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Abstract  
 

The objective of this project was to design a dynamic suspension system that 

ÍÉÎÉÍÉÚÅÓ ÔÈÅ ÖÅÒÔÉÃÁÌ ÏÓÃÉÌÌÁÔÉÏÎÓ ÏÆ ÔÈÅ ÖÅÈÉÃÌÅȭÓ ÂÏÄÙ ÒÅÇÁÒÄÌÅÓÓ ÏÆ ÄÉÆÆÅÒÅÎÔ road 

conditions. A series of five modules were designed to achieve this goal. The modules 

generate a force similar to the effects of an uneven road that creates oscillations in the 

vehicleȭs body. The vertical velocity of the body was calculated and processed through a 

controller to achieve the required signal to suppress these oscillations. This process was 

implemented through the use of electromagnetic circuitry.  
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Executive Summary  
 

The main goal of this project is to design a superior suspension system for the 

automobile market. Due to the restrictions of the common vehicle suspensions systems, 

there is a need for a more reliable and efficient systems. Our research shows that there 

exist active suspensions systems that adapt to the road conditions instantaneously and are 

highly efficient but are also high in cost. Due to these factors we created a new suspensions 

system that uses dynamic electromagnetic shock absorbers. The system performance is 

efficient, affordable and performs the tasks established by the goals of this project. 

The mechanism and theory of the current suspensions system was analyzed to 

achieve a better understanding. A mechanical representation of a suspension system was 

designed based on these analyses. Coils and magnets were incorporate in the design of this 

model necessary to achieve an electromagnetic shock absorber. The dynamic equations of 

the system were derived usiÎÇ ÔÈÉÓ ÍÏÄÅÌ ÁÎÄ .Å×ÔÏÎȭÓ ÌÁ×Ó. These equations represent 

the reaction of the suspension system to the inconsistency of the road. Through them the 

equivalent electrical circuit of the suspension system was drawn.  Analysis of this circuit  

was done using the PSPICE simulation program to achieve a better understanding of how a 

suspension system reacts to different types of road conditions. These analyses were 

essential to determine the necessary reforms that the circuit needed to achieve constant 

stability. The information was used to design a new electrical circuit that represents our 

dynamic electromagnetic suspension system.  

This circuit helped us identify the necessary modules to achieve our desired results. 

These modules were represented in a block diagram to better understand the composition 

of the system and the necessary steps required. There are four main modules in the block 

diagram shown in Figure i: Detailed Block Diagram: Road Condition, Signal Conditioning, 

Controller, Current Driver and the AC to DC Converter. The road condition module is used 

to simulate the different conditions encountered on the road. Through the use of an 

oscillator and a transistor a triangular wave current was produced that gave the model a 

certain movement to a desired frequency. The signal conditioning module will record the 

acceleration of the model and represent it as a voltage signal. With the use of an integrator 
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circuit the signal will be converted to give ÔÈÅ ÍÏÄÅÌȭÓ ÖÅlocity. This is then used in the 

controller  module where it is modified to drive an H-Bridge. The modifications of the signal 

include amplification, integration and pulse width modulation. The H-Bridge is connected 

to the damper coil and the signal that it supplies is responsible for attaining constant 

displacement of the ÍÏÄÅÌ ɉÁÕÔÏÍÏÂÉÌÅȭÓ ÂÏÄÙɊȢ 4ÈÅ circuitry of some of these modules 

requires to be supplied with DC voltage. In this case the AC-to-DC converter module is used 

to change the AC voltage that is supplied by the wall outlet to a required DC voltage. The 

description of each individual module includes circuit design, analysis and simulation with 

the help of programs such as MULTISIM and PSPICE. Also included are the physical 

requirements of each individual module and their prototypes. 

