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1. INTRODUCTION

Throughout this assignment 2 types of electrical circuits and 2 types of electrical will be analysed and
simulated using theory prediction and matlab. The two types of electrical circuit are first order and
second order circuits, in this section | will be looking at a low pass filter, high pass filter in first order.
Then a low pass filter and a parallel resonant filter in the second order circuit. The two types of
electrical systems are first order and second order systems. Here a high pass and low pass first order
filters will be analysed. For the second order systems a sallen & key low pass filter and a sallen &key
high pass filter will be analysed.

Suitable component values will be chosen for each circuit, the laplace model will then be formed
deriving the transfer function. Using the chosen component values the transient performance will be
predicted using theory then simulated using Matlab. Also the frequency response will be predicted
then simulated again using Matlab. Taking both predicted and simulated results and comparing
together.

For the two types of electrical systems values for capacitor 1 and 2 will be chosen then the
frequency response will be produced using matlab comparing the results to predicted theory results.




2. ANALYSIS OF FIRST ORDER ELECTRIC CIRCUITS

Task 1 a)
Low pass filter

See Figure 1 for laplace model of the low pass filter circuit.

sL=0.2

ufs) R =400 Y(s)

O O

Figure 1

Deriving the transfer function:

R
Y(S) = m X U(S)

1
X s (step input)

R
Y= 35

R
Y& = s+ p
Divide top and bottom by L
R
L
Y(s) =
s@+@

leta=R/,




_a
T S(s+a)

Y=L {Y(s)}

e {5(51 a)}

y(t)m | —e™®

R
y)=1—-eTxt

~t
yt)=1—eT
L 0.2
gt === 0.005 seconds
Transfer function
Y(s) R
U(s) R+slL
Divide top and bottom by R
_ 1
T1s+1
Insert circuit values
_ 1
T 0.005+1

Cut off frequency

R 40
Wes 7= 55= 200rad/s

Matlab simulation
Step transient response:

@ Editor - HAMATLAB\exponential_rise_rc_cct.m

| exponential_rise_rc_cctm ¥ | 4 |

Fexpodential decay rc

num=[1] ;

dem=[0.005 1];

step (num, dem) ;

Zlabel ('time');

yvlabel {('output voltage, V')r

T A “ I S
I

grid

Figure 2




Step Response
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Figure 3
Above in figure 3 is the step response for the circuit in matlab. From the gragh you can see at 0.632

the time matches the calculated time constant of 0.005s. By 5 times the time constant (0.025s) the

circuit has reach steady state.

Frequency response:

Flow pas=s
num=[200] ;
dem=[1 200]:
bode (num, dem) ;
— grid

Figure 4
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Above in figure 5 is the graph showing the -3dB point at the circuit which shows the cut off
frequency. The simulated cut off frequency matches the calculated cut off frequency being 200rad/s.
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Figure 6

Figure 6 above show that the circuit drops by 20dB’s per decade as a first order circuit should.




Task 1 b)
High pass filter

102
o—=| —+—o0
- >
U(s) R= 400 I:I Y(s)
O —0

Figure 7 above shows the laplace model of the first order high pass filter.

Deriving the transfer function:

Multiply top and bottom by sc

For a step input u(s)= %

Therefore:

Divide top and bottom by RC:

1
leta=—
RC

From the table of transforms:

Y(S‘) = m X U(S)
SCR
Y(S) = m XU(S‘)
V(s) = RCS X 1
)= Res+n X5
RC
Y= Ges+p
Y(s) = T
S+E)
1
Y(S) = m




Y(t) = e
Y(t) = e ‘re
(expodential decay where RC= T (time constant))

Transfer function:

Y(s)  RCS

U(s)  RCS+1
Therefore:

TS
H(s) = where s = RC =8

s+1

Cut off frequency:
wce = LI ! =0.125
T RC T (40x0.2)

Time constant = RC = 8s

Matlab simulation
Step input transient response:

Figure 8 below shows the values for the step response graph entered into matlab.

FHigh pass filter - =step response
num=[1];
dem=[8| 11 ;
step (num, dem) ;
xlabel('time')

vliabel ('output wvoltage, V'):
grid

Figure 8




Step Response
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Figure 9

In the above figure 9 is the step response of the high pass filter.

