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Abstract 

This paper provides instructive guidelines to design 
electro-hydraulic isolators that maintain dynamic 
excitations transmitted from the ground to the machine tool 
to below permissible limits. An electro-hydraulic isolator, 
akin to a double-acting hydraulic cylinder, is a classic 
example of a valve-controlled piston. Flow to the actuator 
is regulated to move the actuator and the machine that the 
actuator supports to compensate for ground motion 
experienced by the machine. The dynamic performance of 
these electro-hydraulic actuators is governed by a 
combination of its mechanical, hydraulic, servo, and 
control elements. Actuator performance is also a function 
of the moving mass of the actuator, total volume of fluid in 
the cylinder chambers, active area of the piston annulus, 
the designed static stiffness, a hydraulic stiffness, 
hydraulic fluid properties, servo valve parameters and 
control architecture. Each of these parameters influences 
the dynamic response of the actuator differently.  

This paper presents a systematic methodology based 
on a complete electro-hydro-mechanical dynamical model 
of the actuator to evaluate sensitivity of actuator’s 
response to changes in its components/elements and their 
operating parameters. Models that were experimentally 
validated on a first generation prototype of the actuator are 
used to establish instructive guidelines for the construction 
of a second generation electro-hydraulic actuator that will 
guarantee its fast response across high bandwidths 
without compromising its ability to support large machine 
tool inertial loads.  
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1. INTRODUCTION 

Vibration isolators maintain dynamic excitations 
transmitted to the machine from ground motion to 
levels below the allowable machining and 
measurement deviations. Isolation is paramount for 
high-precision and high-performance machine tool 
applications, and much research and development 
efforts have resulted in effective isolation solutions 
through passive and/or active means [1-3].  

Passive isolators though effective, often result in 
rocking and other related instabilities [2-4]. To 
overcome these issues, active isolators that include 
a sensor, a controller and an actuator are used. 

Amongst the family of active isolators, electro-
hydraulic actuators, if/when designed right, are 
preferred in machine tools over other pneumatic, 
electromagnetic and piezoelectric actuators because 
of their superior dynamic characteristics and their 
ability to respond to spectral and spatial 
characteristics of the floor vibrations [5-6].  

A schematic representation of an electro-
hydraulic isolator is shown in Fig. 1(a). The machine 
is mounted on four such actuators. Basic elements of 
the electro-hydraulic system are shown 
schematically in Fig. 1(b) and constructional details 
of the actuator are shown in Fig. 1(c). The electro-
hydraulic actuator is akin to a double-acting hydraulic 
cylinder. Flow to the actuator is regulated through a 
proportional valve to move the actuator and the 
machine that the actuator supports to compensate 
for ground motion experienced by the machine.  

The dynamic performance of electro-hydraulic 
actuators is governed by a combination of its 
mechanical, hydraulic, servo, and control elements. 
Actuator performance is also a function of the 
moving mass of the actuator, total volume of fluid in 
the cylinder chambers, active area of the piston 
annulus, the designed static stiffness, a hydraulic 
stiffness, hydraulic fluid properties, servo valve 
parameters and control architecture. Each of these 
parameters influences the dynamic response of the 
actuator differently. Even though the performance of 
a first generation prototype of such an electro-
hydraulic actuator was reported as satisfactory in [5-
6], there is still a need to establish guidelines for 
optimal actuator design to guarantee fast response 
across high bandwidths without compromising its 
ability to support large machine tool inertial loads.  

This paper presents a methodology to establish 
instructive guidelines for the construction of a second 
generation electro-hydraulic actuator. An overview of 
the dynamical model is first presented in Section 2. 
Section 3 discusses performance of the first 
generation prototype. Sensitivity analysis of actuator 
performance to variations in design parameters is 
carried out in Section 4. This is followed by design 
recommendations for an optimal actuator in Section 
5, followed by the main conclusions in Section 6. 
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Fig. 1. (a) Schematic representation of a machine mounted on 
four actuators; (b) Schematic of valve controlled electro-
hydraulic system; (c) Sectional view of the construction of 
the actuator. Figure adapted and modified from [5] 
Nomenclature in Fig. 1(b) is described in Section 2. 

2. MODEL OF THE ELECTRO-HYDRAULIC ACTUATOR  

The electro-hydraulic system shown in Fig. 1(b) is 
a classic example of a valve-controlled piston [6-8]. 
The system response is governed by the valve and 
its dynamics, the mechanical system and its 
dynamics, the hydraulics and the control system.  

