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Abstract

The objective of this project was to design a dynamic suspension system that
minimizes the vertical oscillations of the vehicle’s body regardless of different 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
vehicle’s 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.



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 using this model and Newton’s laws. 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 the model’s velocity. 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 model (automobile’s body). The 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 can go, it would be nothing if the driver couldn’t control the car. That is why a
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
shock absorber. With the use of electronic circuits, the system will analyze the wheel’s
movement and adapt the vehicle to maintain constant stability. In effect, the vehicle’s body
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



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)



1. Electrical Transformation 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

the vehicle’s body. (2)

Piaston Check

Y Fully Threaded
Outer Body

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

The suspension system is represented in relation to the spring’s constants (K: and
K2), damping coefficients (d1 and d2) and masses of the body and suspension system (M
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.

A
Body Mass Kb
Y
[T coil 2 ] L
k2 d2 L‘J
t : |
Suspension Mass Ms
x| i
k1 d1| -]
[..] Coil 1 [=x]

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:
Mb = Vehicle body mass = 1.8kg

Ms = Vehicles suspension mass = 1.6kg
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k1 = spring constant of wheel and tire = 1600N/m
k2 = spring constant of suspension = 1400N/m

d1l = damping constant of wheel and tire = 10Ns/m
d2 = damping constant of suspension = 15Ns/m

X = displacement of suspension

Y = displacement of vehicle's body

The mass of the suspension and the vehicle’s 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 F = kx = mg, where k

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

obtained is g = % 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 F(t), 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 F(t) 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: F(t) = force due to the uneveness of the road
kiX = force of the wheel spring = k; * displacement
d,X = force of the wheel damping = damping * velocity
MsX = force of the suspension system = mass * acceleration
k,(Y — X) = force of the suspension spring = k, * displacement
d, (Y - X) = force of the suspension damping = damping * velocity
Mb: k,(Y — X) = force of the suspension spring
d, (Y - X) = force of the suspension damping
MbY = force of the mass of the vehicle body
The ki 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.
F(t) = MsX + k1X + d1X + k2(Y — X) + d2(Y — X) (1)

MbY = k2(Y —X) + d2(Y — X) (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 X and Y 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 resistoris V =1 * R and since
I = X or Y 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

: : dl o 1
drop of an inductor is V = LE and of the capacitor isV = EfI, the masses of the system

: 1 . . .
were represented as inductors and the ~ 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.

. [ A
11
Ms 1/k1 d1
. d4z
X )
Fit) Y Mh
%mcz

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 Y 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 (OV 1V 1s lus lus 20s 40s)
Ckl 1 2 0.000714285714

Lms 2 3 1.6

Rdl 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 My, is show in Figure 1.6.

ou(1)

-

o
L

<

Figure 1.6: Step Input signal F(t) and Current through Inductor M, Y

Figure 1.7 shows that the step input of the road (F(t)) will produce large vibrating
velocity to the vehicles body (Y). The Y velocity will slow down and it will take up to 4
seconds for the vehicle’s body to 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 (OV 1V 1s 1lus 1lus 0.5s 40s)

The response of the system due to this input is shown in Figure 1.7.
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Tine

Figure 1.7: Impulse Input Signal V(1) [ F(t)] and Current through Inductor Mb I(Lmb) [Y']

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

Ck1l 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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BHz 2Hz 4Hz 6Hz 8Hz 168Hz 12Hz

Frequency

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 vehicle’s 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.

Road Condition

Road Effect
Signal

Signal
Conditioning

Velocity
Signal AC to DC
" Converter

Controller

Control
Voltage

. DC Voltage
Current Dirver

A

Controlled Current

\ i

Coil

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 will 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.

T Body Mass Mb
¥ [T coit 2 [ ]
Road Condition K2 a2 L"J
X L ‘ Suspensi«:br:l Mass Ms ‘
L5 1
k1% di| -
—F ] Coil 1 [+ ] HJ

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.
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2323

XTAL
10MHz

e
1
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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 Vi,. 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.

INTEGRATOR
C1
+Vss * /\\ B
Vin B Vout
M Vout I\/ \/
= -Yes

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.

10v A~
| 25kQ
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10kQ 8 c1
5
. =
— WF_ 0
s = — 1
~uia e : =
R7 TLOB2CD J\Xﬁ\r A ~us
?Okn s R3 25kQ TLbs2cD LoV,
, MQ  50% "
VCC Key=A .
0 vee| N v |
v 1
£ — vee
, RI éRZ
,7_/\/\/\,_%7
5kQ sa
Key=A °
RS
A~

5kQ

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 Rs and Ry

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 R; in series with the resistor R; will achieve variety in the
amplitude of the oscillations. The maximum value of Rz was chosen to be 5k( to limit the
maximum frequency range of the output signal to 20 Hz. In order for the circuit to generate
oscillations, the condition (R1 + R2) 2 Rs = 1 is required by the frequency equation shown in
Equation (3). This means that when potentiometer R is off, the minimum value of (R1 + Rz)
= 5k() therefore meeting the required condition (R1 + R2) = R5 = 1 to generate oscillations.
(4)

f= 1 , R1+R2
"~ 4xC;*(R3+R4) RS

(3)

Potentiometer Rz was added in series with the resistor R4 to vary the frequency of
the signal. The maximum value of Rz is chosen to be 1M(} to limit the minimum frequency
range of the output signal to 0.244 Hz. The same reasoning was used to determine the
values of R; and R4. The capacitor C; was chosen 1uF to allow the circuit to work in low
frequencies. Calculations of these frequencies using the frequency equation are shown

below.

When the potentiometer Rz = 5K(0:

o= 1 L SKQ+5SKQ) oo
mn- 4. (1uF)- (1 MQ + 25 KQ) 5KQ
;o= 1 . (5KQ + 5KQ) 0
max— 4. (1uF)-(0Q + 25 KQ) 5KQ
When the potentiometer Rz = 0():
froi = . . (5KQ + 00) =0.244 Hz
mn 4. (1 pF)- (1 MQ + 25 KQ) 5KQ
o= 1 . (5KQ+ 0Q) o
max- 4. (1uF)-(0Q + 25KQ) 5KQ
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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.
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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 R; =
5KQ. This time only the output signal of the circuit was observed. The results obtained are
shown in Figure 3.10. The simulations showed that f,,,;, = 0.4 Hz and f,,,, = 20 Hz which

are the same frequencies estimated by the frequency equation.
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Figure 3.10: Min Frequency when R2 = 5KQ and Max Frequency when R2 = 0Q
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Next the circuit was tested for varying amplitude. This time potentiometer R was
adjusted. The results are shown in Figure 3.11. The simulations showed that as Rz was

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

Varying Aniplitude at Low Frequency Varying Amplitude at Max Frequency
100 LTI 100
Y BT i1
LDED 6] 8] E 67 i
> >
‘Jil 30 3l ﬂil 3l 30
T 3 KKK 13
E 5
o 17 8 17
U 9]
I ‘ ‘ . T 0 0 T ‘ T T 0
0 1 10 0 4 30 0 000 40 m £00 I 300 10
Toue () e 5)

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 TLO82 op-amp is shown in
Figure 3.12.

DIP/SO Package (Top View)
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NONINVERTING INVERTING INPUT 8 p A0y
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T INPUT B waowe. Y 12 3 4 T
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Figure 3.12: TLO82 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.
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Figure 3.13: Characteristics of TL082 op-amp (4)

The 5KQ (53C15K) and 1M(Q (381N1MEG) 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.
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Figure 3.14: Triangular Wave Generator Circuit

After the circuit was built, it was tested extensively for various real road scenarios.
To do this, the potentiometers were manually adjusted to a random value to test the
reliability and efficiency of the circuit. The results were positive and some of these are
shown in the following figures. Figure 3.15 shows the maximum and minimum frequencies
produced by the circuit. Figure 3.16 shows the results when the potentiometers are

adjusted to a random value.
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Figure 3.15: Oscillator at Maximum and Minimum Frequency
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Figure 3.16: Oscillantnor“at a Random Frequency

3.2.2 Voltage Controlled Source Design

The signal from the triangular oscillator is used to drive our voltage controlled
source. The design for this module consisted of a B]T that is able to handle the current
flowing through coil-1. A Darlington connection was used due to the magnitude of the

current. The connection of this circuit is shown in the Figure 3.17.

VCC

Y

R8

300mQ
D1 4

) ) 1BH62 \
Triangular Oscillator L1

3500uH
1

_>.;2 Q2
BCX38B
0

=

Figure 3.17: Voltage Controlled Schematic and Its Corresponding Connections

The figure shows that the signal from the triangular oscillator is connected to the
base of the Darlington. The collector is connected to coil-1 which is supplied with the

necessary signal by a DC voltage supply. A diode is connected in parallel with the coil for
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protection and safety precaution. The excitation coil internal resistance is labeled Rg which
was measured to be close to 300m(Q and its inductance is labeled Li. The value of L; was
calculated by connecting a resistor in series with the coil and a function generator. Figure

3.18 shows this connection.

