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ABSTRACT 

The focus of this thesis is on the design, modelling, identification, simulation, and 

experimental verification of a low-cost solenoid-based active hydraulic engine mount. To 

build an active engine mount, a commercial On-Off solenoid is modified to be used as an 

actuator and it is embedded inside a hydraulic engine mount. The hydraulic engine mount 

is modelled and tested, solenoid actuator is modelled and identified, and finally the 

models were integrated to obtain the analytical model of the active hydraulic mount. 

Then the active mount is tested and showed that the analytical model can closely predict 

its behaviour.  

In future, the developed model can be used for designing the vibration control 

system of this active mount. This active mount can potentially work as part of an active 

noise and vibration control (ANVC) system in automotive or other closely related 

applications as an alternative to more expensive active mount systems. 

 

Keywords: Solenoid modelling, Active hydraulic engine mount, Lump model, Linear 
system modelling, Parameter identification. 
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Chapter 1: INTRODUCTION 

1.1 Engine Mounting 

In road vehicles, the cabin noise, vibration, and harshness (NVH) is an important 

indicator of ride quality and passenger comfort; NVH relates directly to the chassis condition. 

Two major sources of forcing on the chassis are engine vibration and road-induced vibration. 

The suspension system relates to the issue of the road-induced vibration, whereas the engine 

mounting relates to engine-induced vibration. The huge power generated by the engine must 

transfer smoothly to the wheels without rattling the vehicle too much or twisting the engine as a 

result of the generated torques on the crankshaft. The engine must be kept tightly in place and 

not move excessively due to the inertial loadings (e.g. turns) or the road inputs (e.g. road bumps). 

An engine mount is a vehicle component that attaches the engine bracket to the chassis. 

The engine is connected to the car’s body by several mounts, which are important for smooth 

operation of the vehicle. An engine mount should isolate the passengers’ cabin from engine-

generated noise and vibration. The engine mount must also hold the engine in place and restrict it 

from moving.  

Engine vibrations have two major sources: (1) intermittent pulsing due to ignition in the 

engine cylinders, and (2) inherent unbalances in the reciprocating components of the engine. The 

frequency of the vibration depends on the number of cylinders, stroke number, and engine speed. 

For example, in a four-stroke engine, the frequency of fundamental ignition disturbances is at the 

second order of engine speed. Therefore, for a four-cylinder engine in speed range of 600-6000 

rpm, the frequency range of disturbances is 20-200 Hz. For a four-stroke, eight-cylinder engine, 
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the frequency range is 40-400 Hz over the same engine speed range. On the other hand, the 

frequency of the fundamental engine unbalance disturbances is the same as the engine speed. So 

that, for a four-cylinder engine in speed range of 600-6000 rpm, the frequency range of 

fundamental unbalance disturbances is 10-100 Hz. 

Connection of the engine to the chassis, in mechanical element terms, can be simplified 

as a mass (the engine) connected to the chassis via a parallel damping and stiffness element 

(Figure 1-1). So the transmitted force from engine vibration to the chassis is related to the 

damping and stiffness of the mount. 
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Figure 1-1: Engine and road disturbances pathway to the chassis in a simplified quarter car lumped model.  
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An engine mount (1) prevents an engine from harsh movements, (2) supports the weight 

of the engine, and (3) isolates chassis from engine vibration forces. The behaviour of an engine 

mount is usually reported in terms of its frequency response for different amplitude excitations. 

Frequency/amplitude ranges of greatest interest include [1]: (1) low-frequency high-amplitude 5-

15 Hz, 0.5-5 mm—these excitations are in the range of engine resonance and large enough to 

require significant damping; (2) high-frequency low-amplitude 25-250 Hz, 0.05-0.5 mm—these 

excitations can cause noise and vibration, and require good isolation.  

Taking a look back at Figure 1-1, we can see that the vibration of the chassis and engine 

mount can be simplified as a base excitation problem (See Figure 1-2). In Figure 1-2, the mass  

is excited by harmonic motions of base [2].  

m

Base Chassis (Engine)

Engine (Chassis)

k b

x(t)

y(t)

 

Figure 1-2: Base excitation problem models the motion of an object of mass being excited by prescribed harmonic 
displacement acting through the spring and damper. 

Summing the relevant forces on the mass, Figure 1-2 yields: 

  (1.1)  

For the base excitation problem it is assumed that the base moves harmonically, that is, that 
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  (1.2)  

where  denotes the amplitude of the base motion and  represents the frequency of the base 

oscillation. Substitution of  from previous equation in (1.1) yields, after some 

rearrangement, 

  (1.3)  

Dividing equation (1.3) by  and using the definitions of damping ratio and natural frequency 

yields 

  (1.4)  

After solving the differential equation (1.4) and further rearrangements, the particular solution of 

(1.4), denoted by , will be 

 
 

(1.5)  

where  is the frequency ratio . The details of obtaining the solution can be found in vibration 

text books such as D.J. Inman [2].  ratio expresses the ratio of the maximum response 

magnitude to the input displacement magnitude. This ratio is called the displacement 

transmissibility. This ratio is plotted in Figure 1-3. For design of a proper engine mount, we 

always want to stay on the lowest displacement transmissibility curve possible.  

Note from the figure that for  the transmissibility ratio is greater than 1. Low 

frequency road and suspension induced chassis motion (here chassis is considered the base) is in 
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this frequency range (we call this frequency range, the fixture zone). Therefore the chassis 

motion will be amplified and causes the engine displacement. To avoid excessive displacement 

of the engine we would like to increase the damping coefficient of the engine mount  (the lower 

displacement transmissibility curve). Also by decreasing the frequency ratio  we can move 

away from the transmissibility peaks (to the left hand side of the curve) that occur around the 

resonance frequency . To do that we must increase the stiffness of the mount to 

obtain an engine mount with a higher natural frequency. So in fixture zone we require high 

stiffness and high damping. 

0 0.5 1 1.5 2 2.5 3
-20
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Figure 1-3: Displacement transmissibility as a function of frequency ratio, illustrating how the dimensionless 
deflection X/Y varies as the frequency of the base motion increases for several different damping ratios. 

On the other hand, in higher frequencies (here engine is considered the base) where 

 the displacement transmissibility ratio is lower than 1 and the motion of the mass is of 
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smaller amplitude than the amplitude of the exciting base motion (we call this frequency range, 

the isolation zone). A proper engine mount must minimize the transmissibility ratio 

(transmissibility from engine into the chassis). Therefore it is desirable that the engine mount 

have a very low damping in isolation range. Also it is desirable to increase the frequency ratio 

(further to the right) to lower the displacement transmissibility in this region. To do that, we must 

decrease the stiffness of the engine mount. So in isolation zone we require low stiffness and low 

damping. 

1.2 Rubber Mount 

Different types of engine mounts are used in vehicles. Rubber mounts (or elastomeric mount) are 

low cost and the simplest type of mounts. A rubber mount consists of a bulk rubber, casted on a 

metal casing, and a mounting rod. These mounts suppress engine force/torque and vibrations 

through thermal dissipation. 

Engine

Chassis

Rubber 

Mount

Engine

Chassis

Damper

B
Spring

K

Lumped Model

ex

TF

Engine 

displacement

Transmitted 

force

eF

Engine 

force

 

Figure 1-4: Lump model of a rubber mount. 
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A rubber mount can be simply modelled by a spring damper (Figure 1-4). The 

transmitted force, , to the chassis in terms of engine vibrations is: 

  (1.6)  

and writing the previous equation in Laplace domain we have: 

  (1.7)  

The transmitted force over the engine displacement is called ―dynamic stiffness‖ and it is an 

indication of hardness of the mount, 

 
 (1.8)  

The dynamic stiffness of the rubber mount based on the lumped model is: 

  (1.9)  

 and , are stiffness force (real part) and damping force (imaginary part) of the mount 

respectively, where  is the damping coefficient. For a rubber, we can assume that stiffness  

and damping coefficient  are constant. The contribution of damping coefficient in the 

transmitted force increases linearly by increase of the vibration frequency, and the slope of this 

increment is damping coefficient . 
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Figure 1-5: Dynamic stiffness of a rubber mount. 

A rubber mount can provide the required stiffness for the resonance control and shock 

absorption, but the rubber damping in low frequencies is not sufficient. Moreover, the isolating 

characteristic of the rubber mount is not good because the transmitted force increases in higher 

frequencies due to the constant damping (high stiffness and high damping force in the isolation 

zone). So that the rubber mount somehow satisfies the fixture zone requirement but cannot 

address the soft state (low damping low stiffness) requirements in higher frequencies for 

isolation (Figure 1-5). 

