control systems provide enhanced 
damping strategies, improving ride comfort and maintaining vehicle stability within acceptable limits for the automotive 
industries. They offer several advantages, including mechanical simplicity, high dynamic range, low power requirements, 
large force capacity, and robustness (Nugroho et al., 2014).  

These systems combine the best features of both passive and active technologies, offering the reliability and 
fail-safety of passive devices while maintaining the adaptability and performance of fully active systems (Atray & 
Roschke, 2004). According to the aforementioned definitions, a semi-active control device has properties that can be 
adjusted in real time, ensuring optimal performance. Additionally, these devices are safer, as they can continue to function 
as passive systems if the control system fails. Semi-active control applications use four types of damping devices, 
electromagnetic dampers, viscous fluid dampers, tuned liquid dampers, and friction dampers. Among these, 
magnetorheological (MR) viscous fluid dampers and electromagnetic shock absorbers have gained significant popularity 
in automobile suspension systems, owing to their adaptability and ability to enhance ride comfort and vehicle stability.  
MR viscous fluid shock absorbers exhibit performance comparable to fully active suspension systems in enhancing ride 
comfort while being more cost-effective.  

The ride comfort directly correlates with the voltage applied to the MR damper, meaning that an increase in 
voltage enhances damping performance. However, this improvement comes at the cost of higher power consumption, 
which remains a topic of debate among researchers in this field. A novel MR damper with a multistage piston and 
independent input currents was designed and analysed to optimize energy recycling (Choi et al., 2002). Research has also 
examined the energy balance between MR dampers and vibration reduction systems (Tseng & Hrovat, 2015). 
Additionally, compact power generation mechanisms in parallel with MR dampers Marzbanrad et al. (2004), and MR 
dampers connected to an electromechanical transducer Roh & Park (1998), were used to recycle the energy of dissipated 
into the system. Two magnetic fields are induced inside the MR damper, one is in the outer coil of the power generator 
and another in the piston head coils Youn et al. (2017) to evaluate the ability of generating energy. The electromagnetic 
damper, functioning as semi-active tubular machine Gad (2021), represents a novel that does not use permanent magnets. 
Instead, it relies solely on windings on both the translator and the stator. The translator coil is connected to an external 
direct-current (DC) source, in which the generated magnetic flux density can be controlled by tuning the amount of DC 
current supplied. A Tubular electromagnetic actuator, designed for semi-active suspension, consists of permanent 
magnets, 3-phase coils, stator iron, and translator back-iron, it was as suggested by (Shehata, 2023).   

The novel contributions of this paper include the estimation of both dissipative and regenerative power for three 
different damper types: the mechanical domain of a passive electromagnetic damper, the electrical domain of an 
electromagnetic damper (both passive and semi-active), and magneto-rheological (MR) damper (both passive and semi-
active). In the electrical domain of the electromagnetic damper a passive controller is converted into a semi-active 
controller.  After that, the dissipation powers of electrical domain and magneto-rheological dampers in their semi-active 
configurations are compared to identify which provides superior performance with minimal power consumption. 
Additionally, the regenerative powers of all proposed dampers are evaluated to determine which configuration delivers 
the highest electrical power output. The rest of this article is organized as follows: The study begins by examining two 
cases of the mechanical domain: dissipation and regeneration modes. Subsequently, the electrical domain is analysed, 
focusing on the conversion from a passive controller to a semi-active controller, accompanied by a comparative 
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evaluation of dissipation power. Finally, regeneration power is evaluated based on the working capacity of the proposed 
dampers 
 
2. Mechanical Domain of Passive Electromagnetic Damper 
The mechanical domain of an electromagnetic damper is modeled as a passive damper, utilizing components such as a 
permanent-magnet DC motor, a ball screw, and a nut, as illustrated in Figure 1. 
 
 
 
 
 
   

Figure1. Passive Mechanical Domain of an Electromagnetic Damper. 
 

 

The corresponding output force F is defined as follows: 
 

 

𝑭 = 𝑼 − 𝑪𝒆𝑿̇𝒃𝒘 − 𝑰	𝑿̈𝒃𝒘 ; 

Where   

⎩
⎪
⎨

⎪
⎧

𝑼 = −∅	𝒊,
∅ = 𝟐𝝅

𝑳
𝒌𝒎,

𝒊 = ∅
𝑹
𝑿̇𝒃𝒘,

𝑰 = 3𝟐𝝅
𝑳
4
𝟐
(𝑱𝒎 + 𝑱𝒃).

