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Abstract. This paper proposes the application of neural network as a controller to isolate engine vibration in an active engine
mounting system. It has been shown that the NARMA-L2 neurocontroller has the ability to reject disturbances from a plant. The
disturbance is assumed to be both impulse and sinusoidal disturbances that are induced by the engine. The performance of the
neural network controller is compared with conventional PD and PID controllers tuned using Ziegler-Nichols. From the result
simulated the neural network controller has shown better ability to isolate the engine vibration than the conventional controllers.
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1. Introduction

The mounting of an engine has basically three purposes, which are 1) to statically support the weight of the engine,
2) to prevent the engine from bouncing off the chassis during road disturbances and 3) to isolate the engine vibration
to the chassis [1–5]. In order to achieve purpose 2) and 3) the engine mounting has to show two contradictory
characteristics. To prevent the engine from bouncing off the chassis at low frequency level i.e. below 20 Hz the engine
mount has to be as stiff as possible and posses a large amount of damping. This movement has to be constrained
due to the tight compartment of today’s automobile. However, at higher frequency level i.e. between 20–40 Hz the
engine mount should exhibit the ability to isolate the engine vibration to the chassis by possessing low stiffness
which may produce uncomfortable shake and noise in the vehicle’s cabin [1,3,5–10].

Due to these contradictory characteristics has led manufacturers to design engine mounting with a certain trade
off between engine vibration isolation and transient response. Furthermore, passive engine mount is efficient only
at the high frequency range which therefore shows the inability for the mount to isolate engine disturbance at the
lower frequency region such as during idling or when the air conditioner is switched on. Since also the demand for
lighter vehicle and powerful engine has resulted in the adverse effect to the comfort of the passenger therefore, the
evolution of an active engine mounting is necessary to overcome the limitations of the passive system [3,10–13].

The vibration induced by the engine is mainly caused by the motion of the reciprocating bodies such as the
piston and connecting rod and also due the firing pulse of the internal combustion. Because of these vibrations the
engine will be excited in all six degrees of freedom i.e. translational in the vertical (bounce), lateral and longitudinal
directions and rotational about the vertical (yaw), lateral (roll) and longitudinal (pitch) axis [1,8,11,14]. However it
was noted that the dominant excitation occurs along the vertical direction and is sinusoidal in nature [10,12,15,16].
Thus in this paper only the bounce disturbance is considered and the passive mount is modeled as a linear energy
dissipating element with stiffness and damping along the vertical direction.
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A lot have been reported on the control strategies of active engine mounting system which falls basically under
the category of active vibration isolation. In active engine mounting the primary objective of the controller is
disturbance rejection and the secondary is tracking capability [18]. In this report we are only going to focus on the
former objective. As have been well established control strategies can fall under feedforward and feedback control.
Example of a MIMO feedback vibration isolation of active engine mounting system can be found in [2] where the
author has used the H2 controller design based on liberalized plant model. In [8] it was found that Jianming et al.
have applied the hybrid approach in developing a two degree of freedom controller by combining both feedback and
feedforward (filtered-x LMS algorithm) controller and in [9] the author has implemented a feedforward filtered-x
LMS algorithm for vibration attenuation together with a hydraulic passive engine mounting. In [4] the performance
of two adaptive-based algorithms namely filtered-x LMS and the proposed error-driven minimal controller synthesis
(Er-MCSI) are compared in vibration isolation of an engine mount using an internal electromagnetic actuator as the
active force component and in [11] Karimi and Lohmann has developed a relatively new robust optimal control for
active vibration isolation of engine vibration based on Haar wavelet. Other examples of feedback and feedforward
active engine mounting controllers can be found in [5,10,12,16,17]. In this paper we are proposing the application
of neural network in direct inverse control architecture for attenuating the engine vibration to the chassis. It wad
reported in [19–22] that neural networks such as the nonlinear autoregressive moving average (NARMA) has the
ability to be trained and be used as a controller of a dynamic system and disturbance rejection. The applications of
the neural network controllers have been realized by some researchers in the field of vibration control such as in [23]
where the author implemented the neural network control for vibration isolation of a micro-manufacturing platform.
In the paper the absolute acceleration of the micro-machining platform is fed back to the neural network controller
as the input and uses a magnetostrictive actuator as the secondary force to attenuate the vibration. In [24,25]
and [26] it was reported that neural network based controllers have been used in the application of active suspension
systems. In [26] of the proposed neural network are compared with a conventional PID controller and have shown
superior performance. The fundamentals theories of neural networks can be found in reference [29]. There had
been a lot of research on the application of neural network in active or semiactive vibration control in general. The
applications of neural network towards vibration control in automotive are mainly considered in the area of active
suspension system such as in [25–27]. However, very little research focuses on the application of neural network
such as NARMA-L2 neural controller in active engine mounting system. It was reported by [30] that another neural
network controller which is the Extended Minimal Resource Allocating Network (EMRAN) has shown a promising
performance in attenuating the vibration induce by the engine to the chassis. The objective of the paper is to compare
the effectiveness of the direct inverse NARMA-L2 neruocontroller to Ziegler-Nichols tuned PD and PID controllers
in the problem of active engine mounting system which so far has not been published. Unlike the conventional
controllers where the mathematical model has to be defined prior to the controller design neural network does not
require any of this model in its application. This is the main advantage of the neural network controller where design
can be free of any tedious mathematical derivations.

