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Chapter 1 System Analogies  
Dr. Lutfi R. Al-Sharif (Rev 2.0, 17/2/2012) 

 
1.  Introduction 
Many different systems in nature have similarities in their interrelationships.  It is very 
useful to understand these analogies when modelling or comparing systems.  In 
certain cases, we can use one system to model another system and predict its 
behaviour (e.g., using an electrical system to model the behaviour of a mechanical 
system). 
 In this section we look at five systems in order to identify the similarities 
between them.  Most of the work below has been based on [1] that in turn was 
derived on [2]. 
 
2.  Analogous Systems 
Five systems are examined below:  mechanical translational, mechanical rotational, 
electrical, fluidic and thermal. 
 
For each system we define two variables that are given the term effort variables and 
flow variables.  When an effort variable is applied across the system, this results in a 
flow variable through the system.  For these reasons, effort variables are also called 
across variables; flow variables are also called through variables. 
 

 
Figure 1:  General diagram showing the concept of effort and flow variables. 

 
For each system we define two variables:  the effort variable and the flow variable.  
The flow variable is time derivative of the base quantity of the system (e.g., charge is 
the base quantity of the electrical system; displacement is the base quantity of the 
mechanical system). 
 
3. Mechanical Translational Systems 
For a mechanical translational system, the effort variable is the force.  The through 
variable is the velocity (the derivative of the translational displacement).  The effort 
variable will be denoted as r, while the flow variable will be denoted  whereby it is 
the derivative of the basic unit s, the displacement. 

Dividing the effort variable by the integral of the flow variable produces the so-
called stiffness.  In the case of a translational mechanical system, this represents a 

System 

Effort variable 

Flow variable 



Chapter 1:  System Analogies 0908312 Modelling & Simulation 
 

Source URL: http://www.ju.edu.jo/sites/Academic/l.sharif/Material/Forms/AllItems.aspx  
Saylor URL: http://www.saylor.org/courses/me302 
 
Attributed to: [Dr. Lutfi R. Al-Sharif]   www.saylor.org 
   Page 2 of 8 

spring constant.  As we apply more force to a spring, it elongates further, but the 
force needed become progressively larger as the spring is further elongated.   
 
Table 1:  Summary of translational mechanical system paramters. 

Quantity Parameter Description Unit Physical 
implementation 

Effort (across) variable r force N  
Flow (through) variable  velocity m·s-1  
Integral of flow variable s displacement m  

Derivative of flow variable  acceleration m·s-2  

Stiffness  Mechanical 
stiffness N·m-1 

linear spring 
(potential 

energy storage) 

Compliance     

Impedance  Damping 
constant N·s·m-1 

linear damper 
(energy 

dissipation) 

Inertance  Mass kg Flywheel (kinetic 
energy storage) 

 
It is worth noting that the stiffness element and the inertance element are energy 
storing elements (storing energy in different forms).  The example from the 
translational mechanical system above is the spring (that stores potential energy) 
and the mass (that stores kinetic energy when moving at a certain speed).  In 
practice a linear damper could be implemented by using a cylinder that is filled with 
oil and has small holes in it.  The oil has to travel through these small holes to allow 
the damper to extend or retract. 

The impedance element is an energy dissipating components, such as a linear 
damper in the case of the translational mechanical system.  The linear damper is 
sometimes used in the industry as a buffer that acts by absorbing the energy from a 
moving body to slow it down.  The energy from the body is converted to heat energy 
in the viscous fluid within the damper (e.g., oil). 
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Figure 2: Section through a hydraulic damper (courtesy of Dictator). 

Generally, the product of the effort and flow variables has units of power and this is 
true it the case of translational mechanical systems (product of force and velocity has 
the units of power).  
 
4. Mechanical Rotational Systems 
For a mechanical rotational system, the effort variable is the torque.  The through 
variable is the rotational velocity (the derivative of the rotational displacement).  The 
integral of the flow variable is the rotational displacement (i.e., angle in radians). 