1.3 Hydraulic Engine Mount 

Hydraulic engine mounts are first patented by Richard Rasmusen in 1962, to improve ride 

comfort and reducing the NVH in the cabin. Hydraulic mounts are passive engine vibration 

isolators used for addressing the isolation problem of the rubber mounts that described in the 

previous section. 

A hydraulic mount, depicted in Figure 1-6, has two chambers; (1) main rubber chamber, 

and (2) compensation chamber, both filled with a mixture of water and ethylene glycol. The 
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upper chamber (main rubber) exhibits small compliance since it supports most of the static load 

of the engine and therefore it is manufactured thick. The lower chamber (compensation chamber) 

is made of thinner rubber and exhibits more compliance therefore it is called compliance 

chamber. The two chambers are connected by two different fluid passages, (1) decoupler and (2) 

inertia track. Decoupler is a fluid gate which is activated with a displacement restricted floating 

plate. Decoupler has an amplitude/frequency dependant characteristic. In high-amplitude-low-

frequency vibrations it bottoms out and closes the fluid gate. Whereas, in the low-amplitude-

high-frequency region, it is open and remains as a fluid connection path between the two 

chambers. The inertia track is an annular narrow track in the plate, and it is the other connection 

route between the two chambers. Since the engine vibrations cause the upper chamber to pump 

the fluid into the compliance chamber through the two fluid passages, it is called the pumping 

chamber. 

Main Rubber

Decoupler

Decoupler Cage

Inertia Track Outlets
Pumping Chamber

Compensation Chamber

Chassis Connection

Engine Connection

Compliance Rubber

 

Figure 1-6: Schematic cross section of a hydraulic engine mount. 
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A hydraulic engine mount has both continuous and discontinuous non-linearities and its 

parameters vary significantly with the amplitude and frequency of vibrations. Typical non-linear 

characteristics include the non-linear chamber compliances, vacuum formation in the top 

chamber during the expansion process, non-linear fluid resistances, and the switching 

mechanism of the decoupler [3]. 

At low frequencies excitations the decoupler closes because of the high amplitude nature 

of the excitation. The only fluid connection pathway will be the inertia track. Inertia track has a 

resistance that damps out the fluid motion through converting it to the heat and through this 

mechanism it produces damping. At high frequencies excitation where the deflection amplitude 

is small (less than 0.1 mm) the decoupler plate does not contact with the gate and vibrates at the 

middle of the gate. So that the decoupler gate stays open and provides a low resistance pathway 

of fluids. The resistance of the inertia track is much higher than the resistance of the open 

decoupler gate. Therefore, decoupler gate will be the main fluid connection between the two 

chambers. This creates frequency dependant dual characteristics in the hydraulic mount: (1) 

higher energy dissipation in the inertia track in low frequency region (hard state, decoupler 

closed) and (2) lower energy dissipation in low frequency region (soft state, decoupler open). 

Figure 1-7 shows the dynamic stiffness of a hydraulic engine mount over a frequency range in 

response to different amplitude of vibrations. The mount exhibits an amplitude dependant 

characteristic with hard state in response to high amplitude vibrations (shock and resonance) and 

soft state in response to the low amplitude vibrations (engine high frequency vibration).  
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Figure 1-7: Dynamic stiffness of a hydraulic engine mount. (Approximately reproduced from [4]) 

There has been considerable amount of research work carried out by different authors on 

modelling of the engine mount and comparison between the rubber mount and the hydraulic 

mount. Generally, a lumped model is used for modelling of the hydraulic engine mount (Figure 

1-8). 

Singh et. al. [5] proposed a linear time invariant (LTI) model for a hydraulic engine mount with 

lumped mechanical and fluid elements, and validated the model by comparing dynamic stiffness 

predictions with experimental data over the frequency range 1-50 Hz. Colgate et. al. [1] proposed 

a piecewise linear simulation and an equivalent linearization technique to explain the amplitude 

dependence of frequency response as well as the composite input response of the mount.  
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Figure 1-8: Lump model of a hydraulic engine mount. 

Geisberger et. al. [6] [7] developed a complete non-linear model of a hydraulic engine 

mount and experimentally evaluated the model. The model is capable of capturing both the low 

frequency and high frequency behavior of the hydraulic mount.  

Ohadi and Maghsoodi [8] used a multi-DOF engine model in their engine mount studies 

and simulated a six-degrees-of-freedom, V-shaped, four-cylinder engine and studied the effects 

of the vibrations of the motor on the hydraulic engine mount and rubber mount. Their study 

provides a platform for engine mount optimization and sizing.  

Problem Description 

To increase the MPG of cars, the general trend in the automotive industry is decreasing the 

weight of the vehicle. This makes the cars more vulnerable to NVH disturbances including 

engine vibration. Moreover, the engines are becoming more powerful and therefore, the force 

transmission to the chassis results in even more NVH.  The problem is becoming more serious in 

the case of variable displacement engines (VDE); these engines reduce the fuel consumption and 

emission by deactivating one or more cylinders or altering the displaced fuel/air volume. 
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Therefore, the vibration pattern will change based on the engine load and the number of 

cylinders in action. Passive engine mounts are not flexible enough to switch to different 

operational modes to cope with the changing vibration pattern. A controllable mount is desirable, 

because its characteristics can be tuned based on the engine vibration isolation requirements. In 

the following section we review some of the works carried out in the field of active engine 

mounts that are in line with our research. 

1.4 Active and Semi-Active Engine Mounts 

Active and semi-active mounts are introduced to improve the adaptability of dynamic stiffness 

and performance flexibility of the passive hydraulic mount. Semi-active mounts dissipate energy 

similar to passive elements, but the resistance of these mounts is adjustable. In contrast to semi-

active mounts, the active mounts alter the dynamic performance of engine mounts by applying 

force through an actuator. 

Different types of actuators have been used in engine mount designs. Electro-rheological 

fluids [9] [10], magneto-rheological fluids [11], and on-off solenoid valves [12] [13] have been 

used in semi-active engine mounts. Voice coil [14], piezoelectric actuator [15], servo-hydraulic 

actuator [16], and electromagnetic inertia-mass [17] [18], have been used in active engine mount 

design. 

Literature Review of Semi-Active Engine Mounts 

Kim and Singh [13] developed a new adaptive mount system that exhibits broad 

bandwidth performance features up to 250 Hz. It implements an on-off damping control mode by 

using engine intake manifold vacuum and a microprocessor-based solenoid valve controller. 
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Choi and Choi [10] presented feedback control characteristics of a shear-mode-type 

electro-rheological (ER) engine mount. They measured the field-dependant yield stress of an 

Arabic gum-based ER fluid using an electroviscometer and incorporated it into the governing 

equation of the motion of the ER engine mount. Then they designed a sliding mode controller. 

They found out that their proposed ER engine mount capable of isolating the isolating the 

sinusoidal and random vibrations. 

Choi et. al. [9] evaluated the isolation performance of the ER engine mount with different 

intensity of electric fields in the frequency domain and compared them with that of a 

conventional hydraulic mount. They derived the governing equations of motion in coupling with 

engine excitation forces and the full car model. They applied H∞ control algorithm and evaluated 

the engine displacement and body acceleration via hardware-in-loop simulation (HILS) at 

different engine excitation frequencies. 

Foumani et. al. [14] introduced an adaptive hydraulic engine mount that can be tuned to 

road and engine conditions by changing the length of the inertia track and effective decoupled 

area in low-frequency road and high-frequency engine excitations. A single solenoid valve was 

used to change the inertia track and decoupler area of the mount in both low frequency and high 

frequency regimes. Sensitivity analysis and numerical studies showed promising results that are 

superior to passive hydraulic mount. 

Ahmadian [11] studied the effect of various parameters of a magneto-rheological (MR) 

mount on the vibration isolation performance of the mount. The mount he used, incorporated MR 

fluid in a conventional fluid mount to activate and deactivate an inertia track. 
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Literature Review of Active Engine Mounts 

Ushijima [15] investigated piezoelectric actuators (PAs) in engine mounts. Piezoelectric 

actuators have high speed response, but the displacement is generally very small. Therefore, a 

PA mount requires an amplitude magnifying mechanism, and Ushijima proposed a PA mount 

with an enlargement mechanism. He also modified the adaptive control algorithm described by 

S.J. Elliot [19], significantly attenuating the dominant harmonics. 

Hodgson [17], analytically and experimentally, studied the control of active isolators with 

servo-hydraulic actuators. Fursdon [14] proposed an active mount which has an electromagnetic 

actuator and a self-tuning noise cancellation algorithm. His engine mount is a combination of a 

passive hydraulic mount with a voice coil actuator. He claims that it generates a force greater 

than 40 N in a wide range from 25 to 200 Hz. and that the motion of the voice coil changes the 

pressure in the upper chamber of the hydraulic engine mount to reduce the force on the engine 

and chassis. 