The simulation results obtained for the overall system were positive and the system 

seems to behave almost as desired. The following report outlines more detail descriptions 

of the design process and results obtained for the dynamic electromagnetic suspension 

system of an automobile. 
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Introduction  
 

There are different components that make the automobile performance reliable and 

secure for the driver. Even though the customer is attracted to how powerful the car is or 

how fast it ÃÁÎ ÇÏȟ ÉÔ ×ÏÕÌÄ ÂÅ ÎÏÔÈÉÎÇ ÉÆ ÔÈÅ ÄÒÉÖÅÒ ÃÏÕÌÄÎȭÔ ÃÏÎÔÒÏÌ ÔÈÅ ÃÁÒȢ 4ÈÁÔ ÉÓ ×ÈÙ Á 

reliable suspension system is crucial in the engineering of a vehicle. The important tasks 

that this systems should accomplish is to support the vehicle weight, isolate the body from 

the vibrations caused by the unevenness of the road and keep a firm contact between the 

tires and the road. Most suspension systems are composed of springs and dampers which 

limit the systems performance due to their physical constraints. These restrictions apply to 

the systems parameters which are fixed and are chosen on the typical operation of the 

vehicle and the safety of the passengers. Therefore the quality of the vehicle comfort is 

restricted.  

To resolve these problems different types of suspension systems have been created. 

The most reliable are the active suspensions systems. These systems adapt to the road 

conditions instantaneously due to the use of sensors. Microcontrollers are also used to 

store the control gains corresponding to various conditions of the road. Although they are 

highly efficient, the use of these systems is limited to few expensive models due to their 

high price. There are also medians of these two suspension systems that are less expensive. 

In these semi-active systems, an active force generator is replaced by a damper that can 

vary its characteristic with sufficient speed. However these systems are not adapted for 

low frequency inputs as well as breaking, accelerations and cornering maneuvers.   

This paper deals with a new suspension system that uses a dynamic electromagnetic 

ÓÈÏÃË ÁÂÓÏÒÂÅÒȢ 7ÉÔÈ ÔÈÅ ÕÓÅ ÏÆ ÅÌÅÃÔÒÏÎÉÃ ÃÉÒÃÕÉÔÓȟ ÔÈÅ ÓÙÓÔÅÍ ×ÉÌÌ ÁÎÁÌÙÚÅ ÔÈÅ ×ÈÅÅÌȭÓ 

ÍÏÖÅÍÅÎÔ ÁÎÄ ÁÄÁÐÔ ÔÈÅ ÖÅÈÉÃÌÅ ÔÏ ÍÁÉÎÔÁÉÎ ÃÏÎÓÔÁÎÔ ÓÔÁÂÉÌÉÔÙȢ )Î ÅÆÆÅÃÔȟ ÔÈÅ ÖÅÈÉÃÌÅȭÓ ÂÏÄÙ 

will stay at the same vertical position at all times regardless of the road conditions. This 

system is a modification of the suspension system already used by the vehicle. If the 

electrical circuitry loses power or has a malfunction, the regular suspension system will 

work normally. Analysis of the behavior of this system is done using a variety of changes in 
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the parameters to achieve maximum efficiency. This model is applied to each individual 

shock absorber. This paper provides in details with the behavior of this system in different 

types of road conditions to assure its efficiency and reliability. The system will have a low 

cost and will be controllable. (1) 
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1. Electrical Transfor mation of the Suspension System  
 

The mechanism of a generic shock absorber is shown in Figure 1.1 .  The 

components of the shock absorber are attached at the end of a piston rod that works 

against the hydraulic fluid of the pressure tube. While the suspension system moves up and 

down the hydraulic fluid is forced through tiny holes inside the piston creating a damping 

effect on the movement. This will reduce the speed of the piston which as a result will slow 

down the springs and the suspension movement reducing the effect of these vibrations on 

ÔÈÅ ÖÅÈÉÃÌÅȭÓ ÂÏÄÙȢ (2) 

 

Figure 1.1: Shock Absorber (2) 

 