Ground motion detected by a sensor at the 
machine mounting location(s) acts as an input to the 
controller that drives a proportional valve that 
controls the fluid flow to the actuator. Flow to the 
actuator results in movement of the pressure plates 
and the machine to counter the motion caused by 
the ground vibrations. In the absence of any external 
disturbance, the actuator behaves like a passive 
system, with the membrane spring assembly (see 
Fig. 1(c)) and the hydraulics providing a very high 
passive stiffness. First generation prototype was 
designed to support a static load of up to 4 tonnes [5].  

A detailed dynamic model of the electro-hydraulic 
actuator that has been experimentally validated is 
presented elsewhere in earlier work [5]. The reader 
is directed there for more details. Discussions here 
are limited to the dynamics of the main elements to 
obtain the transfer function between input to the 
valve and actuator position output. Machine is 
assumed to be rigid.  

2.1 Valve dynamics 

The valve’s electronic driver converts the 
commanded voltage to current. The valve’s solenoid 
converts this current into mechanical force acting on 
the spool against a return spring, which in turn 
results in spool movement and regulation of valve 
flow. Although valve dynamics are nonlinear [7], 
valves are often linearized in the Laplace domain as: 

𝐺𝑣𝑎𝑙𝑣𝑒 =
𝑥𝑣

𝑣
(𝑠) = 𝐾𝑣

[
 
 
 
 

1

1 + (
2𝜁
𝜔𝑛𝑣

) 𝑠 + (
𝑠

𝜔𝑛𝑣

)
2

]
 
 
 
 

 (1)  

wherein 𝑥𝑣 is the valve spool displacement, 𝑣 is the 

supplied voltage, 𝐾𝑣  is a gain, 𝜔𝑛𝑣
 is the apparent 

natural frequency of the valve and 𝜁 is the apparent 
damping ratio of the valve. 

2.2 Dynamics of the hydro-mechanical system 

Valve flow supplied to the pressure chambers of 
the actuator results in movement of the pressure 
plate of the actuators and the machine mounted on 
the actuator. Assuming valve orifices to be matched 
and symmetrical under constant supply pressure (𝑃𝑆), 
the linearized flow equations are:  
 𝑄1 = 𝐾𝑄𝑥𝑣 − 2𝐾𝐶𝑃1 

𝑄2 = 𝐾𝑄𝑥𝑣 + 2𝐾𝐶𝑃2 
(2)  

wherein 𝑄1 and 𝑄2 are the forward and return flows 

in  𝑚3/𝑠, and 𝑃1  and 𝑃2  are the forward and return 
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pressures. 𝐾𝑄 corresponds to a valve flow coefficient 

represented in  𝑚3/𝑠/𝑚𝐴, and 𝐾𝐶  is the valve flow-

pressure coefficient in  𝑚3/𝑠/𝑃𝑎 . Adding the valve 
flow equations gives: 

 𝑄𝐿 = 𝐾𝑄𝑥𝑣 − 𝐾𝐶𝑃𝐿 (3)  

wherein 𝑄𝐿 = (𝑄1 + 𝑄2)/2  is the load flow, and 

𝑃𝐿 = 𝑃1 − 𝑃2  is the load pressure difference. 
Assuming that the pressure in each chamber is 
uniformly distributed, and that fluid leakage is 
negligible, application of the continuity equation to 
each piston chamber yields: 

 
𝑄1 =

𝑑𝑉1

𝑑𝑡
+

𝑉1

𝛽

𝑑𝑃1

𝑑𝑡
 

−𝑄2 =
𝑑𝑉2

𝑑𝑡
+

𝑉2

𝛽

𝑑𝑃2

𝑑𝑡
 

(4)  

wherein 𝛽  is the effective bulk modulus of the 

hydraulic system. 𝑉1  and 𝑉2  are the volumes of the 
forward and return chambers, which may be 
expressed as:  

 𝑉1 = 𝑉01 + 𝐴1𝑥𝑝 

𝑉2 = 𝑉02 − 𝐴2𝑥𝑝 

(5)  

wherein 𝑉01 and 𝑉02 are the initial volumes in each of 

the chambers and 𝑥𝑝  is the displacement of the 

piston/pressure plates. 𝐴1  and 𝐴2  are the areas of 
piston, which are identical in the present case, i.e. 
𝐴1 = 𝐴2 = 𝐴𝑃 . Assuming the piston is centred such 

that: 𝑉01 = 𝑉02 = 𝑉0, the total volume of fluid under 

compression becomes: 𝑉𝑡 =  𝑉1 + 𝑉2 = 2𝑉0. 
The volume and continuity equations can be 

combined, linearized and Laplace transformed by 
substituting Eq. (5) into Eq. (4) to yield:  

 
𝑄𝐿 = 𝐴𝑝𝑠𝑥𝑝 +

𝑉𝑡

4𝛽
𝑠𝑃𝐿 . 