Y~

o f=50kHz
N Z
o

Figure 3.18: Comparison of voltages V, and V, (6)

The circuit is supplied with a sinusoidal wave. To simplify the calculation, w (27f)
and R are chosen such that R >> wL >>r or wL >> R >>r. This is accomplished by choosing
R = 24kQ and f = 50 kHz. An oscilloscope is used to measure the peak-to-peak voltage
across Z (V;) and R (Vr). Since V;, = I * X; equation (4) is derived. (6)

_V_Z _ VzwL ~V_Z
VL—ZWL——W~RWL (4)

The value for w was calculated to be about 314E+3 rads/sec as it shown in the

following calculation.

w=2x*mx*f=314x103
The results from the oscilloscope readings are: V, = 0.26 V and V; = 38 V. This
gave all the information needed to calculate the inductance of the excitation coil. The value
obtained after the calculation was performed was about 523uH. For simplicity, the value L,

= 0.5mH was chosen to be used in the simulations.

L=22%~0523mH

Vzw
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The voltage drop across the transistor changes if the current applied to its base
changes. This causes a change in the current flowing through the inductor L; which varies

its electric field. As a result, the magnitudes of the oscillations on the suspension system

also change.
Simulation Results

The circuit was simulated using the MULTISIM program to analyze its output
signals. The Darlington was supplied with a 5V DC voltage source for simulation purposes.

The results obtained are shown on Figure 3.19.
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Figure 3.19: Input and Output Signals of the Voltage Controlled Source at Minimum Frequency

The simulation results showed that when the transistor was driven by a triangular
wave at a frequency of about 0.4Hz the current in the coil ranges from about 0A to about
10A at the same frequency. This changing current will then generate the required electrical
field to create the effect of a bumpy road on the wheel. When the transistor experiences a
triangular wave at a frequency of about 20Hz the current in the coil also ranges from about

0A to about 10A at the same frequency as it shown in Figure 3.20.
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Figure 3.20: Input and Output Signals of the Voltage Control Source at Maximum Frequency

Prototyping

The components needed to build the designed circuit were researched after the
desired behavior was obtained from the simulation results. The inductor labeled L; for the
circuit was the excitation coil from the mechanical system. The Darlington transistor used
for this circuit is the QM50DY-2H and the type of diode used is the 1BH62. Figure 3.21 and

Figure 3.22 below show the transistor and its characteristics respectively.

34
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Figure 3.21: QM50DY-2H transistor (6)

33



COMMON EMITTER OUTPUT DC CURRENT GAIN VS.

CHARACTERISTICS (TYPICAL) COLLECTOR CURRENT (TYPICAL)
100 T — 2 T T
Ti=28°C le=2.08 azff~] Vee=5.0V
< L — 102 =T - ‘\?‘%’f
o 80 ~T 1le=1.0A— w St P W
_ /1 = A N
z V le=0.5A z 1 Pl 7
o 50 L I = Vee=2.8V
o f// @ 3p )
3 r l8=0.3A" - 2 K
40 o o« i\
E /,/ le=0.1A > 102 -‘!‘
o 7 Wy
Z 2 ’b a8 s it
) 4] — Ti=25°C N
/ 3|mmm Ti=125°C
0 4 2 L1 11
0 1.0 20 3.0 4.0 5.0 100 2 345 71017 2 3 45 7102

COLLECTOR-EMITTER VOLTAGE Vce (V) COLLECTOR CURRENT Ic (&)

Figure 3.22: Characteristics of the transistor (6)

The circuit built for the voltage controlled source is shown in Figure 3.23. Only one
of the diodes is used in a parallel connection with the transistor. The figure also shows the
heat sinks used to keep the transistors and diodes from overheating. The complete circuit

of the road condition module is shown in the appendix A.

Figure 3.23: Voltage Control Source Circuit

The results aquired from the circuit built were similar to the ones produces by the
simulations. A major difference was the amount of current that the coil and the B]JT drew
from the power supply. Simulations showed that the circuit needed up to 10A of current to
operate. In reality the circuit drew around 20A which is twice as much as the predicted
current from the power supply. The voltage needed to drive this current flunctuated

between 15V to 3V.
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4. Signal Conditioning

The signal condition module will record and modify the movements of the vehicle’s
body produced by the road condition module. Its objective is to read these vibrations
caused by the bumpy road and transform them into a signal. The detailed block diagram of

this module is shown in Figure 4.1.

Signal
Conditioning Accelerometer
Acceleration
Signal
Integrator
Velocity
Signal

Figure 4.1: Block Diagram of the Signal Conditioning Module
The figure shows that an accelerometer and an integrator are used in this module. The
accelerometer will provide with the acceleration signal of vehicle’s body while the
integrator circuit will produce its velocity. These sub-modules are described in details in

the following sections.

4.1. Accelerometer

After some accurate research, the DE-ACCM3D accelerometer was used to measure the
time variant acceleration of the model. Figure 4.2 shows the accelerometer and its

dimensions.
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Figure 4.2: Accelerometer (7)

The DE-ACCM3D's features include:

. 360mV s .
- Ability to measure up to + Tm (g = gravitational acceleration = 9.81 :n—z)

- A wide range operating voltage (3.5 to 15V with an onboard regulator)
- Reverse voltage protection

- Output short protection

-integrated power supply decoupling

-Triple axis measurement

The accelerometer also allows the control of its sensitivity by varying the supply

voltage provided to power it. Table 4.1 shows the typical sensitivities at deferent operating

voltages
Table 4.1: Sensitivity of Accelerometer for each Operating Voltage
Operating Voltage Sensitivity
3.6V 360 mV/g
3.33V (Default when using onboard regulator) 333 mV/g
3.0V 300 mV/g
2.0V 195 mV/g

Any operating voltage above 3.6 V will produce a sensitivity of 360 mV/g. Since the

sensitivity of the device varies significantly with the supply voltage, a voltage regulator is
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needed to keep the supply voltage constant and hence eliminate variations in the

sensitivity of the accelerometer.

The onboard regulator of the accelerometer was used in this case to reduce the
number of the components needed. A bypass capacitor of about 100pF was connected to
the output of the regulator pin as directed by the manufacturer of the accelerometer. The
regulator was supplied with 5V DC by choice since the sensitivity will remain 360mV/g.

This will give the output signal of the accelerometer a virtual ground at 2.5V DC.

The accelerometer has three output ports that measure the acceleration depending
on the way it is tilted. Since for this application there are only vertical movements, the X
and Y outputs are left open and only the Z output is used. The output signal of the
accelerometer is the acceleration of the model. This signal is then supplied to an integrator

for modifications. Figure 4.3 shows this output signal.

Tek ANk @ Stop M Pos: 00005 MEASURE
+
CHZ2 Off
Pk—Pk
CHZ2 Off
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M 10.0rns

28-0ct-05 1415
Figure 4.3: Accelerator Output Signal
The accelerometer is powered up by a 4V DC for proper operation. The accelerometer is
quaked vertically and the Z output is connected to the oscillator to show the output signal
in Figure 4.3. The output signal of the accelerometer is the acceleration of the model. This
signal is then fed to an integrator circuit for desired modifications as it is explained in the

following section.
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4.2. Integrator

After obtaining a voltage signal that represents the acceleration of the vehicle’s body
modifications to this signal are done to obtain the velocity of the system. Using the
knowledge that velocity is the integral of acceleration, an integrator circuit is needed to
find the time variant velocity of the suspension system. Equation (5) shows the calculation

that will be represented by this circuit.

v(t) = A a(t)dt (5)

The integrator circuit will be similar to the one used in the oscillator for the road
condition module. An analog approach for implementing this circuit was chosen because it
was cheap and easy to implement. Figure 4.4 shows the schematic diagram of the

integrator that was built.

1T
200uF
R2
A 6
8005
T o
Signal From Rl 4 g
Accelerometer 800n
Velocity of the Car

Figure 4.4: Integrator Circuit

The LM348N op-amp rails were powered with a 15V DC voltage and ground to
eliminate the need of using two independent voltage supplies. Since the output signal of the
accelerator has a DC offset of 2.5V the output of the integrator will always be at its
maximum peak. In the beginning a coupling capacitor was added at the input of the

integrator to block the DC offset. A large capacitor is needed because the signal that is
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integrated runs at very low frequencies. However using large capacitors was very
unpractical and inefficient. Therefore a decision was made to subtract out the DC offset

instead.

The voltage divider at the non inverting input of the op-amp will not only subtract
out the DC offset but also bring the DC level of the output down to 7.501V which is
approximately halfway of Vcc This produces a wider range of voltages for the input to
swing without hitting the rails on the output. An important observation was that the
integrator requires that the DC level of the input signal remains constant or it will give the

wrong output signal.

The AC analysis of the integrator was performed to help find out how it performs
over the appropriate frequency range. The frequency range that the integrator should
perform is more or less between 0.2Hz to 20Hz. However it was almost impossible to
design an integrator that would work properly in that frequency range. Therefore the
specifications of the integrator were modified so it worked properly between 0.8Hz and
10Hz. The problem with the integrator designed was that its gain fell very fast with
increasing frequency. As a result the output of the integrator at the maximum frequency is
greatly diminished. Figure 4.5 and Figure 4.6 shows the frequency response of the

integrator.

AC Analysis
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Figure 4.5: Magnitude Plot of the Frequency Response
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Figure 4.6: Phase Plot of the Frequency Response

A function generator was used to supply the integrator to show its performance at
different frequencies. The integrator was supplied with square wave signals at different
frequencies to represent the output signal of the accelerometer. The input voltage had an
offset of 2.5V to represent the virtual ground of the accelerometer output signal. Figure 4.7

shows the input and output of the integrator operating at 10 Hz frequency.