The rest of the paper is presented based on the following arrangement. Sections 2 and 3 discuss some literature
survey on existing passive, semi active and actuve engine mounts. Section 4 of the paper presents the mathemat-
ical foundation of the engine mounting system. In Section 5 the theoretical background of the Ziegler-Nichols
conventional Proportional Derivative (PD) and Proportional Integral Derivative controllers based on the quarter
decay ratio is presented and followed by Section 6 that shows the theory behind the NARMA-L2 neural network
controller. Section 7 illustrates the simulation and results of the active controlled engine vibration system for both
the conventional controllers and the proposed neural networks controller. The comparison of conventional controller
and artificial neural network (ANN) controller is also presented in this section and the results shows the superiority
of the NARMA-L2 controller in terms of disturbance rejection. In Section 8 some conclusions are explained.

2. Passive engine mount

In the automotive industries there are two types of passive mounts that are commonly used. They are the rubber
mount and hydraulic mount. This section describes the mechanics of these two types of passive mounts.
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Fig. 1. Mechanical model of the elastomeric mount [31].

Fig. 2. Dynamic stiffness of rubber engine mount [31].

2.1. Passive rubber mount

Rubber mount has been successfully used to support the engine for decades. Its simple design and less effort to
maintain make it popular among car manufacturers. Rubber mount normally consist of rubber bonded to a metal
base which can either be conical in shape or circular. Figure 1 shows the mechanical model of the elastomeric mount.

The rubber or elastomeric mount can be mathematically represented by a stiffness, k and damping, c connected in
parallel. The dynamic stiffness of the mount can be represented in Fig. 2.

It was noted that from the dynamic stiffness characteristic the stiffness of the rubber mount increases as the
frequency increases. Since the design of the mount requires the stiffness of the mount to be high at lower frequency
and small at higher frequency this clearly show that the rubber mount has to have a trade-off between engine bounce
prevention and engine vibration isolation. Normally elastomeric mount is designed to have the necessary stiffness
to perform well for vibration isolation.

2.2. Hydraulic mount

Hydraulic mount which is also known as fluid mount gained its popularity based on two reasons i.e. the first reason
vehicles are made lighter and smaller, with low idle speed and the second reason hydraulic mount has evolved into a
tunable device. In addition to a simple elastomeric mount hydraulic mount consists of two fluid chambers separated
by a spiral shaped inertia track. In principle there are three types of hydraulic mounts. Hydraulic mount with simple
orifice, hydraulic mount with inertia track and hydraulic mount with inertia track and a decoupler. Which ever the
design the main purpose of the hydraulic mount is to increase its damping capacity at the disturbance frequency and
thus vibration isolation at that frequency can be improved. The typical schematic diagram of hydraulic mounts can
be depicted in Fig. 3.

At lower frequency level a hydraulic mount with inertia track will have the dynamic stiffness magnitude equal
as to a rubber mount since the fluid is free to flow from one chamber to the other through the inertia track. As it
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Fig. 3. Schematic diagram of a simple hydraulic mount with inertia track and decoupler [6].

