Electronic Instrumentation
Experiment 2

* Part A: Intro to Transfer Functions and AC Sweeps
* Part B: Phasors, Transfer Functions and Filters
* Part C: Using Transfer Functions and RLC Circuits
* Part D: Equivalent Impedance and DC Sweeps



+ Introduction to Transfer
Functions and Phasors

+ Complex Polar Coordinates
+ Complex Impedance (2)
+ AC Sweeps




Transfer Functions

out
possible V;,.

+ The transfer function describes the
behavior of a circuit at V., . for all



Simple Example

V= IR1
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V,,= IR2

Vo~ IR3

V=V

out in
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R2+R3
R1+ R2+R3

2k + 3k

*
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1k + 2k + 3k

thenV
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t 1
-0
if V. (t) = 6V sin(2kt +§) +12V

(t) =5V sin(2kt+%) +10V




More Complicated Example
Vc?ié—Ildt

é L1 What is H now?

-
_ Vi=Lg
)
!
gv IR

1
-0
P + H now depends upon the input frequency

(o = 2rf) because the capacitor and
Inductor make the voltages change with
the change In current.
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How do we model H?

+ We want a way to combine the effect of
the components in terms of their
Influence on the amplitude and the
phase.

+ We can only do this because the signals
are sinusoids
e cycle in time

* derivatives and integrals are just phase
shifts and amplitude changes



We will define Phasors
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V =1(A¢)

A phasor is a function of the amplitude and
phase of a sinusoidal signal

Phasors allow us to manipulate sinusoids in
terms of amplitude and phase changes.

Phasors are based on complex polar
coordinates.

Using phasors and complex numbers we will
be able to find transfer functions for circuits.



Review of Polar Coordinates
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! Pxe: %) point P is at
r, = e o (r,cos0,, r,sinb, )
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X,= I, cos@, QP — tan 1(&]
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Review of Complex Numbers
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I + Z,Isasingle number represented by two numbers
= ¢ Zyhasa“real” part (x;) and an “imaginary” part (y,)
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Complex Polar Coordinates

z = Acos(®)+ j Asin(d)

|
|y = Asin{$)

| W

¢ Z=X+)y where X IS

+ ot cycles once around the origin once for each

___,f; X = Acos(d)

A cosd and y ISASsInG

cycle of the sinusoidal wave (w=2~xf)



Now we can define Phasors
If V(t) Acos(wt +¢), then let
= Acos(wt+¢) + JASIN(owt+¢)

or S|mply V = Acos¢g + jAsing
(wt IS common to each term, so It isdropped.)

+ The real part is our signal.
+ The two parts allow us to determine the
Influence of the phase and amplitude changes

mathematically.

+ After we manipulate the numbers, we discard
_ the imaginary part.



The “V=IR”’ of Phasors
V =1Z

+ The influence of each component is
given by Z, its complex impedance

+ Once we have Z, we can use phasors to
analyze circuits In much the same way
that we analyze resistive circuits —

except we will be using the complex
polar representation.



Magnitude and Phase
% i}

V =Acosg + JAsIng= X+ Jy

V|=yx*+y* =A magnitude of V
ZV =tan 1(Xj = ¢ phase of V
X

+ Phasors have a magnitude and a phase
I derived from polar coordinates rules.



Influence of Resistor on Circuit
%/ Vi, =1:R
If 1.(t)=Asin(awt)
then V, (t) = R* Asin(wt)
+ Resistor modifies the amplitude of the
signal by R
I + Resistor has no effect on the phase



Influence of Inductor on Circuit
dl,

V = L— Note:
dt c0s0=sin(0+x/2)

If 1, (t) = Asin(at)
then V, (1) = w L* Acos(at)
! orV, (t) = w L* Asin(et +%)
+ Inductor modifies the amplitude of the
l signal by oL

+ Inductor shifts the phase by +mr/2



Influence of Capacitor on Circuit

1
%{ VC — E-[ IC dt
if 1. (t) = Asin(at)

then V(1) = 1. Acos(at) = S Acos(awt — 1)

wC wC
1 ... T 1 L. T
or V. (t)_— Asln(a)t+5—7z):a)—C Asm(a)t—a)

+ Capacitor modifies the amplitude of the
signal by 1/oC

+ Capacitor shifts the phase by -r/2



Understanding the influence of Phase

+x

o)

*] +real: if y=0and x>0

X

- real

.

