
Analogue Simulation

Module: SE3AE11 Analogue Simulation

g

Lecturer: James Grimbleby
URL: http://www personal rdg ac uk/~stsgrimb/URL: http://www.personal.rdg.ac.uk/ stsgrimb/
email: j.b.grimbleby reading.ac.uk

Number of Lectures: 10
Number of Labs: 10

Recommended course text:
Muhammad H. Rashid
Introduction to PSpice Using OrCAD for Circuits and 
Electronics 3rd Edition

School of Systems Engineering - Electronic Engineering Slide 1James Grimbleby
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g
Course Text

Muhammad H. Rashid

Introduction to PSpice Using 
OrCAD for Circuits and 
Electronics  3rd Edition

Prentice Hall  2003

ISBN: 0131019880

Includes: 
ORCAD Capture Lite 9 2ORCAD Capture Lite 9.2

Price: £36 (approx)
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Analogue Simulation g
Further Reading

J. B. Grimbleby
Computer-Aided Analysis and 
Design of Electronic NetworksDesign of Electronic Networks
Pitman 1990
ISBN: 0-273-03148-1ISBN: 0 273 03148 1

M H RashidM.H. Rashid
Spice Simulations for Power 
Electronics
Taylor & Francis Ltd  2005
ISBN: 0849334187 
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Analogue Simulation Resourcesg

SPICE device model files for use in this course:
http://www.personal.rdg.ac.uk/~stsgrimb/teaching/
spice_library.zip

Free Orcad/Pspice demo (select: Lite Capture & PSpice only):
http://www.cadence.com/products/orcad/Pages/downloads.aspxhttp://www.cadence.com/products/orcad/Pages/downloads.aspx

Links to manfacturers' SPICE models:
http://www.intusoft.com/slinks.htm

Spice Algorithm OverviewSpice Algorithm Overview
http://www.ecircuitcenter.com/SPICEtopics.htm
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Analogue Simulation Syllabus

This course of lectures deals with simulation of analogue 
circuits using SPICE and will cover the following topics:

g y

circuits using SPICE and will cover the following topics:

Text definition of circuits for SPICE, netlists
DC analysis transient analysis frequency responseDC analysis, transient analysis, frequency response
Semiconductor device models, sub-circuits 
Schematic entry using Orcad CaptureSc e a c e y us g O cad Cap u e
Power amplifiers including classes A, B, AB
Non-linear distortion, power and efficiency 
Buck converters, stabilisation, regulation and efficiency
Boost and buck/boost converters
Flyback convertersFlyback converters
Forward converters
Hysteretic current-control buck converters
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y

Analogue Simulation Prerequisites

You should be familiar with the following topics:

g q

SE1EA5:  Electronic Circuits

Circuit analysis using Kirchhoff’s Laws
Thévenin and Norton's theorems
The Superposition Theorem
Semiconductor devicesSemiconductor devices
Complex impedances
Frequency response function – gain and phaseq y p g p
The infinite-gain approximation
Energy storage and power

SE1EC5: Engineering Mathematics
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Analogue Simulation Assessment

EE3H7 Analogue Simulation is assessed by coursework 
only:

g

only:

Attendance and laboratory logbook (20% weighting)
A i t f tt d ill b k tA register of attendance will be kept

A 90 minute multi-choice test (40% weighting) 
This will be held during the last session of the Autumn 
Term

A design simulation report (40% weighting)
You will receive details of the design simulation at the 
end of the Autumn Term and your report must be 
submitted during the Spring Term
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Analogue Simulation Laboratory

You must attend each week - a register will be taken

g y

You will work individually on one of the pcs

Yo sho ld se the same pc each eekYou should use the same pc each week

You must maintain a logbook containing a record of your g g y
work, including:

circuit diagramscircuit diagrams
SPICE input files (where appropriate)
simulation outputs and measurements

All work must be dated and be written using a pen (not 
pencil except for circuit diagrams)
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pencil, except for circuit diagrams)



What is SPICE?

SPICE is an electrical circuit simulation program

It was originally developed at the University of California and 
was released in 1975 as a Fortran programwas released in 1975 as a Fortran program

Early versions ran in batch mode on main-frame computers y
with input and output in the form of text files

R t i l t ti f SPICE l tRecent implementations of SPICE on personal computers 
tend to be more interactive than the original program

SPICE output is now usually presented in high-resolution 
graphical form
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What is SPICE?

SPICE perfoms the following types of electrical circuitSPICE perfoms the following types of electrical circuit 
analysis:

1.  DC Analysis - operating point, dc sweep of  
voltage/current source, dc small-signal sensitivity

2.  Transient Analysis - response to time-varying source, 
Fourier analysisFourier analysis

3.  AC Analysis – small-signal frequency response, noise y g q y p ,
analysis
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Analogue Simulationg

Session 1Session 1

Text definition of circuits for SPICE
SPICE analysis

AC and transient analysisAC and transient analysis

School of Systems Engineering - Electronic Engineering Slide 11James Grimbleby

SPICE Netlist

Circuits are input to the SPICE program as netlists

Each point in a circuit where two or more components are 
connected is a node.

Nodes are identified by integer numbers with the ground (or 
reference) node being assigned 0

A netlist is simply a list of components together with the nodesA netlist is simply a list of components together with the nodes 
to which they are connected

In the case of a SPICE netlist the component values are also 
included in the netlist
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SPICE Netlist
C2 17 8 F

1 3

C2       17.8nF

21 3

R1
10k

L1
1.79H R2

2

inV outV
10k

C1 
93.3nF

R2
10kC3 

93.3nF

0

R1  1  2  10.0K
R2  3  0  10.0K
C1  2  0  93 3N 

Netlist:

C1  2  0  93.3N 
C2  2  3  17.8N
C3  3  0  93.3N
1  2  3  1 79
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L1  2  3  1.79

SPICE Netlist

The first letter of a component symbol determines its type:

Resistors: R*******  n1  n2  value

Capacitors: C*******  n1  n2  valueCapacitors: C*******  n1  n2  value

lnductors: L*******  n1  n2  value

Connection nodes are specified by integers n1 and n2.

Component values are given as floating-point numbers

Units are Ohm for Resistors, Farad for capacitors and 
Henry for Inductors 
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SPICE Netlist

Scaling factors for component values:

1012T

109 Th th f ll i ll t109G

106Meg

103

Thus the following all represent 
the same component value:

103K

10-3m

10 6

Cp  1  2  0.00000047
Cp  1  2  4.7E-7
Cp  1  2  0 47u10-6u

10-9n

10 12

Cp  1  2  0.47u
Cp  1  2  470.0n
Cp  1  2  470.0nF

10-12p

10-15f
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SPICE Netlist

Independent voltage or current sources are used for signal p g g
inputs (and power supplies):

V*******  n1  n2  <<DC>dcval> <<AC<acmag<acphase>>>g p

I*******  n1  n2  <<DC>dcval> <<AC<acmag<acphase>>>

An ac analysis is specified by:An ac analysis is specified by:

.AC  type  np  fstart  fstop

type should be either OCT (octave) or DEC (decade)

np is the number of points per octave or decadenp is the number of points per octave or decade

fstart and fstop are the initial and final frequencies

School of Systems Engineering - Electronic Engineering Slide 17James Grimbleby



SPICE Netlist

To obtain a printout of the response a print statement is used:

.PRINT prtype ov1, <ov2 .. <ov8>>

t ifi th t f l i d b ith AC DCprtype specifies the type of analysis and can be either AC, DC
or TRAN (transient)

ov1 .. ov8 are the output voltages and have the general form:

V(n1< n2>)V(n1<,n2>)

The voltage between n1 and n2 is printed; if the second node 
n2 is omitted then the reference node 0 is used by defaultn2 is omitted then the reference node 0 is used by default

It is also possible to specify current outputs
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p p y p

SPICE Netlist
In ac analysis the magnitude of the ac voltage is printed by 
default

Other properties of the outputs, such as real part or phase can 
also be specified:

Imaginary part VI(n1<,n2>)

Real part VR(n1<,n2>)

g y p

Magnitude VM(n1<,n2>)

Phase VP(n1<,n2>)

To print the voltage in decibels and the phase at the output

Decibels VDB(n1<,n2>)

To print the voltage in decibels and the phase at the output 
node 3 of the filter:

PRINT  AC  VDB(3)  VP(3) 
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.PRINT  AC  VDB(3)  VP(3) 



Complete SPICE Input File

A SPICE input file must start with a title line, finish with a 
END line and may contain comment lines (starting with *):

p p

.END line and may contain comment lines (starting with ):

Elliptic Filter
* 3rd-order low-pass filterp
* Implemented as equally-terminated ladder
R1  1  2  10.0K
R2  3  0  10 0KR2  3  0  10.0K
C1  2  0  93.3N 
C2  2  3  17.8N
C3  3  0  93 3NC3  3  0  93.3N
L1  2  3  1.79
VIN  1  0  AC  1V
AC  DEC  8  30HZ  3KHZ.AC  DEC  8  30HZ  3KHZ
.PRINT AC VDB(3)  VP(3)
.END
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AC Analysis Using PSpicey g p