Fig. 4. Dynamic stiffness characteristic of hydraulic mount [32].

reaches the notch frequency fn the liquid that flows through the inertia track will resonates back and forth. This
will eventually decreases the dynamic stiffness of the mount and improved the vibration isolation capability. As
the frequency increases further until it reaches the resonance frequency, f r, the dynamic stiffness of the mount will
reach its maximum since the inertia track will eventually closes off and the total dynamic stiffness will be equal to
the elastomeric stiffness Kr and the volumetric stiffness Kt, Fig. 4 shows the dynamic stiffness characteristic of the
hydraulic mount.

As for the hydraulic mount with inertia track and a decoupler at low amplitude the fluid will travel through the
around the decoupler instead of the inertia track. This resulted the mount to behave as an elastomeric mount. As
the amplitude increases the decoupler will be forced to bottom on its seat and thus terminating the fluid flow around
it. Fluid will then be forced to enter the other chamber through the inertia track. At low frequency level the fluid
moves freely through the track and as the frequency increases the fluid inside the track will resonates resulting in
additional damping. When the natural frequency is reached the dynamic stiffness of the mount will be maximum
and after the natural frequency the inertia track will closes off and the dynamic stiffness at this point will be the
sum of the elastomeric stiffness and the volumetric stiffness. Figure 5 shows the dynamic stiffness of the hydraulic
mount with inertia track and decoupler. As shown in the figure the dynamic stiffness of the mount is both frequency
and amplitude dependent. At small amplitude i.e. ± 0.1 mm the mount will behave as an elastomeric mount and at
higher amplitude i.e. ± 1.0 mm the mount will behave as a hydraulic mount with an inertia track.

3. Semi active and active engine mounts

Semi active engine mount sometime called adaptive engine mount can change the dynamic response of the system
by changing its parameters such as stiffness and damping. Most common applications of semi active engine mount
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Fig. 5. Dynamic stiffness of hydraulic mount with decoupler [6].

Fig. 6. Mechanical model of the adaptive hydraulic engine mount [31].

is either by using electrorheological fluids or magnethorheological fluids. In Electrorheological fluid is a type of
smart fluid that has the capability to vary its damping coefficient by changing the viscosity of the fluid inside the
mount once a high voltage is applied.

As for magnethorhelogical semi active mount a fluid filled mount with small sized iron particles plays a major role
in varying the damping coefficient of the system. As current passed though a coil the iron particle will form a linear
chain and changes the state of the system from fluidic to a quasi solid state thus increasing the damping capacity of
the system. Figure 6 shows the mechanical model of the semi active hydraulic mount that is commonly used in the
automotive industry.

However, it was noted by [1] that the semi active hydraulic engine mount was only effective to isolated vibration
at the lower frequency range. Therefore, another type of engine mount was needed to improve the performance at
the higher frequency range that is the active engine mount.

Active engine mount consists of a passive mount (rubber or hydraulic) and an external force actuator to counter
the disturbance force. The purpose of the passive isolators is used as a fail safe mechanism in the event the external
force actuator fails and the passive rubber also plays a major role to prevent the engine from bouncing off the vehicles
chassis at low frequency and high amplitude disturbances. Figures 7 and 8 show the mechanical model of both the
active rubber mount and the active hydraulic mount respectively.

From Fig. 7 it can be seen that the active rubber mount has an external force F, that will counteract with the
disturbance force induced by the engine at the disturbance frequency. Normally the active force actuator will
be placed in parallel with the passive rubber mount. The force actuator can either be electromagnetic actuator,
electrohydraulic actuator, servohydraulic, electrostrictive and piezoelectric material or magnetostrictive material
actuators [31]. Several important requirements that must be satisfied in choosing the actuator type are force, stroke,
bandwidth, power limitations, size, weight, service life, temperature, and cost.

Active hydraulic mount can be tuned to have high stiffness at low frequency to prevent engine bounce and low
stiffness at high frequency to increase isolation. The active hydraulic mount uses the controller to further drive
the damping at the notch frequency to zero and thus producing prefect isolation. In the automotive application the
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Fig. 7. Mechanical model of the active rubber mount [33].

Fig. 8. Mechanical model of the active hydraulic mount [33].