Hillis et. al. [20] [21] developed adaptive vibration isolation control methods for the 

active mount developed in [14]. The error-driven minimal control synthesis (Er-MSCI) algorithm 

with integral action has been applied, but the method exhibited gain windup due to actuator 

saturation. The integral action of the Er-MSCI algorithm was responsive to the high amplitude 

chassis motions (e.g. going over a bump) and can result in saturation of the actuator. So that they 

developed a new controller, the narrow-band MCS (NBMCS), intended specifically for narrow-

band applications. This way, the frequency of engine disturbance is detected and the NBMCS 

tries to suppress the force disturbance in the specific narrow target range to avoid receiving 

feedback from other chassis motions. The frequency of the significant disturbance is detected 

and controlled. NBMCS is based on Er-MCSI but it benefits from the deterministic nature of the 
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system disturbance. as the engine disturbance frequency is correlated to the engine RPM and that 

can be obtained from ECU (engine computing unit). The NBMCS algorithm is shown not to 

suffer from the gain windup problem. The filtered-x least mean square (FXLMS) algorithm is a 

popular adaptive feedforward control method, and is widely used in active noise and vibration 

control applications. Its popularity is due to its relatively simple implementation and well studied 

convergence behaviour. Hillis et. al. also compared the FXLMS adaptive filter as a benchmark 

with the Er-MCSI and NBMCS. Er-MCSI had computational advantages over FXLMS because 

it does not require cancellation path modelling. Their studies showed both of their adaptive 

control algorithms reduced the accelerations on the chassis by 50-90% under normal driving 

conditions. 

There are commercial active engine mount manufacturers such as Continental AG [22] 

[23] and DTR VMS [24] [14]. There are also vehicles such as Honda Accord 2010, Honda 

Odyssey 2005, Lexus RX350 2007, Jaguar XJ 2006, Hyundai Veracruz 2007, and Toyota Camry 

2007 that have active engine mounts. These shows that the active engine mount technology has 

made its ways from laboratories into automobile manufacturing industry and highly competitive 

and successful companies such as Honda is utilizing them in their well-established products. On 

the other hand the cost is a very important player in this industry. Cutting the cost of an active 

engine mount without jeopardizing the performance of it can be considered as a breakthrough 

towards employing the active engine mount system in lower end cars as well as high end luxury 

cars. 

1.5 Thesis Outline 

In the first Chapter the need for engine mounting has been declared and then different types of 

mounts have been introduced (rubber mount, hydraulic mount, semi-active mount, active 
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mount). State-of-the-art and the literature on design, modelling and control in field of active 

engine mounts have been reviewed.  

In Chapter 2 the governing equations of the hydraulic engine mount is developed using 

the lumped modelling approach. The concept of dynamic stiffness and mount transmissibility are 

introduced. The model is then tested and the parameters of the hydraulic mount are extracted 

using a curve fitting method. After validating the model with the experiments, the extracted 

parameters are used in further simulation studies and different characteristics of the hydraulic 

engine mount are predicted. Then based on an industry report on requirements of desirable 

engine mount characteristics, we discuss that the characteristics of the hydraulic mount does not 

satisfy the proper engine isolation for all the engine status and drive/road condition.  Therefore 

there is a need for designing a tunable/controllable engine mount to address different engine 

mount requirements. 

In Chapter 3, we present the design of a novel, low-cost, solenoid-based active engine 

mount. The presumptions behind the design configuration are explained. Then we explained how 

we made an actuator for vibration control, using an on-off solenoid valve. Then the model of the 

actuator has been developed using electromagnetic and mechanical equations. The resulting 

model is highly nonlinear therefore the model is linearized based on realistic assumptions. The 

static properties of the solenoid such as stiffness, mass, and geometrical sizes are measured. 

Dynamic frequency response tests are performed on the solenoid actuator. Then the results are 

matched to our linearized mathematical model of our actuator and the unknown dynamic 

parameters such as actuator force gain, and the damping of actuator are identified. 

In Chapter 4, the mathematical model of actuator is integrated into the engine mount 

model. Then the whole governing equations of the active engine mount (which is a MIMO 
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system) is presented in a compact state-space form. Based on an assumption that the system is 

linear, and the fact that we tested the passive and active parts of the active engine mount model 

separately (in Chapter 2 and Chapter 3 respectively), we use the developed model of the active 

engine mount for further simulation studies. The effects of different parameters on the 

performance of the active engine mount are studied. The tuning of dynamic stiffness and control 

of transmissibility are discussed after that. Then we experimentally proved that the force output 

of our active engine mount is in close agreement with the theory. Then we demonstrated that an 

active engine mount dynamic stiffness control for a real condition that could not be met by the 

conventional hydraulic engine mount. 

Chapter 5 presents the conclusions of the work and recommends the future direction of 

this research. 
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Chapter 2: MODELLING OF HYDRAULIC ENGINE 

MOUNT 

In the previous chapter, the rubber mount and hydraulic engine mount have been introduced. The 

components of a hydraulic engine mount were explained in section 1.3. As mentioned before the 

static load of the engine is supported by the main rubber of the mount. When the hydraulic 

mount is subject to dynamic loads (from engine or chassis), the extra mechanical load causes an 

increase in the fluid pressure inside the pumping chamber and as a result the pumping chamber 

expands. In addition, some of the pressurized fluid in the pumping chamber is pushed to the 

compliance chamber through the inertia track and decoupler and the track’s frictional resistance 

cause energy dissipation. Since the actuator that is used in our active mount replaces the 

decoupler to avoid modelling complexities the contribution of the decoupler in the hydraulic 

engine mount model is not considered. 

2.1 Hydraulic Engine Mount Modelling 

Figure 2-1 depicts a hydraulic engine mount without the decoupler. This mount can be modelled 

in terms of its elements’ mathematical representations, i.e. compliances of the chamber, 

stiffness/damping rubber, and fluid inertia/resistance of the inertia track.  The lumped model of 

the hydraulic mount is depicted in Figure 2-2. As it can be seen in lumped model, the stiffness 

and damping of the main rubber is represented by a physical spring and damper. The internal 

hydraulic parts of the engine mount are modelled as two cylinders with two accumulators, 

representing the pumping and compensation chamber compliances. The cylinders are connected 

to each other by a pipe that represents for the inertia track.  
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Figure 2-1: Hydraulic engine mount without decoupler. 

Figure 2-1 is modelled by modifying Figure 1-8 into the lump model description in Figure 2-2. 
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Figure 2-2: Lumped model of a hydraulic mount without decoupler. 

In Figure 2-2, is the effective mass of engine load on the mount,  is the engine 

displacement,  is the effective pumping area of the mount,  is the flow rate of the fluid 

passing through the inertia track,  and are the pumping chamber and compliance chambers 

compliances, and  are the rubber stiffness and damping respectively.  
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Here, the upward motion of the engine is assumed positive. The engine mount fluid continuity 

relations is,  

  (2.1)  

Equation (2.1) shows the relation between the motion of the piston in the upper cylinder, the 

fluid flow through the inertia track, and the pressure increase in the upper cylinder. The fluid 

flow through the inertia track escapes to the compliance chamber which can expand to hold the 

extra fluid. The fluid flow to the compliance chamber can be expressed in terms of its pressure 

increase and compliance as,(Equation (2.2)). 

  (2.2)  

The fluid inside the inertia track can be modelled by a finite mass  displaced as . This mass 

moves in the inertia track because of the net hydraulic force of the upper and lower chambers 

(Figure 2-3). The motion of the fluid mass is expressed as 

  (2.3)  

where and  are hydraulic forces and  is the viscous friction in the pipe. It should be noted 

that the flow in the inertia track is assumed laminar. The fluid flow introduced earlier is 

 dividing both sides of the Equation (2.3) by  and rearranging the result we have  

 
 (2.4)  
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Figure 2-3: Modelling of fluid flow in the inertia track. 

Notice that the left side in equation (2.4) is the pressure difference between the upper and lower 

chamber. So that we can rewrite (2.4) as (2.5)  

 
 (2.5)  

Equation (2.5) describes the fluid flow in the inertia track due to the pressure difference. Here we 

get an analogy between  and the acceleration of the mass, , and an analogy between the flow 

rate  and velocity of the mass, . Therefore we can define the inertia and the damping terms 

of the inertia track as and  . Equation (2.6) can be expressed as: 
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  (2.6)  

The two compliances in the upper and lower cylinders can be visualized as two small stiffnesses 

and . 