                          (1) 

 
The force (U), equivalent inertia (I), equivalent damper coefficient (Ce), motor constant (Φ), current (i), ball screw lead 
(L), and total resistance (R), which includes both internal resistance of the motor and any added resistance placed in the 
circuit. The EDMD can operate in two different methods either dissipation mode or regeneration mode. When the 
magnitude of the converted factor is less than the condenser voltage, the electromagnetic damper is operates in dissipation 
mode. Conversely, when the magnitude of the converted factor exceeds the condenser voltage, the damper operates in 
regeneration mode converting vibration energy into usable power. The equations describe describing the dissipation and 
regeneration modes of the EDMD are listed as follows: 
 

Case (1): Regeneration Mode 
When	∅>𝑿̇𝒃𝒘> ≥ 𝑬	

𝑭𝒓𝒆𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒊𝒐𝒏 = 𝑼 − 𝑪𝒆𝑿̇𝒃𝒘 − 𝑰	𝑿̈𝒃𝒘	;	

𝑾𝒉𝒆𝒓𝒆

⎩
⎪
⎨

⎪
⎧𝑼 = − ∅𝟐

𝑹
𝑿̇𝒃𝒘 +

∅
𝑹
𝑬	𝒔𝒊𝒈𝒏	I𝑿̇𝒃𝒘J,

𝒊 = ∅1𝑿̇𝒃𝒘14𝑬
𝑹

,																															

𝑬̇ = 𝟏
𝑪𝑪𝒐𝒏𝒅𝒆𝒏𝒔𝒆𝒓

3∅1𝑿̇𝒃𝒘14𝑬
𝑹

4 .

(2) 

 
Figure 2(a) shows the relationship between time and the suggested ground velocity, while Figure 2(b) depicts the 
relationship between time and the factor describing the converted voltage. Figure 2(c) presents the relationship between 
time and condenser voltage, highlighting that an increase in condenser capacity leads to a decrease in converted voltage. 
Lastly, Figure 2(d) illustrates the relationship between time and the converted force of a dissipation mode to a 
regeneration mode. It is observed that the converted force depends directly on the condenser capacity, and the spent time 
required to convert this force increases when the capacity of a condenser increases. Figure.2 (c) and Figure.2 (d) are 
plotted for condenser capacities of 5F, 10F, and 15F. 

 

                                            
Figure 2. Effect of road excitation frequency on the power regeneration from an EDMD 
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Case (2): Dissipation Mode 
 

 

When		∅>𝐗̇𝐛𝐰> ≤ 𝐄	
𝐅𝐝𝐢𝐬𝐬𝐢𝐩𝐚𝐭𝐢𝐨𝐧 = 𝐔 − 𝐂𝐞𝐗̇𝐛𝐰 − 𝐈	𝐗̈𝐛𝐰	,	

Where			S𝐔 = − ∅𝟐

𝐑
𝐗̇𝐛𝐰,

𝐄̇ = 𝟎.
	

Here,	∅#𝑋̇!"# represents the rate of the converted voltage, E is the condenser voltage, and 𝐶#$%&'%(') is the capacity of 
the condenser. 
Figure 3 illustrates the dissipation mode characteristic curve of the EDMD. The relationship between displacement, 
velocity and force loop indicates that, the force occurs approximately between -1500 N and 1500 N. and This range 
reflects an increase in the quantity of dissipation energy, which positively impacts ride comfort and dynamic stability 
because the damping rate increasing significantly. In contrast, Figure 2 shows that the regeneration force occurs between 
-200N and 200N, resulting in a limited damping rate. Consequently, the ride comfort and dynamic stability provided by 
regeneration are minimal compared to damping rate achieved due to regeneration case.   