From the Windows desktop select: Start\Run, type: notepad 
and select: OKand select: OK

Now enter the SPICE netlist of the filter and save it to a file in 
your directory: elliptic.cir

Click on: Start / All Programs / Cadence / Release 16.3 /Click on: Start / All Programs / Cadence / Release 16.3 / 
PSpice AD; this will bring up the PSpice GUI

Select: File\Open then: Files of type: Circuit Files finallySelect: File\Open, then: Files of type: Circuit Files, finally 
locate your SPICE netlist file

Now select: Simulation/Run elliptic or click the icon:        - the 
simulation should run without error
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AC Analysis Using PSpicey g p
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AC Analysis Using PSpice
The PSpice simulator will have generated an output file: 
elliptic.out

y g p

p

Select: View/Output file:

FREQ        VDB(3)      VP(3)       FREQ        VDB(3)      VP(3)       
3.000E+01  -6.128E+00  -1.094E+01
4.001E+01  -6.209E+00  -1.450E+01
5.335E+01  -6.348E+00  -1.911E+01
7.114E+01  -6.577E+00  -2.498E+01
9.487E+01  -6.940E+00  -3.226E+01
1.265E+02  -7.469E+00  -4.095E+01
1.687E+02  -8.145E+00  -5.090E+01
2.250E+02  -8.808E+00  -6.216E+012.250E+02  8.808E+00  6.216E+01
. . . . . . . . . . . . . . . . . 
2.250E+03  -4.074E+01  -8.238E+01
3 000E+03  -4 271E+01  -8 433E+01
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3.000E+03  4.271E+01  8.433E+01



AC Analysis Using PSpice
To obtain a graphical display of the response it is necessary to 
include a .PROBE line in the netlist:

y g p

. . . . . . . . . . . . 
L1  2  3  1.79
VIN  1  0  AC  1V
.AC  DEC  100  30HZ  3KHZ
.PROBE
.END.END

Note that the number of points per decade has been 
increased to 100 to give a smooth curveincreased to 100 to give a smooth curve

Now run the simulation again - a plot window should appear 
within the PSpice GUIwithin the PSpice GUI

Before the response can be viewed it is necessary to 
fi th l t
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configure the plot

AC Analysis Using PSpice
Click on: Plot/Axis Settings and select X Axis tab

Under Data Range select: Auto Range and under Use Data

y g p

Under Data Range select: Auto Range and under Use Data 
select: Full
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AC Analysis Using PSpice
Click: Axis Variable and select: Frequency from the table and 
click OK

y g p
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AC Analysis Using PSpice
Select Y Axis tab

Under Data Range select: Auto Range and click: OK

y g p

Under Data Range select: Auto Range and click: OK
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AC Analysis Using PSpice
Click on Trace/Add Trace, in right-hand pane select: DB( ), in 
left-hand pane select: V(3) and click: OK

y g p

p ( )
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AC Analysis Using PSpicey g p
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AC Analysis Using PSpice
To obtain a clearer plot click the Alternate Display icon:

y g p

School of Systems Engineering - Electronic Engineering Slide 30James Grimbleby

AC Analysis Using PSpice
Change X range to 30 HZ → 3 kHz and Y range to -60 → 0

y g p
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AC Analysis Using PSpice
Change the trace to the output phase: P(V(3))

y g p
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Measurements

Return to the plot of gain in dB against frequency

Click on: Trace / Cursor / Display

Now click the mouse close to the trace

The cross-hairs will centre on the trace and a Probe Cursor 
window will give the X and Y values

Measure the maximum and minimum gain in the pass-band; 
hence determine the pass-band ripplee ce dete e t e pass ba d pp e

Measure the maximum gain in the stop-band
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Transient Analysis Using PSpice
Input waveforms can be dc, ac, pulse, sinusoidal, exponential 
or piece-wise linear

y g p

p

A pulse waveform is specified:

PULSE ( v1  v2  <td  <tr  <tf  <pw  <per>>>>> )

ge

v2

perV
ol

ta
g

v1

td tr pw tf

p

Time
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Time

Transient Analysis Using PSpice

A unit-step input voltage on node 1 can be specified by:

  1  0   ( 0 0 1 0 0 0 )

y g p

VIN  1  0  PULSE ( 0.0 1.0 0.0 )

A transient analysis is specified by:A transient analysis is specified by:

.TRAN  tstep tstop <tstart <tmax>>  <UIC>

t t t t t d t t th th t t t d titstart, tstop and tstep are the are the start, stop and time 
step of the display

The parameter tmax is only used if the calculation time is 
required to be less than the display time stepy

UIC (use initial conditions) causes the analysis to start from 
specified values, rather that from an initial dc analysis
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Transient Analysis Using PSpicey g p

The complete PSpice input file for generating a unit-step 
response is therefore:response is therefore:

Elliptic Filter
* 3rd-order low-pass filterp
* Implemented as equally-terminated ladder
R1  1  2  10.0K
R2  3  0  10 0KR2  3  0  10.0K
C1  2  0  93.3N 
C2  2  3  17.8N
C3  3  0  93 3NC3  3  0  93.3N
L1  2  3  1.79
VIN  1  0  PULSE ( 0.0 1.0 0.0 )
TRAN 0 0001 0 01.TRAN 0.0001 0.01
.PROBE
.END
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Transient Analysis Using PSpicey g p
Run simulation and add trace: V(3)
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Bessel Low-Pass Filter

R1 L1 L2 L3

VR2V outVR2
C4

inV
C3C1 C2

R1 = 1 kΩ C1 = 1.7603 nF 
R2 = 1 kΩ C2 = 8.3540 nF
L1 =  5.1869 mH C3 = 13.831 nF
L2 = 11.173 mH C4 = 36.063 nF
L3 = 17 590 mH
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L3 = 17.590 mH

Bessel Low-Pass Filter

Write a SPICE input file for the Bessel Filter and perform an 
ac analysis over the frequency range 1 kHz to 100 kHzac analysis over the frequency range 1 kHz to 100 kHz 

Plot the gain against frequency and determine the frequency 
at which the gain is -80 dB

Plot the phase against freq enc and determine the phasePlot the phase against frequency and determine the phase 
shift at 10 kHz

Perform a transient analysis with a unit step input over the 
time range 0 to 200 μs in steps of 1 μs 

Plot the unit step response and determine the time for the 
output to reach 90% of its final value
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output to reach 90% of its final value



Analogue Simulationg

Session 2Session 2

Device models
Linear dependent sources

Sub-circuitsSub circuits
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Semiconductor devices

SPICE recognises four different types of semiconductor device:

junction diode
bipolar transistor (BJT)
junction field effect transistor (JFET)junction field-effect transistor (JFET)
insulated-gate field-effect transistor (MOSFET)

Semiconductor devices have complex characteristics and are 
characterised by a number of parameters

A device model is required for each semiconductor device in 
the circuitthe circuit

The device models are usually imported from a model library
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Junction Diode

The element description for a junction diode is of the form:

DXXXXXXX  na  nc  mname  <AREA=aval>  <OFF>  <IC=vd>

Nodes na and nc are the anode and cathode nodesNodes na and nc are the anode and cathode nodes

mname is the device model, which must be included in themname is the device model, which must be included in the 
SPICE input file

AREA is an optional parameter (default value 1.0) which 
determines the effective number of parallel devices

OFF sets the starting conditions to off for this device during dc 
analysis
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y

Junction Diode

Junction diode example:

DBRIDGE  2  4  D1N4002

A i d i d l ld bAn appropriate device model would be:

**  1N4002 General purpose rectifier diode
MODEL  D1N4002  D  (IS 7 0E 10 RS 0 1 N 1 6 .MODEL  D1N4002  D  (IS=7.0E-10 RS=0.1 N=1.6 

TT=1.0E-7 CJO=4.0E-11 
BV=100.0)

This model might form part of the SPICE input file, or if it is in a 
library file Lib cir it can be imported:library file Lib.cir it can be imported:

.LIB Lib.cir
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Full-Wave Rectifier

Rs
0 2Ω

Ls
20 H All diodes0.2Ω

1
3

2 20μH All diodes 
type 1N4002

4

D1 D2

5

Rm
1mΩ

RLD3 D4

5
Vin
7Vrms

RL
6Ω6

D3 D4 C0
10mF

50Hz Vout

0
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Full-Wave Rectifier

Bridge Rectifier

SPICE circuit 
description of full-wave 

Bridge Rectifier
.LIB Lib.cir
RS  1  2  0.2
LS  2  3  20 0Urectifier

Diode model D1N4002

LS  2  3  20.0U
D1  0  3  D1N4002
D2  3  4  D1N4002
3 0 6 1 002Diode model D1N4002 

is imported from Lib.cir
D3  0  6  D1N4002
D4  6  4  D1N4002
RM  4  5  1.0M

Note that the input is a 
dc voltage of 5V

C0  5  0  10000UF
RL  5  0  6.0OHM
VIN  1  6  DC  5.06 C 5 0
.END
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Full-Wave Rectifier