 
 (2.7)  

One way of solving the three coupled differential equations in (2.1), (2.2), and (2.6), is to use 

Laplace transformation. This makes the flow rate transfer function in terms of piston motion as: 

 
 (2.8)  

The pressure in the lower and upper chambers can also be expressed as,  

 
 (2.9)  

 

 
 (2.10)  

From Figure (2-3), the net force transmitted to the base is  

  (2.11)  

Substituting (2.10) in (2.11), the force transmitted becomes:  
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(2.12)  

So that the dynamic stiffness equation becomes 

 
 

(2.13)  

In a typical hydraulic engine mount the main rubber damping is small and only affects the very 

high frequency responses (as we will see in the simulations later in this chapter).  The dynamic 

stiffness equation is composed of adding three terms. The first two terms are the contribution of 

the rubber and the last one is the contribution of hydraulic components. If we neglect the effect 

of rubber damping in the frequency range of this study, and taking into account that , the 

dynamic stiffness equation predicts that at low frequency region the transmitted force and the 

engine displacement are related by   and at high frequency (in our range of studies) 

the relation becomes . Therefore, the mount is stiff in higher frequencies and soft in 

low frequencies. According to (2.13), the switching between soft and hard region occurs between 

 and . In other words, the hydraulic mount is a soft spring up to , passes 

an increasing trend in response for frequencies between , and  and finally, at , it is a hard 

mount.  

The lump model of the hydraulic mount can be represented by a block diagram (Figure 2-4). 
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Figure 2-4: The block diagram of a passive hydraulic mount without a decoupler. 

2.2 Dynamic Stiffness of Hydraulic Mount and the Transmissibility 

As discussed earlier in Chapter 1, the transmitted force over the displacement of the mount is 

called dynamic stiffness. Equation (2.14) is dynamic stiffness formula of a mount. 

 
 (2.14)  

In this study the input displacement to the mount is oscillatory. Therefore, the force transmitted 

is also an oscillatory signal at the same frequency with a phase difference. The dynamic stiffness 

can be also written as 
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(2.15)  

where , and  are the magnitude and the phase of dynamic stiffness . The 

dynamic stiffness can also be written in terms of stiffness and damping as follows: 

  (2.16)  

where, 

  

. 

(2.17)  

where  is the true stiffness and  is the true damping of the mount. , or 

dynamic stiffness, is the combination of both. Damping coefficient  is obtained by dividing the 

imaginary component over the frequency, and the real part is the stiffness component of the 

rubber and hydraulics,  (see Figure 2-5). 

From Equation (2.13) it can be seen that the frequency response of the dynamic stiffness, , 

will have an imaginary and real components. The resultant of the imaginary and real component 

gives the magnitude and phase of the dynamic stiffness.  

 , 

 

(2.18)  

Notice that the imaginary part reflects the combined contribution of fluid and rubber dampings.  
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Figure 2-5: Real and imaginary components of the dynamic stiffness. 

Transmissibility ratio, , is another important characteristic of an engine mount; it shows  

the fraction of force transmitted from the engine to the chassis, or ). An ideal engine 

mount would have transmissibility equal to zero which means no force transfers from engine to 

chassis. The only possible way of making an ideal engine mount is through an active engine 

mount. 

2.3 Hydraulic Engine Mount Experiment 

In this section dynamic stiffness of a hydraulic engine mount (a mount without decoupler) is 

tested to show that the lumped model found in section 2.1 is in agreement with the test results. 

After that the parameters of the mount are extracted from the experimental data using a curve 

fitting method. 

To test the dynamic stiffness of the hydraulic engine mount the lower part of the mount is 

attached to an electromagnetic shaker. The top of the mount is fixed to a rigid frame and a force 

sensor is placed between the rigid frame and the engine mount top. An LVDT (Linear Variable 

Displacement Transformer), measures the relative displacement between the top and bottom of 

the engine mount. The relative displacement represents the engine relative displacement with 
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respect to the chassis. Electromagnetic shaker enforces the relative displacement over the 

frequency range of interest and the force transmitted to the chassis is measured with the 

employed force sensor. Using the transmitted force and the displacement, the dynamic stiffness 

can be obtained. Here in this test the relative displacement of the mount is 0.1 mm peak to peak. 

Shaker

Engine 

Mount

Force SensorLVDT

Rigid Frame Holding Post

  

Figure 2-6: Dynamic stiffness test setup. 

Figure 2-7 shows that the passive hydraulic mount has a switching frequency and a 

transition region and a flat shape in frequencies less than 5 Hz and in frequency 25-60 Hz (as 

discussed at the end of Section 2.1). Therefore the experimental data are used along the 

mathematical model to extract the parameters of the model. The simulation of the dynamic 

stiffness of the mount based on the model and the extracted parameters are shown in Figure 2-7. 

The model parameters are presented in Table 2-1. Results in Figure 2-7 demonstrates that the 

mathematical model is in close agreement with the physical system and therefore it is reliable. 

Having a reliable model we can proceed and study the behaviour of the hydraulic mount by 

simulation. 
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Figure 2-7: Dynamic stiffness of the mount. Experiment versus the model of hydraulic mount. 
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Table 2-1: The simulation parameters matching the experiments. 

Parameter Name Value Unit 

Stiffness of pumping chamber    

Damping of pumping chamber  0.19 
 

Pumping area of pumping chamber    

Compliance of pumping chamber   
 

Compliance of compensation chamber   
 

Inertia of track inertia   
 

Resistance of track inertia    

2.4 Hydraulic Engine Mount Simulation 

In this section the model of the engine mount with the parameters that we obtained in the 

previous sections is simulated. The aim of these simulations is to validate the assumption made 

in obtaining the mathematical model. The simulation parameters are based on the realistic 

parameters of the mount.  

The dynamic stiffness is often shown as a frequency response in a wide range of 

frequency. The hydraulic part of the engine mount is marked in the Figure 2-2. The effect of the 

hydraulic part on the dynamic stiffness is simulated and shown in Figure 2-8. The phase angle 

around the 90 degrees in the low frequency shows that the hydraulic mount dissipates energy and 

the amount of the dissipation increases as the excitation frequency reaches to the resonance 
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frequency of the mount. In high frequencies (the hard mount region), contribution of the 

hydraulics on the stiffness of the mount is about 64 (N/mm). Based on the phase angle it appears 

that the contribution of the hydraulic part at those frequencies is more stiffness and it does not 

damp significant amount of energy. 

At 20 (Hz) resonance of the denominator of Equation (2.10) occurs. As a result the 

magnitude of the dynamic stiffness increases, and that result in high force transmission from the 

engine to the chassis. Figure 2-9 presents the same analysis in terms of real dynamic 

stiffness , damping coefficient, , and, imaginary dynamic stiffness, . 

Resonance of the Inertia Track

Contribution of Hydraulic 

Terms on Total Dynamic 

Stiffness

High Frequency Asymptote

Around 90 Deg. Phase 

Shift (Damping and 

Dissipative)

 

Figure 2-8: Hydraulic part of the dynamic stiffness. 
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Figure 2-9: Contribution of the hydraulics in the real part of dynamic stiffness, damping coefficient, and imaginary 
part of the dynamic stiffness. 

In Figure 2-10, the contribution of the stiffness of rubber, its damping, and hydraulic 

parts of the mount are compared together along that of the complete hydraulic dynamic stiffness. 
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Figure 2-10: Comparison of the contribution of rubber damping, rubber stiffness, hydraulic part, and overall 
hydraulic mount. 

Figure 2-11 presents the same information as depicted in Figure 2-8 in terms of real, 

imaginary and damping. This figure shows that at low frequencies (1-25 Hz) the fluid part plays 

an important role in generating damping which is required for the engine idle and road shocks. 

At high frequencies (25-80 Hz), even though the true stiffness of the mount remains constant but 

the contribution of the damping force of the rubber (related to the imaginary part of dynamic 

stiffness) is increasing by frequency. This result in high transmissibility and lowers the isolation 

performance. 
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Figure 2-11: Contribution of the rubber part in the dynamic stiffness of engine mount and its comparison with the 
contribution of hydraulic part. 

As seen before, the stiffness peak is around 20 Hz in the Figure 2-8 and that is due to resonance 

of the fluid mass in the inertia track. This can be seen in Figure 2-12 where the flow rate in the 

inertia track is simulated. It shows that at 20 Hz the fluid flow rate is max in the inertia track. 

The high flow rates relates directly to the damping due to the track resistance.  

It is also interesting to see that the pressure in the upper and lower chamber increases at the 

resonance frequency but after the resonance the fluid flow rate in the track drops. Therefore the 

pressure in the lower chamber drops as there is low amount of fluid going into the lower 

chamber but the pressure in upper chamber stays high (see Figure 2-12, Figure 2-13, and Figure 

2-14).  
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Figure 2-12: Flow rate in the inertia track. 

 
Figure 2-13: Pressure in the upper chamber. 
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Figure 2-14: Pressure in lower chamber. 