This concept is applied to the construction of a new model. Analysis and 

construction will be done for only one wheel of the suspension systems to simplify the 

problem to a one dimensional spring-damper system.  The diagram of a general suspension 

system is shown in Figure 1.2.  
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Figure 1.2: Generic Suspension System representation 

TÈÅ ÓÕÓÐÅÎÓÉÏÎ ÓÙÓÔÅÍ ÉÓ ÒÅÐÒÅÓÅÎÔÅÄ ÉÎ ÒÅÌÁÔÉÏÎ ÔÏ ÔÈÅ ÓÐÒÉÎÇȭÓ ÃÏÎÓÔÁÎÔÓ (K1 and 

K2), damping coefficients (d1 and d2) and masses of the body and suspension system (Mb 

and Ms). The new model was drawn and built based on this representation. The Figure 1.3 

shows the mechanical representation of the model with its components.   

 

Figure 1.3: Mechanical Representation of New Suspension System 

The suspension system includes among the common parameters two coils (coil-1 

and coil-2) and permanent magnets. The excitation coil (coil-1) produces the road vibration 

while the damper coil (coil-2) produces the control force that will keep the vehicles body 

from moving. The coils are of copper material. The parameters of the suspension model 

and their values are:  

ὓὦ= ὠὩὬὭὧὰὩ ὦέὨώ άὥίί= 1.8ὯὫ 

ὓί= ὠὩὬὭὧὰὩί ίόίὴὩὲίὭέὲ άὥίί= 1.6ὯὫ 
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Ὧ1 = ίὴὶὭὲὫ ὧέὲίὸὥὲὸ έὪ ύὬὩὩὰ ὥὲὨ ὸὭὶὩ= 1600ὔ/ά 

Ὧ2 = ίὴὶὭὲὫ ὧέὲίὸὥὲὸ έὪ ίόίὴὩὲίὭέὲ= 1400ὔ/ά 

Ὠ1 = ὨὥάὴὭὲὫ ὧέὲίὸὥὲὸ έὪ ύὬὩὩὰ ὥὲὨ ὸὭὶὩ= 10ὔί/ά 

Ὠ2 = ὨὥάὴὭὲὫ ὧέὲίὸὥὲὸ έὪ ίόίὴὩὲίὭέὲ= 15ὔί/ά 

ὢ= ὨὭίὴὰὥὧὩάὩὲὸ έὪ ίόίὴὩὲίὭέὲ 

ὣ= ὨὭίὴὰὥὧὩάὩὲὸ έὪ ὺὩὬὭὧὰὩᴂί ὦέὨώ 

The mass of the suspension and the vehicleȭs body were measured using a regular 

scale.  To measure the spring constants an apparatus was used that graphed the masses 

that we attached to the spring versus the spring displacement. Since Ὂ= Ὧὼ= άὫ, where k 

is the spring constant, x is the displacement and g is the gravitational constant, the ratio 

obtained is 
Ὧ

Ὣ
=
ά

ὼ
. Therefore; the slope of the graph is multiplied with g to get the value of 

the spring constants. The values of the damping coefficients are chosen to achieve a 

minimal oscillation in the vehicles body. Different suspension systems have diverse 

damping coefficient which depend on the type of terrain the vehicle is used.   

The unevenness of the road will give the wheel a vibration. This vibration will be 

represented as a force Ὂὸ, that will disturb the equilibrium of the system. In our model 

the road conditions will be simulated and represented as a current signal which will be 

applied to coil-1. In the following the existence of Ὂὸ is assumed in the system to derive 

its counteractive forces. This will help to derive the differential equations necessary to 

represent this system as an electrical circuit. To facilitate the understanding of these 

derivations the free body diagrams were constructed for each of the masses with the 

corresponding forces that are acting upon them. These diagrams are shown in the Figure 

1.4.  
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Figure 1.4: Free Body Diagrams of System 

The forces acting on the suspension system shown above and their descriptions are 

listed in Table 1.1.   