Dividing the effort variable by the integral of the flow variable produces the so-
called stiffness.  In the case of a rotational mechanical system, this represents a 
helical spring constant.  As we apply more torque to a spring, it compresses further, 
but the torque needed become progressively larger as the helical spring is further 
compressed. 
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Table 2:  Summary of rotational mechanical system parameters. 

Quantity Parameter Description Unit Physical 
implementation 

Effort (across) variable r torque N·m  

Flow (through) variable  
angular 
velocity rad·s-1  

Integral of flow variable s angular 
displacement rad  

Derivative of flow 
variable  

angular 
acceleration rad·s-2  

Stiffness  Mechanical 
stiffness N·m·rad-1 

helical spring 
(potential 

energy storage) 

Compliance     

Impedance  Damping 
constant N·m·s·rad-1 

radial damper 
(energy 

dissipation) 

Inertance  

Moment of 
inertia 

(second 
moment of 

mass) 

kg·m2 Flywheel (kinetic 
energy storage) 

 
As with the example in the translational systems, the stiffness element and the 
inertance element are energy storing elements (storing energy in different forms).  In 
a rotational mechanical system the helical spring represents the stiffness element 
(that stores potential energy) and the inertia represents the inertance element (that 
stores kinetic energy when rotating at a certain speed). 

The impedance element in the rotational mechanical system is the radial 
damer, which is the equivalent of the linear damper in the translational mechanical 
system. 

The product of the flow and effort variables in the rotational mechanical 
system has the units of power (product of the torque and the rotational velocity). 
 
5. Electrical Systems 
For an electrical system, the effort variable is the potential difference (or voltage).  
The through variable is the current (or the rate of flow of charge).  The integral of the 
through variable is the charge. 

Dividing the effort variable by the integral of the flow variable produces the 
stiffness.  In the case of the electrical system the stiffness does not have any 
physical significance.  But the compliance (which is the inverse of the stiffness) is 
more interesting.  The compliance in this case is the division of the integral of the 
flow variable (which is the charge in this case) by the effort variable (which is the 
voltage in this case).  The quotient of the charge over the voltage is equivalent the 
capacitance.  So the real life implementation of the electrical compliance is the 
capacitor.  As more charge is placed on the capacitor, the voltage between its plates 
rises linearly. 
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The capacitor is an energy storage element. The other energy storage 
element is the inductor.  The inductor is the real life implementation of the electrical 
inertance.  The quotient of the voltage across the terminals of the inductor by the rate 
change of current flowing through it gives the inductance.   

The resistor is the energy dissipating element in the electrical system, and it 
represents the impedance element of the electrical system.  The quotient of the 
voltage across the resistor and the current through the resistor is the resistance and 
has units of ohms. 
 
Table 3:  Summary of electrical system parameters. 

Quantity Parameter Description Unit Physical 
implementation 

Effort (across) variable r 
Potential 

difference or 
voltage 

V  

Flow (through) variable  
Electrical 
current 

A 
(C·s-1)  

Integral of flow variable s Electrical 
charge C  

Derivative of flow variable  
Rate of 

change of 
current 

A·s-1  
(C·s-2)  

Stiffness     

Compliance  Electrical 
Capacitance 

F 
(C·V-1) 

capacitor 
(electrical energy 

storage) 

Impedance  Electrical 
resistance 

Ω 
(V s·C-1) 

resistor 
(energy dissipation) 

Inertance  Electrical 
inductance 

H 
(V s·A-1) 

Inductor 
(magnetic energy 

storage) 
 
The product of the effort variable (voltage) and the flow variable (the current) has the 
units of power as with the two previously discussed mechanical systems. 
 
6. Fluidic Systems 
For a fluidic system, the effort variable is the difference in fluid pressure.  The 
through variable is the volumetric flow rate.  The integral of the through variable is the 
volume. 