From the simulations in this chapter we come up with few conclusions about designing an engine 

mount. First that the transmitted damping force increases due to the rubber damping in high 

frequency (Remember from Chapter 1 that high force transmission deteriorates the isolation 

performance of a mount in high frequency). Also, the pressure in the upper chamber plays an 

important role in real part of the dynamic stiffness. Finally, the transmitted force around 20 Hz is 

high because the resonance of the inertia track occurs around this frequency. 

A noise and vibration requirement along with the vehicle dynamics requirements are 

given in Figure 2-15. It is a list of the desired engine mount characteristics for each specific 

driving condition to address vehicle dynamics and ride comfort requirements. That information 

has been provided by General Motors for Cooper Standard Automotive for designing an engine 

mount.  
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The requirements are numbered from 1 to 7. By looking at the performance of the engine mount 

that we simulated in this chapter we can see that this mount meets the requirements 1, 5, 6 and 

somehow the requirement number 7. We can see that requirement 2, 3, 4 are not met by the 

hydraulic engine mount that is modelled in this chapter. Therefore to both address the vehicle 

dynamics requirements and noise and vibration requirements at the same time, design of a 

tuneable/controllable active engine mount is desired. The new engine mount must be capable of 

changing its characteristics based on the ride/load conditions, in response to sensors of the 

vehicle.    
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Figure 2-15: GM’s future mount requirements. 
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Chapter 3: DESIGN OF A SOLENOID-BASED ACTIVE 

ENGINE MOUNT 

3.1 Presumption in this Specific Design 

We saw in the previous chapter (in Section 2.4) that the pressure in the upper chamber plays an 

important role in the dynamic stiffness of the mount. Also few different works on active [15] 

[14] and semi-active [12] engine mounts has been introduced in Section 1.4 where the authors 

claimed that the performance of the mount is controlled by altering the pressure in the chambers. 

Therefore an actuation method is sought for altering the fluid pressure in the mount.  

Previously, in active category, Piezo-electric actuators have been used. Piezo-electric 

actuators are light weight actuators with fast response time, and has been used in various 

vibration control problems. However they have low amplitude response and to be used in the 

engine mount problem, amplitude magnification methods must be designed that makes the 

manufacturing of the mount complex and expensive.  

Voice coils have been used in the active engine mount problem.  Voice coils (loud 

speakers) are built of a stationary permanent magnet and a moving winding. By changing the 

polarity of the winding, the permanent magnet creates a repulsive or attractive force and can 

make the winding go back-and-forth. Mathematical model of voice coils are well established and 

almost linear, therefore they are easy to control. The drawback to the voice coil is that they are 

expensive due to the permanent magnet of them.  

In semi-active category, pressures of chambers are controlled by on-off solenoid valves 

and using pneumatic pressure and vacuum around the engine mount cylinders. This design 



 

40 
 

requires pneumatic pipelining and multiple solenoid valves and can potentially occupy a large 

space. 

An alternative option that has been used in this thesis was turning a low-cost on-off 

solenoid into a controllable electromagnetic actuator. Solenoids are cheaper than voice coils but 

have a highly nonlinear equal. Moreover they are mostly used for on-off applications where there 

is no need for precise modelling. The solenoids are not designed for back-and-forth motion but 

rather for pull-in/hold and release. 

3.2 The Principles of Solenoid Operation 

A solenoid consists of a coil and a moving metal rod, also known as armature or plunger. The 

operation of solenoids is based on conversion of electrical energy into mechanical energy, and 

therefore solenoids are being considered as electromechanical actuators. Normally, the coil is a 

copper wire wound with a tiny pitch and placed in a metal (iron-based material) case, also known 

as a C-frame. The C-frame is a supporting structure that also contributes to the magnetic field 

produced by the coil. 

Applying an electrical current to a solenoid coil generates a magnetic field or flux with 

intensity proportional to the current. The magnetic field pulls the plunger in. The reason for the 

plunger attraction is a ferromagnetic material with high magnetic permeability, whereas air 

which has very low magnetic permeability. Pulling the plunger inside closes the air gap and 

intensifies the field concentration inside the solenoid. 
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3.3 Design of the Actuator 

A pull-in SolenoidCity’s tabular low profile clapper solenoid Series S-16-264 with AWG 

number 21 (for details about this solenoid see Appendix A) was purchased and modified for use 

in this project. Figure 3-2 is the picture of the solenoid that is used in our work. 

The plunger has a conical shape groove (improves the induced magnetic flux) and 

perfectly mates to a tapered metallic seats when it bottoms out. As the plunger moves inside to 

close the gap it compresses a spring which is improvised to return the plunger to its original 

position soon after the electrical current is disconnected. 

The plunger of the solenoid is modified and turned into a flat plate (T-plunger). A return 

spring is selected and placed between the coil and plunger. Because the solenoid is meant to be 

in direct contact with the fluid in the upper chamber of the engine mount, a sealing rubber was 

fixed between the plunger and a holding metallic plate. Sealing rubber protects the coil from the 

water. The schematic of the solenoid is shown in Figure 3-1. 

 

Figure 3-1: Schematic of an air-gap pull-type solenoid with sealing rubber and return spring. 

A housing has been designed for this solenoid and it is placed between the compensation 

chamber and the pumping chamber Figure 3-3. The solenoid’s moving part is in direct contact 
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with the pumping chamber fluid but it is isolated from the compensation chamber. The pressure 

inside the coil is the same as atmosphere as it is directly connected to the outside. The pressure 

on top of the plunger is the pressure of the pumping chamber. The fluid in compensation 

chamber is around the housing of the solenoid coil. 
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Plunger

Sealing 

Rubber

 

Figure 3-2: The modified solenoid that is used in the active engine mount. 
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Figure 3-3: The solenoid-based active engine mount. 
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3.4 On-Off Solenoid to Actuator 

The force of the solenoid, regardless of the polarity of the current in its coil, is downward 

towards the inside of the coil. As mentioned before, a return spring has been used to generate 

repulsive force to plunger. We used a technique to turn an on-off solenoid into a linear actuator. 

To accomplish this goal a bias current is fed into the coil of the solenoid. This generates a 

preloading on the spring. 

Let us assume that this point, where the plunger is in static equilibrium in presence of 

spring’s repulsive force and coil’s attractive force, is the equilibrium or the operating point. Now 

if we increase the current the plunger goes towards to coil and if we decrease the current, the 

return spring pushes the plunger away from the coil. Therefore an oscillatory current plus a bias 

current can generate a back and forth motion in the plunger of the solenoid. Therefore the 

plunger can be used as a pump. 

It must be mentioned that the amplitude of the oscillating current must be always less 

than the bias current; otherwise harsh nonlinearities will be created in the force of the solenoid. It 

must be also noticed that the addition of bias and oscillatory current must be always kept lower 

than what is required for completely closing the air-gap of the solenoid. Bottom out of the 

plunger with the coil is a nonlinear event and we want to avoid that. 

3.5 Actuator Model Development 

In our application, a solenoid actuator is utilized to pump and compress fluid in the pumping 

chamber. To most efficient way to simulate the interplay of the actuator and the hydraulic engine 

mount a mathematical model of the solenoid is needed to be later combined with the mount 

model. This model will also be an essential part of the controller design to drive the active mount 
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for desired performances at various frequencies. The steps for obtaining the actuator 

mathematical model are described in the followings: 

Electromagnet Equation 

A solenoid valve as explained earlier is composed of a coil and a plunger. The fundamentals of 

electromagnetic description of the solenoid valves is addressed in the literature [26] and [22]. 

This relation can be formulated as,  

  (3.1)  

where   is the number of the coil turns,  is the plunger motion, , , and  

are the magnetic field intensity in the C-frame, in the plunger, and in the air gap. , , and  

are the mean lengths of the magnetic field in the C-frame, the plunger, and the air gap.  is 

the electrical current in the coil. The static magnetic force applied to the plunger, , is  

 
 (3.2)  

where  and  is the magnetizing inductance. The magnetizing 

inductance is 

 
 (3.3)  

The magnetic flux can be calculated from, 
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 (3.4)  

where  are the reluctances of the ferromagnetic materials of plunger, air-gap, and 

stationary core. The mathematical description of the reluctances are 

 
 

 

 

(3.5)  

where  is the permeability coefficient of the air, and  and are the permeability coefficient 

of the core and the armature.  is the effective cross section area through which the magnetic 

flux is flowing.  can also be expressed as  where constant  is the half of the 

air gap when the current , and the coil is magnetized with a constant current. From 

(3.3) and (3.4), the magnetizing inductance  can be expressed as 

 
 (3.6)  

Therefore, combining (3.6) and (3.2), the magneto static force becomes 

 
 (3.7)  

To simplify (3.7), new terms,  and , are which are defined in (3.8) as, 
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 , 

 

. 