f
}:- Z\V = tan 1(Xj e

if x=0and y>0

y +real +]:

J

then 2V =tan" [y

=2 —90°
0) 2

— If x=0and y<0

then £V = tan 1(%) =0
then 2V =tan" (y_) -2 _ _op

0 2
If y=0and x<0
then £V =tan" (1 =z (or —r)
X X
=+180
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Complex Impedance \/ = |7

+ Z defines the influence of a component
on the amplitude and phase of a circuit

* Resistors: Z; =R

change the amplitude by R
» Capacitors: Z-=1/joC
change the amplitude by 1/oC

shift the phase -90 (1/j=-))
* Inductors: Z, =joL

change the amplitude by oL
shift the phase +90 (j)
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Transient at 10 Hz

400ms

20ms 25ms 30ms 35ms 40ms
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Time

Transient at 100 Hz
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Time
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Notes on Logarithmic Scales

C: Frequency= 105 = 790,000 Hz

C: location=LOG(T90000=59 decade 5-90%0

l/ 2. 6u ; : : : . . .
1.8U-8 : g : B— —& i B
_____ SRR FSEUVE NSV PRSP IPUPRIRD SR PRI SRUUPR PURIPUY (NSUPUURY WRIPIPRY RSN S
-----
ﬂu 1 ‘ 1 ' 1 1 1 ‘ 1
1.8Hz 16Hz 188Hz 1.0KHz 10KHz 180KHz 1.8MHz  18HHz
100 101 102 103 10* 10° 106 107
|
DECADE | Frequency
Frequency = 10 [decade], [oacross decade] [ decade] , [%0across decade] = LOG [ Frequency |
A: Frequency= 1015 = 32Hz A: location=LOG(32)=15  decade 1 - 50%
I B: Frequency= 1032 = 1600 Hz B: location = LOG{1600)=3.2  decade 3 - 20%%
L
L



Capture/PSpice Notes

+ Showing the real and imaginary part of the signal

* In Capture: PSpice->Markers->Advanced
->Real Part of \oltage
->|maginary Part of Voltage

 In PSpice: Add Trace

real part: R()
Imaginary part: IMG()
+ Showing the phase of the signal
* In Capture:

PSpice->Markers->Advanced->Phase of Voltage

 In PSPice: Add Trace
phase: P()



Part B

+ Phasors
+ Complex Transfer Functions

\
§
P + Filters
T



Definition of a Phasor

If V(t)=Acos(owt+¢),then let

V = Acos¢ + JASIn ¢

+ The real part is our signal.
+ The two parts allow us to determine the
Influence of the phase and amplitude

changes mathematically.

+ After we manipulate the numbers, we
discard the imaginary part.



| Phasor References

+ http://ccrma-
www.stanford.edu/~jos/filters/Phasor Notat
lon.html

+ http://www.ligo.caltech.edu/~vsanni/ph3/EX
PACCircuits/ACCircuits.pdf

+ http://ptolemy.eecs.berkeley.edu/eecs20/ber
I keley/phasors/demo/phasors.html



http://ccrma-www.stanford.edu/~jos/filters/Phasor_Notation.html
http://ccrma-www.stanford.edu/~jos/filters/Phasor_Notation.html
http://ccrma-www.stanford.edu/~jos/filters/Phasor_Notation.html
http://www.ligo.caltech.edu/~vsanni/ph3/ExpACCircuits/ACCircuits.pdf
http://www.ligo.caltech.edu/~vsanni/ph3/ExpACCircuits/ACCircuits.pdf
http://ptolemy.eecs.berkeley.edu/eecs20/berkeley/phasors/demo/phasors.html
http://ptolemy.eecs.berkeley.edu/eecs20/berkeley/phasors/demo/phasors.html

Phasor Applet

Rotating Phasors

Clear | Cne | Fos [ Meqg | T | Beats |

Delta | Sawtooth | Square | Triangle |

on Freguency  Amplitude FPhase

: : Hz  <||Raw  x||Deg |
0.5 E E
Applyalues
L
L

Slower TIME {x0.00) Faster

I _+ |

Foorm In GRAFH (F.00 sec) Loam ot

| m )



http://ptolemy.eecs.berkeley.edu/eecs20/berkeley/phasors/demo/phasors.html

!
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Adding Phasors & Other Applets



http://www.sussex.ac.uk/physics/teaching/btv/electronics/page5.html

Magnitude and Phase
% i}

V =Acosg + JAsIng= X+ Jy

V|=yx*+y* =A magnitude of V
ZV =tan 1(Xj = ¢ phase of V
X

+ Phasors have a magnitude and a phase
I derived from polar coordinates rules.