Use Notepad to create Rectifier.cir, extract Lib.cir from 
spice library zip and run the simulationspice_library.zip and run the simulation

Because no analysis type is specified PSpice will perform a y yp p p p
dc analysis only

Inspect the output file and determine the voltage across the 
load resistor RL (node 5)

Change the input voltage Vin to -5V and again determine 
the voltage across resistor RLg

Calculate the voltage drop across the conducting diodes
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Transient Analysis Using PSpice

A sinusoidal input waveform is specified by:

y g p

SIN ( v1  v2  freq  <td  <theta>> )

V lt

v1+v2

Voltage

 )(exp tdttheta 

1

 )(p

td

v1

td
Time0

1/freq
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Full-Wave Rectifier

Assume that the input to the rectifier is a 7V rms mains-
frequency sinusoidfrequency sinusoid

Use the following lines to specify a transient analysis with aUse the following lines to specify a transient analysis with a 
sinusoidal input:

( )VIN  1  6  SIN ( 0.0V  9.8V  50HZ )
.TRAN  0.5MS  80.0MS  0.0MS  0.1MS

Include a .PROBE line to obtain graphical output

R th i l ti d di l th t t lt V(5) dRun the simulation and display the output voltage V(5) and 
the current through the diode bridge: I(Rm)
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Full-Wave Rectifier

Measure the dc output voltage after the circuit has settled p g
down and the repetitive peak current in the diode bridge

Th ifi ti f thi tifi i it i th t thThe specification for this rectifier circuit requires that the 
output ripple be less than 0.2V

Change the component values to meet this specification 

Remember that capacitor values are normally in the E3 
series: 1, 2.2, 4.7, 10 etc

What effect does this have on the repetitive peak current?
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Linear Dependent Sourcesp
SPICE recognises four different types of linear dependent 
source:

voltage-controlled voltage source (VCVS)
voltage-controlled current source (VCCS)voltage controlled current source (VCCS)
current-controlled voltage source (CCVS)
current-controlled current source (CCCS)

Element descriptions are, respectively:

E*******  n1  n2  n3  n4  valueE*******  n1  n2  n3  n4  value
G*******  n1  n2  n3  n4  value
H*******  n1  n2  vnam  value
F*******  1  2    lF*******  n1  n2  vnam  value

Output nodes are n1, n2
I t i d 3 4 th t th h lt
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Input is nodes n3, n4 or the current through a voltage source

Operational Amplifiers
Open loop frequency response of an operational amplifier:

p p

A0
ff

A
A

/j1
0




log A
f

f
f
fA

ff
A

ff

T
jj/j

/j1

000

0





ffff jj/j 0

log frequency
f0 fT

A typical operational amplifier (TL071) has a gain-bandwidth 
product fT = 3MHz
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product fT  3MHz



Operational Amplifiers

A high-gain voltage-controlled voltage source (VCVS) can be 
used to represent an operational amplifier

p p

used to represent an operational amplifier

1
3

For e ample at 100kH a TL071 operational amplifier (gain

2
3

For example at 100kHz a TL071 operational amplifier (gain-
bandwidth product fT = 3MHz) has a voltage gain of 30:

1  3  0  1  2  30E1  3  0  1  2  30

Operational amplifiers have a single output nodep p g p

(The other output of the dependent source is implicitly 
connected to ground)
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connected to ground)

Precision Rectifier

R2
10kΩ

R5
10kΩ

R4
10kΩ

2
R1

10kΩ

5 6
10kΩ 10kΩ 10kΩ

D1
1

210kΩ

3

D1
1N4148

Vout

3
7

D2
1N4148

Vin
1Vpk

TL071
Vout

4R3
10kΩ

1N41481Vpk
100kHz

0

10kΩ
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Precision Rectifier

Write a SPICE circuit description file for the precision rectifier, 
importing Lib cir for the 1N4148 diode model (D1N4148)importing Lib.cir for the 1N4148 diode model (D1N4148)

Use the following dependent source lines for the operational 
amplifiers:

E1  3  0  0  2  30
E2  7  0  4  6  30

Perform a transient analysis over the time range 0 to 20µs:Perform a transient analysis over the time range 0 to 20µs:

.TRAN  0.1US  20.0US  0.0US  0.01US

Plot the voltages on nodes 1 and 7 and measure the peak 
output voltage for both positive and negative input half cycles
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p g p g p y

Sub-Circuits

Circuits often contain a number of identical elements such as 
operational amplifiers or logic gatesoperational amplifiers or logic gates

A sub-circuit can be defined which is then incorporated in the p
circuit description by a single line sub-circuit call

A sub-circuit definition has the following form:

.SUBCKT  subname  n1  <n2  <n3  .. >>
[d fi i i ][definition]
.ENDS

A sub-circuit call has the following form:

X*******  n1  <n2  <n3  .. >>  subname
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Operational Amplifiersp p
Linear operational amplifier model (TL071):

G0 E0

1 4 3

G0
1A/V

E0
1V/V

C0R0
53.05nF100kΩ

2

00GE

0

100000

0000



 GREA

MHz3
02
00





C
GE

fT 
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MHz3

Operational Amplifiersp p

1 4 3

G0
1A/V

E0
1V/V

1

C0

4

R0

3

C0
53.05nF

R0
100kΩ

2

0

.SUBCKT  MYTL071  1  2  3
G0  0  4  1  2  1.0
R0  4  0  100KR0  4  0  100K
C0  4  0  53.05n
E0  3  0  4  0  1.0
ENDS  MYTL071
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.ENDS  MYTL071



Operational Amplifiers

Edit your circuit description file to include the TL071 sub-circuit

p p

y p

Use the following sub-circuit lines for the operational 
lifiamplifiers:

X1  0  2  3  MYTL071
X2  4  6  7  MYTL071X2  4  6  7  MYTL071

Perform a transient analysis over the time range 0 to 20µsy g µ

Plot the voltages on nodes 1 and 7 and measure the peak 
t t lt f b th iti d ti i t h lf loutput voltage for both positive and negative input half cycles
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Operational Amplifiersp p

More complete operational amplifier models can be obtained 
from the manufacturersfrom the manufacturers

In the library file Lib.cir there is a model of the TL071:

* TL071 OPERATIONAL AMPLIFIER * CREATED USING 
* CONNECTIONS:   NON-INVERTING INPUT
*                |  *                | INVERTING INPUT
*                | | POSITIVE POWER SUPPLY
*                | | | NEGATIVE POWER SUPPLY
*                | | | | OUTPUT
*                | | | | |
.SUBCKT TL071    1 2 3 4 5
C1   11 12 3.498E-12
. . . . . 
.ENDS
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.ENDS



Operational Amplifiersp p

Edit your circuit description file to include positive and 
negative dc power supplies:negative dc power supplies:

VS1  8  0  DC  12V
VS2  9  0  DC  -12VVS2  9  0  DC  12V

Use the following sub-circuit lines for the operational 
amplifiers:amplifiers:

X1  0  2  8  9  3  TL071
X2  4  6  8  9  7  TL071X2  4  6  8  9  7  TL071

Perform a transient analysis over the time range 0 to 20µs

Plot the voltages on nodes 1 and 7 and measure the peak 
output voltage for both positive and negative input half cycles
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Analogue Simulationg

Session 3Session 3

Schematic Entry
Precision Rectifier

Elliptic FilterElliptic Filter
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Schematic Entry
Schematic of precision rectifier:

y

R2 R5 R4

R1

5 6
10kΩ 10kΩ 10kΩ

1
2

R1
10kΩ D1

1N4148
3

7
D2Vin TL071

Vout

4R3

1N4148
Vin
1Vpk
100kHz

TL071

0

R3
10kΩ
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0

Schematic Entry
Click on: Start / All Programs / Cadence / Release 16.3 / 
ORCAD Capture CIS

y

Select: File / New / Project

Enter name PrecisionEnter name: Precision
Rectifier

Select: Analog or Mixed A/D

Browse to your directory onBrowse to your directory on 
the N: drive

Click: OKClick: OK

A Create PSpice Project window will appear; select: create a 
bl k j t d li k OK
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blank project and click: OK



Schematic Entryy
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Schematic Entry
Click on: Place Part icon of the 
right-hand tool palette:

y

g p

Click on: Add Library icon:

Add the following PSpice library 
files:

analog.olb
diode olbdiode.olb
source.olb
tex_inst.olb

From TEX_INST select: 
TL071/301/TI d li k OK
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TL071/301/TI and click: OK



Schematic Entry
Move cursor over schematic window - use H, V or R to flip 
horizontally, vertically or rotate - finally click to place

y

Similarly select and place:

From DIODE select: D1N4148/27C (place 2 items)
From ANALOG select: R (place 5 items)
F SOURCE l t VSIN (i t lt )From SOURCE select: VSIN (input voltage)
From SOURCE select: VDC (power supplies for op-amps)

Click on the resistor values and set to 10k
Click on the input voltage VOFF and set to 0p g
Click on the input voltage VAMPL and set to 1.0
Click on the input voltage FREQ and set to 100kHz
Cli k th l lt d t t 12V
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Click on the power supply voltages and set to 12V