Transient Analysis
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Figure 4.7: Input and Output Signals of the Integrator at 10Hz Frequency
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As shown the integrator is able to produce a perfect triangular wave but the
magnitude of the output waveform is greatly diminished. Figure 4.8 shows the output of

the integrator when the input signal is a square wave at 0.8Hz.

Transient Analysis

4
Time (5)
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Time (3)
Figure 4.8: Input and Output Signal of Integrator at 0.8Hz Frequency

The quality of the output signal at 0.8 Hz is not as good as that at 10Hz because the
capacitor is charging and discharging faster than the square wave is running. But
increasing the value of the capacitor greatly reduces the magnitude of the output wave at
10Hz so we decided to keep the capacitor value at 200uF. Figure 4.9 shows the output of

the integrator at a frequency halfway between the operating range 5Hz.
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Transient Analysis
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Figure 4.9: Input and Output Signal of Integrator at 5Hz Frequency

The integrator circuit was constructed and analyzed using the simulation program
MULTISIM. Unfortunately; the actual construction of the circuit was unsuccessful. The
signal from the accelerometer had much distortion and ranged in very low frequency which
made the performance of the integrator inefficient. Therefore due to time consumption and
after many tries the construction of the integrator was not concluded. The simulations

performed in this part were valid and were used in the subsequent parts of this report.
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5. Controller

The goal of the controller was to produce the desired action to completely eliminate the
movement in the vehicle’s body. In section 1 of this paper the suspension system was
represented through two differential equations (1) and (2) and the electrical circuit shown
in Figure 1.5. The damping coefficients, spring constants and the masses of the suspension
system and vehicle’s body were represented by resistors, capacitors and inductors
respectively. The forced produced by the road condition F(t), was the supply voltage of this
circuit while the currents X and Y represented the vertical velocities the system moved.
The circuit was simulated and the results in Figure 1.6 showed that the vehicle’s body Mb
will oscillate with a vertical velocity Y for different road conditions and it took
approximately 4 seconds for this velocity to go to zero which is a long time. These results
confirmed that there is a need for a control signal that eliminates the movements of the
vehicle’s body and therefore keep the Y as close to zero as possible. Figure 5.1 shows the

circuit with the control source connected.

1/k1 Ms a1
Il 2 e 3
1 STATA" 1
*
1 x e ==
5
i %Mh
F{I} d2 §G
+ ~Veontrol 0

Figure 5.1 Electrical Representation of Suspension System

For the current in the inductor Mb to come to zero, the control voltage has to bring
the voltage across it also to zero. In other words the Vcontrol source must supply a large

enough voltage to create a short circuit in node 4 therefore making Y go to zero. The
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control voltage source will be dependent on the current Y since it changes due to different
road conditions (F(t)). Through different analysis of the circuit in Figure 5.1 it was
conluded that the proportional controller circuit shown in Figure 5.2 will achieve the

desired voltage.

Reference | —Jpm — System - Required C.urrf.?.nt
though the coil

Sensor

Figure 5.2: Controller

A proportional controller is a control loop feedback mechanism that attempts to
correct the error between a measured variable and a desired set point. The controller will
calculate and then output a corrective action that can keep the error recorded to a minimal.

(9) The block diagram of the controller is shown in Figure 5.3.

Controller

Difference N Target

Reference
Voltage
Error
Signal

Proportional Signal

Control
Voltage

Figure 5.3: Block Diagram of Controller

The analysis and analog implementations of this type of controller are shown in the

following sub-sections.
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5.1. Difference Amplifier

As mentioned in the previous section the controller is used to correct the error
between a measured variable and a desired set point. The desired set point for this
suspension system is the zero movement of the vehicle’s body. This means that the desired
vertical velocity of Mb is zero. In Figure 5.3 this is represented as the target sub-module.
The measured variable in this case is the actual vertical velocity the vehicle’s body has due
to different road conditions. The error signal is the difference between these two signals.
Since the desired value of the velocity Y is zero the error signal will than be the inverse of
the recorded velocity Y. This explain the reason of the Vcontrol source connection in Figure

5.1.

The error signal explained above will be applied only on the PSPICE simulations
done to find Vcontrol. In reality the velocity calculated and produced by the signal
conditioning module has a DC offset of 7.5V. The signal is also inverted by the integrator
that obtained the velocity in this module. Therefore the signal produced by the signal
conditioning module is the error signal used in this controller. The figure 1 circuit is

simulated in PSPICE using Code 4.

Code 4:PSPICE Representation of Suspension System

Suspension System

Vroad 1 0 sin(0 1 3)

Ck1l 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

Vcontrol 0 6 O
. PROBE

.TRAN 500ms 500ms 0O 10m
.END

The Vcontrol source is connected in reverse due to its dependence on the inverse of
current Y. The Vroad source is the F(t) of force produced to the suspension system by

different road conditions. The circuit is supplied with a sinusoidal signal of amplitude 1V
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and 3Hz frequency. The supply signal and the current through the suspension and body of

the vehicles are shown in Figure 5.4.
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Figure 5.4: Velocities (Y) I(Lmb) and (X) I(Lms) due to Force F(t) (V(1))

The simulation showed that when the system is supplied with a sinusoidal force of
1N peak with 3 Hz frequency the velocity of the oscillations in the vehicle’s body (Mb) will
be up 0.063 m/s peak while the suspension system will have a velocity of 0.033m/s peak.
The Vcontrol of Figure 5.1 was given the value of the error signal to see the change that it
would have to the Y velocity. The change in the PSPICE code is given in Code 5. The entire
PSPICE code for this module is shown in appendix B.

Code 5: Control Source with Error Signal as Value

Econtrol 0 6 Value={I (Lmb)}

Since the Vcontrol is a dependent source the name in the PSPICE code had to change
to Econtrol to eliminate errors in the program. The code shows that this source is given the
value of the Y current and connected in reverse to simulate the error signal. The results in
the oscillation velocity of Mb were unnoticeable. This analysis concluded that the error
signal obtained needs to be amplified to have any effect in the vertical velocity of the

vehicle’s body.
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5.2. Proportional Amplifier

The proportional amplifier sub-block will amplify the error signal to a certain value.

The circuit used for this amplifier is shown in Figure 5.5.

.

R2p

Rip

5M0
10 10k _ 30
Rip
100M0)
@Hp 0
i

Figure 5.5: Proportional Amplifier Circuit

=]

=+

The circuit above is an inverting amplifier where Elp is the error signal and the
resistors R1p and R2p are used to amplify the signal while R3p is used for reference. The
output signal of this circuit is given from equation (8)

V(30) = Kp * V(10) where Kp = —gﬁ (8)

1P

The PSPICE code of this circuit is given in Code 6.

Code 6: Proportional Amplifier

*Proptional Amplifier

Elp 10 O value={I (Lmb) }

Rlp 10 20 10k

R2p 20 30 RMOD 1

Xlp O 20 30 OPAMP

R3p 30 O 100MEG

*Determine the different constants
.MODEL RMOD RES (R=1)

.STEP RES RMOD(R) 10k, 5000k, 1000k

Code 6 is added to the PSPICE Code 4 to display the performance of the suspension
system after the modifications to the error signal. The resistor R2p was changed as a
potentiometer to determine the constant Kp that will reduce the Y current the most. This
resistor starts at 10kQ and goes up to 5MQ by a step of 1000. This will make the Kp
constant start from 1 and go up to 400 with a step of 100. Due to the fact that the
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proportional amplifier inverts the error signal while amplifying it the Vcontrol connections
in Figure 5.1Error! Reference source not found. change directions. The output voltage signal
obtained from the proportional amplifier is now used as the Vcontrol voltage. Also the
input signal was change to a step input to better determine which Kp to use. This code

changes are shown in Code 7.

Code 7: New connection and value of Vcontrol

Vroad 1 0 PULSE (OV 1V 1s 1lus 1lus 20s 40s)
Econtrol 6 0 Value={V(30)}

The simulation of the vertical velocity of the vehicle’s body Y for different values of Kp is

shown in Figure 5.6.

15mA

16mA

an

s 8.1s 0.25 0.3s .45 8.55 0.6s B8.7s 0.8s .95 1.8s 1.1s 1.25
oo A o I{Lb)
Time

Figure 5.6: Vertical Velocity Y of Vehicle's Body
The results show that the higher the Kp value the smaller the oscillations of the
vehicle’s body. The value of Kp was chosen to be 400. This means that the R2p resistor was

chosen to be 4 M(). The vertical velocities of the suspension system and vehicle’s body and

the force F(t) supplied by the road condition are shown in Figure 5.7.
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Figure 5.7: Input Voltage V(1) (F(t)) and Currents through Ms I(Lms) and Mb I(Lmb)

The vertical velocity Y of the vehicle’s body in Error! Reference source not found.after
the proportional amplification was reduced to 0.003 m/s which is 21 times smaller than
0.063 m/s which is the velocity without the control action. To summarize the controller
circuit the simulations of the input voltage, the control voltage and the current through the

vehicle’s suspension and body are shown in Figure 5.8, Figure 5.9 and Figure 5.10.
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Figure 5.8: Suspension System Signals at 0.2Hz Frequency
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Figure 5.10: Suspension system at 20 Hz Frequency

The control signal Vcontrol produce by this module will have a maximum value of
1.5V when the input signal is 1V sinusoidal wave at resonance frequency of 2.7 Hz. The

analog representation of the controller module is shown in Figure 5.11.
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Figure 5.11: Analog Representation of Controller Module

The controller was built using LM348 Op-Amps as shown in Figure 5.11. To avoid
using two independent supplies to power the controller, the circuit was designed so that it

would run off 15V with a virtual ground set at 7.5V.

