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Overview 
 
In previous chapters, a number of approaches have been presented for analyzing electrical circuits.  
In these analysis approaches, we have been provided with a circuit consisting of a number of 
elements (resistors, power supplies, etc.) and determined some circuit variable of interest (a voltage 
or current, for example).  In the process of determining this variable, we have written equations which 
allow us to determine any and all variables in the system.  For a complex circuit, with many elements, 
this approach can result in a very large number of equations and a correspondingly large amount of 
effort expended in the solution of these equations.  Unfortunately, much of the physical insight about 
the overall operation of the circuit may be lost in the detailed description of all of the individual circuit 
elements.  This limitation becomes particularly serious when we attempt to design a circuit to perform 
some task. 
 
In this chapter, we will introduce the concept of a systems level approach to circuit analysis.  In this 
type of approach, we represent the circuit as a system with some inputs and outputs.  We then 
characterize the system strictly by the relationship between the system inputs and the system outputs.  
This relationship is called the input-output relation for the system. 
 
This approach is particularly useful in circuit design; successful design approaches for large circuits 
typically use a top-down strategy.  In this design approach, the overall system is broken down into a 
number of interconnected subsystems, each of which performs some specific task.  The input-output 
relationships for these individual subsystems can be determined based on the task to be performed.  
The subsystems can then be designed to implement the desired input-output relation.  An audio 
compact disc player, for example, will include subsystems to perform filtering, digital-to-analog 
conversion, and amplification processes.  It is significantly easier to design the subsystems based on 
their individual requirements than to attempt to design the entire system all at once.  We will thus 
begin to think of the circuits we analyze as systems which perform some overall task, rather than as 
collections of individual circuit elements. 
 
In this chapter, we introduce basic concepts relative to systems-level descriptions of general physical 
systems.  Later chapters will address application of these concepts specifically to electrical circuits. 
 
 
Before beginning this chapter, you should 
be able to: 

After completing this chapter, you should be 
able to: 

 

• Apply Newton’s second law 

• Use mesh analysis to analyze electrical 
circuits (Chapter 1.6.2) 

 

 

• Define signals and systems 

• Represent systems in block diagram form 

• Identify system inputs and outputs 

• Write input-output equations for systems 
 

This chapter requires: 

• N/A 
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We will typically represent a system as shown in the block diagram of Figure 1.  The system has 
some input, u(t), and some output, y(t).  In general, both the input and output can be functions of time; 
the case of constant values is a special case of a time-varying function.  The output will be 
represented as some arbitrary function of the input: 
 

 )}({)( tufty =           (1) 

 
Equation (1) is said to be the input-output equation governing the system.  The above relationship has 
only one input and one input – the system is said to be a single-input-single-output (SISO) system.  
Systems can have multiple inputs and multiple outputs, in these cases there will be an input-output 
equation for each system outputs and each of these equations may be a function of several inputs.  
We will concern ourselves only with SISO systems for now. 
 

 
 

Figure 1.  Block diagram representation of a system. 
 
 
One important aspect of the systems-level approach represented by equation (1) and Figure (1) is 
that we are representing our system as a “black box”.  We really have no idea what the system itself 
is, beyond a mathematical dependence of the output variable on the input variable.  The physical 
system itself could be mechanical, thermal, electrical, or fluidic.  In fact, it is fairly common to 
represent a mechanical system as an “equivalent” electrical system (or vice-versa), if doing so 
increases the physical insight into the system’s operation. 
 
The circuits we analyze can now be thought of as systems which perform some overall task, rather 
than as collections of individual circuit elements.  We will also think of the inputs and outputs of the 
system as signals, rather than specific circuit parameters such as voltages or currents.  This approach 
is somewhat more abstract than we are perhaps used to, so we will provide some additional 
discussion of what we mean by these terms. 
 
Generally, most people think of a system as a group of interrelated “elements” which perform some 
task.  This viewpoint, though intuitively correct, is not specific enough to be useful from an engineering 
standpoint.  In these chapters, we will define a system as a collection of elements which store and 
dissipate energy.  The system transfers the energy in the system inputs to the system outputs; the 
process of energy transfer is represented by the input-output equation for the system.  Examples of 
the energy transfer can include mechanical systems (the kinetic energy resulting from using a force to 
accelerate a mass, or the potential energy resulting from using a force to compressing a spring), 
thermal systems (applying heat to change a mass’s temperature), and electrical systems (dissipating 
electrical power with the filament in a light bulb to produce light). 
 
The task to be performed by the system of Figure 1 is thus the transformation of some input signal u(t) 
into an output signal y(t).  Signals, for us, will be any waveform which can vary as a function of time.  
This is an extremely broad definition – examples of signals include: 

• the force applied to a mass,  

• the velocity of the mass as it accelerates in response to the applied force,  

• the current applied to a circuit by a power supply,  

• the voltage difference across a resistor which is subjected to some current flow,  
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• the electrical power supplied to a heating element,  

• the temperature of a mass which is being heated by an electric coil 
 
The transformation of the input signal to the output signal is performed by the input-output relation 
governing the system.  The input-output relation can be a combination of algebraic, differential, and 
integral equations. 
 