(6)  

The dynamic equilibrium equation of the actuator 
piston under an external load can be expressed as: 

 𝐹𝑝 = 𝑃𝐿𝐴𝑝 = 𝑀𝑠2𝑥𝑝 + 𝐶𝑠𝑥𝑝 + 𝐾𝐿𝑥𝑝 + 𝐹𝐿 (7)  

wherein 𝐹𝑝 is the force generated by the actuator and 

𝐹𝐿  is the external load on the actuator. 𝑀  is the 
translating mass (actuator mass plus machine mass), 
𝐶  is the viscous damping coefficient and 𝐾𝐿 
corresponds to the static stiffness of the actuator. 
Solving Eq. (3), (6), and (7) simultaneously under the 
assumptions of negligible membrane damping and 
no external load, the transfer function, 𝐺𝑎𝑐𝑡 between 
valve and actuator position can be shown to be [5]: 

𝐺𝑎𝑐𝑡 =
𝑥𝑝

𝑥𝑣

=
𝐾𝑄/𝐴𝑝

(s +
𝐾𝐶𝐾𝐿

𝐴𝑝
2 ) (

𝑠2

𝜔ℎ
2 +

2𝛿ℎ

𝜔ℎ
+ 1)

 (8)  

wherein 𝜔ℎ = √
4𝛽𝐴𝑝

2

𝑉𝑡𝑀
 is the hydro-mechanical natural 

frequency and 𝛿ℎ = 
𝐾𝐶

𝐴𝑝
√

𝛽𝑀

𝑉𝑡
 is the dimensionless 

hydraulic damping ratio, both of which play a 
deciding role in the behaviour of the electro-hydraulic 
actuator. Eq. (1) and Eq. (9) are combined to obtain 
the complete open-loop electro-hydraulic transfer 
function from voltage input to the valve to 
actuator/machine position output, 𝐺𝐸𝐻𝐴: 
 𝐺𝐸𝐻𝐴 =

𝑥𝑝

𝑣
= 𝐺𝑣𝑎𝑙𝑣𝑒𝐺𝑎𝑐𝑡 . 

(9)  

This electro-hydro-mechanical dynamical model 
was validated with experiments conducted on the 
first-generation prototype of the actuator [5], results 
of which are discussed in Section 3.    

3. PERFORMANCE OF FIRST-GENERATION PROTOTYPE 

The first-generation prototype is shown in Fig. 2. 
Actuator design parameters such as its moving mass 
(𝑀 ), total volume of fluid in chambers (𝑉𝑡 ), active 

area of the piston annulus ( 𝐴𝑝 ), and its static 

stiffness (𝐾𝐿) were obtained from the actuator’s CAD 
model. Operational parameters such as the flow gain 
( 𝐾𝑄 ) and flow-pressure ( 𝐾𝐶 ) coefficients were 

identified from experiments [5]. Apparent valve 
natural frequency (𝜔𝑛𝑣

) and damping ratio (𝜁) were 

obtained from valve manufacturers catalogue [9]. 
These parameters are listed in Table 1.  

 

Fig. 2 First-generation prototype of the isolator [5] 

The open-loop transfer function from voltage input 
to the valve to actuator position output using the 
initial design parameters and experimentally 
identified operational parameters as listed in Table 1 
is shown in Fig. 3 for the actuator supporting a 
machine load of 4 tonnes. As evident from Fig. 3, the 
hydro-mechanical natural frequency is estimated to 
be 257 Hz. This is very close to the valve natural 
frequency of 250 Hz when the valve operates at 
around ±5% of its commanded signal [10].  
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TABLE I 

Parameter Symbol 
Initial 
value 

Parameter 
variation 

Moving mass M [kg] 4056 - 

Active area of 
piston 

𝐴𝑝 [𝑚2] 
3.18
× 10−2 

±100% 

Viscous 
coefficient 

𝐶 [Ns/m] 3900 - 

Total chamber 
volume 

𝑉𝑡 [𝑚
3] 