To obtain the virtual ground, a voltage divider was used. Large resistor values
(100KQ) were used in this case to reduce the amount of power dissipation. However, the
large resistors produce a lot of high frequency noise. Therefore the 100nF capacitor was
used to filter the noise created by these resistors. The op-amp UZB acts as a voltage

follower.

A function generator was used to obtain the error signal since the circuit in Figure
5.11 does not include the feedback mechanism. The error signal was passed through two
inverting amplifiers which amplified it by a magnitude of 400 which is the value of Kp
obtained before. The purpose of cascading two amplifiers was to produce a non inverted
error signal and also to limit the amount of amplification in a single stage. This will prevent
the distortion of the signal by the amplifiers. The magnitude of the amplification by the

controller can be obtained by equation (9).

_ (Rs Ris) _ 400KQ _ 100KQ _
kp = (Rz) X (Rlé) = Toxa < Toka 400 (9)
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6. Current Driver

The controller output signal is now used by the current driver module to supply the
damper coil with the required current to keep the vehicles’ body stable over time. The
controller signal is fed to a pulse width modulator (PWM) where it is compared with a
triangular wave signal produced by an oscillator. This oscillator is described in detail in the
next section. The PWM will supply the H-Bridge with the appropriate pulse drive voltage to
control the current supplied to the damper coil. Each of these sub-modules is also
explained in detail in the subsequent sections. The circuitry that was used to achieve this

goal is summarized in the block diagram shown in Figure 6.1.

Triangular Wave Generator |- Pulse Width Modulation

Triangular

Wave

Signal
Pulse
Signal

H- Bridge
Current Driver
Controlled
Current
Coil

Figure 6.1: Current Driver Block Diagram

6.1. Triangular Wave Oscillator

To produce the necessary drive voltage the PWM needs to compare the control
voltage from the controller to a triangular wave. To generate this triangular wave the
circuit in Figure 6.2 was built. This triangular wave generator uses a 555-timer to produce
a square wave which is then passed through an integrator circuit to obtain the necessary

triangular wave.
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Figure 6.2: Triangular Wave Generator

The 555-timer is connected to generate a square wave of approximately 50% duty
cycle. The duty cycle and frequency of the 555-timer is controlled by the Ry and R; resistors
and the capacitor Ci. The output signal has to have a high frequency for accurate
simulations of PWM module. The output can be controlled by the expressions defined in
equation (10), (11) and (12). Equation (10) defines the time for highest voltage point for
the rectangular wave. Equation (11) defines the period for the lowest voltage point for the

rectangular wave. Equation (12) expresses the frequency of the rectangular wave. (8)

t; = 0.693 xR, * C (10)
Rl*Rz] [RZ ZRl]

tr = [ * €+ In |32 (11)
1

f:

12
t1+t;, ( )

The components values used produced an output rectangular wave with t; =
0.3534ms, tz = 0.3744ms and f = 1.37kHz. Equation (13) is used to calculate the duty cycle

of this circuit.

t1

b= t1+ty (13)

Therefore, the duty cycle of the output signal of the 555 timer is D = 0.4856 = 49%
which is extremely close to the desired 50% duty cycle. The output generated by the 555-
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timer is shown in Figure 6.3. The amplitude of the output signal is 12V which is the same
voltage V. required to power up the 555-timer. The figure also shows that the output
signals high and low periods are identical. This rectangular wave is then fed into an

integrator circuit which converts this signal to obtain the desired triangular wave.

Transient Analysis
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Figure 6.3: 555-Timer Output

The LM348N op-amp is used for the integrator circuit to obtain the desired output
signal. The positive input of the op-amp is connected to a reference voltage of 6V produced
by the voltage divider network Rs and Re. This reference voltage was chosen so that the
output triangular wave has the same DC offset as the control signal from the controller.
This way the PWM will produce an accurate output to drive the H-Bridge. The capacitor
value for Cz was chosen to be 50nF due to the high frequency of the 555-timer output. The
resistor R4 controls the DC gain of the output. Figure 6.4 shows the output signal of the final

triangular wave oscillator sub-module.
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Figure 6.4: Output of Triangular Wave Oscillator

6.2. Pulse Width Modulation

The pulse width modulation sub-module compares the control signal of the
controller with the triangular wave produced by the oscillator. The output signal will
control the H-Bridge current flow for the damper coil. Figure 6.5 shows the schematic of

this sub-module.

Control
| * P pl
> us
@Vcontrol Xplus R7
10MQ
T ;
= £
Triangle h
> P_minus

@Vtriangle
I Xneg R8
L

Figure 6.5: Schematic of PWM Module

The output of comparator Xplus goes high every time the triangular signal is greater
than the control signal, otherwise it's low. For the complete operation description of the

comparator, please refer to Section 3.1.1. The output of comparator Xneg is opposite to the
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output of comparator Xplus. The circuit was simulated using the PSPICE program. The

generated code presented in Code 8 shows the representation of this circuit in PSPICE.

Code 8: PWM

KKK AR A AR A AR A AR A AR A KRR A IR AR A AR A AR A AN A A AR A A A XA AR AR XXk

* OPAMP MACRO MODEL, SINGLE-POLE *
* connections: non-inverting input *
* \ inverting input *
* \ \ output *
* \ \ \ *
. SUBCKT OPAMP P N T1 HE
Rin P N 100MEG HE
Fa A 0 TABLE {v(p,N)} = 0,0 1u 10 1000,10 H

.k
Rc A T1 100 ;*
Co TL 0 1000p p*
ROUT T1 0 10MEG ;*

.k
.ENDS P

KKK AR A AR AR KR A AR A AR A KRR A IR AR A AR A AR A AR A AR A A A A AR AKX XK

*THIS SECTION WILL GENERATE PULSES FOR H BRIDGE

Vtriangle Triangle O PULSE(2.5V 10V Os 0.365ms 0.365ms .00lps 0.73ms)

Voffset Offset 0 6.75V ;DC offset

Vcontrol Control Offset SIN(0V 3V 100Hz)

Xplus Control Triangle P _Plus OPAMP

Xneg Triangle Control P minus OPAMP

Rplus P plus 0 10MEG ;postive pulse output
Rneg P minus 0 10MEG ;negative pulse output
. PROBE

.TRAN 10m 10m O 1m

.END

The code labeled macro model represents the comparators used Figure 6.5. The
triangular signal (Vtriangle) is simulated identical to the one obtained from the triangular
wave generator. The controller signal (Vcontrol) is simulated as a sinusoidal wave with a
magnitude of 3V at a frequency of 100Hz and a DC offset (Voffset) of 6.75V. The frequency
of Vcontrol is set to 100Hz for simulation purposes. Due to the high frequency of the
triangular wave the simulation is processed for 10mS. Figure 6.6 shows the input and
outputs signals of the PWM sub-module. The P_plus signal is the output of comparator
Xplus while P_minus is the output of comparator Xneg. The simulations proved that the
PWM module works as desired. These output signals are then used to control the current

flow of the H-bridge.
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Figure 6.6: Output and Input Signal of the PWM
6.3. H-Brige
The pulse signals P_plus and P_minus are used to control the current flow through

the H-Bridge. The H-Bridge circuit allows to acquire a bipolar current flow through the

damper coil when the pulse signals are applied to it as it is shown in Figure 6.7 schematic.

1
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Comparator 1_}— Q14 Dl Q3 A D4
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S00ull 300mEY
4 A
] [ Comparator 1|
Cormparator 2 5 Q2& D2 Comparatar 1 Q D3
Xneg Xplus
o ||

I

Figure 6.7: H-Bridge Circuit
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The circuit was built using power transistors capable of withstanding currents
greater than 15A. Transistors Q1 and Q4 are driven by the signal from the comparator Xplus
while transistors Q2 and Qs are driven by the signal from comparator Xneg. Qi1 and Q4 are
turned on when the pulse signal P_plus is applied to both while Q2 and Q3 are turned off.
This forces the current through the coil to flow in a clockwise direction. On the other hand,
Q2 and Q3 are turned on when the pulse signal P_minus is applied to both while Q1 and Q4
are turned off. This forces the current through the damper coil to flow in an anticlockwise
direction. However; the current that flows through the coil does not follow the same curve
as the control voltage due to the internal resistance and the inductance of the damper coil.
These values were obtained in Section 1 and in Section 3.2.2. They generate a small time
delay tgelay between the voltage and the current curves in the H-Bridge. The time delay is
defined as the ratio of the damper coil inductance and its internal resistance as it shown in

Equation (14).

L
tdelay = 2 = 1.667mSeconds (14)

Diodes are connected across the transistors to allow a flow of any residual current
during switching performance of the H-Bridge. The transistors used to build this circuit are
the same Darlington BJTs as the one used in the excitation coil of the road condition

module. Figure 6.8 shows the connections of these transistors to form the H-Bridge circuit.

Figure 6.8: H-Bridge Connections using the Darlington BJTs
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The PSPICE program was used once again to simulate the behavior of the H-Bridge

circuit. The generated code is labeled Code 9 as it is subsequently shown.