The compliance in a fluidic system is the quotient of the volume of the fluid by 
the pressure.  The real life implementation of it is a diaphragm.  As the pressure is 
increased against the diaphragm it stretches and ‘stores’ more liquid.  This is similar 
to the capacitor in the electrical system.  The energy is stored in the stretched 
diaphragm as potential energy.  The compliance in this case depends on the 
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dimensions and material of the diaphragm.  It can ‘store’ a certain amount of fluid per 
unit of pressure exerted against it. 

An orifice is the energy dissipating element in the fluidic system, and it 
represents the impedance element of the fluidic system.  The quotient of the 
pressure across the orifice and the volumetric flow rate through it is in effect the 
constant of the orifice. 
 
Table 4:  Summary of fluidic system parameters. 

Quantity Parameter Description Unit Physical 
implementation 

Effort (across) variable r Pressure 
difference Pa  

Flow (through) variable  
Volumetric 

flow m3·s-1  

Integral of flow variable s Volume m3  

Derivative of flow variable  

Rate of 
change of 
volumetric 

flow 

m3·s-2  

Stiffness     

Compliance  fluidic 
capacitance m3·Pa-1 

flexible diaphragm 
(potential energy 

storage) 

Impedance  fluidic 
resistance Pa s·m-3 orifice (energy 

dissipation) 

Inertance  
fluidic 

inertance 
(inertia) 

Pa s2·m-3 
fluid in a pipe 

(kinetic energy 
storage) 

 
The fluidic inertance of a fluid is the quotient of the pressure difference against the 
rate of change of volumetric flow.  The real life example of this is a pipe full of fluid.  
When a pressure difference is applied to the ends of the pipe, the rate of flow starts 
to increase.  This is similar to a force being applied to a mass and the mass starting 
to accelerate in the translational mechanical system.  For a pipe of length l and 
radius r filled with a fluid of density ρ the fluidic inertance is equal to: 
 

 

 
The energy is stored in the fluid as it starts moving as kinetic energy.  The product of 
the pressure difference (Pa) by the volumetric flow rate (m3·s-1) has units of power 
(W). 
 
6. Thermal Systems 
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For a thermal system, the effort variable is the difference in temperature between two 
points.  The through variable is the rate of flow of heat (rate of flow of energy, power).  
The integral of the through variable is heat. 

The compliance in a thermal system is the quotient of the amount of heat 
stored in it by the difference in temperature applied to it.  The real life implementation 
of it is an object that stores heat.  As a larger temperature difference is applied it 
stores more heat. This is the thermal capacitance of the object and is usually referred 
to a the specific heat.  It is in effect the amount of heat (in J) that is needed to raise 
its temperature by a certain temperature difference.  This is similar to the capacitor in 
the electrical system.  The energy is stored in the object as heat energy.  The specific 
heat capacity is the amount of heat (in J) required in order to raise its temperature by 
one degree K. 

If a difference in temperature is applied across an object, a certain flow rate of 
heat will result that depends on the dimensions of the object and its thermal 
properties (insulating).  The quotient of the pressure difference by the rate of flow of 
heat is the thermal resistance of the object and represents the impedance element in 
the thermal system. 
 
Table 5:  Summary of thermal system parameters. 

Quantity Parameter Description Unit Physical 
implementation 

Effort (across) variable r Temperature 
difference K  

Flow (through) variable  
Heat flow 

rate 
J·s-1  

(W)  

Integral of flow variable s Heat J  

Derivative of flow variable  

Rate of 
change of 
volumetric 

flow 

W·s-1  

Stiffness     

Compliance  Thermal 
capacity J·K-1 Object used to 

store heat energy 

Impedance  Thermal 
resistance K·W-1 Insulating board, 

heat sink 

Inertance     
 
The thermal system is different from the previous four systems in the following 
aspects.  There is no realistic meaning for the thermal inertance.  Moreover, the rule 
regarding the product of the effort variable and the flow variable does not in this case 
yield units of power, as in the previous four systems. 
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