Table 1.1: Forces acting on Ms and Mb and their description 

Ms: Ὂὸ= ὪέὶὧὩ ὨόὩ ὸέ ὸὬὩ όὲὩὺὩὲὩίί έὪ ὸὬὩ ὶέὥὨ 

 Ὧ1ὢ= ὪέὶὧὩ έὪ ὸὬὩ ύὬὩὩὰ ίὴὶὭὲὫ= Ὧ1 ὨzὭίὴὰὥὧὩάὩὲὸ 

 Ὠ1ὢ= ὪέὶὧὩ έὪ ὸὬὩ ύὬὩὩὰ ὨὥάὴὭὲὫ= ὨὥάὴὭὲὫz ὺὩὰέὧὭὸώ 
 ὓίὢ= ὪέὶὧὩ έὪ ὸὬὩ ίόίὴὩὲίὭέὲ ίώίὸὩά= άὥίίz ὥὧὧὩὰὩὶὥὸὭέὲ 
 Ὧ2 ὣ ὢ = ὪέὶὧὩ έὪ ὸὬὩ ίόίὴὩὲίὭέὲ ίὴὶὭὲὫ= Ὧ2 ὨzὭίὴὰὥὧὩάὩὲὸ 

 Ὠ2 ὣ ὢ = ὪέὶὧὩ έὪ ὸὬὩ ίόίὴὩὲίὭέὲ ὨὥάὴὭὲὫ= ὨὥάὴὭὲὫz ὺὩὰέὧὭὸώ 

Mb: Ὧ2 ὣ ὢ = ὪέὶὧὩ έὪ ὸὬὩ ίόίὴὩὲίὭέὲ ίὴὶὭὲὫ 
 Ὠ2 ὣ ὢ = ὪέὶὧὩ έὪ ὸὬὩ ίόίὴὩὲίὭέὲ ὨὥάὴὭὲὫ 

 ὓὦὣ= ὪέὶὧὩ έὪ ὸὬὩ άὥίί έὪ ὸὬὩ ὺὩὬὭὧὰὩ ὦέὨώ 
The k1 and k2 represent the spring constants of the system. From the free body 

diagrams and the knowledge that to achieve equilibrium the sum of all forces must equal to 

zero, the equations of the motion of a suspension system are derived.  

Ὂὸ= ὓίὢ+ Ὧ1ὢ+ Ὠ1ὢ+ Ὧ2 ὣ ὢ + Ὠ2 ὣ ὢ   (1) 

ὓὦὣ= Ὧ2 ὣ ὢ +  Ὠ2 ὣ ὢ                                (2) 

Equations (1) and (2) are similar to the ones used to describe the sum of the 

voltages in an electrical circuit that consists of resistors, inductors and capacitors. The 

supply voltage of the circuit is the F(t) force since it  is the one responsible for the presence 

of the others. If the main currents of the system were represented as ὢ ὥὲὨ ὣ then the 
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electrical circuit will be a combination of resistors capacitors and inductors connected in 

series and parallel with each other. The voltage drop across a resistor is ὠ= Ὅz Ὑ and since 

Ὅ= ὢ έὶ ὣ then the damping coefficients will be resistors in the electrical circuit. The same 

knowledge was applied to the other variables of the equations. Knowing that the voltage 

drop of an inductor is ὠ= ὒ
ὨὍ

Ὠὸ
 and of the capacitor is ὠ=

1

ὅ
Ὅ᷿, the masses of the system 

were represented as inductors and the 
1

Ὧ
 as capacitors where k is equal to the spring 

constant. Therefore from the equations above it was possible to derive an electrical circuit 

to demonstrate the movement of a vehicle suspension system. The equivalent electrical 

circuit schematic of the system is shown in Figure 1.5. 