Code 9: H-Bridge Representation in PSPICE

KRR AR A AR A AR A AR A AR AR A AR A A KR A AR A A KRR AR A AR A A A AR A AR A AR A A A A AR A A AR AR Ak Kk

* H-BRIDGE WITH DIODES CONNECTED

~e

~e

* CONNECTIONS: POSITIVE TURMINAL ;
* \ NEGATIVE TURMINAL ;
* \ \ TRANSISTER 1 ;
* \ \ \ TRANSISTER 2 ;
* \ \ \ \ TRANSISTER 3 ;
* \ \ \ \ \ TRANSITER 4 ;
* \ \ \ | | | ;
* | | | | | | ;
.SUBCKT H_BRIDGE MI M2 Yl Y2 Y3 Y4 ;

~e

sl 10 M1 Y1 O PTRA
s2 M1 O Y2 0 PTRA
0
0

~e

~.

s3 10 M2 Y3 PTRA
sS4 M2 O Y4 PTRA
.MODEL PTRA VSWITCH (RON=1U ROFF=10MEG VON=.1)

Ne Ne N

~e

** DIODE CONNECTIONS

~e N

~e

DOA 0O M1 DIODE
DOB M1 10 DIODE
DOC 0 M2 DIODE
DOD M2 10 DIODE
.MODEL DIODE D(N=.0001 RS=2U BV=120000)

Ne Ne Ne N

~e

*DC VOLTAGE CONNECTED TO THE H-BRIGE
CFILTER 10 O 10u

VBIAS 10 0 6V

.ENDS

Ne Ne N
L S T A e . S S S S S TR S . S . S S S S SR S S e

~e

The transistors of the H-Bridge are represented as switches in the PSPICE code. The
DC voltage that supplies the transistors is chosen to be 6V since the desired current needed
in the dumber coil is +20A. The 6V voltage is supplied to the H-Bridge by an AC-to-DC
converter which is described in the next section. The code generated to simulate the

connections between the PWM output signals and the H-Bridge is expressed in Code 10.

Code 10: PWM and H-Bridge Connections

*THIS SECTION CONNECTS THE H-BRIDGE
Xbridge M1 M2 P Plus P minus P _minus P Plus H BRIDGE

Lcoil M1 Bl 0.5m
Rcoil B1 M2 0.3
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To obtain more realistic results from the simulation, the control signal frequency
was changed from 100Hz to 10 Hz. The simulation was performed for about 500ms and the
results are shown in Figure 6.9. The simulations showed that the H-Bridge circuit worked
as desired. However; there is a small ripple in the current signal but its frequency is much
higher than the control signal frequency therefore it has a negligible effect in the
performance of the system. This proves that the control signal provided by the controller
is successfully transformed into the required current needed by the damper coil to keep the
vehicle’s body in a constant state regardless of the road conditions. The complete PSPICE

code of the PWM and H-Bridge connections is shown in appendix B.

H-Bridge Voltage

H-Bridge Current -

208+ ! | } H HE | i } |
S0ns 100ns 15 Do Z8bns 5 Bes J00ws a5 0ns hiilns B s

S
o IiLleeil)

Figure 6.9: Control Signal V(control) and Control Current of damper coil
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7. AC to DC Converter

Through the construction of the road condition module it was discovered that the
coils need about 20A to interact with the magnets of our model. At first a power supply
capable of supplying this current was used to drive both coils. This produced problems
because when it was used to power the excitation coil used in the road condition module,
the supply voltage was dropping down from 15V to about 5V every time the Darlington BT
allowed current through the coil. Therefore the same power supply could not be used for
the H-Bridge which produces the counter force to keep the vehicle’s body from moving. To
solve this problem an AC to DC converter was build that generates the power supply

needed using the wall outlet. The block diagram of this circuit is shown in Figure 7.1.

AC to DC
Converter

Power Supply

Y

Step Down
Transformer

Y

Rectifier

l DC Voltage

H-Bridge

Figure 7.1: AC-to-DC converter Block Diagram
The block diagram shows that the signal coming from the wall outlet is then
supplied to a step down transformer which reduces the voltage and amplifies the current to
the desired values. This signal is then supplied to a rectifier circuit to transform it to a DC

signal. The DC voltage signal supplies the H-Bridge with the appropriate amount to drive
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the damper coil. The step down transformer and the rectifier circuit are explained in the

following subsection.

7.1. Transformer and Rectifier

The transformer used in this module is a POWERSTAT Variable Transformer. These
transformers take in utility lines voltage and produce controllable output voltages. “They
provide excellent power regulation with negligible variation in output voltage from no-load to
full-load current.” (9) The POWERSTAT used in this application is the 136B series shown in
Figure 7.2.

Figure 7.2: POWERSTAT Transformer

This transformer takes in the 120V and produces a desired output voltage. The

rating chart for this type of transformer is shown in Figure 7.3.
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RATINGS CHART

120 VOLT, SINGLE PHA
"LINE" CONNECTION "BOOST" CONNECTION "STEP-UP" CONNECTION
Input Voltage: 120 | 120 |
Output Voltage: 0420 | 0-140 [
Constant Constant Constant Constant
Current Load |Impedance Load] Terminals & Rotation Current Load Terminals & Rotation Current Load Terminals & Rotation Model Numbers
Freq | Ma | Max | Max | Max | ' Jumner | | Freq. | max | ma. | 't | Outout | Mac | Max Jumber | | Manually | Motor
(Hz) | Amps | KVA | Amps | KVA ccW cow (Hz) | Amps | KVA cow | cow Amps | KVA cow Operated |  Driven
14 12 | 138
5060 | 20 | 18 “ 60 | 20 | 18 [ L5 | 5% 3PN136B
1368 | MD136B
14 12 | 13 1368T | MD136BT
s | 2 | 26 | 28 | s [ g 060 | 22 | 31| g5 | ay 13680 | WD136BU
F136B_| MDF1368
4 1, 44 12 | e [ 22
50060 53| 56 | 67 | 4 114q || 5060 44 )62 | 45 | g | aass 1368U-2 | MD136BU-2
14 1141, 444 12 | 1H2 [ 111,222
50/60 79| 84 | 10| e 4aa|| 60| 86 | 92 | T | g |4aq ses 1368U-3 | MD136BUS

The simulations of this transformer were not possible to perform since there is no
representation for it in the MULTISIM program. The simulations shown in this part take

into consideration that the transformer produced the desired output.

To get the desired DC voltage the AC voltage obtained from the transformer is
passed through a rectifier circuit. The rectifier circuit consists of four diodes connected in a
bridge configuration with their correspondent heat sinks. This combination gives a full-
wave rectifier which will produce a better DC signal. The diodes used in this circuit are the

1N3766 diodes which datasheet is shown in the appendix C. The rectifier circuit that was

Figure 7.3: Rating Chart of POWERSTAT (9)

built to achieve the desired DC voltage is shown in Figure 7.4.

Figure 7.4: Rectifier Circuit
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The circuitry of the transformer and rectifier has to meet certain specifications to

produce the desired output. Some of these specifications are shown below.
Specification:

e Safety. Built in mechanism to prevent current surges.
e Able to provide a current of about 20A

e Output voltage ripple kept below 30% of the DC voltage
Calculations were made based on these specifications to derive the necessary components.

A capacitor is connected in parallel with the damper coil to keep the ripple of the
output voltage below 30%. The resistance of the coil was measured to be about 0.3Q. Since
the current going through the coil needs to be around 20A the DC voltage required would
be about 6V as Equation (15) shows.

R*A =0.3Q0X%X20A =6V (15)
Therefore the peak DC voltage required is obtained from Equation (16). In this case
the V4c = 6V which will make Vyeak = 9.424V

Vg = e (16)

T

Since the capacitor is connected in parallel with the coil it will have the same
voltage. If the ripple voltage is assumed to be a saw tooth wave the value of the capacitor is
estimated using Equation (17). The Vrrus is the rms value of the ripple voltage. The wall
outlet will provide a signal with a frequency of 60Hz. In this case Ry, is the coil resistance
which is 0.3 Q. Solving Equation (17) for C, the value of the capacitor needed to achieve this
rippleis C = 27mF. (11)

Virms 1
Ve 43RLfC

=30% (17)

For safety reasons a fuse is connected in the primary coil of the transformer to limit
the current surges. To select the fuse for this application it is necessary to know the current

that flows though the primary coil of the transformer. For this calculation an ideal
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transformer was assumed. Equation (18) is used in this case to calculate the current I, in

the primary coil.

N I 4 120
L==2=L=2127 (18)
Ng Ip Vs 942

The primary voltage supplied by the wall outlet is 120V peak. Since Is = 20A DC, its
peak value is calculated using Equation (16) except replacing the voltage values by current

values.

Vs
Ispeak = 204 % > = 31.44

Now using Equation (18) the primary peak current will be about 2.47A as it is

shown in the calculations performed.

, L _31.4_24714
PPeak =457 7127 =

Therefore the Irms current that will be flowing though the primary is about 1.75A.
From these calculations a 2A fuse was chosen to limit the current surge in the primary coil

of the transformer.

Ip
IRMS - = 175A

V2
The complete circuit schematic of the transformer and rectifier connected with the
calculated component values are shown in Figure 7.5. In the figure the internal resistance

of the damper coil is represented by the R1 value while C; is the capacitor calculated

previously.
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1m l[ﬂ 4 L1
N 500uH

7 X1 5 2 6
!; variable B :':g?ij R
FUSE Transformer 300ma)
V3 3 12
120 Vpk D2
60 Hz 3
. 4 D4

1

Figure 7.5: AC-to-DC Converter

The transient analysis of the output voltage and the output current of this circuit are
shown in Figure 7.6 and Figure 7.7. The simulations performed showed that the desired
voltage and current was obtained from the circuit. The ripple maintained was kept at a
30% value by the capacitor used. These signals will supply the H-Bridge circuit of the

current driver which will control the current that flows through coil-2 of the model.