Frequency response:
I high_pass_taskB.m | - |

Tlow pass

= num=[1 0]

= dem=[1 0.125];
= bode (num, dem) ;
= grid

Figure 10 shows the values entered into matlab.
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Figure 11

Figure 11 shows the cut off frequency being 0.125rad/s at the -3db value, this matches the theory
calculated above.
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Figure 12

Figure 12 above shows the 20dB drop per decade in this circuit as it’s a first order circuit.




3. ANALYSIS OF SECOND ORDER ELECTRIC CIRCUITS

Task 2A)
Second order low pass filter

Laplace Model (SEE FIGURE 13):

R sL
o—__}—"""—e—0
A A
1 1
X(s) SC —— Y(s)

O —O

Figure 13
Deriving transfer function:

Ysc

Using potential divider rule — Y(s) = RroL+ 17 X(s)
sL+ sc
Multiplying top and bottom by S/L—
Yis) _ (MsA)C/)
X(s) (R)(S/L) + (SL)(S/L) + (l/sc)(s/g)

_ Yic
s2+(R/)©® + Y

The above is a second order transfer function as for the S2.

H(s)

; 1
Natural frequency equation: wn = =

Damping factor equation: { = (g) E)

L

For frequency analysis S = jw

Yie
Gw)z + (R7)Gw) + 1/,

H(jw) =

14




1/ LC
w2+ DR/)w) + 1,

i
LC
(l/Lc -w?) + U)(R/L)(W)

Made easier to analyse by multiplying top and bottom by LC

H(jw) =

H(jw) =

1

H(jw) = (1 =w2LC) + HW(R)(C)

1

I HGw) lI=
G V(1 = W2LC)?2 + W2R2(C?

To find the maximum value of | H(jw) |l in this case, differentiate needs to be set to zero.

Therefore:
1
I HGw) | max = ————
R2C 1— R2C
L 4L
= ,i _ 1Ry
At a frequency Wm = =3 (L)
The circuit has a maximum value of >1 due to magpnification.
1 |L
Where Q = ==
The resonant frequency occurs when 1 — Wo2LC = 0
. =
Therefore: Wo = T
R=100Q L=0.1H C=52uF R/L =100 1/LC =192 307.7

= —2t 12% _
W= J(O-l)(52x10—6) 2 (0.1) = 432.8?’&6[/'5

1 1
Wo-ﬁ— m = 438.5rad/5

=1t _ 1 o1 _
Q= RJ; T 104)52x10-6 =439

To find R value for critically damped circuit the equation below was used:

R? = 4X£
T
R2 :4)(L
52X10-6

15




R? = 76923

R = +7692.3
R =87.70Q

Matlab simulation

Step Response:

Figure 14 and 15 below show the step input for this low pass second order filter. On the graph are 3

plots here the resistance is varied to show underdamped, over damped and critical damping. 10Q
being underdamped/no damping, 87.7Q being critically damping where the circuit is at its best and

150Q) being overdamped.

FZ Editor - HAMATLAB\TASK2_STEPINPUT_FIGURE2A.m
TASK2_STEPINPUT_FIGUREZA.m = | + |

|
1 +5TEP RESPONSE SECOND CRDER LOW PASS FILER
2 $R=10
3= num=[192307.7];
4= dem=[1 100 182307.7]:
o= step (num, dem) ;
6 — xlabel ("'time")
¥ = yvlabel ('output voltage, V'),
2
)

- hnold on
10 FR=8T7.7
= dem=[1 877 152307.71:
12 = step (num,dem) ;
13
14 3R=150
15— dem=[1 1500 192307.7]:
16 — step (num, dem) ;
17 = grid CN
Figure 14

16




1.8

Step Response
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Figure 15
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Above in figure 15 is the step response graph for the RLC second order low pass filter. The 10Q blue

line shows that the circuit is underdamped. The calculated critical damping value of 87.7Q is the
orange line, where you can see no distortion in the step response. The 150Q) yellow line shows a

overdamped circuit.

17




Ei Editor - HA\MATLAB\TASK2_FREQUENCY_FIGURE2A.m

TASK2_FREQUENCY_FIGURE2Am ¢ | + |

1 SFREQUENCY RESPONSE LOW PASS SENCOND CRDER FILTEF
2 $UNDERDAMPED R=10
3 - num=[192307.7]:
4 - dem—[1 100 1923207.7];
Hf= bode (num, dem) ;
6 = hold on
i
g TUNDERDAMPED R=1
= dem=[1 10 192307.7]1:;
;= bode (num, dem) ;
11
12 $CRITICALLY DAMPED R=87.7
33— dem=[1 877 192307.7]:
I = bode (num, dem) ;
15
18 2OVERDAMPED ER=150
317 = dem=[1 1500 192307.7]:
18 - bode (num, dem) ;
19 — grid on
Figure 16

Figure 16 shows the values entered into matlab to produce a bode diagram, using differnet damping
values. Below in figure 17 is the bode diagram, this shows the 87.7Q circuit being the critically
damped circuit as for its smooth curve.