 

Figure 1.5: Electrical Representation of the Suspension System 

This electrical circuit will help to derive a reliable control system that will achieve 

stability for the body of the vehicle regardless of road conditions. This means that 

modification will be done to the circuit so that the current ὣ is minimal. The analysis and 

simulations of this circuit for different types of road conditions were done using the PSPICE 

program. The circuit above is converted into the appropriate Code 1 used by the program. 

Code 1: PSPICE Code of the Electrical Circuit 

Suspension System  

Vroad 1   0   PULSE(0V 1V 1s 1us 1u s 20s 40s)  

Ck1   1   2   0.000714285714  

Lms   2   3   1.6  

Rd1   3   4   10  

Lmb   4   0   1.8  

Ck2   4   5   0.000862068966  

Rd2   5   0   15  

.PROBE 

.TRAN 6  6 0 100m  

.END 
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First the suspension system is given a step input for the F(t). The input signal and 

the current that goes through the inductor Mb is show in Figure 1.6.  

 

Figure 1.6: Step Input signal F(t) and Current through Inductor Mb ̧  ɦ 

 

Figure 1.7 shows that the step input of the road (F(t)) will produce large vibrating 

velocity to the vehicles body (ὣ). The ὣ velocity will slow down and it will take up to 4 

seÃÏÎÄÓ ÆÏÒ ÔÈÅ ÖÅÈÉÃÌÅȭÓ ÂÏÄÙ ÔÏ stop moving which is a long time. Next is shown how the 

circuit reacts to an impulse signal. The F(t) signal will represent a bump in the road and the 

results describe the response of the suspension system. The code in this case will remain 

the same except for the input voltage which is written in Code 2: 

Code 2: Impulse Signal Representing a Bump in the Road 

Vroad 1   0   PULSE(0V 1V 1s 1us 1us 0.5s 40s)  

The response of the system due to this input is shown in Figure 1.7.  
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Figure 1.7: Impulse Input Signal V(1) [ F(t)] and Current through Inductor Mb I(Lmb) [  ̧ɦ] 

 

The figure shows that the system will have a greater vibration in the beginning but 

the time of recovery will be slightly different.  

An important parameter to calculate is the resonance frequency of the system. In 

this frequency the suspension system oscillates at its maximum amplitude. This frequency 

is used to coordinate the control system to give a signal that will revolve around this value. 

To find this frequency an AC analysis of the circuit is done using PSPICE. To determine the 

resonance frequency, the system is fed with a sinusoidal sweep voltage that ranges from 

the smallest to the highest possible frequency that the system is expected to operate on. 

The Code 3 for this type of analysis is shown.  

Code 3: Frequency Analysis of the Suspension System 

Suspension System  

Vroad 1   0   AC 1  

Ck1   1   2   0.000714285714  

Lms   2   3   1.6  

Rd1   3   4   10  

Lmb   4   0   1.8  

Ck2   4   5   0.000862068966  

Rd2   5   0   15  

.AC OCT 1000 0.0001 15  

.PROBE 

.END 

 

The current that flows through inductor Mb vs. frequency is shown in the Figure 1.8. 
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Figure 1.8: Current through Mb with Respect to Frequency 

The graph above shows in distinction the value of the resonance frequency when 

the body of the vehicle achieves maximum oscillation. The system will resonate at around 

2.7Hz and at this frequency the velocity of the vehicleȭs oscillations can grow up to 0.1m/s 

with a force of just 1N peak produced by the road.  

The results of this section are necessary in the development of the control system 

used to eliminate the vibrations of the vehicles body. The electrical circuit derived will be 

used in the following sections as a reference for the different types of circuitry needed to 

achieve this goal.  
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2. System Design: Block Diagram  

After analyzing the system an overall block diagram was designed to have a general 

view of the signal flow of the shock absorber system.  This signal path was designed based 

on the mechanical system previously shown. The overall block diagram of the system 

design is shown in Figure 2.1. Specific parameter for each of the modules will be provided 

in a later section. 