0 25t S0m Tim 1004m 125m 150m
Time (3)

Figure 7.6: Output Voltage of the AC-to-DC Converter
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Figure 7.7: Output Current of the AC-to-DC Converter
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8. Conclusion

Due to the inefficiency of the current suspension systems, the main goal of this
project was to design a more efficient suspension system. After a careful evaluation it was
found that a dynamic electromagnetic suspension system performs the tasks established to

accomplish this goal.

Once the mechanical system was designed and built, the equivalent electrical
circuitry was derived to analyze and implement the design. This helped to attain a block
diagram to further simplify the necessary steps to achieve the main goal. The block diagram
helped establish the specific modules needed to achieve the desired behavior of the system.
The main modules of the block diagram were identified as the Road Condition, Signal

Conditioning, Controller, Current Driver and the AC-to-DC Converter.

The road condition module was able to generate a triangular wave at different
frequencies and amplitudes. The frequency and the amplitude were manually adjusted by
the operator to manipulate the current flow through the coil connected in series with the
BJT transistor. The result of this module showed similar effects to that of uneven road

conditions.

The signal conditioning module easily measured the model’s acceleration with the
use of a highly sensitive accelerometer. An optimal velocity signal was obtained by feeding
this signal to an integrator circuit. The overall result was an accurate and useable velocity

signal as it was shown in the corresponding section.

The controller module manipulated this velocity signal to obtain the necessary
signal to achieve the main goal. The signal was inverted, amplified and integrated to reach
the appropriate conditions. The controller simulation output behaved as expected since all

of the sub-modules circuitry were simple to design and implement.

The current driver module was able to supply the appropriate current to the coil to
keep the vehicles body stable. The signal was modified to drive a H-Bridge in the correct
way through the use of a pulse width modulator to achieve the needed current. The H-

Bridge circuit showed excellent results.
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The AC to DC converter circuit transformed the wall outlet voltage to the necessary
values used by damper coil of the mechanical system. The 120 V signal was converted to
the desired value used to supply our circuit through the use of a step-down transform and a

rectifier.

The results of each individual module concluded that the system worked as desired.
The results of the overall circuit modules were very promising as it was previously shown.
The overall results for the dynamic electromagnetic suspension system designed indicated
that the vehicles body will stay at the same vertical position at all times regardless of the
road conditions. It is clear that an important phase in the design of new generation
suspension system was accomplished. This design however has to go through many phases

before it can be implemented in actual vehicles.
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APPENDIX A1: SCHEMATICS
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APPENDIX B. PSPICE CODE

KK AR A KA A KA A KA A A KA AA IR A A IR A A A A R AR A AR A AR A AR A AR A AR AKX XK

OPAMP MACRO MODEL, SINGLE-POLE *

* connections: non-inverting input *
* \ inverting input *
* \ \ output *
* \ \ \ *
.SUBCKT OPAMP P N T1 H
Rin P N 100MEG H
FEa A 0 TABLE { V(P,N)} = 0,0 1u 10 1000,10 Ho
.-k

Rc A T1 100 H
Co Tl 0 1000p Hd
ROUT T1 0 10MEG ;¥
. %

.ENDS ;¥

KK A AR A KRR A AR A A A A KA A IR A A KA A A A A A AR A AR A AR A AR A AR A AR A A KK

LR R I S I S b I b b I S b I S b S b I S I e S b S R I S b I S b I Sb b S S b S Sb b S S S 2 S b Sb b I S b 3 S b 4

* H-BRIDGE WITH DIODES CONNECTED ;x

.« %
* CONNECTIONS: POSITIVE TURMINAL ;x
* \ NEGATIVE TURMINAL P
* | | TRANSISTER 1 ;x
* \ \ \ TRANSISTER 2 ;*
* \ \ \ \ TRANSISTER 3 ;*
* \ \ \ \ \ TRANSITER 4 ;x
* | | | | | | Hd
* \ \ \ \ \ \ ;*
.SUBCKT H BRIDGE M1 M2 Y1 Y2 Y3 Y4 ;*

.« %
S1 10 M1 Y1 O PTRA ;x
S2 M1 O Y2 0 PTRA ;x
S3 10 M2 Y3 0 PTRA ;*
sS4 M2 O Y4 0 PTRA ;x

,-*
.MODEL PTRA VSWITCH (RON=1U ROFF=10MEG VON=.1) ;*

.k

;*
** DIODE CONNECTIONS ;x

.« %
DOQA 0 M1 DIODE ;x
DOB M1 10 DIODE ;x
DQC 0 M2 DIODE ;*
DQD M2 10 DIODE ;x
.MODEL DIODE D(N=.0001 RS=2U BV=120000) ;*

.k
*DC VOLTAGE CONNECTED TO THE H-BRIGE Hd
CFILTER 10 0 10u ;*
VBIAS 10 0 6V ;x
.ENDS ;x

KK R AR R AR AR AR A A A A A A AR A A AR AR KA A AR A AR A AR AR A A A A AR A AR AR A A AR A AR A Ak Ak k kK

*THIS SECTION WILL GENERATE PULSES FOR H BRIDGE
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Vtriangle Triangle 0 PULSE(2.5V 10V Os 0.365ms 0.365ms .00lps

Voffset Offset 0 6.75V ;DC offset

Vcontrol Control Offset SIN(0V 3V 10Hz)

Xplus Control Triangle P_Plus OPAMP

Xneg Triangle Control P minus OPAMP

Rplus P plus 0 10MEG ;postive pulse output
Rneg P minus O 10MEG ;negative pulse output

*THIS SECTION CONNECTS THE H-BRIDGE

Xbridge M1 M2 P Plus P minus P _minus P Plus H BRIDGE
Lcoil M1 Bl 0.5m
Rcoil Bl M2 0.3

.PROBE
.TRAN 500m 500m O 10m
.END

CURRENT DRIVER
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Suspension System
Vroad 1 0 SIN(O 1 20)

Ckl 1 2 0.000714285714
Lms 2 3 1.6

Rd1l 3 4 10

Lmb 4 0 1.8

Ck2 4 5 0.000862068966
Rd2 5 9 15

Econtrol © 0 Value={V(30)}

*Proptional Amplifier

Elp 10 O value={I (Lmb) }
Rlp 10 20 10k

R2p 20 30 4000K

Xlp O 20 30 OPAMP

R3p 30 O 100MEG

* OPAMP MACRO MODEL, SINGLE-POLE WITH 50V OUTPUT CLAMP
* Connections: non-inverting input

* \ inverting input

* \ \ output

* \ \ \

.SUBCKT OPAMP n P o

* INPUT IMPEDANCE

RIN n P 10MEG

* DC GAIN=100K AND POLE1=100HZ

* UNITY GAIN = DCGAIN X POLEl = 10MHZ

EGAIN a O np 100K

RP1 a b 100K

CP1 b 0 0.0159UF

* ZENER LIMITER

D1 b d DZ

D2 0 d DZ

* QUTPUT BUFFER AND RESISTANCE
EBUFFER c 0 b 0 1

ROUT ¢ o 10

*

.MODEL DZ D(Is=0.05u Rs=0.1 Bv=50 Ibv=0.05u)
.ENDS

. PROBE
.TRAN 500m 500m O 1m
.END

CONTROLLER PSPICE CODE
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APPENDIX C: DATASHEETS
1N3766 DATASHEET.

Silicon Power Rectifier

INTT85—TN1190, TNS/60—-TNS/68

i, Inches Millimeter

Minimum Maximum Minimum Maximum Notes

A mmm mma ——— === {/4-28
B BE&7 BB7 16.95 17.44
c ——— 783 2014
o — 1.00 25.40
E 422 A5S 10,72 1,50
J‘ F s L2000 2.82 5.08
= G A5D — 11.43
o _/g‘l'_li. ] H .220 248 558 B.32 1
1 o Motes: J 250 TS 6.35 9.52
I 1. Full threads within 2 1,/2 K 156 ——— 387 ———
H —é" threads Mo - Kiliys _— 16.94 Dia
2. Standard Polarity: Stud is N JOE0 — 2,05
= E Cothode P 140 A75 3.56 444 Din
A _/_,_,r 1 Reverse Polority: Stud is

D0203AB (D0O-5)

JEDEC Peak

Mumbers Reverse Vaoltage
INT183, TNT1B3A 50V
TH1184, TH11E44 ooy . R
1N1185, 1H11B54 150V e Glass Passivaled Die
IN1186, TN11BEA 200 .
1N11B7, TNT1BTA 300 * 5004 surge rating
INT1ES, TNT1BBA 400Y # Gloss to metal construction
INT1B9, 1N11BSA 200V
TR1190, TH11804 B0V e Voou A
IN37ES b RREM to 1000V
THASEE a0ov
1M3TET 00V
1N37E8 1000V

For Reverse Polarity odd R to Part Number

Electrical Characteristics

Avaroga foreard current FLAY) 40 Amps Te = 146°C, half_sine wave, REIC = 1.25°C/W
Maximum surge current FEM B0 Amps B.3ms, holl sine, T = 200°C