Schematic Entry

Click on: Place Ground icon of the tool palette:

y

In the Place Ground window select: 0/CAPSYM and click: OK

Move cursor over schematic and place ground

School of Systems Engineering - Electronic Engineering Slide 75James Grimbleby

p g



Schematic Entryy

Click on: Place Wire icon of the tool palette:         

Connect parts to create circuit diagram

Leave null pins (N1 and N2) on op amps disconnectedLeave null pins (N1 and N2) on op-amps disconnected

Connect power pins (V+ and V-) on op-amps to ±12V powerConnect power pins (V  and V ) on op amps to ±12V power 
supplies

Carefully check schematic against correct circuit diagram
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Schematic Entryy

Complete schematic:
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Simulation

Click on: PSpice / New Simulation Profile and enter name: 
time-domain response then click: Createtime domain response, then click: Create

Under analysis tab set:

Analysis type = 
Time Domain

Run to Time = 
20us20us

Maximum step 
size = 0 01ussize = 0.01us

Click: OK
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Simulation
Click: Run Simulation icon: 

This should complete without errors and a PSpice graphical 
output window should appear

Traces can be added in the usual way but it is more 
convenient to use markersconvenient to use markers

Click on: Voltage Marker icon:g

Place voltage markers on the input and the output 

Run the simulation - the output window should now display the 
input and output voltages of the precision rectifier
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input and output voltages of the precision rectifier



Schematic Entryy

If on running the simulation an error message concerning 
missing device libraries is obtained:missing device libraries is obtained:

Click on: PSpice / Edit 
Simulation Profile

Select the tab: 
Configuration FilesConfiguration Files

In Category select: g y
Library
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Schematic Entryy

Browse to C:\ CADENCE \ SPB_16.3 \ tools \ PSpice \ library 
and select file: nom liband select file: nom.lib

Now click on:
Add as GlobalAdd as Global

Click on: Apply, 
then: OK

R i l ti iRun simulation again
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Simulation

Complete schematic with voltage markers:
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Elliptic Filterp

Passive high-pass elliptic filter:

C1 6.08nF C2 6.08nF

R1 1k C3

inV outV

L1

R2
1k

C3 
12.97nF

L1
36.4mH

1k
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Elliptic Filterp
Input the schematic of the elliptic filter amplifier

F SOURCE l t VAC f th i t lt d tFrom SOURCE select: VAC for the input voltage, and set ac 
to 1.0V and dc to 0.0v

Simulate the ac response between 100Hz and 1MHz

Although this is a perfectly correct and usable circuit PSpiceg p y p
will generate an error message in the PSpice output file:

ERROR -- Node Nxxxxx is floatingg

This is because there is no dc path from the node connecting 
C1 C2 and C3C1, C2 and C3

PSpice cannot therefore establish the dc bias at this node
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Elliptic Filterp

*Analysis directives: 
AC DEC 200 10 10k

PSpice 
t t fil .AC DEC 200 10 10k

.PROBE V(alias(*)) I(alias(*))

.INC "..\SCHEMATIC1.net" 
**** INCLUDING SCHEMATIC1 net ****

output file:

**** INCLUDING SCHEMATIC1.net ****
* source PASSIVE
V_V1         N00269 0 DC 0Vdc AC 1Vac 
C_C1         N00174 N00832 382n  
C_C2         N00832 N00194  382n  
C_C3         N000680 N00832 815n  
L_L1         0 N000680  2.29H  
R_R1         N00269 N00174  1k  
R_R2         0 N00194  1k  _ 0 00 9
**** RESUMING "ac response.cir" ****
.END
ERROR -- Node N00832 is floating
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ERROR Node N00832 is floating



Elliptic Filterp

Add a dummy resistance of value 1MΩ (1.0Meg) between the 
junction of C1 C2 and C3 and groundjunction of C1, C2 and C3, and ground

Because this resistance is 1000 times the impedance of the 
filter it will not affect the response in any significant way

Simulate the ac responseSimulate the ac response

Measure the maximum pass-band gain, the minimum pass-
band gain and thus determine the pass-band ripple

Measure the maximum stop-band gainMeasure the maximum stop-band gain

Measure the cut-off (-3dB point) frequency
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Elliptic Filterp

It is convenient to have the output voltage displayed in dB

This can be done by using the Trace menu in PSpice A/D

Alt ti l d i tl it i ibl t lAlternatively, and more conveniently, it is possible to place a 
VDB marker on the schematic

In Orcad Capture remove the voltage marker from the 
output node

Then select: PSpice / Markers / Advanced / db Magnitude of 
Voltageg

Place VDB marker on output node
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Elliptic Filterp

Circuit schematic with VDB marker:
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Elliptic Filter

R4 1kΩ
Replace the 
grounded

p

C3 36 4 F

R4 1kΩgrounded 
inductor by this 
simulated 

C3 36.4nF

R2 1kΩ

inductor using 
TL071 

R2 1kΩoperational 
amplifiers:

R1 1kΩ

R0 1kΩR0 1kΩ
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Elliptic Filterp
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Elliptic Filterp

Simulate the ac response of the active filter

Determine whether the response differs significantly from that 
of the passive filterof the passive filter

In particular consider the following properties of the response:

Maximum pass-band gain
Minimum pass-band gaing
Maximum stop-band gain
Cut-off (-3dB point) frequency

What do you consider to be the relative advantages of the 
active and passive filters? 
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Analogue Simulationg

Session 4Session 4

Power Amplifiers
Class C, B, A, AB
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Power Amplifiersp

Operational amplifiers can provide gain with high linearity over 
the entire audio range (10Hz to 20kHz)the entire audio range (10Hz to 20kHz)

Loudspeakers in audio systems typically have an impedance 
of around 4Ω and require to be driven to at least ±10V

The po er that operational amplifiers can generate into a loadThe power that operational amplifiers can generate into a load 
is limited by:

1 V l i1.  Voltage swing
2.  Current limiting

Input the schematic of an inverting voltage amplifier using a 
TL071 operational amplifier and ±15V power supplies
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p p p pp



Power Amplifiersp

R2
100kΩ

R1

100kΩ

R1
10kΩ

Vin
TL0711Vpk

2kHz

TL071
Vout
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Power Amplifiersp
Simulate the inverting amplifier with a 1V, 2kHz sinusoidal 
input over 1 ms with a maximum step size 0.1usp p

Confirm that the output waveform is sinusoidal, 10V in 
li d d 180° f h i h h iamplitude, and 180° out of phase with the input

Now connect a 4Ω load resistance between the output andNow connect a 4Ω load resistance between the output and 
ground

Notice that the output is no longer sinusoidal because of 
current limiting in the op-amp

By placing a current marker on the load resistance determine 
the positive and negative current limits of the op-amp
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the positive and negative current limits of the op-amp



Power Amplifiersp
Current limiting can be overcome by incorporating an emitter 
follower (common collector) stage on the output of the op-amp( ) g p p p

Darlington transistors typically have a current gain of 500

The peak current Imax that will need to be supplied by the op-
amp (for ±10V output swing) is therefore:

mA5
4

10
500

1
max I

This is well within the capability of a TL071 op-amp

Modify your circuit to include an emitter-follower output stage
(TIP102 and TIP107 are in the PSpice library: darlngtn.olb)
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Class C Power Amplifiersp

R2
100kΩ

+15V

R1

100kΩ
TIP102

R1
10kΩ

Vin
RLTL0711Vpk

2kHz

RL
4Ω

TIP107

TL071

-15V

TIP107
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-15V



Class C Power Amplifiers

Simulate the power amplifier with a 1V 2kHz sinusoidal input

p

Simulate the power amplifier with a 1V, 2kHz sinusoidal input

There now should be no limiting and the output voltage swing 
should have increased to around ±10V 

Unfortunately the output stage has introduced cross-overUnfortunately the output stage has introduced cross over 
distortion as the output goes from negative to positive

Thi b D li t t i t i bThis occurs because Darlington transistors require a base-
emitter voltage of 1.3V before they start to conduct

Zoom in on the distortion and note its characteristic shape
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Class C Power Amplifiers

Power amplifiers are classified according to the proportion of 
a cycle that each of the output devices is conducting

p

a cycle that each of the output devices is conducting

This is a class C amplifier because each output deviceThis is a class C amplifier because each output device 
conducts for slightly less than one half cycle

Put current markers on the load resistor RL and on the 
emitters of the Darlington power transistors

Simulate the circuit and observe the current waveforms

Each Darlington power transistor should conduct for slightly 
less than one half cycle
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Distortion in Power Amplifiers

The primary source of non-linear distortion is cross-over in the 
output stage

p

output stage

When feedback is taken from the output of the operationalWhen feedback is taken from the output of the operational 
amplifier the loop does not include the output stage

The distortion can be reduced by extending the negative 
feedback loop to include the output stage

Modify your circuit diagram and again simulate the power 
amplifier with a 1V, 2kHz sinusoidal inputa p e t a , s uso da put