 (3) 
 
 
 
 

Figure3. Illustration of the dissipation Mode Characteristic Curve of the EDMD 
 
3. Electrical Domain of an Electromagnetic Damper 
The electromagnetic damper can operate in three different modes: fully passive, semi-active and active. Additionally, the 
force-velocity relationship can be adjusted by altering the electric load connected to the device. The semi-active mode is 
the most effective to connect the electric load to achieve optimal ride comfort and dynamic stability, but it requires an 
electric power supply. Conversely, in the passive mode, the device generates electric power but compromises on ride 
comfort and dynamic stability. The classifications for both fully passive and semi-active modes of this device are listed 
as follows: 
 
3.1 Generation of Electric Load by Fully Passive Electromagnetic Dampers 
A passive electromagnetic damper (Electrical Domain) consists of two key components: a permanent magnet array, which 
is connected to the vehicle’s wheel axles and a coil windings array, which is fixed to the vehicle’s framework. These 
components are separated by an when the vehicle moves over rough terrain, the relative displacement between the sprung 
mass (the vehicle body) and the unsprung mass (the wheels and axles) causes the coil array to move relative to the 
permanent magnets. This motion induces a current in the coils as they cut through the magnetic induction lines within 
the air-gap. This current generates a damping force that opposes the motion of the vehicle. The structure of the damper 
is similar to that described in reference Zareh et al. (2012), as illustrated in Figure 4. This interaction results in a magnetic 
damping force that aids in controlling the suspension system's motion, improving ride comfort and vehicle stability. This 
induced current generates a damping force, which acts in the opposite direction of the coil's movement. The total damping 
force is determined by two primary factors: the Magnetic Damping Force, which arise from the interaction between the 
induced current in the coils and the magnetic field, and, the Inertial Force, which results from the motion of the coil 
relative to the permanent magnet array. The gravity of the coil is neglected in this study to simplify the model. The overall 
damping force exerted by the electromagnetic damper is described as: 

𝑭 = 𝑭𝒊 + 𝑭𝒅 = 𝒎𝒄𝒐𝒊𝒍 3
𝒅𝒙
𝒅𝒕
4
𝟐
+ 𝜸 𝒅𝒙

𝒅𝒕
= 𝒎𝒄𝒐𝒊𝒍 × 𝒂		

(4) 

𝑭𝒅 = 𝝈		
𝒅𝒙
𝒅𝒕 		𝑩𝒓

𝟐		𝑽𝒄𝒐𝒊𝒍 = 𝜸
𝒅𝒙
𝒅𝒕  

(5) 
The inner and outer radial magnetic flux densities in coils array are: 
 
𝑩𝒓𝒊 =

𝑽𝒆𝒊
𝒅𝒙
𝒅𝒕	𝑳𝒊

= 𝑽𝒆𝒊
𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟏

, 𝒂𝒏𝒅  𝑩𝒓𝒐 =
𝑽𝒆𝒐
𝒅𝒙
𝒅𝒕	𝑳𝒐

= 𝑽𝒆𝒐
𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟐

 

 
(6) 

So, the total radial magnetic flux is,  
 

𝑩𝒓 = 𝑩𝒓𝒊 + 𝑩𝒓𝒐 =
𝑽𝒆𝒊

𝒅𝒙
𝒅𝒕 	𝝅	𝑵	𝑫𝒓𝟏

+
𝑽𝒆𝒐

𝒅𝒙
𝒅𝒕 	𝝅	𝑵	𝑫𝒓𝟐

 

(7) 
The conductivity is 5×107 s/m, the turns of the single coil array is 40, and the volume of coil array is 
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	𝑽𝒄𝒐𝒊𝒍 = 	𝑽𝒄𝒐𝒊𝒍(𝒊𝒏𝒏𝒆𝒓) + 	𝑽𝒄𝒐𝒊𝒍(𝒐𝒖𝒕𝒆𝒓) = 𝝅(𝑹𝟒𝟐 − 𝑹𝟑𝟐)𝒉𝟓 + 𝝅(𝑹𝟔𝟐 − 𝑹𝟓𝟐)𝒉𝟓 

(8) 
The inner and outer electric conductivities of coils are: 

  
			𝝈𝒊 =

𝑵	𝝅	𝑫𝒓𝟏

𝑹𝒄	𝑨𝒘𝟏
𝒂𝒏𝒅		𝝈𝒐 =

𝑵	𝝅	𝑫𝒓𝟐

𝑹𝒄	𝑨𝒘𝟐
 

(9a) 
 

                                                            
Figure 4. A passive electromagnetic damper 

 

By substituting Equations (6) to (9) in Equation (5), the damping force becomes:   