Fig. 9. Dynamic stiffness of the active rubber mount [31].

hydraulic mount will be tuned to achieve excellent damping at engine bounce frequency and at higher frequency the
controller of the active hydraulic mount will then drive the dynamic stiffness to zero at higher frequency. Figures 9
and 10 illustrate the dynamic stiffness characteristic of both the active rubber mount and the active hydraulic mount
respectively.

From the above discussion hydraulic passive mount could only isolate the vibration at certain frequency level and
still show a large magnitude at frequency above its resonance frequency. From this discussion in this paper the active
engine mounting system is introduced to overcome the above said problem. To demonstrate the superior capability
of the active engine mount even at a disadvantageous condition a simple elastomeric mount is used instead of a more
superior passive hydraulic mount.
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Fig. 10. Dynamic stiffness of the active hydraulic mount [31].

Fig. 11. A schematic diagram of an engine vibration system.

4. Mathematical model of engine vibration system

Figure 11 shows the schematic diagram of a two degree of freedom vibration system. The engine, which has a
mass m, has a centre of gravity of the engine located at l1 and l2 distances from the front mount and the rear mount
respectively. The front engine mount has a stiffness and damping of k 1 and c1 respectively and k2 and c2 are the
stiffness and damping of the rear mount respectively and F c is the actuator force applied only to the engine. The
rigid platform represents the chassis of the vehicle and since it is assumed that the displacement of the chassis is very
small compared to the displacement of the engine, x, thus, the engine is said to be supported on a rigid platform. The
engine is assumed to be subjected to bounce disturbance i.e. Fd. The bounce disturbance represents the secondary
disturbance of the engine which is caused by the inertia of the piston, connecting rod and crank shaft. Applying
Newton’s equation of motion to the system gives the following relationships:

Mẍ = −k1x1 − c1ẋ1 − k2x2 − c2ẋ2 + Fd − Fc (1)

Iθ̈ = −k1x1l1 − c1ẋ1l1 + k2x2l2 + c2ẋ2l2 (2)

where

x1 = x− l1θ
x2 = x+ l2θ

(3)
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Selecting the state variable as:

X1 = x
X2 = ẋ
X3 = θ

X4 = θ̇

(4)

In state space Eqs (1) and (2) can be written as:-

Ẋ = AX +BU +DV (5)

where U is the actuator force to the engine and V is the bounce disturbance.
Rearranging Eqs (1) and (2) in the matrix form gives:


Ẋ1

Ẋ2

Ẋ3

Ẋ4


 =




0 1 0 0
−k1+k2

M − c1+c2
M

k1l1−k2l2
M

c1l1−c2l2
M

0 0 0 1
−k1l1−k2l2

I − c1l1−c2l2
I

k1l21+k2l22
I

c1l21+c2l22
I






X1

X2

X3

X4




+




0
− 1

M
0
0


Fc +




0
1
M
0
0


FD (6)

and the output matrix can be written as:

[
Y1

Y2

]
=

[
1 0 −l1 0
1 0 l2 0

] 

X1

X2

X3

X4


 (7)

If we multiply Eq. (7) and its derivative with stiffness, k, and damping, c, of the passive mounts we can obtain the
transmitted force to the chassis at point 1 and point 2 i.e. the front and the rear as shown below:

FT1 = k1Y1 + c1Ẏ1 (8)

FT2 = k2Y2 + c2Ẏ2 (9)

From Eq. (6) it can be observed that the translational disturbance has effected both the angular displacement and
linear displacement. For simplicity we assume that k1 = k2 = k, c1 = c2 = c and l1 = l2 = l then the system can
be uncoupled and the matrix A from in Eq. (6) can be rewritten as:

[A] =




0 1 0 0
− 2k

M − 2c
M 0 0

0 0 0 1
0 0 2kl2

I
2cl2

I


 (10)

and thus the system reduces from a two degree of freedom system to two single degree of freedom systems in which
the disturbance is totally independent of the angular displacement. For this particular example the natural frequency
and damping ratio for both the bounce (ωx and ζx) and pitch (ωθ and ζθ) modes can be deduced to be the following
relationships [34]:

ωx =

√
2k
M

, ςx =
c√

2Mk
(11)

ωθ = l

√
2k
I
, ςθ =

cl√
2Ik

(12)
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Fig. 12. Bode Plot of the force transmissibility.