Zoom in on the distortion and note its characteristic shape
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Distortion in Power Amplifiers
+15V

p

R1

R2
100kΩ

TIP102

R1
10kΩ

Vin
RLTL0711Vpk

2kHz

RL
4Ω

TIP107

TL071

-15V

TIP107
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-15V



Distortion in Power Amplifiers
Fourier analysis allows the distorted output waveform to be 
resolved into fundamental and harmonics

p

The ratio of the harmonics to the fundamental is known as the 
harmonic distortionharmonic distortion 

To prepare for a Fourier analysis click on PSpice / Edit p p y p
Simulation Profile and set: 

Run to time = 10msRun to time  10ms
Start saving data after = 5ms
Maximum step size = 0.1μs

This selects 10 cycles for analysis after 10 cycles (to allow any 
initial transients to decay
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initial transients to decay

Distortion in Power Amplifiers

Run the simulation - you should see 10 output cycles

p

Click: Trace / Fourier and: Plot / Axis Settings:

Set the X-axis to: User Defined / 0Hz to 24kHz / linearSet the X-axis to: User Defined / 0Hz to 24kHz / linear
Set the Y-axis to: User Defined / 100μV to 10V / log

You will observe that only odd harmonics are present - this is 
because the cross-over distortion is an odd function

Now measure the size of the fundamental component and 
the odd harmonics t e odd a o cs

Calculate the third harmonic distortion as a percentage
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Distortion in Power Amplifiersp
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Efficiency of Power Amplifiers

Place power markers:        on the load resistance and power 
supplies

y p

supplies

Simulate the circuit using the previous simulation profile to 
obtain the instantaneous powers in the selected elementsobtain the instantaneous powers in the selected elements

Click on: Trace/Delete All Traces, then Trace/Add Trace

Click on: AVGX(,) from the rh pane, then: W(RL) from the lh
pane, and type: 0.5ms <ret>pane, and type: 0.5ms ret

You should now see a trace of the average power and: 
AVGX(W(R5) 0 5ms) at the bottom of the windowAVGX(W(R5),0.5ms) at the bottom of the window

Repeat for W(V1) and W(V2) (±15V power supplies)
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Efficiency of Power Amplifiers
The power traces will vary over the first visible cycle (5.0ms to 
5.5ms) and then become constant

y p

)

The traces for the supplies are negative indicating that power 
flows out of these elements

Measure the average powers in the load and supplies at aMeasure the average powers in the load and supplies at a 
point after 5.5ms

Thus calculate the efficiency:
powerloadAverage



You should obtain a value of around 50%

powersupplyAverage

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You should obtain a value of around 50%

Class B Power Amplifiersp
The cross-over distortion in class-C amplifiers can be reduced 
by biasing the output transistors to the point of conductiony g p p

This is now becomes class B because each output device 
conducts for exactly one half cycle

Using SOURCE/VDC of 1 3 V for the bias voltages simulateUsing SOURCE/VDC of 1.3 V for the bias voltages simulate 
the class-B power amplifier

Click on the       icon; this will display the bias point currents in 
the circuit 

The bias current in the output darlington transistors should be 
around 12 mA
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around 12 mA



Class B Power Amplifiers
5 +15V

p

R1

R2
100kΩ

TIP102

1 3

1
2

R1
10kΩ

4

1.3
V

3
4

Vin
RLTL071 1.3

1Vpk
2kHz

RL
4Ω

TIP107

TL071
V

0 6 -15V

TIP107
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6 -15V

Class B Power Amplifiersp

Click on the       icon; this will display the bias point powers -
determine the quiescent power dissipation (from ±15V supplies)

Inspect the output wave waveform is there any visible crossInspect the output wave waveform - is there any visible cross-
over distortion?

Inspect the current waveforms in the emitters of the output 
transistors and in the load - is this class B?

Measure the third harmonic distortion for this class-B amplifier

Measure the efficiency of this class-B amplifier
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Class-B Power Amplifiersp

Unfortunately class B amplifiers are thermally unstabley p y

A rise in temperature of the output devices causes a reduction 
i th b itt lt t hi h d tiin the base-emitter voltage at which conduction occurs

Since the bias voltage remains constant the quiescent currentSince the bias voltage remains constant the quiescent current 
in the output devices increases

As a result the output devices get hotter

Thi i k th l d k l BThis process is known as thermal runaway and makes class-B 
amplifiers unsatisfactory in practice
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Class-A Power Amplifiersp

Thermal runaway can be prevented by including extra 
resistances in the emitter circuits of the output devicesresistances in the emitter circuits of the output devices

Now any increase in quiescent current reduces the base-y q
emitter bias voltage thus stabilising the current

The bias voltages are increased to allow for the voltage drop 
across the emitter resistances

If the quiescent current is set to half the peak load current then 
both output devices conduct for the complete cyclep p y

This is known as class-A operation

School of Systems Engineering - Electronic Engineering Slide 133James Grimbleby



Class-A Power Amplifiersp
+15V

R1

R2
100kΩ

TIP102

R1
10kΩ

1.75V

RA
0.1Ω

Vin
RLTL071

1.75V RB
0 1Ω1Vpk

2kHz

RL
4Ω

TIP107

TL071 0.1Ω

-15V

TIP107
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-15V

Class-A Power Amplifiersp

Peak load current ILpeak = 15V/4Ω = 3.75A

Ideal quiescent current Iq = 3.75/2 = 1.875A

Simulate the class-A power amplifierSimulate the class A power amplifier

Measure the following:

quiescent current in output transistors
quiescent power dissipation
fraction of the cycle for which the output devices conduct
third harmonic distortion
efficiencyefficiency

Compare the quiescent power dissipation with the average 
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power into the load



Class-AB Power Amplifiersp

In most cases the very high power dissipation of class-A 
amplifiers is unacceptableamplifiers is unacceptable

As the name implies Class-AB is intended to provide the p p
linearity of class-A with the efficiency of class-B

The quiescent current on the output devices is set to a small 
fraction of the peak load current 

The output devices conduct for slightly more than half a cycle

In practice the distortion in class-AB amplifiers is worse than 
class-A and the efficiency less than class-B
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Class-AB Power Amplifiersp
+15V

R1

R2
100kΩ

TIP102

R1
10kΩ

1.45V

RA
0.1Ω

Vin
RLTL071

1.45V RB
0 1Ω1Vpk

2kHz

RL
4Ω

TIP107

TL071 0.1Ω

-15V

TIP107
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-15V



Class-AB Power Amplifiersp

The circuit is the same as that of the class-A amplifier but the 
bias voltages have been reducedbias voltages have been reduced.

Simulate the class-AB power amplifier

Measure the following:

quiescent current in output transistorsquiescent current in output transistors
quiescent power dissipation
fraction of the cycle for which the output devices conducty p
third harmonic distortion
efficiency

Compare the quiescent power dissipation with the average 
power into the load
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p

Analogue Simulationg

Session 5Session 5

DC-DC Converters
Buck Converters
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DC-DC Converters
Dc-dc converters are commonly used in regulated power 
supplies and in motor drivespp

The input is usually an unregulated dc voltage derived from 
mains powermains power

In this course we shall examine five converter topologies:

Step-down (buck) converter
Step-up (boost) converter
Step up/down (buck boost) converterStep-up/down (buck-boost) converter
Flyback converter
Forward converterForward converter

Output voltage/current control is achieved by varying the duty 
cycle of the switch
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cycle of the switch

Buck Converters
Buck converters produce a load (output) voltage vo that is 
lower than the input voltage vsp g s

Normally buck converters operate at a fixed frequency fs=1/Ts
ith i bl d t l kwith a variable duty cycle k

The switch is a semiconductor device - usually a bipolar y p
junction transistor (BJT) or a MOSFET

A fast recovery flywheel diode is also requiredA fast-recovery flywheel diode is also required

Buck converters can operate in one of two modes:p

Continuous-conduction mode
Discontinuous-conduction mode
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Discontinuous-conduction mode



Buck Converters
vL

iL

R

L

Cv vRoCvs vo

vs-vo
closed

vL -vo

s o

kT (1-k)T

open

iL

kTs (1-k)Ts

∆iL
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Buck Converters

Continuous conduction mode:

v
dt
di

L o
L  vv

dt
di

L os
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Buck Converters

2V 4V 50kH

L

RD
25Ω

-2V +4V 50kHz
20% duty cycle

L
100μH

RO
5Ω

vs
50Vd

Q1
2N3716 C

20 FD 5Ω50Vdc 20μFD
BYW29
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Buck Converters

For the base driver of the transistor select from SOURCE: 
VPULSE d t th tVPULSE and set the parameters:

V1 = -2.0
V2 = 4.0
TD =0.0
TR 10 0TR =10.0n
TF =10.0n
PW =4 0uPW =4.0u
PER =20.0u

Place voltage markers on the transistor emitter and output, 
and current markers on the inductor and transistor collector
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Buck Converters

Click on: PSpice / Edit Simulation Profile and set: 

Run to time = 2040 μs
Start saving data after = 2000 μs
Maximum step size = 0 1μsMaximum step size = 0.1μs