5.39
× 10−4 

±100% 

Actuator static 
stiffness 

𝐾𝐿 [N/m] 6.8 × 108 - 

Flow gain 
coefficient 

𝐾𝑄 

[𝑚3/𝑠/
𝑚𝐴] 

1.94
× 10−6 

±100% 

Flow pressure 
coefficient 

𝐾𝐶 

[ 𝑚3/𝑠/
𝑃𝑎] 

6.6
× 10−11 

±100% 

Natural 
frequency at 
±5% of signal  

𝜔𝑛𝑣
 

[rad/s] 
1571 - 

Damping ratio 𝜁 0.65 - 

Gain 𝐾𝑣 2 - 

Bulk modulus 
of fluid 

𝛽 [N/𝑚2] 1.4 × 109 - 

 

 
Fig. 3 Open-loop transfer function of the electro-hydraulic 

actuator with its initial design parameters. 

The closed-loop bandwidth of the actuator is 
limited by the lesser of the two natural frequencies of 
the valve and the hydro-mechanical frequency. 
However, since there is a 90˚ phase lag around the 
valve natural frequency, and because the hydro-
mechanical natural frequency is close to it, 
controlling the electro-hydraulic actuator will be 
difficult up to 250 Hz. For better control performance, 

these frequencies need to be well separated, as they 
were in the case of the first-generation prototype [5]. 
However, in that case the valve was assumed to be 
to be operated at ±90% of its commanded signal, 
and its natural frequency was found to be 100 Hz 
[10]. Though well separated, the valve frequency 
limited the closed-loop controllability of the actuator 
to be below 100 Hz. Since this is thought to be too 
low for a high-performance machine tool isolator that 
is to respond to broadband spectral and spatial floor 
vibrations, a next-generation actuator is sought with 
significantly improved dynamics.    

Since dynamics of the electro-hydraulic actuator 
are limited by both the valve frequency and the 
hydro-mechanical frequency, and their being very 
well separated, systematic performance 
investigations are carried out in Section 4 under 
design and operational parameter variations to 
characterize sensitivity of the actuator to parameter 
changes. A high-bandwidth performance is sought 
with the valve and hydro-mechanical frequencies 
being very well separated.    

4. SENSITIVITY ANALYSIS OF THE ISOLATOR TO DESIGN 

AND OPERATIONAL PARAMETER CHANGES 

Since it is very difficult to achieve snappy, 
responsive control of the electro-hydraulic system 
with a low hydro-mechanical frequency, designs 
which push this frequency higher are targeted. The 
hydro-mechanical resonant frequency is related to 
the volume of fluid as well as to a change in the 
piston area; see Eq. (8) for these relationships. 
These parameters along with valve operational 
parameters are varied to check for their influence on 
system dynamics. 

4.1 Sensitivity to changes in chamber volume 

The open-loop transfer function of the isolator was 
evaluated by keeping all parameters the same as in 
Table 1 and varying the chamber volume to within 
±100% of its initially designed value. These results 
are shown in Fig. 4. As evident, an increase in 
chamber volume, i.e. an increase in the volume of 
fluid under compression lowers the hydro-
mechanical frequency to 182 Hz, whereas a 
decrease in the chamber volume increases in hydro-
mechanical frequency to 363 Hz. In both cases, the 
hydro-mechanical frequency is very well separated 
from the valve frequency, which is more favourable 
than the initial design. Since the hydro-mechanical 
frequency becomes the system bottleneck when it is 
less than the valve's frequency [11], a design with a 
larger chamber volume should be avoided. Moreover, 
the design with a larger chamber will also lower the 
closed-loop bandwidth of the system as compared to 
the initial design. A smaller chamber also results in a 
higher hydraulic damping (0.3) as compared to a 
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design with a large chamber which has a hydraulic 
damping ratio of 0.15. A design with a smaller 
chamber is hence the preferred option.  

 
Fig. 4 Sensitivity of open-loop transfer function of the electro-

hydraulic actuator to changes in chamber volume. 

4.2 Sensitivity to changes in area of piston 

Keeping all parameters the same as in Table 1 
and varying only the area of the piston by ±100% of 
its initially designed value, we get the response of 
the system as shown in Fig. 5.  