Bode Diagram
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§, \\H_‘
= S0 s = -
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e
e
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{00 PO A | A | o | . \ Luiioh
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_\_“"--\_._ S 1
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= ~ \
g =
g -0 \(\\ i
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o \ 0
-135 [~ \ — g
\ e
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Frequency (rad/s)
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Task 2B)
Second order parallel resonant filter

Laplace model:

O— *

A

Y(s)

0O -

Figure 18

Figure 16 show the laplace model of a second order parallel resonant filter.

Deriving the transfer function:

Zp(s)
Y(S)= ——— X(§
) R+ Zp(s) (5
Zp(s) is the parallel impedance of sL and 1/5C.
sLx1/
Zp(s) = ——5C
B sL
T OS2LC+1
sL
SZLC+1
rs)= ==L+l
R+ sorc71
Y(s) sL

X(s) RGZLC+1) +sL
Divide top and bottom by RLC

52+ lfRCxS+ 1XLC

H(s) =

O

19




The $? means that this is a second order transfer function.
The above equation can be compared with the standard second order equation.
Standard equation:
§% 4+ 2{wns + wn?
Whn= natural frequency of oscillation

From the above:

2L . =L
Wn*® =~ Wn=—= 20Wn = =
__1 ¥ _ 1 (L
z“2umiia.~: T 2RC T 2RANC
NOTE:
{< 1 =Underdamped
{> 1 = Overdamped
{=1 = critically damped
{=0 =no damping
1
- Sx /RC
H(s) = 1 1
SZ+ /RCXS-I- /LC
Where,
R =10Q L=0.1H C=52Uf
Natural f =Wn?== Wn=—  Wn=———— =
atural frequency = Wn® = = n=-= s s =
1 1
ic = Goeaog ~ 1923077
U T [ 01
Damping = — |- = S0 Jsmn=s = 2.19(overdamped)
— = 1923
RC
Critical damping: R = |%= |—2— =21.9260
ritical damping: R = [Z= [——o— =21.
= =877.07
RC

sx pc 5 1923

HEs) = o7 Lo xS+ Y, 52 1923 1923077

438.5rad/s

20




1 2
2 %0OVE {PE
=i= num=[19231];
L= den=[1 1923 192307.7];
== step (num,den) ;
B = xlabel({'time");
= vlabel (‘output voltage, V')
8 = hold on
2
1a 3CRITICAL DAMPING R=21.926
11 = den=[1 877.07 192307.7]:
T2 = atep (num, den) ;
13
14
15 LUNDERDAMPING R=50
16 — den=[1 384.6 192307.7];
17 = atep (num, den) ;
18 — grid ON
Figure 19
R=50Q Step Response
0.014 T T T T T
R=21.926Q
0.012 .
0.01
e
o3 ]
g 0.008
=
[=]
-
= -
ﬁ_ 0.006
=
a
0.004 y
0.002 y
D 4 1 1 ] I
0 0.01 0.02 0.03 0.04 0.05
time (seconds)
Figure 20

TASK2_STEPINPU

¥

0.06
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Above in figure 19 and 20 is the step response for the parallel resonant filter. The response backs the
theory of the 21.92 ohm being the critically damped circuit as for its smooth step response. Also
from the step response the underdamped 500hms circuit is proven as for its hardly no damping
through the step response but eventually smoothing off. The 10ohms circuit proves that the theory
is right in saying that its overdamped as for its curved step response. This also proves the theory to
damp a resonant parallel filter decrease the resistance. Whereas the opposite works to increase
damping in a second order low pass filter, therefor you must increase the resistance to increase the
damping.