Current Dirver 

AC to DC 

Converter 

Signal 

Conditioning

Controller

Coil

Road Condition

Road Effect

Signal

Velocity

Signal

Control

Voltage

Controlled Current

DC Voltage

 

Figure 2.1: Overall Block Diagram 

The road condition module generates a force similar to the effects of a bumpy road. 

The signal condition module records the movement provided by the road condition module 

and provides a modified output signal. This output is processed by the controller to achieve 

the necessary control signal. The current driver uses this signal to control the current 

flowing through the coil. The controlled current flowing through the coil wi ll then cause the 

necessary effects to opposite the force produces by the road condition module. As a result, 

the body of the vehicle will not have any vertical movement regardless of road conditions. 

The AC-to-DC converter module is used to supply the necessary power to the system. 
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3. Road Condition Module  
 

Different road conditions simulations are needed to help construct a control circuit 

for the suspension system. The road system has to produce a variety of forces at different 

frequencies. The road conditions module will be connected to the excitation coil (coil-1) of 

the lower block. The module will create a signal similar to the effect of the road on the 

suspension system and will be controlled by a current source flowing through the 

excitation coil. A magnetic field is created around the suspension mass, Ms , due to the 

interaction between the magnet and the electric field generated at the excitation coil when 

current flows through it. When those fields enter into contact, they attract each other if the 

polarities are opposite and repeal if the polarities are equal moving the model accordingly. 

A DC voltage supply is used to supply this circuit and the coil with the necessary current 

and voltage. Figure 3.1 shows a generic representation of this system.  

Road Condition

 

Figure 3.1: Road Condition and Its Corresponding Connections 

3.1 Prior Art Research  

After an extensive research, many useful way and techniques were encountered to 

implement the Road Condition module. A function generator or oscillator is necessary to 

generate the varying signal. This circuit will produce a variable sine, triangular or 

rectangular signal to represent the different road conditions. The current flowing through 

the excitation coil can be controlled by connecting a transistor in series with it. The 

transistor can then be driven by the output signal of the oscillator which can be manually 

or automatically adjusted.   
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3.1.1 Oscillator  

Different types of oscillators were taken into consideration for our system. First the 

rectangular oscillator was tested. This oscillator did not work properly for this application 

due to the fact that during the high or low states, the step response remained constant for a 

period of time. This caused a large amount of current flowing through the coil consequently 

sinking most of the voltage supplied by the DC power supply. 

Many methods and ICs were found that generated a sine wave such as a digitally 

controlled sine wave generator. It was able to produce an accurate sine wave with an 

adjustable frequency. This generator however, required different IC components to 

produce the desired output which were expensive and not simple to implement. The 

system schematic required to produce the sine wave generator is shown in Figure 3.2. 

 

Figure 3.2: Digital Controlled Sine Wave Generator (3) 

After a more carefully analysis of the system it was concluded that a triangular wave 

was more suitable to implement as part of the road condition module. Continuing with the 

research, many techniques were found to generate triangular waves. One triangular wave 

generator technique in particular called the attention. It only uses two op-amps, one 

capacitor and a few resistors. This means it will be inexpensive and very simple to 

implement. From the generic schematic shown in Figure 3.3 it is clear that this particular 

wave generator seems to be appropriate for the system. 
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Figure 3.3: Generic Triangular Wave Generator 

This triangular wave generator can be implemented with two main circuit blocks. 

One is an integrator circuit which is composed of one op-amp, one capacitor and one 

resistor with a negative feedback configuration. The second circuit block is a comparator or 

similarly known as a Schmitt Trigger which is composed of one op-amp and one resistor 

configured in a positive feedback. The result of combining those two circuit blocks gives a 

triangular and a square wave. The triangular wave is the output of the integrator circuit 

block and the rectangular wave is the output of the Schmitt Trigger circuit block.  