(3.8)  

so that the force applied by the magnetic field on the solenoid armature is, 

 
 (3.9)  

In order to use the force equation, the values for  and , are needed. Solenoid 

manufacturing companies cannot provide these values since analytical models are not the basis 

of their products design and it is not demanded by their customers. Instead, they publish data-

sheets which are the curves of the measured force on a plunger based on its position at a few 

applied currents to the coil. These data-sheets are sufficient for industrial applications where the 

main applications of solenoids are on/off switches. Although, the curves in the solenoid 

datasheets enable us to estimate   and . However, the procedure does not have sufficient 

accuracy. To identify more reliable values, experiments must be conducted. 
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Figure 3-4: Lump model of an air-gap type solenoid. 

A lumped model of the actuator mechanical components is depicted in Figure 3-4. In this model 

the plunger mass and the sealing rubber and return spring that are contributing to the stiffness 

and damping of the reciprocating system are represented by ,  and . The equation of 

motion of the solenoid plunger can be written as, 

  (3.10)  

As mentioned before, the solenoid coil can only generate attraction force which is only toward 

the center of the coil (downward here). It is because for attraction of ferromagnetic materials the 

polarity of the magnetic field is not important. In order to generate a reciprocating motion in the 

plunger, we need a return force provided by the pre-compressed return spring. The pre-

compression of the spring is created by a bias current through the coil. The bias current should be 

high enough to compress the spring to an extent that strong oscillation of the plunger around that 
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point is feasible, and at the same time it should not be so large as to make the plunger bottom 

out. In conclusion, there is always a one-directional current going through the coil and its 

amplitude is modulated adding another oscillating current to that. 

The forcing function which is applied on the plunger by the magnetic field is given in 

(3.9) . Combining the two equation results: 

 
 (3.11)  

Equation (3.11) has nonlinear terms on the left hand side. The nonlinearity is on the square 

current and on the inverse of the square of displacement. These nonlinearities make combining it 

with the hydraulic mount equations difficult. It helps if we can linearize it to depend only on 

electrical current.  

Model Linearization 

.In this application, linearization is a reasonable model simplification by taking into 

consideration that at high frequencies (10-100 Hz), which is the vibration isolation frequency 

that the decoupler (our actuator is replaced for the decoupler) is dominant, the range of motion of 

the plunger is very small (less than 0.5 mm). Therefore the inverse square of displacement does 

not affect the denominator of the nonlinear forcing function of the Equation (3.11). Moreover, 

the permeability factor, , of ferrous material lies in the range - which 

indicates (referring to (3.8)),  that . Then the force function can be simplified to 
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 (3.12)  

Operating regions of the solenoids can be divided into a low current linear region and a high 

current saturated operating region. In the saturation region the magnetic field in the 

ferromagnetic material saturates. By keeping the current levels low, we can avoid entering the 

saturated region. Because the range of applied current is low in this application, , and the 

fact that the Equation (3.12) is a parabola we can write the Equation (3.12) as: 

 
 (3.13)  

The linear force function can then be expressed as 

 
 (3.14)  

where  and are constant gains and are dependent on the bias current .  
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Figure 3-5: Linearization of the solenoid force function. 
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Model Identification 

Using (3.14) and (3.11), the equation of motion of solenoid plunger can be written as: 

  (3.15)  

where 

  (3.16)  

and  is a pre-compression to adjust the constant force . Therefore equation (3.15) is 

simplified into 

  (3.17)  

Therefore the dynamic force of the solenoid can be modeled by a gain  and  is the amplitude 

of the oscillatory current. 

The mass, , is measured using a scale and the spring stiffness, , is found by 

performing a static force/deflection test using dead weights. Based on our measurements, the 

plunger mass is , and the spring/rubber stiffness is . The block 

diagram of the experimental setup is depicted in Figure 3-6 and the components used in this 

experiment are listed in Table 3-1.  

Our approach is to excite the solenoid plunger with different oscillating currents and 

measure the acceleration of the tip of the plunger. The Simulink and Real-Time Workshop 

(RWT) are run on one PC which is interfaced by a Data Acquisition card (Sensoray 626). The 

shaker acceleration is sensed and sent to the Simulink.  The shaker is programmed to oscillate 
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with a constant peak acceleration value of , or  The acceleration of the shaker is 

translated into current command and is sent to the solenoid coil, and by sweeping the oscillations 

we can excite the solenoid plunger with the same frequency as the shaker. 

To formulate the relations, equation (3.15) can be transformed to Laplace domain, 

 
 (3.18)  

Also, to be able to use the experimental results from the accelerometer equation (3.15) is 

converted to: 

 
 (3.19)  

 

Table 3-1: Instruments used in frequency response analysis of the solenoid. 

Device Model 

Solenoid Magnetic Sensor Systems, Pull-type Low 
Profile Clapper Solenoid, AWG#21  

PWM Servo Amplifier Advanced Motion Controls, 16A20AC 

Plunger Accelerometer Dytran 3035 AG 

Shaker Accelerometer Dytran 3035 AG 

Shaker VTS, VG 100-8 

Shaker Controller System LDS DACTRON LASER 

Shaker Power Supply Techron 5507 

Sensor Charge Amplifier Dytran 4105C, Current Source 
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Figure 3-6: Schematic of frequency response test of the solenoid plunger. 

 We performed twenty frequency response tests with different bias and amplitude current, 

and with range of frequency sweeps between 10 and 45 (Hz). We measured the acceleration of 

the plunger in response to sinusoidal current input into the solenoid coil. The tests are performed 

to find the damping, , and the gain of the actuator, . The natural frequency of the solenoid is 

found to be close to  or . 

The graphs show that the results can be fitted into a transfer function similar to (3.19). By 

selecting the gain  and damping  we find that the results closely 

match the test results. We can assume therefore that the plunger/solenoid equation of motion in 

Laplace domain is 

 
 

(3.20)  
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Now that the linear model of the solenoid is identified, in the next chapter, we couple the 

model of passive and active elements to find the linearized governing equations of the mount 

dynamics. 

 

 

Figure 3-7: Frequency response of the acceleration of the plunger to the current (solid lines) vs. the Bode diagram of 
the identified linearized second order model (dashed line). 

  (3.21)  
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Chapter 4: MODELLING OF SOLENOID-BASED ACTIVE 

HYDRAULIC ENGINE MOUNT  

As discussed in Chapter 1, modelling of hydraulic engine mounts has been studied by 

different authors.  In Chapter 2, we modelled the hydraulic engine mount without decoupler. The 

important terms in the dynamic stiffness has been studied as well. In Chapter 3, we came into the 

design of a solenoid-based hydraulic mount. Therefore we identified the linear model of the 

solenoid in that Chapter. In this chapter, we integrate the previously developed governing 

equations of the hydraulic mount with the solenoid. After that we will analyse the effect of the 

plunger motion on the dynamics stiffness and transmissibility of the mount. 

4.1 Active Engine Mount Modelling 

The active mount of this study is designed to isolate chassis from engine excitation. To derive 

the mathematical model of this engine mount, we assume that the chassis is stationary. The main 

goal is to find a closed-form linear transfer function for engine force transmissibility and 

dynamic stiffness. 

Figure 4-1 shows the lumped model of our active engine mount. Taking the positive 

direction upward in our reference coordinate frame, the motion of the solenoid plunger can be 

expressed as, 

  (4.1)  
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Figure 4-1: Lumped model of the active engine mount with a zoom on the plunger and coil’s effective connection to 

the chassis. 

Similar to our approach in chapter two, the engine is modelled as a mass. The equation of motion 

of the engine displacement is,  

  (4.2)  

The transmitted force to the chassis is, 

  (4.3)  

where  is the representation of the solenoid force and is equal to – , (  is a constant value), 

 and  are engine dynamic forces and transmitted force to the chassis, respectively,  is the 
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mass of engine or a fraction of the engine mass (depending on the number of the  mounts and 

bushing that support it),  is the engine displacements,  and  are bulk rubber stiffness and 

solenoid stiffness, respectively,  is the bulk rubber damping, and is the solenoid damping 

identified in the previous chapter, is dynamic pressure inside the pumping chamber, and  is 

the effective area of pumping chamber. 