B4 Editor - HAMATLAB\TASK2_FREQUENCY_FIGUREZb.m

| TASK2_FREQUENCY_FIGURE2b.m | + |
1 3FREQUENCY RESPONSE second order Parallel resonant filter
2 (0OVERDAMPED R=10
== num=[1923 0];
4 — dem=[1 1523 152307.71:
T bode (num, dem) ;
== hold on
7
8 $CRITICALLY DAMPED R=21.926.
9 - num=[877.07 0]:
= dem=[1 877.07 192307.7]:
11 = bode (num, dem) ;
12
13 $UNDERDAMPED R=50
14 — num=[384.6 0]:
15 = dem=[1 384.6 192307.7]:
16 — bode (num, dem) ;
17— grid on
Figure 21

Figure 21 and 22 show the bode diagram for the parallel resonant filter. This diagram consists of 3
different circuits, where the damping factor is varied changing the resistannce value. From figure 22
the underdamped 50ohm ciruit is very sharp which shows that its under damped, whereas the
critically dammped 21.926 ohm circuit has a smooth line. The overdamped ciruit can be seen as it's a
curved line. Figure 22 backs the theory of as you decrease the resistance the damping increases for
this parallel resonant circuit.

22




R=100) Bode Diagram R=21.926Q
0 \\ = T [
f///:;J") ‘h\‘\\‘\
o //i"' i et .
=207 - N 1
= s SN
c S G
240 ’/ o ~
= - R=500
-’6 D 1 1l 1 1
90 B T .
? 45 I \‘\ \\ i
=l
1)) 0 \l"’.}\\_\ =
@ g
= o
Q. 45 \\ g
_x________:\:H_
-90 i | i N ——
10° 10 102 102 104 107
Frequency (rad/s)
Figure 22

23




4. ANALYSIS OF FIRST ORDER ELECTRONIC SYSTEMS

High pass filter system task 3A

Vin

o— 1|

10KQ Ca
Z1(s)

ov

Figure 23

5 R2
Gain: k=—
R1

wce = 1/CR

H(s) = —K (

Z2(s)
Vour
Il Il & o]
10KQ
s
S+ wc)

Similar to the previous high pass filter with a negative gain. For a hight pass filter at WC phase angle
= 45°. However due to the phase shift of 180° wc = 45+180 = 225°.

Where,

C=50nF R =10kO

S0k _

1
10k

1
¢=—ee
50x10-9 x 10,000

H(s) = —1 (L)

S+2000

= 2000rad/s

In matlab

Num = [-1 0];
Den = [1 2000];
Bode (num,den);

Grid

24




IndB’s 1is:
20log(1) =0

Therefore cut-off = magnitude = -3dB.

| TASK3_FREQUENCY_FIGURE3a.m

Ttask 3 - High pas
num=[-1 0]:;
den=[1 2000]:

bode (num, den) ;

=]

= grid
Figure 24
Bode Diagram
0 —
-
i
o e System: sys
D 0t Frequency (rad/s): 2e+03 .
3 Magnitude (dB): -3.01
=]
=
220 -
=
-30
T
T System: sys
§ TR Frequency (rad/s): 2e+03
o "~ |Phase (deg): 225
® 225 LN _
8 e
o o<l
\-"‘“\___‘
g i
180 . T
102 103 104 10°
Frequency (rad/s)
Figure 25

Figure 23 and 24 show the bode diagram for high pass filter system. The frequency at the cut off of -
3dB is 2000 rad/s as calculated. Also the diagram shows the phase shift has occurred as predicted

and is 225 degrees at 2000raad/s.
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Low pass filter system task 3B

| |
11
GCs
71
Vin (s) 72(s) Vaur
o— —e— 1 +—o
1KQ 5.6KQ
+
oy —l—
Figure 26
S
H(s) = K (s+wc)
Gain:k=%
wc:ﬁ

The negative sign shows that its an inverting amplifier which gives a 180° phase shift. Which changes

the cut off angle to -45 +180 = 135°

Where,
R1=1kQ R2 = 5.6kQ C = 500nF
WC=-=_—2 =357.14
CR 500x10-9x 5600
i B2 _ 56k ;
Gain: k= Tk 5.6 gain
357.14
Hle)= =56 (s +357.14

)

26




In matlab:

Num = [-5.6 x 357.14]
Den=[1 357.14]
Bode = (Num,Den)
Grid

In dB’s 5=

20log(5) = 14.96

Cut off at =11.96

\. TASKS_FREQUENCY_FIGURESb.m

| +]