The configuration of the Schmitt Trigger consists of an op-amp and a resistive 

voltage divider connected in a positive feedback path. The negative input of the op-amp is 

connected to ground. When an op-amp is connected for positive feedback, its output can be 

either high (positive) or low (negative) if there is a slight change in Vin. When the op-amp is 

connected to the voltage supplies +Vss and -Vss, only two stable states are expected from 

this op-amp configuration. When the input voltage exceeds few positive mV the output 

voltage becomes positive. When the input falls below a few negative mV the output voltage 

becomes negative. The Schmitt trigger and its output are shown in Figure 3.4 .   
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Figure 3.4: Schmitt Trigger Circuit and its Output 

The configuration of the integrator consists of an op-amp connected with a 

capacitor in a negative feedback loop. The signal is entered into the negative input of the 

op-amp which is connected to a resistor. The positive input of the op-amp is connected to 

ground. When an op-amp is connected in a negative feedback with a capacitor the output 

signal is the integral of the input one. This occurs because the capacitor current and voltage 

change with respect to time. This means that if we add a constant positive voltage to the 

input, we expect to see a ramp with positive slope as time changes at the output. An 

example of the integrator operation is shown in Figure 3.5 when a square signal is applied 

to its negative input while the positive input is connected to ground. 

 

Figure 3.5: Integrator circuit and its output 

The combination of these two circuits gives an overall operation that is ideal for 

application in the system. The expected behavior of this oscillator and its diagram are 

shown in Figure 3.6. 
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Figure 3.6: Triangular Wave Generator and its Outputs 

3.1.2 Controlled Voltage Source 

After careful analysis it was concluded that a transistor is able to control the current 

needed to drive the excitation coil. A Bipolar Junction Transistor (BJT) will be able to drive 

this current efficiently. The design of the road condition module is described in the 

following section.  

3.2 Road Condition Block Diagram  

Using the information gathered from the previous section the block diagram of our 

Road Condition module is shown in Figure 3.7. 

 

Road

Condition

Triangular Oscillator

Voltage Controlled Source

Coil

 

Figure 3.7: Road Condition Block Diagram 
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Using this diagram and the information gathered we constructed our module to 

simulate the road conditions in our model. In the following we will describe the design and 

construction of each of the sub-modules.  

3.2.1 Oscillator Design  
 

As we discussed in the previous sections a triangular wave generator is going to be 

used to represent the road conditions of the system. To achieve this it was concluded a 

circuit that consists of a Schmitt trigger and an integrator needed to be constructed. From 

the previous analysis the resonance frequency of the system was found to be around 2.7 

Hz. Therefore the frequency range of the signals should include this value. Also the output 

signal was chosen to have maximum amplitude of 10V to limit the number of power 

supplies. The circuit of the triangular wave generator is shown in the Figure 3.8.  

 

 

Figure 3.8: Final Triangular Wave Generator Schematic 

The components of the circuit are supplied by a 10V DC source labeled VCC. The 

negative rails of the op-amps are connected to ground to limit the number of voltage 

supplies to one. Due to this change a 5V DC reference voltage was added to the negative 

input of the Schmitt Trigger and to the positive input of the integrator to represent virtual 
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ground. This means that the oscillations will be riding at a 5V DC. The resistors R5 and R7 

are used as a voltage divider to achieve this desired voltage from the 10V DC source. 

Two potentiometers were added to control the amplitude and frequency of the 

output signal.  Potentiometer R2 in series with the resistor R1 will  achieve variety in the 

amplitude of the oscillations. The maximum value of R2 ×ÁÓ ÃÈÏÓÅÎ ÔÏ ÂÅ υËЏ ÔÏ ÌÉÍÉÔ ÔÈÅ 

maximum frequency range of the output signal to 20 Hz. In order for the circuit to generate 

oscillations, the condition (R1 + R2Ɋ І 25 І ρ ÉÓ ÒÅÑÕÉÒÅÄ ÂÙ ÔÈe frequency equation shown in 