This selects 2 cycles for analysis after 100 cycles (to allow y y y (
any initial transients to decay

Simulate the buck converter

Measure the output voltage (after it has settled down) andMeasure the output voltage (after it has settled down) and 
compare it with the theoretical value
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Buck Converters

Measure the conduction voltage of the diodeMeasure the conduction voltage of the diode

Place power markers on the input voltage supply and the 
load resistance

Pl t th f th titiPlot the average of these quantities:

AVGX(W(V1),20u)
AVGX(W(RL),20u)

Hence calculate the efficiency of the buck converter
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Buck Converters

Replace the bipolar transistor by a MOSFET

Change the VPULSE parameters to:

V1 = 0.0
V2 = 8.0

Set the maximum step size to 0 1µs and simulate the buckSet the maximum step size to 0.1µs and simulate the buck 
converter over the time range 0-2040µs

Measure the output voltage and compare it with the 
theoretical value

Measure the efficiency and compare it with that of the 
converter using a bipolar transistor switch

School of Systems Engineering - Electronic Engineering Slide 159James Grimbleby

g p

Buck Converters

0V 8V 50kH

L

RD
100Ω

0V +8V 50kHz
20% duty cycle

L
100μH

RO
5Ω

vs
50Vd

Q1
IRF530 C

20 FD 5Ω50Vdc 20μFD
BYW29
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Buck Converters

The regulation N of a converter is a measure of the change in 
output voltage v in response to a change in output current ioutput voltage vo in response to a change in output current io

oo
i
v

di
dv

N





Regulation is identical to output resistance

oo idi 

g p

Measure the dc output of the buck converter

Then change the load resistance Ro to 4Ω and again 
measure the output voltage of the convertermeasure the output voltage of the converter

Hence determine the regulation N of the buck converter
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g

Buck Converters 
Continuous/Discontinuous Boundary

v v
vL -vo

vs-vo

kT (1 k)T

iL

kTs (1-k)Ts

∆iLi

Continuous conduction will occur when the average load 
current i is such that i is greater than 0

im

L
mo

i
ii




2

current io is such that im is greater than 0

 os
sL

o

mo

vv
L

kTi
i 




22

2
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Buck Converters 

With th t d i f b k t di ti

Continuous/Discontinuous Boundary

With the present design of buck converter discontinuous 
conduction will occur when:

  A8.01050
101002

10202.0
6

6





 



oi

This current corresponds to a load resistance Ro of 12.5Ω

Increase the load resistance to 20Ω and simulate the buck 
converter over the time range 0-2040µsconverter over the time range 0 2040µs

Inspect the inductor current waveform

School of Systems Engineering - Electronic Engineering Slide 167James Grimbleby

Buck Converters 
Continuous/Discontinuous Boundary

Measure the output voltage of the converter

Change the load resistance Ro to 15Ω and again measure 
the output voltagethe output voltage

Hence determine the regulation N in discontinuous modeg
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Analogue Simulationg

Session 6Session 6

DC-DC Converters
Boost Converters

Buck-Boost ConvertersBuck Boost Converters
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Boost Converters

Boost converters produce a load (output) voltage v that isBoost converters produce a load (output) voltage v0 that is 
greater than the input voltage vS

Normally boost converters operate at a fixed frequency fS with 
a variable duty cycle (mark-space ratio) k

Boost converters can operate in one of two modes:

C ti d ti dContinuous-conduction mode
Discontinuous-conduction mode

As with buck converters, the behaviour is quite different in 
these two modes
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Boost Converters

vL iL

vR

L

Cv

L

voRoCvs

vs
closed

vL
s

vs-vo

kT (1-k)T

open

iL

kTs (1 k)Ts

∆iL
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Boost Converters

Continuous conduction mode:

v
dt
di

L s
L  vv

dt
di

L os
L 

L
v

kTi s
sL   

L
vv

Tki os
sL


 1

)1(
vv

Tk
v

kT os
s

s
s




 )1(

)(

vsvkkv
LL

os

ss



)1( k
v

v s
o 

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Boost Converters

L DL
50μH BYW29

Rv
Q1

IRF530

RD
100Ω

Ro
20Ω

vs
20Vdc

IRF530
C 

20μF20μF

0V +8V 50kHz0V +8V 50kHz
50% duty cycle
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Boost Converters
For the gate driver of the MOSFET select from SOURCE: 
VPULSE and set the parameters:

V1 = 0.0 V2 = 8.0
TD = 0.0 TR = 10.0n TF = 10.0nTD  0.0 TR  10.0n TF  10.0n
PW = 10.0u PER = 20.0u

Pl lt k th MOSFET d i d t tPlace voltage markers on the MOSFET drain and output, 
and current markers on the inductor and MOSFET drain 

Click on PSpice/Edit Simulation Profile and set: 

Run to time = 2040 μsRun to time  2040 μs
Start saving data after = 2000 μs
Maximum step size = 0.1μs
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Boost Converters

Measure the maximum and minimum output voltagesMeasure the maximum and minimum output voltages

Calculate the average output voltage and compare it with 
the theoretical value

C l l t th t t i l f th b t tCalculate the output ripple of the boost converter

Determine the efficiency of the boost converterDetermine the efficiency of the boost converter

By changing the load resistance Ro to 15Ω determine the o
regulation of the boost converter
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Boost Converters 

v

Continuous/Discontinuous Boundary

vL
vs

vs-vo

kT (1 k)T
iL

kTs (1-k)Ts

∆iLimm

Continuous conduction will occur when the average load 
current i is such that i is greater than 0current io is such that im is greater than 0

  L
mo

i
iki

2
.1 





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mo

v
L

Tkki
ki
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1

2
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

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
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Boost Converters 

With the present design of buck converter discontinuous

Continuous/Discontinuous Boundary
With the present design of buck converter discontinuous 
conduction will occur when:

6
A0.120

10502

1020)5.01(5.0
6

6





 



oi

This current corresponds to a load resistance of 40.0Ω

Increase the load resistance Ro to 60Ω and simulate the 
boost converter

Measure the output voltage and inspect the inductor 
current waveform
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current waveform

Buck-Boost Converters

Buck boost converters produce a load (output) voltage v thatBuck-boost converters produce a load (output) voltage v0 that 
can be less or greater than the input voltage vS

Normally buck-boost converters operate at a fixed frequency fS
with a variable duty cycle (mark-space ratio) k

Buck-boost converters invert the voltage so that a positive 
input voltage vS gives a negative load (output) voltage v0

Boost converters can operate in one of two modes:

Continuous-conduction modeContinuous conduction mode
Discontinuous-conduction mode
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Buck-Boost Converters

RCvs vvL

iL
RoL

Cs vovL

vs
closed

vL
s

vo

kT (1-k)T

open

iL

kTs (1-k)Ts

∆iL
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Buck-Boost Converters

Continuous conduction mode:

v
dt
di

L s
L  v

dt
di

L o
L 

L
v

kTi

dt

s
sL   

L
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Buck-Boost Converters

For a 50% duty cycle:

ssso vvv
k

k
v 







5.0
5.0

)1(

For a 20% duty cycle:

ssso vvv
k

k
v 25.0

8.0
2.0

)1(








For an 80% duty cycle:

ssso vvv
k

k
v 4

2.0
8.0

)1(







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Buck-Boost Converters

0V 8V 50kH

D1

RD
100Ω

0V +8V 50kHz
50% duty cycle

D1
BYW29

RL
10Ω

vs

Q1
IRF530 L

50μH
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20 F 10Ωs
20Vdc

50μH 20μF
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Buck-Boost Converters
For the gate driver of the MOSFET select from SOURCE: 
VPULSE and set the parameters:p

V1 = 0.0 V2 = 8.0
TD = 0 0 TR = 10 0n TF = 10 0nTD = 0.0 TR = 10.0n TF = 10.0n
PW = 10.0u PER = 20.0u

Place voltage markers on the MOSFET source and output, 
and current markers on the inductor and MOSFET drain 

Click on PSpice/Edit Simulation Profile and set: 

Run to time = 2040 μsRun to time = 2040 μs
Start saving data after = 2000 μs
Maximum step size = 0.1μs
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Maximum step size  0.1μs

Buck-Boost Converters

Measure the maximum and minimum output voltages

Calculate the average output voltage and compare it with 
the theoretical value

Calculate the output ripple of the buck-boost converter

Determine the efficiency of the buck-boost converter

B h i th l d i t R t 15Ω d t i thBy changing the load resistance Ro to 15Ω determine the 
regulation of the buck-boost converter

Change the duty cycle to 40% and to 60%, and measure the 
output voltage - compare with theoretical values
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Buck-Boost Converters 
Continuous/Discontinuous Boundary

vL
vs

vo

kT (1 k)T

iL

kTs (1-k)Ts

∆iL

Continuous conduction will occur when the load current io
is such that i is greater than 0is such that im is greater than 0
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  oo v
L

ki
22

1

Buck-Boost Converters 

With th t d i f b k t di ti

Continuous/Discontinuous Boundary

With the present design of buck converter discontinuous 
conduction will occur when:

A0.120
10502

10205.0
6

62





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

oi

This current corresponds to a load resistance of 20Ω

Increase the load resistance Ro to 40Ω and simulate the 
buck-boost converter with duty cycle 50%buck boost converter with duty cycle 50%

Inspect the inductor current waveform
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Buck-Boost Converters 
Discontinuous mode

RCv vv

iL
RoL

Cvs vovL

diode: conducting

vL

vsTx

diode:  conducting

0

kT (1 k)T
switch:  closed    open

ov
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kTs (1-k)Ts

Buck-Boost Converters 
Discontinuous mode

T
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kTs (1-k)Ts

ov
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v

kTi s
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v
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Buck-Boost Converters 
Discontinuous mode

During period that switch is closed the current in the inductorDuring period that switch is closed the current in the inductor 
increases, storing energy

When the s itch is opened this energ is transferred to theWhen the switch is opened this energy is transferred to the 
capacitor and is dissipated in the load

The converter therefore operates at constant power

Energy stored in inductor:Energy stored in inductor:

222
2

2

2
1

2
1

2
1

ss
ss

L vTk
LL

vkT
LiLE 








Power:

222 LL 
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2
1

sss vTk
L

EfP 
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2 sss L

Buck-Boost Converters 
Discontinuous mode

For the circuit that you are simulating:

2
1 22

2
 ss

o

o vTk
LR

v
P W20

2
 o

R
v

P

10502

2010205.0
6

262


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 


o

V

vo

2828

4020 o

o

RP

R

W20
10502


 V28.28

Measure the dc output voltage of the buck-boost converter 
and compare it with this theoretical value
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Analogue Simulationg

Session 7Session 7

DC-DC Converters
Flyback Converters
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Flyback Converters

Flyback converters are similar to buck-boost converters but 

y

incorporate a transformer between input and output

Flyback converters have two advantages over buck boost:Flyback converters have two advantages over buck-boost:

There is electrical isolation between input and output
A id ti b t i t d t t lt i iblA wider ratio between input and output voltages is possible

Flyback converters produce a load (output) voltage v0 that canFlyback converters produce a load (output) voltage v0 that can 
be less or greater than the input voltage vS

Flyback converters are used in discontinuous mode - the 
current in the transformer primary drops to zero each cycle
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Flyback Convertersy
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id io
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kTs (1-k)Ts

Flyback Converters - Primaryy y
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Flyback Converters - Secondaryy y
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2L

Flyback Convertersy
The inductance L of an inductor is proportional to the square 
of the number of turns n:
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Flyback Converters
For discontinuous conduction mode

y

TkT )1(

So that: Tk
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For a 50% duty cycle (k=0.5):
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svn1

Flyback Converters
During period that switch is closed the current in the primary 
winding increases, storing energy

y

g , g gy

When the switch is opened this energy is transferred to the 
secondary winding and is dissipated in the loadsecondary winding and is dissipated in the load

Flyback converters therefore operate at constant power

Energy stored in inductor:
2

111 kT 
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Flyback Converters
Example: a 5kHz flyback converter with a 6V input generating 
a 400V output into a 20kΩ load

y

p

For k = 0.5: so let:7.66
6

4002 
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n 20
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Flyback Convertersy
The peak current in the primary winding is:
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The primary inductance L1 = 112.5µH and the turns ratio is 
/ 20
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Flyback Convertersy

D1

RD
100Ω

0V +8V 5kHz
50% duty cycle

D1
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vs
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20kΩ
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IRF530 L1 CL2vs

6Vdc
20kΩL1

112.5µH
C 

0.5µF
L2
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Flyback Convertersy

Note that the one of the inductors must 
be inverted:

So far the inductors are separate withSo far the inductors are separate with 
no mutual inductance

In the Place Part window select: 
K_Linear from the ANALOG library

Set coupling to 1.0
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Flyback Convertersy

Double click on K to bring up the property editor:

S l t th P t t b d dit th fi ld L1 d L2 t t iSelect the Parts tab, and edit the fields L1 and L2 to contain 
the identifiers of your two inductors 

Set the gate drive parameters to 50% duty cycle at 5 kHz:

V1 = 0 0 V2 = 8 0V1  0.0 V2  8.0
TD = 0.0 TR = 10.0n TF = 10.0n
PW = 100.0u PER = 200.0u
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Flyback Convertersy
Place voltage markers on the transformer primary and 
secondary, and on the outputy, p

Place current markers on the primary and secondary windings 
of the transformerof the transformer

Click on: PSpice / Edit Simulation Profile and set: 

Run to time = 20.4 ms
Start saving data after = 20.0 ms
Maximum step size = (leave blank)

Measure the output voltage and compare this with the p g p
theoretical value

Measure the efficiency of the converter (averaged over 200µs)
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Measure the efficiency of the converter (averaged over 200µs)



Flyback Convertersy

Measure the peak current in primary winding and compare 
with the theoretical valuewith the theoretical value

Measure the peak voltage across the MOSFET switch and the g
peak reverse voltage across the rectifier diode

(U th lt diff k )(Use the voltage difference markers:       )

Search the web to find the specifications for the MOSFET p
switch and rectifier diode

OSDetermine whether the voltages and currents in the MOSFET 
switch and rectifier diode are within their ratings
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Flyback Convertersy

A flyback converter generates constant power into the load 
(in this case 8W nominal)

Change the load resistance to 15kΩ and measure the output 
voltagevoltage

Explain this decrease in output voltage

What would be the likely effect of removing the load 
resistance RL from this flyback converter?resistance RL from this flyback converter?
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Flyback Convertersy
A common use of flyback converters is to charge the energy 
storage capacitor in electronic flash

The energy stored in a 1400µF capacitor charged to 300V 
(Nikon SB800) is: ( )

J63300101400
2
1

2
1 262  CVE

Change the output capacitor on your schematic to 1400µF 
and remove the load resistance

22

Simulate the flyback converter over the time 0-8s and 
determine the time for the output voltage to reach 300Vp g

Simulating a 5 kHz converter over 8 s generates a huge 
amount of data which may exceed storage capacity
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amount of data which may exceed storage capacity

Flyback Convertersy
To avoid problems when simulating, edit the simulation profile 
and click: Output file options: set Print values every 0.1 s

Measure the time taken for the capacitor voltage to reach    
300 V d ith l l t d l
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300 V and compare with calculated value



Flyback Convertersy

D1

RD
100Ω

0V +8V 5kHz
50% duty cycle
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Q1
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112.5µH
1400µFL2

45mH
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Analogue Simulationg

Session 8Session 8

DC-DC Converters
Forward Converters
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Forward Converters

In flyback converters energy is stored in the transformer's 
inductance each cycle and then transferred to the outputinductance each cycle, and then transferred to the output

Power is therefore limited by the energy storage and the 
operating frequency

Consequently flyback converters are limited to low-powerConsequently flyback converters are limited to low-power 
applications

Forward converters do not rely on energy storage and are 
suitable for high-power applications

A typical use of forward converters is the 300W power supply 
in a personal computer
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Forward Converters

Forward converters operate in discontinuous mode - that is 
the primary current falls to zero each cyclethe primary current falls to zero each cycle

This is achieved by keeping the duty cycle below 50%: 
t i ll k 0 4typically k=0.4

An arrangement of MOSFET switches and diodes is used toAn arrangement of MOSFET switches and diodes is used to 
generate a ±vs rectangular wave at the transformer primary

The secondary rectangular wave is rectified and filtered by 
an inductor/capacitor filter

The output voltage is determined by the transformer turns 
ratio and the duty cycle
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ratio and the duty cycle



Forward Converters

Transistors turn on 
and off together

When transistors 
turn off current 
continues to flow

sv
1n

continues to flow 
through diodes

2n

This reverses 
voltage across 

i i diprimary winding
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Forward Converters
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Forward Converters

sv
n2

sn1Rectified
0

kTs (1-k)Ts

Average output voltage:
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






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n
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k
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Note that secondary transformer winding is not inverted
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Forward Converters
Transformer primary current:

kTs

∆i

Magnetising 
current  im 0

s

∆im(1-k)TskTs

Ls i
n
n

i
1

2

0

Reflected load 
current i 0current  is

Total primary 
current 

0



Forward Converters

L2L1

RL
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Forward Converters
Example: a 50kHz forward converter with a 330V input 
generating a 5V output into a 0.125Ω load (40A, 200W)g g p ( , )

Average input current:
200

Peak current for k = 0.4:

A6.0
330
200

si

Peak current for k  0.4:

A
k
i

i s
s 5.1

4.0
6.0


Let magnetising current:  im = is/10 = 0.15A, so:

k 4.0

mH6.17
15.0

10204.0330 6

1 








m

ss
i

kTv
L
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Forward Converters
Transformer turns ratio (assuming 0.6V drop in output 
rectifier diodes):)

1

2 so v
n
n

kv

0424.0
3304.0
6.5

1

2

1





s

o
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n
n

Secondary inductance:

3304.01 skvn

0424018 2
2

2
12 





 n
LL

mH0324.0

0424.018
1
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








n
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Forward Converters

RD
20Ω

D3, D4: MUR160

Q1
IRF740

D1
MBR4020

20Ω

L1 L3
10µHIRF740 18mH 10µH

D4
vs

330Vdc RL
0.125Ω

C
500µFD3 µ

L2
32 4µH

Q2
IRF740

D2
MBR402032.4µH

RD
20Ω

IRF740 MBR4020
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Forward Converters

The MOSFETs in the forward converter are turned on and 
off together

For the base drivers of the MOSFETS select from SOURCE:For the base drivers of the MOSFETS select from SOURCE: 
VPULSE and set the parameters:

V1 = 0 0V1 = 0.0
V2 = 8.0
TD =0.0
TR =10.0n
TF =10.0n
PW =8.0u
PER =20.0u
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Forward Converters
Put voltage markers on the transformer secondary, on the 
junction of the diodes and on the output

Put voltage difference markers:       across the transformer 
primaryprimary

Put current markers on the transformer primary and 
secondarsecondary

Click on PSpice / Edit Simulation Profile and set: 

Run to time = 2040 μs
Start saving data after = 2000 μsg μ
Maximum step size = 0.1μs

Simulate the forward converter
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Simulate the forward converter



Forward Converters
Inspect the voltage and current waveforms

Determine the output voltage and output ripple

Measure the efficiency of the forward converterMeasure the efficiency of the forward converter

Measure the voltages across the MOSFETs and diodes and 
check that these are within the device specifications

Measure the currents in the MOSFETS and diodes andMeasure the currents in the MOSFETS and diodes and 
check that these are within the device specifications

Why is the efficiency of this converter lower than that of the 
other types of converter that have been considered?
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Forward Converters

The output voltage of a forward converter is controlled by 
the duty cyclethe duty cycle

The initial simulations were performed using a duty cycle g y y
k=0.4 which should have produced an output voltage of 5V

Th t t lt f f d t d d thThe output voltage of a forward converter depends on the 
duty cycle

Change the duty cycle k to 0.3 and measure the new 
output voltage

How does this compare with the theoretical value?
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Forward Converters

There are advantages in using higher switching frequencies

Higher frequencies allow lower value inductors and 
capacitors to be usedcapacitors to be used 

The disadvantage is that switching losses in the MOSFETs 
and diodes are proportional to frequency

This leads to a lower overall efficiency at higher switchingThis leads to a lower overall efficiency at higher switching 
frequencies

Measure the efficiency at a switching frequency of 200kHz 
(reduce all capacitor and inductor values by a factor of 4)
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Analogue Simulationg

Session 9Session 9

DC-DC Converters
Current-Control Buck Converters

Hysteretic Buck ConvertersHysteretic Buck Converters
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Current-Control Buck Converters

Buck converters that are required to generate a constant 
output voltage have feedback to control the duty cycleoutput voltage have feedback to control the duty cycle

Some applications require a constant output current rather 
than a constant output voltage

E l d i f t i t l t tExamples are drivers for stepping motors, electromagnets, 
arc welding and LEDs

Hysteretic control is a very simple method for controlling the 
load current of a buck converter

Hysteretic buck converters operate in continuous mode
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Luxeon K2 Power LED
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Current-Control Buck Converters
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Current-Control Buck Converters
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Current-Control Buck Converters
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Maxim MAX16820
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Maxim MAX16820
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Maxim MAX16820
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Design of LED Controller
Supply voltage = 12V

Ch LED t 800 A

g

Choose LED current = 800mA
From data sheet LED voltage = 3.73V

MAX16820 threshold voltages = 190mV and 210mV
MAX16820 mean threshold = 200mV

Use sense resistor Rsense = 200mV / 800mA = 0.25Ω
Threshold currents = 760mA and 840mA
Th h ld diff ti l 80 AThreshold differential = 80mA

Choose fs = 100kHz → Ts = 10µs

μH353
080

)12/46.71(46.7
1010

)(
)/1( 6
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vvv
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Create New Orcad Library
To simulate a LED driver circuit based on the MAX16820 two 
components are required that are not in the Orcad Library:

y

MAX16820 led driver
Luxeon K2 LED

Create a new directory: Lib and extract the files LuxeonK2.lib 
and MAX16820.LIB from spice_library.zipp _ y p

These files are standard SPICE models - open LuxeonK2.lib 
with Notepad and examine its contentsp

Without closing LuxeonK2.lib, open MAX16820.LIB in 
Notepad, and cut/paste into LuxeonK2.libp , p

Save the combined file which now contains the two SPICE 
models as MyLib.lib
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models as MyLib.lib



Create New Orcad Library

On desktop click on: Start / Programs / Orcad16.0 / Pspice
Accessories / Model Editor

y

Click: File / Open / MyLib lib
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Click: File / Open / MyLib.lib

Create New Orcad Libraryy

Cli k Fil / E t t P t C t LibClick on: File / Export to Part Capture Library

Save as: MyLib.olb and close the PSpice model editor
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Create New Orcad Libraryy
In Orcad Capture select: File / Open / Library and browse to 
MyLib.olby

In the window expand: mylib.olb and you will see the new 
Orcad parts that you have created: LUXEONK2 MAX16820Orcad parts that you have created: LUXEONK2, MAX16820

Click on: MAX16820

If require this part can be edited
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If require this part can be edited

Create New Orcad Libraryy

Click on the bottom right-hand corner of the outline to resize:

To move the one of the pins click on it and drag it to theTo move the one of the pins, click on it and drag it to the 
required location (not necessary in this case)

To change the appearance of a pin click on it, then right click 
and select: Edit Properties / Shape / Short
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Create New Orcad Libraryy

MAX16820 circuit symbol with short pins:

Do not change the pin namesDo not change the pin names

Finally click: File / Save, File / Close, File / Close Project 
and select: Yes Alland select: Yes All 

You are now ready to use this part in a PSpice simulation
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Simulate LED Driver
Enter the circuit diagram for the MAX16820 hysteretic 
converter into ORCAD Capture using the new device models

For the MOSFET use device IRF530
For the flywheel diode use IN5817 (D1N5817)y ( )
For Cvcc use a 47nF capacitor
Connect the DIM input of the MAX16820 to the positive supply

Simulate the circuit from 0 to 100µs

You will now see the error messages:g

ERROR -- Model LUXEONK2 used by D4 is undefined
ERROR -- Model LUXEONK2 used by D5 is undefined
ERROR S b i it MAX16820 d b  U1 i  d fi dERROR -- Subcircuit MAX16820 used by U1 is undefined

Orcad needs to be given the locations of the device models
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Simulate LED Driver
Click on: PSpice / Edit Simulation Profile and select the 
Configuration Files tab

Under: Category select: Library
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Simulate LED Driver

Browse to the device models: MyLib.lib and click on: Add as y
Global

Now select the Analysis tab and tick the box: Skip the initial y p
transient bias point calculation

Click on: OKClick on: OK

Place a voltage marker on the drain of the MOSFET

Place current markers on one of the LEDs and on the 
flywheel diode

Simulate the circuit from 0 to 100µs
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Simulate LED Driver

Click on: PSpice / Edit Simulation Profile and set:Click on: PSpice / Edit Simulation Profile and set: 

Run to time = 100 μs
Start saving data after = 80 μsStart saving data after = 80 μs
Maximum step size = 0.1μs

Inspect the current waveforms

Measure the minimum and maximum LED currents and 
calculate the average current

How do these currents compare with the design values?
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Efficiency of LED Drivery

In order to evaluate the efficiency we need to know the exact 
period T of the waveformperiod Ts of the waveform

In the simulation window click on: Trace / Measurements, 
l t P i d f th li t d li k E lselect: Period from the list and click on: Eval

In Name of trace to search select the voltage on the MOSFET 
drain: V(M1:d) and click on: OK

The period is now displayed near the top of the windowThe period is now displayed near the top of the  window

Use this value of Ts to average the power from the supply and 
th i th LED d h l l t th ffi ithe power in the LEDs, and hence calculate the efficiency

Compare this value of Ts with the design value
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Simulate LED Driver

The battery voltage in a car varies from 12V (partially charged) 
to 14V (fully charged)to 14V (fully charged)

Ideally the current in the LEDs should be independent of the y
supply voltage

Ch th l lt t 14V d i l t th tChange the supply voltage to 14V and simulate the converter

Measure the minimum and maximum LED currents andMeasure the minimum and maximum LED currents and 
calculate the average current

Are these currents significantly different from those measured 
with a supply voltage of 12V?
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Simulate LED Driver

The data sheet for the MAX16820 gives a maximum switching 
frequency of 2MHzfrequency of 2MHz

The advantage of a higher switching speed is a smaller and g g g
cheaper inductor but the efficiency is likely to be lower

C l l t th l f i d t th t ld i it hiCalculate the value of inductor that would give a switching 
speed of 1MHz

Simulate the circuit at this higher switching speed

Measure the actual switching frequency, the output current and 
the efficiency
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Analogue Simulationg
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