Replacing Eq. (10) into Eq. (6) and partitioning the matrix into two gives the following independent relationships:[
Ẋ1

Ẋ2

]
=

[
0 1
− 2k

M − 2c
M

] [
X1

X2

]
+

[
0
− 1

M

]
Fc +

[
0
1
M

]
FD (13)

[
Ẋ3

Ẋ4

]
=

[
0 1
2kl
I

2cl
I

] [
X3

X4

]
(14)

Equating Fc = 0 and relating the total transmitted force to the disturbance force we can obtain the force transmissi-
bility transfer function:

FT (s)
FD (s)

=
2ςxs+ ω2

x

s2 + 2ςxωxs+ ω2
x

(15)

Simulating this relationship will give us the result (Fig. 12). From Fig. 12 shows the dynamic performance of
a passive elastomeric mount. We can see that at lower frequency range i.e. below the resonance frequency the
equivalent magnitude of the disturbance force will be transmitted to the chassis through the mount and at higher
frequency range i.e. above the resonance frequency the passive mount is able to isolate some vibration induced
by the engine disturbance. Obviously the isolation performance of the passive mount is limited to the frequency
range above the resonance frequency. One may argue that this resonance frequency can be altered by changing the
stiffness parameters of the mount as in Eq. (11). However, we should note that it is very unlikely that this would
happen since in the automotive industry altering fixed parameters in assembled vehicles would cause a large amount
of investment. Thus, we believe by introducing an active engine mount system to existing assembled vehicles could
solve this problem less expensively.
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Fig. 13. Block diagram of the Ziegler-Nichols tuned PID controller.

5. Ziegler-nichols tuned controller

In this paper the performance of two types of controllers are compared based on their ability to isolate the force
induced by the engine to the chassis. The first type of controller is a PID type controller tuned by using Ziegler-
Nichols method. Ziegler and Nichols proposed two methods for tuning a PID controller and the method used in this
research is based on the decay ratio of 0.25 [35]. Figure 13 shows the block diagram of the system.

The transmitted force is taken as the feedback parameter to the system and thus the control force F c is described
by using the following relationship:

Fc(t) = Kp

(
e (t) + Td

de (t)
dt

+
1
Ti

∫
e (t) dt

)
(16)

where,

e (t) = r − FT (17)

Since the purpose of the controller is to isolate the induced vibration to the chassis thus, r = 0. The error derivative
in Eq. (17) represents the mass multiply by the jerk and the error integral term represents the impulse [36].

To tune the PID controller using Ziegler-Nichols quarter decay ratio the controller parameter is increased from 0
until the transient response of the system after 1 period shows a decay of 25% as shown in Fig. 14.

Then the value of Kp, Ti and Td are calculated based on factors given in Table 1.

6. The neural network controller

In this paper Nonlinear Autoregressive Moving Average (NARMA-L2) neural network is used as plant identifica-
tion and control. The first step when using neural network controller is plant identification process. The performance
of the neural network controller relies heavily on how accurate the neural network can represent the plant or the
system by adjusting its weights and biases based on the system input-output data. The accuracy of the model output
compared to the actual plant output is found through the calculation of the neural network mean square error (MSE)
given as:

E =
1
N

N∑
i=1

(ypi − ymi)
2 (18)

Where yp is the target plant output and ym is the neural network output. Figure 15 shows how the neural network
can be trained offline so that after an adequate training iteration, E ≈ 0 or small enough that will make ym ≈ yp.

For NARMA-L2 neural network controller the plant identification can be defined mathematically as the following
equation [20]:

ŷ (k + d) = f [y (k) , y (k − 1) , . . . , y (k − n+ 1) , u (k − 1) , . . . , u (k −m+ 1)]
+g [y (k) , y (k − 1) , . . . , y (k − n+ 1) , u (k − 1) , . . . , u (k −m+ 1)] · u (k) (19)

where, u(k) is the system input and y(k) is the system output and “d” shows the delay of the parameters. From
Eq. (19) we can see that NARMA-L2 neural network controller uses two neural networks for identification and
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Table 1
Ziegler-Nichols Tuning for the Regulator
D(s) = Kp(1+1/Tis+Tds), for a decay
ratio of 0.25

Type of controller Optimum gain

PID Kp = 1.2/RL
Ti = 2L
Td = 0.5L

Fig. 14. The response of the system based on the quarter decay ratio.

control i.e. f( ) and g( ). The size of the input layer and the hidden layer is chosen based on trial and error basis
since there is no hard fact rules that mentioned anything with regards to the structure of the network for any specific
applications.