 
Fig. 5 Sensitivity of open-loop transfer function of the electro-

hydraulic actuator to changes in piston area. 

The hydro-mechanical frequency is directly 
proportional to a change in the area of the piston, 
with a large piston area resulting in a hydro-

mechanical frequency of 513 Hz and a design with a 
small piston area resulting in a hydro-mechanical 
frequency of 128 Hz. Even though an increase in 
area of the piston reduces the hydraulic damping, 
which is not ideal, a larger piston area is still 
preferable since it results in well separated valve and 
hydro-mechanical frequencies as well as the 
bandwidth of the closed-loop system being limited by 
the valve and not the hydro-mechanical system. 

4.3 Sensitivity to changes in flow coefficients 

 Keeping all other parameters the same as in 
Table 1 and varying only the flow gain and flow 
pressure coefficients in turn allows investigations of 
sensitivity of the isolator’s performance to these 
coefficients. These results are shown in Fig. 6. The 
flow gain coefficient simply acts as a gain, and hence 
has no major influence on the dynamics of the 
isolator – as is evident in Fig. 6(a). The flow pressure 
coefficient on the other hand influences damping. 
The relationship between the flow pressure 
coefficient and hydraulic damping being linear (see 
Eq. (8)), a higher coefficient naturally increases the 
hydraulic damping, and hence when/if possible, the 
valve should be operated with a higher flow pressure 
coefficient.  

 
Fig. 6 Sensitivity of open-loop transfer function of the electro-
hydraulic actuator to changes in flow gain coefficient (a), and 

to changes in flow pressure coefficient (b). 

5. DESIGN RECOMMENDATIONS FOR NEXT-GENERATION 

ACTUATOR 

Based on the sensitivity analysis in Section 4, it is 
amply clear that an actuator that has a small 
chamber, high piston area and one that operates a 
valve with a high flow pressure coefficient will result 
in a sufficiently high hydro-mechanical frequency 
with superior hydraulic damping. Hence it is 
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recommended that the next-generation isolator be 
designed with these properties. Isolator performance 
with recommended parameters is compared with the 
initial design in Fig. 7 to demonstrate potentially 
improved capabilities with a new design. 

 
Fig. 5 Comparison of the open-loop transfer functions of the 
actuator with initial and recommended design parameters. 

The recommended design would result in a 
system with the hydro-mechanical frequency being 
726 Hz and a hydraulic damping of 0.3. The hydro-
mechanical frequency would be very well separated 
from the valve frequency of 250 Hz. This is far better 
than the initial design which had issues of the two 
frequencies interacting with each other to make for 
difficult controller design.  

Moreover, simulation based investigations into 
the gain margin for closed-loop controller stability 
using the open-loop transfer function shows that the 
recommended design would result in a gain margin 
of 128 dB at 230 Hz, which is far superior to the gain 
margin of 116 dB at 187 Hz for the initial design. In 
the case of the initial design, because the hydro-
mechanical frequency and the valve frequency were 
so closely spaced, it is difficult to identify which of the 
two limit the closed-loop stability. However, in the 
case of the new design, it is very evident that the 
valve’s dynamics limit the closed-loop stability.  

Furthermore, since the hydro-mechanical 
frequency in the new recommended design is so well 
separated from the valve’s frequency, there is room 
yet for using a valve with yet higher performance, for 
example using a valve with a frequency of 400 Hz or 
more. This would result in a very high-performance 
isolator that can respond quickly and robustly to any 
kind of broadband spectral and spatial floor 

vibrations, thus further increasing the utility of such 
electro-hydraulic actuators. Physically realizing a 
design that has a small chamber and a high piston 
area may pose challenges, but that is a different 
problem, and is outside the scope of this paper.  

6. CONCLUSIONS  

Electro-hydraulic actuators if/when designed right 
have the potential to isolate machine tools from 
broadband spectral and spatial floor excitations. 
Based on a complete electro-hydro-mechanical 
dynamical model of the actuator, sensitivity based 
investigations were carried out to evaluate sensitivity 
of actuator’s response to changes in its design and 
operating parameters. It was found that an isolator 
with a small chamber, large piston area, and one 
operating a valve with a high flow pressure 
coefficient has significantly improved dynamic 
response as compared to the first-generation 
prototype. These results are instructive to guide the 
construction of a second generation electro-hydraulic 
actuator that guarantees its fast response across 
high bandwidths without compromising its ability to 
support large machine tool inertial loads.  
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