The equations of the hydraulic part of the engine mount are presented in Chapter 2 (Equations 

(2.1), (2.2), and (2.6)). From combining (2.1), (2.2) and (2.6), we obtain the relationship between 

 and  as  

  (4.4)  

Taking the Laplace transform from (4.4), the pressure transfer function is,  

 
 (4.5)  

Taking into account the volume expansions and contractions of the pumping and compensation 

chamber, as well as solenoid plunger motion, and by assuming that the fluid is not compressible, 

we can adapt the Equation (2.1) into, 

  (4.6)  

where  is the solenoid displacement, and is the plunger pumping area. The equation of 

motion of the solenoid plunger is, 

  (4.7)  

where  is the plunger mass. Therefore, the pressure in the pumping chamber can be written as 
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 (4.8)  

where, for simplicity of the equations, we introduce . Therefore, the 

pressure equation can be expressed as follows: 

  (4.9)  

Combining (4.2) and (4.9), the equation of motion of engine mass due to the engine force , and 

the force generated by the solenoid actuation is: 

  (4.10)  

The armature position equation in Laplace domain is 

  (4.11)  

Substituting from equation (4.9) into equation (4.11), results, 

  (4.12)  

or  

 
 (4.13)  

Now  can be expressed in terms of current and : 

 
 (4.14)  

Knowing the relation of  with   and as follows, Equation (4.3) becomes,  
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(4.15)  

Then, the transmitted force to the chassis is, 

 
 

 

(4.16)  

The interaction between the engine unbalance forces and the active elements of the engine mount 

can be expressed by the following equation, 

 
 

 

(4.17)  

The dynamic stiffness function for our active engine mount is, 

 
 

 

(4.18)  

 

Figure 4-2 is the block diagram of the solenoid-based active hydraulic engine mount. Next, we 

derive the equations of the active mount in state-space. By having the equations of motion in 

state-space domain, we can easily observe the state variables of the system. 
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Figure 4-2: Block diagram of the analytical model of the active engine mount. 

4.2 Active Engine Mount Modelling in State-Space 

Hydraulic Engine Mount Modelling in State-Space Domain 

The governing equations of a hydraulic mount where found in Chapter 2. Expressing the 

equation of motion in state-space format provides an easier way to investigate the interplay of 

the engine mount components. The complete governing equation of the hydraulic engine mount 

in state-space form is presented in (4.19) and (4.20). 
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, 

(4.19)  

 

 

(4.20)  

The states of the system are presented in lower-case letters to remind that they are in time 

domain (e.g.  instead of ).  

Active Engine Mount Modelling in State-Space Domain 

An active engine mount is a multi-input single-output (MISO) system. The engine unbalance 

force and the current to the solenoid are the inputs, and the transmitted force is the output. We 

also add the states of the system to the output list (e.g., chamber pressures, inertia track flow, 

displacements.). This can be a means of sizing and sensor selecting for the purpose of mount 

optimization and control. Therefore, we are dealing with a multi-input multi-output (MIMO) 

system.  

Using the state-space form given previously in (4.19) and (4.20) and the newly 

introduced active mount relations we can find the state-space representation of the active 

hydraulic mount in this section. Therefore by coupling equations (4.6), and (4.7), we derive 

equations (4.21) and (4.22) as the governing equation of the whole system. 
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(4.21)  

The output of this dynamical system is a vector of the transmitted force and mount 

displacement . 

 

 

(4.22)  

We can easily see the effect of the inputs (current and engine force) on the individual states of 

the system (pressures, transmitted force, flow rate, etc.). In the previous system of equations, the 

engine force and the current are the inputs of the system (engine disturbances is considered as an 

input along with the control current).  



 

62 
 

4.3 Simulations and Analysis 

Simulations with the Laplace Domain Transfer Functions 

We validated our passive hydraulic engine mount model in Chapter 2 and validated the model of 

solenoid in Chapter 3. In previous Section 4.1 and 4.2 the model of our active engine mount is 

developed. In this section, we will study the effect of different terms in the model of active 

engine mount through simulating the relations that has been developed in Section 4.1. 

Solenoid parameters (the active component of the mount as introduced in section 4.1) are 

given in Table 4-1. These parameters along with the parameters from Table 2-1 will be used 

throughout this Chapter. 

Table 4-1: The parameters of the active component of the model. 

Parameter Name Value Unit 

Pumping area of solenoid plunger    

Mass of plunger    

Stiffness of plunger    

Damping of plunger    

 

Two terms contribute to the transmitted force equation in (4.16):  (1) the displacement of 

the engine, and (2) the current fed to actuator. Separating the passive hydraulic component of 

force transmission and the active component of force transmission, we obtain two coefficients as 

(4.32) and (4.24). 
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 (4.23)  

which is the transmitted force due to engine displacement. As we expect in Equation (4.23) only 

passive and mass, damping and stiffness of the plunger can be seen. The effect of displacements 

of the solenoid is not directly seen in this equation. Moreover the term of interaction of mass, 

stiffness and damping (the last term in (4.23)) is much smaller than the first three terms of 

stiffness, damping and hydraulic pressure and therefore it is negligible.   

Equation (4.24) is the transmitted force coefficient due to the solenoid actuation:  

 
 (4.24)  

which shows the effect of the actuated solenoid on the transmitted force to the chassis. 

In Equation (4.24), the first term , is the direct contribution of solenoid’s internal force. 

The second term is the interaction of the plunger motion with the stiffness and damping of the 

solenoid and the plunger with the fluid pressure. Examining Equation (4.24), we expect to see 

that at higher frequencies the coefficient reduces to , as the other term vanishes. So increasing 

the solenoid gain directly increases the system capability to change the transmitted force. At 

higher frequencies, the plunger mass does not respond to the forces applied to it, so it does not 

move much. Therefore, the displacement and velocity of the plunger decrease, and in that case, 

the effect of damping and stiffness of the plunger seen in equation (4.3) is minimal. Figure 4-3 

shows the frequency response of the whole term along in (4.24) with the solenoid gain. Dashed 

line is the simple model where the force on the chassis is modelled by the internal attraction of 
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the coil-plunger, whereas the solid line is with the full model, which considers interaction of the 

fluid, mass, acceleration, damping, and stiffness of the plunger. 

.  

Figure 4-3: Force applied to chassis by actuating the solenoid.  

Next, we study whether or not a change in the plunger mass affects the applied force to the 

chassis. Figure 4-4 is the simulation of transmitted force for different plunger masses, a graph 

comparing the generated force by -50%, -20%, +20% and +100% of the mass of plunger. An 

improvement in force generation is seen at low frequencies (5-10 Hz) by decreasing the mass of 

plunger, and a decrease in the force is observed at higher frequencies; the changes however are 

not substantial. 
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Figure 4-4: Effect of the changing the mass of plunger during change in the applied force to the chassis. 

Figure 4-5 shows the effect of changing the stiffness of the solenoid in the transmitted force to 

the chassis. Again, increasing the stiffness of the plunger increases the transmitted force at low 

frequency, but it does not affect the force at high frequency.  
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Figure 4-5: Effect of changing the stiffness of the solenoid, in the force applied to the chassis. 

Taking a look back at (4.3) we see that the pressure of pumping chamber is an important 

factor in the transmitted force to the chassis. Therefore we need to see the effect of solenoid 

motion on the pressure of the pumping chamber. From Equation (4.15) we can see that the 

contribution of the pressure force on the transmitted force is: 

 
 (4.25)  

The frequency response of the pressure force transmitted in response to the control current  is 

shown in Figure 4-6. This graph shows that the force generated by the pressure is negligible in 

contrast to the internal force of the solenoid (compare with Figure 4-3). 
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Figure 4-6: Pressure force transmitted to the chassis due to actuating the solenoid. 

Tuning the Dynamic Stiffness of the Active Engine Mount 

The dynamic stiffness of an active engine mount must tuneable. The tuning must enhance the 

noise and vibration condition of the chassis. As discussed before, in each driving condition a 

certain stiffness and damping is desirable. Therefore let assume that the dynamic stiffness of the 

passive hydraulic mount that we tested in Chapter 2 must be tuned. In Chapter 3 an actuator was 

added to the hydraulic mount but the mount has the same passive elements (same rubber, same 

inertia track, same geometry). 

In Equation (4.18) the dynamic stiffness of the active engine mount is given. We can see 

that the dynamic stiffness of the active mount is a function of the .  is an actuation 

function in feed-forward or feedback control scheme where the current  is commanded to the 

solenoid coil based on a displacement sensor readings, . By changing this function, the 
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dynamic stiffness of the active mount changes (See Figure 4-7).  In Chapter 2, the dynamic 

stiffness of a passive mount was given (rewritten as (4.26)).  

 
 

(4.26)  

Let us also call the dynamic stiffness of the active mount  

 

 

 

(4.27)  

Here if we design a proper actuation function we can modify the active mount’s dynamic 

stiffness to a portion or a multiple of the passive engine mount, so that  

  , (4.28)  

where  is a coefficient of stiffness tuning.  
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Figure 4-7: Dynamic Stiffness Tuning. 