Mox 12t for fusing Ty 2600 Als _

Mox peak forward voltage VM 119 Voits IFM = goa: Ty = 25°¢*

Max peak reverse current RM 10 pA _VQR“.IJ = 25%

Mox peck reverse current RM 2.0 mA VRAM,TJ = 150°C

Mox Recommended Cperating Frequency 10kHz

*Pulse test: Pulse width 300 usec. Duty eycle 2%

Thermal and Mechanical Characteristics

Storage termperature range TeTg —B5°C to 200°C

Operating unction temp ronge Ty B5°C to 200°C

Maximurm thermal resistance Reuc 1.25°C/W Junction to Cose
Mounting torgue 25-30 inch pounds

Weignt 5 ounces (14 grems) typical

5-3-03 Rewv, 1

00 Hopl Sireal

- COLORADO -
Broomfiald, O 80020
Microsemi: <
FAX: [(508) 466-3775
W, ITIACrOSETIL GO
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TLOSCN DATASHEET

TL082
(7[ TLOS2A - TL082B

GENERAL PURPOSE J-FET
DUAL OPERATIONAL AMPLIFIERS

B WIDE COMMON-MODE (UP TO Vic™) AND
DIFFERENTIAL VOLTAGE RANGE

B LOW INPUT BIAS AND OFFSET CURRENT ;#
B CUTPUT SHORT-CIRCUIT PROTECTION i E i i
B HIGH INPUT IMPEDANCE J-FET INPUT N
STAGE DIFg
(Plastic Package)

B INTERNAL FREQUENCY COMPENSATION

LATCH UP FREE OPERATION 'ﬁ

B HIGH SLEW RATE : 16\/us (typ)

D
504
(Plastic Micropackage)

®

P
TSS0PE
(Thin Shrink Small Outline Package)

ORDER CODE

Package
DESCRIPTION Part Number Tem nﬂ;n:e

M D P
The TLOS2Z, TLOS2A and TLOE2E are high speed — —
J-FET input dual operational amplifiers incorpo- TLOSZMIAMBM 'E“qc' _12::: : : hd
rating well matched, high voitage J-FET and bipo- | /-0E2UAUBI maltha A N N B
lar transistors in a monolithic integrated circuit. TLOS2CIACEC 0°C. +70°C * : '

Example : TLOE2CD, TLOB2IN

The devices feature high slew rates, low input bias M= Dum in Line Fackags (DIF)

and offset current, and low offset voltage temper- D = Small Catine Package (20) - also avalabie In Tape & Reel (DT)
ﬂtIJI'E-' coefﬁcient. . P= ;h};zsh:r;.;la mal Outine Package (T2320F] - only avalabie in Tape

PIN CONMNECTIONS (top view)

D 1- Offset null 1

i |: :l -] 2 - Inverting input 1
3 - Non-imverting imput 1

2 [H: 17 4-Npg
5 - Mon-imverting imput 2

a[he Hle & - Inverting input 2

- T - Output 2
4[] 15 8-Ver'
March 2002 111
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TLOS2 - TLOB2A - TLOS2B

SCHEMATIC DIAGRAM

Vet [ J
~
--I -
Won-imwertin
iﬂpu? D | I |+
Inwertin et
'mu% D _I .
- 0EY | o
{7 Cutput
10042
H 30k ) 1/2 TLO82
-
i .
] ~ g
- ]
.-r"] =
1 ha
) i +— 8.2k [] Fy
1.3k ﬁaﬁt 1.3k 15k 1000
Voo™ D
ABSOLUTE MAXIMUM RATINGS
Symbaol Parameter TLOE2M, AM, BM | TLOB2I, AL BI | TLOS2C, AC, BC | Unit
Voo | Supply voltage - note ) 118 v
¥ Input Violtage - note 21 +15 v
Vig Differential Input Violtage - note 3 +30 W
Py | Power Dissipation 680 v
Cutput Short-cincuit Duration - note 4 Infinite
TEF'ET Operating Free-air Temperature Range -56 to +125 40 to +105 0 to +70 c
Tsg Storage Temperature Range 45 to +150 iz

1. Allvcitage values, except differental voitage, are with respect to e zero reference level (ground) of Se supply voltages where the zero reference
level ks e midpoint between Ve and Vs

&2 The magniude of the nput voEage must never sxcesd e magnBede of fie supply voltage or 15 vols, whichever ks less.

3. Differential voltages are the nor-inverting Imput terminal with respect to the inverting Inpat terinal

4. The oufput may be shored o ground or o =Ener supply. Temperatures and'or supply woiages must be Imi=d fo =nsure that the dssipation rating
Is not sxceaded

2i11 vy
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TLO82 - TLOB2A - TLOS2B

ELECTRICAL CHARACTERISTICS
Voo = 215V, Tamp = +25°C (unless otherwise specified)

TLOS2I,M,AC AL AN,
: o TLOB2C
Symbol Parameter BC.BI,BM Umit
Min. | Typ. | Max.| Min. | Typ. | Max.
Input Offset Voltage (Rg = 5042) iy
Tamp =#25°C TLOE2 3 10 3 10
TLOBZA 3 B
Via TLOB2B 1 3
Tmin £ Tamo = Tena TLOB2 13 13
TLOG2A, T
TLOB2B 3
DVig |Imput Offset Voltage Drift 10 10 pvirec
Input Offset Current - note 1)
la Tamrp = +25°C 5 [ 100 g 100 | pA
Trmin % Tamo = Tmnax 4 10 nA
Input Bias Cumrent -mote 1
Iy Tamp = +25°C 20 | 200 20 | 400 | pA
Trin = Tamb < Trnae 20 20 n&
Large Signal Voltage Gain (R = 2ki1, VW= £10V) A
Ay Tamp = #25°C 50 | =00 25 | 200
Trin = Tamp = T 25 15
Supply Voltage Rejection Ratic (Rg = 50(1) dB
SVR Tamp = +25°C BO =l 70 il
Trin s Tamo = Tpax BO 70
Supply Current, no load mé
lec Tamp = +25°C 14 | 25 14 | 25
Trin £ Tam = Tnax 2.5 25
Viem  [Imput Common Mode Voltage Range £ T1125 1 :25 v
Caommon Mode Rejection Ratio (Ry = 5001} dB
CMR Tamp = #25°C BO a5 70 il
Tonin = Tamb = Tmax 80 70
QOutput Short-circuit Current mé
log Tamg = +25°C 10 | 40 | 80 0| 40| &0
Tmin = Tamy < Trnax 10 60 10 60
Output Voltage Swing W
Tamp = +25°C RL = 2ki} 10 12 10 12
*\opp RL = 10k{} 12 | 135 12 | 135
Trmin % Tamo = Tmnax RL = Zki} 10 10
RL = 10ki} 12 12
- Slew Rate [Ty, = +25°C) Wius
SR Vin = 10V, Ry = 2kLl, Ty = 100pF, unity gain g 16 8 16
. Rize Time (Tamp = +25°C) us
Vi = 20m\V, Ry =2k}, C) = 100pF, wnity gain 0.1 0.1
K Cwvershoot (Tamp = +25°C) %,
w Win = 20mV, Ry = 2ki}, = 100pF, unity gain 10 10
=BF Gain Bandwidth Product (Tamg = +25°C) MHz
Vin = 10m\V, Ry = 2k, G = 100pF, &= 100kHz 25 4 25 4
R |Input Resistance 1012 0% 0
AYJ 3
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LM348 DATASHEET

LM148, LM248, LM348
QUADRUPLE OPERATIONAL AMPLIFIERS

SLOS055C — OCTOBER 1978 — REVISED DECEMEER 2002

®  uATA1 Operating Characteristics LM148 . . J PACKAGE
. LM248 D OR N PACKAGE
® Low Supply-Current Drain . . . 0.6 mA Typ LM348 . . D, N, OR N5 PACKAGE
{per amplifier) (TOP VIEW)
®  Low Input Offset Voltage 10UT[] 1 b 1]l 40uT
® Low Input Offset Current -] 2 13 4in-
® Class AB Output Stage 1IN+]] 2 1z[] 4in+
® |nput/Output Overload Protection "‘;'?S+E 4 n %:’l'ilﬁ—
+[1 5 +
® [Designed to Be Interchangeable With 2] E 121 -
Industry Standard LM148, LM248, and 20uT]] 7 sl zouT
LM348
description/ordering information LM148 . . FK PACKAGE
(TOF VIEW)
The LM148, LM2458, and LM348 are quadruple,
independent, high-gain, intemally compensated (5 5
operational amplifiers designed to have operating Zo0o@ g %
characteristics similar to the pA741. These
amplifiers exhibit low supply-current drain and 1IN+ 20 1 wal] ams
input bias and offset currents that are much less NC 7 ne
than those of the pAT41. 7
Vs 8] Voo
MC 15[ NG
21N+ 14[] 3+
10 11 12 13
25252
o4 g Q 3
MC — Mo intemal connection
ORDERING INFORMATION
Vipmax ORDERAELE TOP-SIDE
Ta AT25°C PACKAGET PARTNUMBER | MARKING
PDIF (M) Tube of 25 LM34EM LM348M
. Tulbe of 50 LM34ED
0~C to 70FC Bmv S01C (D) Fiee of 2500 M2220R LM328
S0P [NS) Reed of 2000 LM34BMER LMa48
PDIF (M) Tube of 25 LMiZ4EM LM248M
—25°C to B5°C &mv Tube of 50 LMZ4ED
S0IC (D) LM248
’ Redl of 2500 LM248DR
COIP (J) Tulbe of 25 LM148J LM148J
-55°C to 125°C Smv
LCCC (FK) Turbe of 50 LM148FK LM14BFK