The second step for neural network application is to identify the inverse of the plant that we want to control. By
having the inverse of the plant the control input can be identified based on the desired output. Therefore, rearranging
Eq. (19) the control input to the plant can be determined by the following equation:

u (k) =
yr (k + d) − f [y (k) , y (k − 1) , . . . , y (k − n+ 1) , u (k − 1) , . . . , u (k − n+ 1)]

g [y (k) , y (k − 1) , . . . , y (k − n+ 1) , u (k − 1) , . . . , u (k − n+ 1)]
(20)

where yr(k + d) is the desired plant output.

7. Simulations and results

For the purpose of simulation the parameters in Table 2 are used.
The active engine vibration isolation system is simulated using Matlab software. The Ziegler-Nichols PID tuned

controller is simulated by using the decay ratio of 0.25. By using impulse disturbance as the input to the plant the
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Table 2
The parameter of the simula-
tion of engine vibration [8]

Parameter Value

Mass, m
Stiffness, k
Damping, c
Length, l

30 kg
4.3e5 N/m
200 N/ms
0.18 m

Fig. 15. Plant identification of the neural network [37].

proportional gain of the controller is increased until the decay of the first period is approximately 0.25 of the steady
state value.

First, a proportional derivative (PD) type controller is simulated when the engine is subjected to impulse and a
sinusoidal disturbance, where Kp = 18.0012 and Kd = 2.3239. The impulse disturbance may represent a sudden
misfiring or a sudden speed fluctuation during idling. The amplitude and the duration of the impulse disturbance are
1 N and 0.01 s respectively. The sine wave disturbance is assumed to have amplitude of 1 N and a frequency of 18
Hz which is approximately the idle frequency of the vehicle. To test the effectiveness of the controller a disturbance
of 1 Hz is used.

The simulated results for the impulse disturbance and the sinusoidal disturbance with a frequency of 1 Hz are
shown in Figs 16 and 17 respectively. In Fig. 16 the dashed line shows the open loop response of the system
when subjected to the impulse disturbance. The force transmitted to the chassis will have maximum amplitude
of approximately 0.7 N and will gradually reduce due to the damping of the passive mount. At approximately
0.7 seconds the transmitted force achieves steady state the passenger’s comfort will increase. When proportional-
differential controller is used (solid line) it can be observed the maximum transmitted force is approximately 0.2 N
and the force decreases gradually and reach steady state. However, it can be observed that there is a steady error
in the PD controlled system when compared with the open loop system. From Fig. 16 it can be observed that the
system has an overshoot of approximately 22%, a settling time of approximately 0.25 s and a steady state magnitude
of 0.0143 N which gives a steady state error of 1.143%.

In Fig. 17 the maximum transmitted force for an open loop system is approximately 0.5 N when subjected to a
sinusoidal disturbance at a frequency of 1 Hz. It is noted that when the PD controller is applied to the system the
transmitted force is suppressed to approximately 0.2 N which is 60% lower than the open loop system. This shows
that the PD controller has managed to isolate the disturbance at a frequency of 1 Hz.

Figure 18 shows the simulated result of the PD controller when the system is subjected to a disturbance at the
idling frequency i.e. approximately 1000 rpm for 10 seconds. To illustrate a more accurate view Fig. 19 shows the
response of the system at the final 1 seconds of the simulation. As the disturbance frequency is increased to the
idling frequency it can be observed that the transmitted force to chassis increases up to approximately 0.8 N. At this
frequency the vibration to the chaises would be very noticeable that it creates shaking to the chassis and discomfort
to the passenger. With detail view of Fig. 19 the PD controlled system has managed to suppress the transmitted force
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Fig. 16. Transmitted force variations of the system using the PD controller subjected to impulse engine disturbance. Open loop (–) and PD
controlled (solid).