Based on our modelling, we set the coefficient of stiffness tuning to 0.2, 0.5, 0.7, 1, 1.5 

and 2. Where coefficients lower than 1 result in softer mount and coefficient bigger than 1 

generates harder mount and the coefficient equal to 1 is the same as passive hydraulic mount. 

The tuned dynamic stiffness is given in Figure 4-8. To see what type of actuation function is 

required to accomplish these tunings. As we expected, the change in stiffness does not affect the 

phase shift of the mount. Figure 4-10 shows the response of the actuation function , used to 

soften or harden the mount. For example, to soften the mount to 0.7  at 20 (Hz) and for an 

engine displacement of 0.1 (mm), a sinusoidal current approximately equal to 1 (A) with 180 

phase shift is required. 
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Figure 4-8: The tuned stiffness of active hydraulic mount. 

 

Figure 4-9: The applied transfer function for increasing or decreasing the mount stiffness. 
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Controlling the Transmissibility 

The force transmission coefficient or transmissibility, , is a factor shows how much force 

is transmitted to the chassis. Figure 4-10 is the transmissibility of the passive hydraulic engine 

mount. As expected, the phase is negative because the system is causal, and the phase is close to 

-180 because the transmitted force is a direct result of engine displacements which itself is in 180 

degrees phase shift from the engine forces (Engine force and engine displacement are in 180 

degree shift as acceleration and displacement of an oscillatory motion is (see 4.2)). 

 

Figure 4-10: Transmissibility of the hydraulic engine mount. 

The transmissibility of an active engine mount can be tuned also. The transmissibility change 

mechanism is shown in Figure 4-11. 
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Figure 4-11: Transmissibility tuning scheme. 

Because we assumed that the system is linear, therefore the superposition quality of linear 

systems holds here, therefore we can say that the transmitted force is the summation of the 

engine force transmission of the passive system and the solenoid force transmission to the 

chassis. 

   (4.29)  

where  is the total transmitted force, is the transmitted force due to engine 

displacement only, and  is the transmitted force due to solenoid actuation only. At each 

engine condition an specific engine unbalance force, , is generated. Dividing the both sides of 

(4.29) we get 
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 (4.30)  

where  is the transmissibility of the active engine mount. The first term in the right hand 

side of (4.30), , is the passive transmissibility that has been defined before and 

simulated in Figure 4-10. Here we write the second term in (4.30) as  

 
 (4.31)  

where  is the dynamics of force generation of the solenoid and its transmission to the 

chassis (the model of the physical system) and is the transfer function between a sensed 

engine unbalance force into a control current. Therefore with proper design of , we can 

control the transmissibility. Here we introduce  as a coefficient of 

transmissibility reduction where  is the percentage of transmissibility reduction. 

For example a , means 50% transmissibility reduction. 

 
 (4.32)  

Figure 4-12 shows the frequency response of transfer functions required to reduce the 

transmissibility by 30, 50, 80, and 100%. Notice that 100% reduction of transmissibility means 

full vibration disturbance cancellation on the chassis. 
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Figure 4-12:  function for modifying the transmissibility of the mount. 

4.4 Experimental Verification of the Active Mount Force Output 

To verify the effect of the identified solenoid on the force transmitted to the chassis, we built a 

rigid frame to fix the two ends of the mount. The frame has a mechanical jack to preload the 

engine mount. A force sensor is attached to the tip of the mount. This way, we measure the 

applied force to the chassis while sweeping the current input over a frequency range (see Figure 

4-13). 
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Figure 4-13: Test-bed to measure the force of solenoid actuation applied to the chassis. 

The results of the frequency sweep are presented in Figure 4-14. The force response has 

white noise, which we think is due to problems with the signal conditioning of the load cell. 

However, the trend and value of the response are very close to what we expect from theory. 
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Figure 4-14: Normalised results of three tests compared with the simplified expected transmitted force. 

In another test, we applied a transfer function for the solenoid input current as 

 
 (4.33)  

The bias current in this test was 1 (A), and a sinusoidal function with 0.8 (A) was passed through 

the previous transfer function. The normalized result of this experiment is shown in Figure 4-15. 
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Figure 4-15: Transmitted force of active engine mount (Theory vs. Experiment). 

In another test the previous transfer function in (4.33) is replaced with the following transfer 

function, 

 
 (4.34)  

and the results are show in and compared with the expected value. 
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Figure 4-16: The force response of the active engine mount (Theory vs. Experiment). 

The response is given in Figure 4-16 and it is compared with the ideal response. Again, 

we see that the response is approximately following the theoretical expectation. Therefore, the 

active part of the derived linear model of engine mount is verified because the simulations of the 

model agree with the experimental results. 

4.5 Active Dynamic Stiffness Tuning Experiment 

The same experimental test bed used in Chapter 2 (Figure 2-6) for testing the dynamic stiffness 

of the hydraulic engine mount is used in this section to test the active engine mount. Actuating 

the solenoid generates a force that can alter the transmitted force and the dynamic stiffness of the 

mount. Here the active engine mount is tested with a control transfer function given in equation 

(4.35). 



 

79 
 

 
 (4.35)  

By plugging in the previous equation into equation (4.18), the mathematical model of the 

dynamic stiffness is obtained. The active engine mount is tested in higher frequencies (35-60 Hz) 

and the result of deploying this active transfer function in comparison to a passive mode 

hydraulic mount is shown in Figure 4-17. It also shows that the obtained mathematical model is 

predicting the change in the dynamic stiffness. As you can see in Figure 4-17, the model closely 

predicts the stiffness and damping of the mount. The actuator effort in this feed-forward control 

function is between 0.4 to 0.6 (A), which is in the operating range of the solenoid actuator. This 

mount tuning can be used for cruising at steady-state in high gear and satisfies. 

 

Figure 4-17: Stiffness and damping of the hydraulic mount in passive mode (dashed line), stiffness and damping of 
the active mount in a soft mode (solid line), and stiffness and damping based on the derived model and the function 

used in experiment (graphs 0.1 mm peak-peak engine displacement)    
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The transfer function (4.35) satisfies the engine mount requirement number 4 given in Figure 

2-15. This shows that we were able to analytically model the solenoid-based active hydraulic 

engine mount. By properly designing the active control transfer functions this engine mount is 

capable of changing its dynamic stiffness to desirable levels. 

A control theory study for design and comparing different active vibration control 

strategies based on the model that has been developed in this thesis can be the next step in this 

research. 
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Chapter 5: CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

The design, identification, modelling, simulation and verification of an active hydraulic engine 

mount were studied in this thesis. We showed that a solenoid can be used as a cost-efficient yet 

effective alternative to the more expensive actuators that are being used in design of active 

mounts. We demonstrated that in our application the highly nonlinear model of the solenoid can 

be estimated by a linear equation. The internal force between plunger and coil is directly related 

to the current flowing in the coil. Superposing the linear model of solenoid actuator and the 

developed linear model of the passive hydraulic mount, we came up with a linear model for the 

active solenoid-based hydraulic engine mount. 

For simplicity, we can say that the coil is attached to the chassis. The force to the chassis 

is in phase with the applied current. By sensing the relative displacement of the engine, we 

studied the design feasibility of a feed-forward controller for changing the dynamic stiffness of 

the mount. Moreover, in simulations, we examined the feed-forward path requirements for 

changing the transmissibility of the mount. To verify the model, a rigid frame was built to fix the 

two ends of the mount and pre-load it. The force output of the mount agrees closely with our 

expectations from the simulation. Finally through dynamic stiffness tuning tests, we showed that 

the developed governing equation of the active mount can closely predict the behaviour of the 

system, therefore it is reliable and can be used in control design analysis and sizing of the similar 

active engine mounts. 
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5.2 Future Direction 

Following are the recommended future directions of this research: 

 Modelling the solenoid as a multiple piecewise linear device and coupling those models 

with the system equations of the engine mount. 

 Performing the force transmissibility tests and implementing the proposed transfer 

functions for changing the force transmissibility. 

 Studying the different closed-loop control methods of active engine isolation so as to deal 

with the uncertainty in the model as well as the inputs – that is, robust control, stochastic control, 

loop-shaping, sliding mode, intelligent control. 

 Using soft computing methods for modelling/controlling the actuator and/or the engine 

mount. 

 Sizing the solenoid actuator based on the engine mount isolation requirements. 

 Coupling the force model of a conventional engine with the engine mount model. 

 Further study of the feasibility of replacing the solenoid with other actuator technologies 

such as piezoelectric, pneumatic, hydraulic, and electrostatic. 

 Studying the possibility of using force sensor, and accelerometer, instead of position 

sensor and examining the effect on the precision and cost of the control system. 

 Designing the electronics and software required for communication of the active engine 

mount with the ECU of a car. 

 Implementing it on a vehicle and performing road tests. 
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APPENDICES 
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Appendix A: Solenoid Data Sheet 
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