Euler’s Formula

e’ =cos@ + jsind

if z=x+ Jy_rcosé’+ jrsin@ =rel’

j6
then I, =—= Ll — iej(é’l—@z)
j@
Z, hLe™
I
therefore, r,=-—~ and 6,=6,-6,
r2

and z, =2,-2, =r,e'% .rel% = .rel@*)
therefore, r,=r-r, and 6,=6 +0,



I\/Ianipulating Phasors (1)

X:

Acos(a)t+¢)+ jsin(wt+¢) = Aelt@H?
Azej(“’t+¢2) A2 plot af: Az
A and [ X, =g-4,
+ Note ot Is eliminated by the ratio
 This gives the phase change between

{ (ot+¢,) @
_ AT A e e A ai(h-)
therefore,
A,
signal 1 and signal 2



Manipulating Phasors (2)

— —

V1:X1+jy1 V2:X2+jY2
\7 = X3+ JYs

N

"‘Y2

/X, =N~ /N, =tan” [ylj tan” EVZ]
Xl X2

¢
e
I



Complex Transfer Functions

H ( J 0)) — \\/7out((JJ Ci)))

+ If we use phasors, we can define H for
all circuits in this way.

+ If we use complex impedances, we can
combine all components the way we
combine resistors.

+ Hand V are now functions of j and o



—

Complex Impedance \/ = |7

+ Z defines the influence of a component
on the amplitude and phase of a circuit

* Resistors: Z; =R

» Capacitors: Z-=1/joC
* Inductors: Z,=joL
+ We can use the rules for resistors to

analyze circuits with capacitors and
Inductors If we use phasors and complex
Impedance.
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Simple Example

R

A ’Vout

ZR

N
O

=R




Simple Example (continued)

_ - 1
(Jo) JoRC +1

1+j0| 17407 1

H
H(jo)|= 1+ joRC| \/12+(a)RC) \/1+(coRC)2

‘H(]a) ‘ 1 ZH(jw) =—-tan(wRC
\/1_|_(ch) (Jo) ( )

/ZH(jo) =21+ j0)- Z(1+ joRC)
ZH(jow)=tan™ Oj tan™ /@jz—tanl(wRC)
1 . 1
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High and Low Pass Filters

[ '/g =2nf,

High Pass Filter

00000

00000

H=0atw —>0

H=1atw — o

H =0.707 at o,

L ow Pass Filter

H=1atw —>0

H=0atw — o

H =0.707 at o,



Corner Frequency

% + The corner frequency of an RC or RL circuit
tells us where it transitions from low to high or
Visa versa. .

+ We define it as the place where |H(jo )| =7

1
! + For RC circuits: @, =oc

pu,

+ For RL circuits: o, =

—| o



Corner Frequency of our example

l f,.,i o'/out ] 1

?/ R ):1+ja)RC
@ ::C

. 1

H = —

1 H(jo)]| 5
1 1 1 1
H = =—
P H(e)|= Jl+(@RC)? v2  1+(wRC)* 2
1 _ 1

l 2 1+ (C()RC) (RC)Z C()C = E



H(jw), @, and filters

+ We can use the transfer function, H(jw), and the
corner frequency, o, to easily determine the
characteristics of a filter.

+ If we consider the behavior of the transfer
function as m approaches 0 and infinity and
look for when H nears 0 and 1, we can identify
high and low pass filters.

+ The corner frequency gives us the point where

the filter changes: ¢ _o

—0\0—

— C
C
27T

"



Taking limits

¢
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a,0° +a,m+a,
b, +bw+h,

H(Jo) =

+ At low frequencies, (ie. ®=10-), lowest
power of ® dominates

a,10"° +2a,107° +3,10° _ a,

b,10° +5,10° +b,10° b,

H(jo) =

+ At high frequencies (ie. ® =10%3), highest
power of ® dominates

a,10" +2,10” +3,10° _ a,

b,10"° +b,10"° +b,10° b,

H(jo) =



Taking limits -- Example
%, 9w° +15w

H(jo) =
(o) 30w’ +2w+5

+ At low frequencies, (lowest power)