Fig. 17. Transmitted force variations of the system using the PD controller subjected to periodic engine disturbance at 1 Hz. Open loop (–) and
PD controlled (solid).

from 0.8 N to approximately 0.2 N. Which is approximately 75% transmitted force reduction. Even though, there is
a phase error between the open loop and PD controlled system the vibration induced by the engine is successfully
suppressed by using this controller.

Figures 20 through 23 show the response of the system when using a PID controller. Here the gain of K p, Ki and
Kd are equivalent to 18.0012, 34.8605 and 2.3239 respectively. As before the impulse response of the open loop
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Fig. 18. Transmitted force variations of the system using the PD controller subjected to periodic engine disturbance at idling frequency. Open
loop (–) and PD controlled (solid).

Fig. 19. Transmitted force variations of the system using the PD controller subjected to periodic engine disturbance at idling frequency at the
final 1 seconds of the simulation. Open loop (–) and PD controlled (solid).

system would give a maximum transmitted force of approximately 0.7 N and will gradually decrease its magnitude
due to the damping of the passive mount. With the PID controller implemented to the system it shows that the
response of the transmitted force will reach a maximum magnitude of approximately 0.2 N and will eventually reach
a steady state response close to 0 N i.e. 0.5 × 10−3 N. This shows an improvement compared to the PD controlled
system. It can be seen from the figure that the system has an overshoot of 22% and a settling time of 0.25 s.
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Fig. 20. Transmitted force variations of the system using the PID controller subjected to impulse engine disturbance. Open loop (–) and PID
controlled (solid).

Fig. 21. Transmitted force variations of the system using the PID controller subjected to periodic engine disturbance at 1 Hz. Open loop (–) and
PD controlled (solid).

Figure 21 shows how the PID controlled system suppressed the vibration induced by a disturbance at 1 Hz. As
with the PD controlled system the PID controller has managed to suppress the transmitted force from 0.5 N to
approximately 0.2 N which is again 60% reduction.

From a more detailed view in Fig. 23 the open loop system is again subjected to the sinusoidal disturbance at idle
frequency and transmits a force of approximately 0.8 N. It is observed that there is no further improvement with
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Fig. 22. Transmitted force variations of the system using the PID controller subjected to periodic engine disturbance at idling frequency. Open
loop (–) and PD controlled (solid).

Fig. 23. Transmitted force variationsof the system using the PID controller subjected to periodic engine disturbance at idling frequency at the
final 1 seconds of the simulation. Open loop (–) and PID controlled (solid).

respect to the vibration suppression at this frequency since the PID controller also isolates the vibration up to 0.2 N
which is similar to the performance of the PD controlled system. However, the objectives of both of the controllers
have been achieved that is to actively isolate the vibration induced by the engine to the chassis.

As for the neural network controller, it is initially trained offline by using Levenberg-Marquardt backpropagation
algorithm. The neural network consists of 3 input layers, 1 hidden layer with 5 neurons and 1 output layer with
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Fig. 24. Matlab realization of the system.

Fig. 25. Transmitted force variations of the system using the NN controller subjected to impulse engine disturbance. Open loop (-.-) and NN
controlled (solid).

sigmoidal functions in the hidden layer and a linear function at the output layer. Once the training is complete the
neural network is implemented to the system as shown in Fig. 24.

Figures 25, 26 and 27 show the simulated resulted of the system subjected to impulse and sinusoidal disturbances
at a frequency of 1 Hz respectively. From Fig. 25 the NARMA-L2 controlled system has shown a very high overshoot
if compared to the PD or PID controlled system. However, the overshoot suddenly minimized and the system
achieves the steady state response much faster i.e. within a fraction of a second. It can be seen from the figure that the
overshoot of the system is approximately 60%, the settling time is 0.2 s and the steady state response of the system
is 2.0141 × 10−6 N. When the system is subjected to a sinusoidal disturbance at 1 Hz the NARMA-L2 controller
manage to isolate the transmitted force up to approximately 0.15 N which is 70% reduction. This shows a further
improvement if compared to the PD and PID controller. However, there is a phase error occurring at this frequency.
Table 3 summarizes the performance of the three types of controllers when subjected to impulse disturbance.