To provide some concrete examples of the above concepts, several examples of systems-level 
representations of common processes are provided below. 
 

Example 1: Mass subjected to an external force 
 
Consider the mass-damper system shown in Figure 2.  The applied force F(t) pushes the mass to the 
right.  The mass’s velocity resulting from the applied force is v(t).  The mass slides on a surface with 
sliding coefficient of friction b, which induces a force Fb = bv(t) which opposes the mass’s motion.  The 
mass is initially at rest and the applied force is zero for time before time t=0. 
 

 
 

Figure 2. Sliding mass on surface with friction coefficient, b. 
 
The governing equation for the system (obtained by drawing a free body diagram of the mass and 

applying ∑ = maF ) is 

 

 )()(
)(

tFtbv
dt

tdv
m =+  

 
The governing equation for the system is a first order differential equation.  Knowledge of the 
externally applied force F(t) and the initial velocity of the mass allows us to determine the velocity of 
the mass at all subsequent times.  Thus, we can model the system as having an input signal F(t) – 
which is known – and an output velocity v(t) which can be determined from the input signal and the 
properties of the system (the mass, m, and coefficient of friction, b).  The system can then be 
represented by the block diagram below: 
 

)()(
)(

tFtbv
dt

tdv
m =+

 

 
 
(It is rather unusual to place the system governing equation directly in a block diagram; we do it here 
to illustrate a point.) 
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Example 2: Electrical circuit 
 
For the electrical circuit below, write the equations governing the input-output relationship for the 
circuit.  The applied input to the circuit is the voltage source Vin and the output is the voltage V across 

the 2Ω resistor. 

3Vx

+

-
Vin

4

VX

+

-

V

+

-

 
 
 
We previously wrote mesh equations for this circuit (for a specific value of Vin) in Chapter 1.6.2.  We 
repeat these mesh equations here, along with our definitions of the mesh currents: 
 

 0)3(24 11 =+−+ inX VVii  

 05)3(3 22 =+−+− iViV Xin  

 25iVX =  

 
The output voltage V is related to the mesh 
currents by: 
 

 )3(2 1 xViV −=  

 
The above four equations provide an input- 
output description of the circuit.  If desired, they 
can be combined to eliminate all variables  
except Vin and V and re-written in the form  

}{ inVfV =  per equation (1).  Note that all information about the original system, except the 

relationship between the input and output signals, is lost once we do this. 
 
The system-level block diagram for the circuit might then be drawn as: 
 

 
 

Example 3: Temperature control system 
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Our final example is of a temperature control system.  This example illustrates the representation of a 
complex system as a set of interacting subsystems. 
 
A typical temperature control system for a building will have a thermostat which allows the occupants 
to set a desired temperature, a furnace (or air conditioner) which provides a means of adjusting the 
building’s temperature, some way of measuring the actual building temperature, and a controller 
which decides whether to turn the furnace or air conditioner on or off, based on the difference 
between the desired and actual temperatures.  The block diagram below provides one possible 
approach toward interconnecting these subsystems into an overall temperature control system.  This 
block diagram can be used to identify individual subsystems, and provide specifications for the 
subsystems, which can allow the design to proceed efficiently.  For example: 
 
1. The temperature measurement system might be required to produce a voltage which is a function 
of the temperature in the building.  The thermistor-based temperature measurement systems we have 
designed and constructed in the lab are good examples of this type of system. 
 
2. The controller might operate by comparing the desired temperature (generally represented by a 
voltage level) with the voltage indicating the actual temperature.  For a heating system, if the actual 
temperature is lower than desired by some minimum amount, the controller will make a decision to 
switch the furnace on.  Design decisions might be made to determine what minimum temperature 
difference is required to turn the furnace on, and whether to base the decision to turn on the furnace 
strictly upon a temperature difference or on a rate of change in temperature difference. 
 
3. When the furnace turns on it will apply heat to the building, causing the building’s temperature to 
increase.  Once the building temperature is high enough, the controller will then typically turn the 
furnace back off.  The furnace must be designed to provide appropriate heat input to the building, 
based on the building size and the anticipated heat losses to the building’s surroundings.  (For 
example, a larger building or a building in a colder climate will require a larger furnace.) 
 
4. A model of the building’s heat losses will generally be necessary in order to size the furnace 
correctly and choose an appropriate control scheme.  Design choices for the building itself may 
include insulation requirements necessary to satisfy desired heating costs. 
 
Designs for the above subsystems can now proceed somewhat independently, with proper 
coordination between the design activities. 

 
 