Hio(j0) =22 =30
5
+ At high frequencies, (highest power)
2

. Qw
HHI(Ja)): 3(02 :3




Our example at low frequencies

R

%’ T HGey =t
@ TC 1+ JoRC

. 1
H w)=——=1
P Low (J®) 100
I LOW(Ja))\asa)—m \1\:1

/ZH oy (Jo)=tan™ Gj 0 (on+ x axis)




Our example at high frequencies

R
L ia

’Vout 1

H()jo) =

@ T C 1+j0)RC

4
1
P HIGH(JCO)_ jwRC
1 1
=—=0
1

@) AS@W —> o0 =
Hyyon (j0)| ToRC| "

0 4 o RC T T
ZH tan~ tan™| —— |=0-==-=
HIGH(JG)) (]J ( 0 j 5 5



Our example Is a low pass filter

; :
{4

1.0 =
0.5 :
I 0
Y 1.0Hz 10KHZ
- A W{C1:2}
Frequenc

00000

.Vout

A
T C

‘Humwzl‘HHmJ:O

@, 1

" 2z 27RC

f

What about the phase?




| Our example has a phase shift

T

‘HLOW‘:l
‘HHIGH‘:O

f"mmi: A:FiLom/(jCO):::O
ZH yion (Jo) =-90°

-100d
1.0Hz 10KHz 100MHzZ
© VP(C1l:2)
Frequency



Part C

+ Using Transfer Functions
+ Capacitor Impedance Proof

+ More Filters
» Transfer Functions of RLC Circuits



Using H to find V

| Pout o J o | Dou
H(ja)) — out — AOUteJ teja) — 'AOU'[eJ t

-¢in - 10
V- AineJ eja)t Ainej¢|n

AOUtej¢out — H (ja)) Ainej¢in
AOUtej¢out _ ‘H (ja))‘ejéH(jw)Ainejqﬁin

Aot :‘H (JC‘))‘Am

¢out = /H (ja))+¢in




Simple Example (with numbers)

R
Yout

AN L C _ 1lu F R _ 1kQ

7N
17y)
-

V. (t) =2V cos(2krt +%)

_O 1 1 1
ja)RC+1 )2krlklu+1 27 +1
=0.157  /H(jw)=0- tanl(Z”j _1.41
Jl+(2ﬂ) 1

]3

V,,(t) =0.157*2V cos(2kzt+0.785-1.41)

V,, (t) =0.314V cos(2kzt—0.625)




Capacitor Impedance Proof

Prove:  Ze=——
rove.: C jwC
1.(t)=C dve (1 and V.(t) = Acos(ot+¢)

dt
Ve (jo) = Acos(ot +¢) + jAsin(wt +¢) = Ael@?
dV. (jow) dAei@t?

= Ajoel@ = jV, (jo)

" |—H—k— —00—

dt dt

dvgt(t) = Re{ ch;tJ' a))} = JwAcos(ot +¢) = joV (1)

1) = 220 iy, 0] Vo) == 1.8
JoC




Band Filters

l A Band Pass Filter
?/ / \\\ H=0atw —>0
0.5 J \
/// \\\ H=0atw — o
o - 10\\ L H =1 at m,=2rf,
4 V(R1:1}/ V(R1:2) . .!:0 .
- ¥ Band Reject Filter
\ /
Lt\ / H=1atw—>0
0.5 \ /
I \\ /}{ H=1atw > ©
/
— : g H =0 at ©, =2nf,

1.0H= 100H= 10 1.0MH=z 100MHzZ
A V(L1:1) / WV(V1:+)
Frequ



Resonant Frequency

+ The resonant frequency of an RLC circuit tells
us where It reaches a maximum or minimum.

+ This can define the center of the band (on a band
filter) or the location of the transition (on a high

or low pass filter).
+ The equation for the resonant frequency of an
RLC circuit Is:
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Another Example

L R

e X o out
Z.=R Z =jolL
= C 1
Zo=———
Jo C
N 1
. Jo C 1
H — —
(Jo) R+ oL+ 1 joRC+ j°w°LC +1
JoC
. 1
H(jow)=

(1-»°LC)+ joRC




At Very Low Frequencies

. 1
HLow(Ja)):i:

‘ H oy (J®) ‘a)—>O:1
ZHLovv(ja)):O

¢
At Very High Frequencies
Hien (J@) = =

—w°LC

. 1
‘HHIGH(JG))‘CO—)OOZ_|:O
06

/Hyey(Jo)=mor —x



At the Resonant Frequency

H(j0) = == fy-
1-w’LC)+ joRC ° JLC ° 2zJLC

1 1

Q—LEETUD+(J&JRC aéwuﬂﬁ%)

LC If L=1mH, C=0.1uF and R=100Q2
H(joo,)=—j =
(J)=~) RC w,=100k rad/sec f,=16k Hz
1 "o ™

~~
S &
S
o
~—
Il
|

‘H(on)‘ o |Hy|=1 ZH == radians

4H0w0=—%




Our example Is a low pass filter

od

l —90\
-100d

-200d

................................. P h ase

d¢=0atw—>0

¢=-180atw —> o0

1.2
1

0.8

Magnitude

H=1lato —>0

B H=0atw — ©

.0H=z 100H=z 10KH=z 1.0MH=z
o V(C1:1)/V(L1:1) / \
Frequency —_
f,=16k Hz

Actual circuit resonance is only at the theoretical
resonant frequency, f,, when there is no resistance.

-
=
=




Part D

+ Equivalent Impedance
« Transfer Functions of More

/
P Complex Circuits
L



Equivalent Impedance
R

® Yout

A,

@ L =C

-0
P + Even though this filter has parallel components, we can

still handle It.

+ \We can combine complex impedances like resistors to
find the equivalent impedance of the components

combined.



Equivalent Impedance

F.
"«fn:lut

4

¢

‘It_iu —
: |

2,7 _ joC _ joL _ joL
j’0’LC+1 1-w°LC
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Determine
Jo L

H
Z

Zo = H(jow)=—=
- 1-0’LC (o) R+Z
Jo L
. 1-w?LC : 1-w°LC
H(Ja))—RJr Tl multlplybyl_wzl_C
1-w°LC
H(jo) == —A25
R(1—w?LC) + jo L




" |—H—k— —00—

At Very Low Frequencies
JoL

R
| H o (J®) |a)—>0=0

HLOW(ja)) =

] 7T
ZHl_ow(Ja)) :E

At Very High Frequencies
T
—aJ)ZLRC :a)RJC

H icH (Jo)=

i 1
‘HHIGH(Ja))‘CO—)OO:‘_‘:O
00

i VA
ZHpyon (Jo) =——

2



At the Resonant Frequency

Wy =

1
A/ JLc

\
§
P R(l j LC)+](\/ET:jL
1

H(jop)|=1  ZH(jw,) =0




Our example Is a band pass filter

1.0

=

¢

0.5

100d

o VI(RL) / V(Vl:+)

0d

SEL>>
-100d

| I—H—B—

v VP(R1:1)
Frequency

Magnitude
H=0atw—>0
H=1 at o,

H=0atw — o

Phase
d=90atw—>0
¢=0at w,

Lo 10KI;.Z\ Loz & = -90 at o —> o0



	Experiment 2
	Part A
	Transfer Functions
	Simple Example
	More Complicated  Example
	How do we model H?
	We will define Phasors
	Review of Polar Coordinates
	Review of Complex Numbers
	Complex Polar Coordinates
	Now we can define Phasors
	The “V=IR” of Phasors
	Magnitude and Phase
	Influence of Resistor on Circuit
	Influence of Inductor on Circuit
	Influence of Capacitor on Circuit
	Understanding the influence of Phase
	Complex Impedance
	AC Sweeps
	Notes on Logarithmic Scales
	Capture/PSpice Notes
	Part B
	Definition of a Phasor
	Phasor References
	Phasor Applet
	Adding Phasors & Other Applets
	Magnitude and Phase
	Euler’s Formula
	Manipulating Phasors (1)
	Manipulating Phasors (2)
	Complex Transfer Functions
	Complex Impedance
	Simple Example
	Simple Example (continued)
	High and Low Pass Filters
	Corner Frequency
	Corner Frequency of our example
	H(jw), wc, and filters
	Taking limits
	Taking limits -- Example
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Part C
	Using H to find Vout
	Simple Example (with numbers)
	Capacitor Impedance Proof
	Band Filters
	Resonant Frequency
	Another Example
	At Very Low Frequencies
	At the Resonant Frequency
	Slide Number 54
	Part D
	Equivalent Impedance
	Equivalent Impedance
	Determine H
	At Very Low Frequencies
	At the Resonant Frequency
	Slide Number 61