𝑭𝒅 = 𝑭𝒅𝒊 + 𝑭𝒅𝒐 =
𝑵	𝝅	𝑫𝒓𝟏
𝑹𝒄	𝑨𝒘𝟏

×	𝒅𝒙
𝒅𝒕
× f 𝑽𝒆𝒊

𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟏

g
𝟐

× 𝝅(𝑹𝟒𝟐 − 𝑹𝟑𝟐)𝒉𝟓 +
𝑵	𝝅	𝑫𝒓𝟐
𝑹𝒄	𝑨𝒘𝟐

× 𝒅𝒙
𝒅𝒕
× f 𝑽𝒆𝒐

𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟐

g
𝟐

× 𝝅(𝑹𝟔𝟐 − 𝑹𝟓𝟐)𝒉𝟓  
(10) 

The total regenerated power of an electromagnetic damper for passive case is, 

𝑷𝒓𝒆𝒈 =
((𝒅𝒙𝒅𝒕)𝒎𝒂𝒙	𝑩𝒓)

𝟐𝝈	𝑽𝒄𝒐𝒊𝒍
𝟏𝟐  

(11) 
Here: 𝑭 is the force of an electromagnetic damper (N), which comprises two components: 𝑭𝒊 is the inertial force, and, 
𝑭𝒅  the magnetic damping force. The relative velocity between the sprung and un-sprung masses is denoted by 𝒅𝒙

𝒅𝒕
 (m/s), 

𝒂 is the acceleration of coil array (m/s2), 𝜸 is the damping coefficient, Br is the radial magnetic flux density,	𝝈 is the 
electric conductivity of the coil, 	𝑽𝒄𝒐𝒊𝒍 is the total volume of coil array (m³),	𝑽𝒆𝒊 is the inner induced electromotive force 
(V), and 𝐕𝐞𝐨 is the outer induced electromotive force (V). Table 1 illustrates the geometric dimensions used in passive 
electromagnetic damper proposed in this study.  

Figure 6 demonstrates the characteristic curves of a passive electromagnetic damper model. The curves are 
derived based on an input displacement described by x = A sin (2πt), where the amplitude A is set to 7 cm. These curves 
are plotted for a circuit operating without load current and include five distinct graphs. Each graph offers insights into 
the dynamic behaviour of the damper, providing a comprehensive representation of its response to the input displacement. 
The relationships depicted in Figure 6 are as follows: Figure 5(a) shows the force versus velocity relationship, which 
captures the dynamic interaction between the damping force and the relative velocity of the damper. Figure 5(b) illustrates 
the force versus displacement relationship, highlighting how the damping force varies with the displacement of the 
system. Figure 5(c) demonstrates the force versus time relationship, displaying how the damping force changes over time. 
Figure 5(d) presents a loop of displacement and velocity versus force, providing a comprehensive visualization of the 
correlation between displacement, velocity, and force within the damper system. 
 

 
 
 
 
 
 

Figure 5. Characteristic curves of a passive electromagnetic damper model  
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3.2  Semi-Active Case, if the Electromagnetic Damper Requiring Variables Electric Load 
In the semi-active case of an electromagnetic damper, the differential eddy current dI passing through a differential cross 
section area of the coil winding is given by: 

𝒅𝑰 = 𝑱		𝒅𝑨𝒘                                                                      (11) 
where J represents the current density and Aw is the area of the cross-section of the coil winding (m²). 
By integrating the dI over the cross section, the total eddy current I of the coil (A) is obtained: 

𝑰 = 𝝈		𝑩𝒓		𝑨𝒘 	
𝒅𝒙
𝒅𝒕 

(12) 
The relationship between the current (I) passing through a differential cross section area of the coil winding and the 
damping force depends on how the coils are connected to the external circuit. Therefore, the current applied to the inner 
and outer coils arrays from the external circuit will be: 

k𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒊	
𝒅𝒕
+ (𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒊m + k𝑳𝒄𝒐𝒊𝒍