T Package drawings, standard packing quantities, thermal data, symbaoiiztion, and PCE design guidefines are
available at www i comiscipackage

Please be aware that an important notice conceming avalability, standard wammanty, and use in critical applications of

Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet

FPRODUCTION DATA m.m I el H muudm .
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LM148, LM248, LM348
QUADRUPLE OPERATIONAL AMPLIFIERS

SLOS05EC — OCTOBER, 1573 — REVISED DECEMBER 2002

symbol (each amplifier)

Supply veltage, Veoc+ (3ee Note 1) LM e 22V
LM248, LM 348 i 18

Supply voltage, Voc_(see Mote 100 LM148 ol =22V
LM248, LM348 e 18V

Differential input voltage, Vip (see Maote 2): LM148 Ll 44
LM248 LM348 . e kLAY

Input voltage, V| (either input, see Notes 1and 3): LM148 . . .. =22V
LM248 LM348 .. 18V

Dwration of output short circuit (see Mote &) . e Unlimited
Operating virtlual junction temperature, Ty ... i 150°C
Package thermal impedance, 6 4 (see Notes Sand 6. D package ... ... ... . ... ... BE"CIAW
Mpackage ... ... .. . .. ... ... .... BOCAW

NSpackage ......... ...coiiiiiiianiaa. TE"CAW

Package thermal impedance, 8¢ (see Notes T and 8. FK package ... ... .. ... ... .. .. .... 5.61°CAW
Jpackage ... ... .. .............. 15.05°CAW

Case temperature for 60 seconds: FK package ... .. ... e 260°C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds: Jpackage .. ... ... ... ..... 300°C
Lead temperature 1,6 mm (1/16 inch) from case for 60 seconds: D, M, or NS package . ........... 260°C
Storage temperature range, Tatg - oo oo —£5°C to 150°C

T Stresses beyond those listed under “absolute maximum ratings” may cause pemmanent damage to the device. These are siress ratings onfy, and
functional operation of the device at these or any other conditions beyond those indicated under “recommended operating condibions™ s not
implied. Exposure to absolute-masimurm-rated conditions for extended penods may affect device reliability.

MOTES: 1. Allvoltage values, unless otherwise noted, are with respect to the midpoint between Voo and Vioo—

2. Differential voltages are at IN+ with respect to IN-.
3. The magnitude of the input voltage must never exceed the magnitude of the supply voltage or the value specified in the table,
whichewer is less.

4. The output may be shorted to ground or either power supply. Temperature and'or supply voltages must be limited to ensure that

the dissipation rating is not exceeded.

5. Maximum power dissipation is a function of T jimax). 8 s, and Ty, The maximum allowable power dissipation at any allowable

ambient temperautre is Pg = (T (max) — Ta V6 4. Operating at the absolute masimum T of 150°C can affiect reliability.

6. The package themmal impedance is calculated in accordance with JESD 51-7.

7. Maximum power dissipation is a function of T j{max), 8¢, and T. The maximum allowable power dissipation at any allowable

ambient temperautre is P = (T jimax) — Tolec- Operating at the absolute maximum T of 1507C can affect reliability.

B. The package themmal impedance is calculated in accordance with MIL-3TD-233.

recommended operating conditions

MIN  BAX [ UNIT

Supply voltage, Vs 4 18 v

Supply voltage, Vioo— - -18 v

{'? Texas
INSTRUMENTS

2 POET OFFICE BOX 655303 @ DALLAS, TEXAE TE2ES
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LM148, LM248, LM348

QUADRUPLE OPERATIONAL AMPLIFIERS
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MITSUBISHI TRANSISTOR MODULES

QM50DY-2H

MEDIUM POWER SWITCHING USE
INSULATED TYPE

OMSODY-2H

+Ic Collector current ...
* VCEX Collectoremitter voltage ...
shFE DCoeourrant 9aim. oo
+ Insulated Type
+ UL Recognized
ellow Card Mo, EBOZTE (N]
Fila Mo. ES0271

APPLICATION
Invertars, Servo drives, UPS, DT motor controllers, WC eguipment, Welders

OUTLINE DRAWING & CIRCUIT DIAGRAM Demensions n mm
o
i 80 7 oE
B, @ 23 - oE
@ = $65 o
sl 4= L = 2B
e aal [l el
S A S W
=il | ce || & || o |ES
Bl Ex
B1
ol 1500
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MITSUBISHI TRANSISTOR MODULES

aQMsoDY-2H

MEDIUM POWER SWITCHING USE

INSULATED TYPE
ABSOLUTE MAXIMUM RATINGS 7j-25°C. unless otherwise noted]

Eymibol Faramalor Condiions Aatirgs Linit
Colleclor-amitiar voltage Io=18, Ves=ZV 1000 L)
Collacior-omitior voltago VER=ZV 1000 )
Collacin-basa voitage Ermitter opan 1000 v
Emitior baso volaga Collecion opan 7 v

= Collacinr ourani oc Ed A
Colleclor reverse oument O itorward dioda curren) ] &
Collactor dissipation To=25%C 400 W
3 Haza current oc 3 A
m?:;;;ﬁ_’? B | Pk valua of ore oycle of BOHE (ralf v E a
T Jurction EmpaEiTe ] C
Siorage lempemiurs —0- 4125 "C
soiaion volaga Charged part bo case, AC for 1 minuis 500 L)
Wain terminal s NS -':1'_7_":5 il
— Mouriing iorguo == e
Maunting scraw ME o1 tm
: -530 kg
— Waight Typicd valm ZI0 g
ELECTRICAL CHARACTERISTICS (Tj=2E°C. unless otherwiss nowsd]
Limits
Symbol Faramalos Tast condiions e E e Linit
e Collaciy oubo! curent Vop= 1000, Ven=2Y —_ —_ .o mé
BT Collactor oubof! cument Vicn= 1000, Emittiar opan —_ —_ 1.0 ma
el Emitier oulnit ourram VEB=TV — — 00 ma
WA et Collecior-amittar sahuration woltsga |EmEDA, [n=TA — - ZE
'WEE bl Sasa-amitior miumtion vollags —_ —_ 3B
VD Collactor-amitiar reversa vollaga | Sc=508 idiodke forward woltage) — — 1.E v
Frt OC asrent gein IC=E08, Vor=2 SWEY TFE0D —_ - —
- — — ZE s
i Swiiching Bma Ver=B0OV, lo=E08, Iny=—fm=14 — — 16 [l
# —_ —_ 0 i
A ga o Trarstsion par (por 12 modulc) —_ —_ amn TV
A gdn Dicda pard ipad 12 modulel — — 1.2 e
A ioh fig;i:';"_l?ﬁ' Tk Corsuctive proasa appied |per 1/2 moduka) — — oI5 "CAW
Fab. 1999

e syt
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MITSUBISHI TRANSISTOR MODLULES

QMs50DY-2H

MEDIUM POWER SWITCHING USE
INSULATED TYPE

PERFORMAMNCE CURVES

Iz

COLLECTOR CURRENT

I8 14]

BASE CURRENT

COLLECTOR-EMITTER SATURATION

L

VOLTAGE

COMMOMN EMITTER ODUTPUT
CHARACTERISTICS ITYPICAL)

100 —— —
=FEC I:.-I_'.IJ.I:!.
AT T
B0 li= .04 —|
: L
L=~ 5.5
=] I e
A
1= B35 —
40 [ e —
I IFRCETS
I
0 }
]
"0 10 =zo0 30 40 &O
COLLECTOR-EMITTER VOLTAGE WCE V)
COMMON EMITTER INPUT
CHARACTERISTIC TYFICALI
.
7
i
3
: 7
- !
; 7
&
3 J
? lllr
/
16 20 24 2B 37 46
BASE-EMITTER VOLTAGE  VEE (V)
COLLECTOR-EMITTER SATURATION
VOLTAGE [TYPICAL]
5.0
N NN
C=aA N EE
AD T L]
AR .
o i 1.
3 7
. NS M
210 oot =
AN =
2 34K T 100

BASE CURRENT Iei&)

O:C CURRENT GAIN W5

COLLECTOR CURRENT (TYPICALY

< T
Ld=fzl~ WEE
- B i il
N -4 A
R I = FATNY
Z 4 vV -{:E'h' -
ﬁ 3 n
E oz 4
&
t: n? 'Ill
a
E ;_. l.:'.
it .
ok
b
1 346 7107
1A
SATURATION VOLTAGE
) CHARACTERISTICS (TYPICAL)
|
i - i
7 4t
£ s :
| A Vesi —
b e —— <t
- === |-
w o pef — e .
E 7 Vet
%) E
= 4
& 3
E b
E:
2
# 1 2 325 7100
COLLECTOR CURRENT o [A)
SWITCHING TIME V5. COLLECTOR
CURRENT [TYPICAL)
b
. A=k
: -'—. N = iy
£ 5 .
k Ar 7
s j =] [
F SR
g oo - -
¢ v R
g g e ==
a !
3
b
10 710 2 3 45 7107
COLLECTOR CURRENT  Ic (Al
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