L itask 3 - I_I:*.Tn‘l pass filter
0= nm=-5.6"357.14]:
§ = den=[1 357.14]:
L= bode (num, den) ;
= grid
Figure 27
Bode Diagram
20 .
— _m_‘—__‘““*.._x
I System: sys o 1
£ ol Frequency (rad/s): 357 \“\
% Magnitude (dB): 12 .
(o]
10+ e ]
= -10 ~
-20 .
="
ey System: sys
e e Frequency (rad/s): 357
o ™. |Phase (deg): 135
@ 135 - \.\ |
o ~;
& ki
‘\h““-.__‘h
20 ' ———
10’ 102 10° 10*

Frequency (rad/s)

Figure 28
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Figure 27 and 28 consists of the bode diagram for the low pass filter system. From the diagram at
12dB’s the frequency is a 357rad/s, this corresponds to the predicted value in theory. Another
theory backing factor is the phase angle at cut off frequency. As there is a negative gain there is a
phase shift of 180degrees which results in the cut off frequency phase angle being 135degrees as
predicted.

28




5. ANALYSIS OF SECOND ORDER ELECTRONIC SYSTEMS

Sallen & Key Low Pass Filter

200nF
] |
11
Vin oK 5k
+ Vour
200nF _
1.172k
ov I
2k
Figure 29
Wc = 1000
Let ¢ =200nF
1

~ 1000 x 200x10 — 9

5kQ

Butterworth k = 1.586

If Rb = 2kQ, Ra = (k—1) x Rb
= (1.586 -1) x2

=1.172kQ

In dB’s 1.586 = 4dB

29




1
VR1R2C1C2

1
/(5000)(5000)(200X10 — 9)(200X10 — 9)

WC = 1000

Q RC

B 3 —1.586
~ (5000 X 200X10 —9)

1414

1.586 x 10002
52 + 1414 5 + 10002

1586 000
S§2 + 1414 S + 1000 000

H(s) =

H(s) =

In matlab:

NUM [1586 000];

DEN [1 1414 1000 000];
Bode (NUM,DEN);

grid.
= : : - - -
| TASK4_FREQUENCY_FIGUREda.m % | =+ |
1 ftask 4 - =sallen & key low pass
2 = nun=[1586000];
3l = den=[1 1414 10000001];
= bode (num, den) ;
== grid
Figure 30

m
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Figure 31

Figure 30 and 31 shows the bode diagram for a sallen and key low pass filter. From the theory the

predicted cut off frequency is 1000rad/s which corresponds to the bode diagram above in figure 31.

This is a second order system therefore it drops by 40dB’s per decade as can be seen using figure 31.
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Sallen & Key High Pass Filter

Rl: 5k
|
L
C = Co-=
Wi 200nF 200nF
] 1L | L
° 11 1 Vour
R = 5k
R:=1.172k
ov {
Ry= 2k

I

ov

Figure 32

Using the same values as the low pass.
Where,

R =5k

C =200nF

WC = 1000

K=1.586

wc/Q=1414

1586 S§?
5§24+ 1414 S + 1000 000

H(s) =

In matlab:

Num [1.586 0 O0];
Den[1 1414 1000 000];
Bode (Num,Den);

Grid.
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em—"

| TASK4_FREQUENCY FIGUREdb.m ¢ | + |

1 ftask 4 - sallen & key High pass filter
= num=[1.586 0 0]: -
= den=[1 1414 1000000]:
4 — bode (num, den) ;
== grid :
Figure 33
Bode Diagram
50 : ;
=)
E [} - /__/._‘_ -
3 T System: sys
% i Frequency (rad/s): 1e+03
2 50 et Magnitude (dB): 1.01 i
= el
|~
-100
180 = — e ;
h\\\\\ System: sys
™ 135 N Frequency (rad/s): 1.01e+03 1
S N |Phase (deg):89.5
@ 90 | 1
[%2] N
© AN
o= b
O 45 e g
\“‘-\h
D Il L -H
10' 102 10° 10* 10°
Frequency (rad/s)
Figure 34

Figure 33 and 34 consists of the sallen and key high pass filter bode diagram. The cut off frequency
is the same as the low pass filter at 100rad/s as can be also seen in the calculations. Where the
phase angle is negative 89.5 in this high pass filter where it was positive for the low pass filter. This
circuit will also drop by 40dB/s per decade as it's a second order system.
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6. CONCLUSION AND RECOMMENDATIONS
In conclusion throughout all tasks the predicted theory and calculation do match the results using
the matlab software.

And improvement would to have further damping factors and circuits to prove the theory further

using the step diagrams and bode diagrams. No further recommendations can be seen at the time as

all tasks and theory was proven using matlab.
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