𝒅𝑰𝒐	
𝒅𝒕
+ (𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒐m =

𝑵	𝝅	𝑫𝒓𝟏
𝑹𝒄	𝑨𝒘𝟏

×	𝒅𝒙
𝒅𝒕
× f 𝑽𝒆𝒊

𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟏

g
𝟐

× 𝝅(𝑹𝟒𝟐 − 𝑹𝟑𝟐)𝒉𝟓 +
𝑵	𝝅	𝑫𝒓𝟐
𝑹𝒄	𝑨𝒘𝟐

× 𝒅𝒙
𝒅𝒕
× f 𝑽𝒆𝒐

𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟐

g
𝟐

×

𝝅(𝑹𝟔𝟐 − 𝑹𝟓𝟐)𝒉𝟓  
(13) 

Equation (13) describes the relationship between the total damping force generated by of an electromagnetic damper in 
the semi-active case and the current applied to the inner and outer coil arrays from the external circuit. The damping force 
is changed according to applied current in the inner and outer coil arrays, and is given by the following expression:  
 

𝑭𝒅 = 𝑭𝒅𝒊 + 𝑭𝒅𝒐 =
𝑵	𝝅	𝑫𝒓𝟏

(𝑹𝒄𝒐𝒊𝒍S𝑹𝒍𝒐𝒂𝒅)	𝑨𝒘𝟏
×	𝒅𝒙

𝒅𝒕
× f

𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒊	
𝒅𝒕 S(𝑹𝒄𝒐𝒊𝒍S𝑹𝒍𝒐𝒂𝒅)	𝑰𝒊
𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟏

g
𝟐

× 𝝅(𝑹𝟒𝟐 − 𝑹𝟑𝟐)𝒉𝟓 +
𝑵	𝝅	𝑫𝒓𝟐

(𝑹𝒄𝒐𝒊𝒍S𝑹𝒍𝒐𝒂𝒅)	𝑨𝒘𝟐
× 𝒅𝒙

𝒅𝒕
× f

𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒐	
𝒅𝒕 S(𝑹𝒄𝒐𝒊𝒍S𝑹𝒍𝒐𝒂𝒅)	𝑰𝒐
𝒅𝒙
𝒅𝒕	𝝅	𝑵	𝑫𝒓𝟐

g
𝟐

× 𝝅(𝑹𝟔𝟐 −

𝑹𝟓𝟐)𝒉𝟓  
(14) 

In this equation, the damping force is determined by the contributions from both the inner and outer coils, with 
each coil's behaviour influenced by the external circuit's applied current. The forces depend on factors such as coil 
resistance, inductance, and geometry, as well as the applied velocity and displacement of the system. The performance 
of an electromagnetic damper as a semi- active device is described by two operational modes (cases): one is regeneration 
mode, where the applied current to the device is turned off. As a result, the damper operates without external control, 
generating electric power from the relative motion between the coil and magnet array. This case is illustrated in Figure 
5. The other controllable mode (semi-active mode), in which the applied current is controlled by external units to vary 
the damping force based on the vehicle's dynamic conditions. This adaptability allows the damper to adjust its behaviour 
for optimal performance, improving vehicle stability and ride comfort. The current is actively regulated to match the 
changing conditions, providing dynamic and responsive damping. 

Figure 6 demonstrations the block diagram of a semi-active vibration control system using an electromagnetic 
damper. It involves of two nested controllers; a system controller and Power Electronics. The system controller utilizes 
the dynamic responses of the vehicle’s behavior such as displacement, velocity, and acceleration to evaluate the desired 
damping force (FDesired) using specific control algorithms. These algorithms generally follow one of two 
approaches.The first is direct optimization techniques, like H∞ control or Linear-Quadratic-Gaussian (LQG) control, 
which optimizes state variables. The second is behaviour emulation, where models like Skyhook or sliding mode control 
mimic ideal system behaviours to improve the system's response and efficiency. So, it is important to determine the 
command current accurately to achieve the desired damping force (FDesired) in practical applications. The system can 
automatically switch the current according to the error between the parameters describing the damping rate and the 
desired damping force, depending on whether this error exceeds a set threshold. Power electronics play a crucial role in 
adjusting the current applied to the electromagnetic damper under the following conditions: 
 

𝐬𝐰𝐢𝐭𝐜𝐡	 =

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧𝑰𝑭			 t𝑳𝒄𝒐𝒊𝒍

𝒅𝑰𝒊	
𝒅𝒕 +

(𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒊u + t𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒐	
𝒅𝒕 + (𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒐u