Figure 27 illustrates the disturbance rejection at idling frequency when using the NARMA-L2 neural network
controller and Fig. 28 illustrates the simulated result at the final 10 seconds of the simulation. From Fig. 23 a total of
approximately 65% transmitted force has been successfully isolated allowing only 0.15 N forces to be transmitted to
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Fig. 26. Transmitted force variations of the system using the NN controller subjected to periodic engine disturbance. Open loop (–) and NN
controlled (solid).

Fig. 27. Transmitted force variations of the system using the NN controller subjected to periodic engine disturbance at 18 Hz. Open loop (–) and
NN controlled (solid).

the chassis. However, unlike the conventional controllers at the idling frequency the NARMA-L2 controller shows
no phase error.

From Table 3 it can be noted that neural network controller is able to isolate the transmitted force induced by the
engine very effectively with faster settling time even though the over shoot is a little too high compared to the other
two controllers.
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Table 3
Performance comparison of the three types of controllers

Controller % Overshoot Settling Steady state
time (s) response (N)

[-8pt] PD 24 0.25 0.0413
PID 24 0.25 0.5e-3
Neural network 60 0.2 2.0141e-6

Fig. 28. Transmitted force variations of the system using the PD controller subjected to periodic engine disturbance at idling frequency at the
final 1 seconds of the simulation. Open loop (–) and NN controlled (solid).

It can be observed from Figs 29 and 30 the magnitude of the steady state response of the neural network controlled
system is much lower by approximately 60%. Thus, the NARMA-L2 neural controller shows a better performance
than the PD and PID tuned using the Ziegler-Nichols tuning rule.

8. Conclusion

Engine mounting system is an essential element to prevent engine from transmitting its vibration to the chassis and
thus to improve the comfort of the passenger. The contradicting performance of the passive engine mounting system
has led to the evolution of active engine mounting system which are able to reduce engine vibration effectively even
at frequencies below the natural frequency. One of the best candidates for actively isolating the vibration is the
neural network controller. The paper has presented the performance of the neural network controller specifically the
NARMA-L2 controller compared to PD and PID controllers tuned using the Ziegle-Nichols tuning method. From
the result obtained it can be concluded that the neural network has shown better performances in rejecting impulse
and sinusoidal disturbances from the engine and thus isolating the transmitted force from the chassis even though
the overshoot of the controller is high. It was shown by other researches such as in [38] that the NARMA-L2 has the
behavior of producing large overshoot and a phase shift when implemented as a controller. Therefore, the researcher
in [37] has introduced appropriate design strategies to reduce the high overshoot and to smooth out the control action
of the controller. Even though the NARMA-L2 controller showed a degrading behavior in terms of its overshoot and
phase error it has shown other superior capabilities such as good disturbance rejection which is the main criteria for
this research and it is not the authors’ intention to overcome the high overshoot that is produced by the controller.
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Fig. 29. Transmitted force variations of the system using the both PID and NN controllers subjected to periodic engine disturbance at idling
frequency. PID controlled (–) and NN controlled (solid).

Fig. 30. Transmitted force variations of the system using the both PID and NN controllers subjected to periodic engine disturbance at idling
frequency at the final 1 seconds of the simulation. PID controlled (–) and NN controlled (solid).

The advantage of NN control to PD or PID is that no mathematical model of the plant is necessary to design the
controller and thus reducing mathematical error modeling. The model considered is only an engine suspended by
two engine mountings on the front and on the rear and only subjected to force disturbance. For future work the
model can be extended to two degree of freedom system where the engine is also subjected to rotational disturbance.
Furthermore, the robustness of the neural network controller should be investigated for stability purposes.



F.J. Darsivan et al. / Active engine mounting control algorithm using neural network 437

References

[1] Y. Yu, N.G. Naganathan and R.V. Dukipati, A literature review of automotive vehicle engine mounting systems, Mechanism and Machine
Theory 36 (2001).

[2] C. Olsson, Active automotive engine vibration isolation using feedback control, Journal of Sound and Vibration 294 (2006).
[3] D.A. Swanaon, Active Mounts for Vehicles, SAE Paper # 932432.
[4] A.J. Hillis, A.J.L. Harrison and D.P. Stoten, A comparison of two adaptive algorithms for the control of active engine mounts, Journal of

Sound and Vibration 286 (2005).
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