Equation (3). This means that when potentiometer R2 is off, the minimum value of (R1 + R2) 

Ѐ υËЏ ÔÈÅÒÅÆÏÒÅ ÍÅÅÔÉÎÇ ÔÈÅ ÒÅÑÕÉÒÅÄ ÃÏÎÄÉÔÉÏÎ ɉ21 + R2Ɋ І 25 І ρ ÔÏ ÇÅÎÅÒÁÔÅ ÏÓÃÉÌÌÁÔÉÏÎÓȢ 

(4) 

Ὢ=
1

4 ὅz1ᶻὙ3+Ὑ4
ᶻ
Ὑ1+Ὑ2

Ὑ5
        (3)  

Potentiometer R3 was added in series with the resistor R4 to vary the frequency of 

the signal. The maximum value of R3 ÉÓ ÃÈÏÓÅÎ ÔÏ ÂÅ ρ-Џ ÔÏ ÌÉÍÉÔ ÔÈÅ ÍÉÎÉÍÕÍ ÆÒÅÑÕÅÎÃÙ 

range of the output signal to 0.244 Hz. The same reasoning was used to determine the 

values of R1 and R4. The capacitor C1 was chosen 1µF to allow the circuit to work in low 

frequencies. Calculations of these frequencies using the frequency equation are shown 

below. 

 

When the potentiometer R2 Ѐ υ+Џȡ 

 

 

 

 
 
When the potentiometer R2 Ѐ πЏȡ 
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Simulation Results 

The results above were used to simulate the triangular wave oscillator. To verify the 

proper operation of this circuit both potentiometers were set to their maximum values and 

simulated for about 500mS. The signal at the outputs of the Schmitt Trigger and integrator 

are shown in Figure 3.9. 

 

 

Figure 3.9: Wave Generator Simulation Outputs of Node-4 & Node-V7 

The figure shows that the desired voltage was achieved. Once the proper operation 

of the circuit was proved, its maximum and minimum frequencies were tested when R2 = 

υ+Џ. This time only the output signal of the circuit was observed. The results obtained are 

shown in Figure 3.10. The simulations showed that ὪάὭὲḙ0.4 Ὄᾀ ὥὲὨ Ὢάὥὼḙ20 Ὄᾀ which 

are the same frequencies estimated by the frequency equation.  

 

Figure 3.10: aƛƴ CǊŜǉǳŜƴŎȅ ǿƘŜƴ wн Ґ рYҠ ŀƴŘ aŀȄ CǊŜǉǳŜƴŎȅ ǿƘŜƴ wн Ґ лҠ 
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Next the circuit was tested for varying amplitude. This time potentiometer R2 was 

adjusted. The results are shown in Figure 3.11. The simulations showed that as R2 was 

adjusted, the amplitude of the output signal changed with respect to time.  

  

Figure 3.11; Varying Amplitude at Min & Max Frequency 

 The results of the simulations also show that the circuit will perform efficiently and 

give the adequate signal to be used by the current controller . Examples of different output 

signals due to randomly adjusting the two potentiometers are shown in Table 3.1.   

Table 3.1: Varying Amplitude at Different Frequencies 
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Prototype  

Research for the components needed to build the circuit was done after the desired 

behavior was obtained from the simulation results. These components were located 

through the use of websites like Dig-key and Mouser. The TL082 op-amp is shown in  

Figure 3.12.  

 

Figure 3.12: TL082 op-amp (4) 

The behavior of the output voltage with respect to different loads and the bode plot 

diagram of this component are shown in the Figure 3.13.  

 

Figure 3.13: Characteristics of TL082 op-amp (4) 

4ÈÅ υ+Џ ɉ53C15KɊ ÁÎÄ ρ-Џ ɉ381N1MEG) potentiometers that we needed for the 

circuit are shown in Figure 3.14. The complete oscillator circuit including all its 

components is also shown in Figure 3.14. 