≥ 𝑭𝐃𝐞𝐬𝐢𝐫𝐞𝐝
𝒕𝒉𝒆𝒏	𝑰𝒊 + 𝑰𝒐 = 𝐦𝐚𝐱 	(𝑫𝒊𝒔𝒔𝒊𝒑𝒂𝒕𝒊𝒐𝒏	𝒎𝒐𝒅𝒆	𝒐𝒇	𝒔𝒆𝒎𝒊 − 𝒂𝒄𝒕𝒊𝒗𝒆	𝒄𝒂𝒔𝒆)	

𝑰𝑭			 t𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒊	
𝒅𝒕 +

(𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒊u + t𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒐	
𝒅𝒕 + (𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒐u

= 𝑭𝐃𝐞𝐬𝐢𝐫𝐞𝐝
𝒕𝒉𝒆𝒏	𝑰𝒊 + 𝑰𝒐 = 𝒛𝒆𝒓𝒐	(𝐑𝐞𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐢𝐨𝐧	𝒎𝒐𝒅𝒆	𝒐𝒇	𝒂	𝒑𝒂𝒔𝒔𝒊𝒗𝒆	𝒄𝒂𝒔𝒆)

𝑰𝑭			 t𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒊	
𝒅𝒕 +

(𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒊u + t𝑳𝒄𝒐𝒊𝒍
𝒅𝑰𝒐	
𝒅𝒕 + (𝑹𝒄𝒐𝒊𝒍 + 𝑹𝒍𝒐𝒂𝒅)	𝑰𝒐u

≤ 𝑭𝐃𝐞𝐬𝐢𝐫𝐞𝐝
𝒕𝒉𝒆𝒏	𝑰𝒊 + 𝑰𝒐 = 𝐦𝐚𝐱	(𝑫𝒊𝒔𝒔𝒊𝒑𝒂𝒕𝒊𝒐𝒏	𝒎𝒐𝒅𝒆	𝒐𝒇	𝒔𝒆𝒎𝒊 − 𝒂𝒄𝒕𝒊𝒗𝒆	𝒄𝒂𝒔𝒆)

 

 (15) 
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Figure 6. Block diagram of a semi-active control system for a plant integrated with an electromagnetic damper 

 

Figure 7 illustrates the dissipation mode characteristic curves of an electromagnetic damper in a semi-active Case. The 
figure includes several relationships: Figure 7 (b) between displacement and dissipation force,  Figure 7 (c) between time 
and dissipation force,  and Figure 9 (d) a loop between displacement (m), velocity (m/s), vs. dissipation Force (N) 
According to these graphs, the response of the electromagnetic damper is evaluated for a 2.5 Hz sinusoidal input with an 
amplitude of 7cm, at five constant current levels; 0.5A, 1 A, 1.5A, 2A, and 2.5 A. The effects of changing the magnetic 
field are readily observed. As the voltage increases, the electromagnetic damper characteristics become approximately 
elliptical and nonlinear. This indicates that the damping force is more closely aligned with the vehicle's behavior, 
contributing to enhanced ride comfort and dynamic stability. However, the dissipation power also increases, reaching its 
maximum rate at the highest damping force.  

 

                                                 
Figure 7. Characteristic curves of a semi-active  

 
4. Conclusion 
In conclusion, electromagnetic dampers, in both passive and semi-active modes, exhibit considerable potential for 
enhancing vehicle suspension systems. As outlined earlier, in the passive mode, damping forces arise from the interaction 
between the permanent magnets and the coil windings, which are influenced by the relative displacement between the 
sprung and unsprung masses during vehicle movement. This provides effective vibration suppression. In the semi-active 
mode, as the current supplied to the system is dynamically controlled, the damper's response is optimized, allowing for 
real-time adjustment of the damping force to match the vehicle's dynamic conditions. This mode enables the damper to 
switch between two operational modes: regeneration mode (current turned off) and controllable mode (current varied for 
desired damping force). The adjustable current in the coils significantly impacts the damping force, shifting the damper's 
behaviour from linear to nonlinear characteristics as the current increases, improving the ride quality and dynamic 
stability. However, this comes at the cost of higher dissipation power as the damping rate reaches its maximum. These 
findings highlight the effectiveness of electromagnetic dampers in achieving an ideal balance of ride comfort and vehicle 
stability, thus contributing to improved vehicle dynamics, especially in demanding road conditions. 
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