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Task 1 -Transient Analysis of a First Order RL Electrical Circuit

o0

Figure 1: Task 1 RL circuit

The following values were chosen for the components in the circuit shown in Figure 1.

R1 =200
L1=0.2H
L 02
T=r=50= 0.01 Seconds
|
SL
OO
U(s) ] Y(s)
O *—0

Figure 2: Laplace model

Figure 2 shows the Laplace model of the circuit with the transfer function as followed below.

Yig _ 1 1
U(s) S£R+l T+1

Time response y(t) = 1 — e




New 10 MAILAEY See resources T

>> num = [1];
>> den = [0.01 17;
>> step (num,den);
grid

g ..

Figure 3: Task 1 MATLAB code

Step Response
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Figure 4: Task 1 step response

Simulation

Theory
0.01

0.01

Time Constant
Table 1: RL Transient Results

Tau is one time constant. It can be measured on a graph when the amplitude is at 0.632% of the

expediential growth in a transient. This comes from the formula y(t) =1 — ¢~ "/t as when t=t the
answer to the formula comes out at 63.2._Theoretically it can be calculated by dividing the inductor




by the resistor using the formula t=L/R. Both my theory results and simulation results are the same.
As a transient, at 5t the amplitude is 1.

Task 2 — Transient Analysis of a First Order RC Electrical Circuit

o—f f—1—o

G
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Oo——¢—0

Figure 5: Task 2 RC circuit

The following values were chosen for the components in the circuit shown in Figure 5
R2 =300Q
C1=20pF

T=C%xR=20x%x10"%x 300 = 0.006 seconds

O *—0

Figure 6: Laplace model
Figure 6 shows the Laplace model for a RC circuit with the transfer function as followed below.

Yi) _  REsuy Heew = 8
Us) RGga T ) T zgn

A step response simulation was carried out on MATLAB using the code in Figure 7 and the response
is shown in Figure 8.

>> num = [0.006 0];
>> den = [0.006 1];
>> step (num,den) ;
grid




Figure 7: Task 2 MATLAB code

Step Response
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Figure 8: RC circuit step response
Theory Simulation
Time Constant 0.006 0.006
Table 2: RC Transient Results

The simulated and theory results are the same. The amplitude is also should be at 0.362 at 1 time
constant as explained in task 1. Due to human error on highlighting the close values on the

simulation it is showing a 0.006 discrepancy which is down to human error on annotation and not

theory or simulation.




Task 3 — Frequency Performance Analysis of a First Order RL Electrical
Circuit
Using the same circuit (Figure 1) and values as task 1. The transfer function would be found using the
potential divider rule. The following process would be followed.

. _ R _ 20
Transfer function: ¥(s) = iR X(s)= s—0.2+znx(s)

R 20
LY 1 oz
T X(s) T s+F 20

(s) S+ S+

we 1

H(S) = Stawe = 5+100

This can be compared to the transfer function of a low pass filter. w, is the cut off frequency which
can be calculated by dividing the inductance by the resistance.

_1_ 1 _
We= -= 5= 100 rad/s

A(jw) = —tan™? (%)
0(jw) = —tan~1(1) = —45°

This can then be it into MATLAB to be compared against simulation. Cut off frequency is -3db so at -
3dB the expected out is 100 rad/s and a phase shift of —45°. The roll off which is the difference in
magnitude per decade should be -20dB per decade as it is first order.

>>» num=[100];
>> den=[1 100];
>> bode (num, den)
>> grid

Figure 9: Task 3 MATLAB code

Bode Diagram

Magritude (48]

Fhase (deg)

Frequency (radis)

Figure 10: Task 3 Bode plot for frequency response
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Bode Diagram

Magnitude (48]
, R
B

. System. sys
ool Frequency (mdis): 1e+04
Magrituda (dB): -40

Phasa (dag)

90 -

Fruqueﬂ‘c)' {radis)

Figure 11: Task 3 Bode plot for frequency response

Calculated Simulated
Cut off frequency(rad/s) at -3dB 100 99.7
Magnitude difference per decade | -20dB -19.9dB
Phase shift -45° -45°

The results are very accurate when compared to the simulation. There are slight discrepancies in the
roll off and in the cut off frequency. However, these are very marginal to the point they would not
have any significant impact.

Task 4 — Frequency Performance Analysis of a First Order RC Electrical
Circuit
Using the same circuit (Figure 5) and values as task 2.

The time constant is the same as task two calculated by:

T=CXR=20x10"%x 300 = 0.006 seconds

The cut off is calculated by using w- = % = ﬁ =166.6rad/s

5
stwe  s+166.6

The transfer functionis H(s) =

The phase shift is calculated as followed:

0(jw) = tan (ﬁ)

90 — (tan — 1(wRC)) = 90° — 45° = 45°

10




>> num=[1 0];

>> den=[1 166.6];
>> bode (num, den)
>> grid

Figure 12: Task 4 MATLAB code

Magnitude {48)

Frequency (radis) 10
Magnitude (dB): -24.4

System: sys

Fraqu
Phase

Phase (deg)

Frequency (radls)

Figure 13: Task 4 Bode plot for frequency response

Calculated Simulated
Cut off frequency(rad/s) at -3dB 166.6 167
Magnitude difference per decade | -20dB -18.65dB
Phase shift 45° 45°

The results are yet again very similar and are expected. The cut off frequency would match if
rounded to the same decimal place. The difference in not rounding could be MATLAB is not
displaying to a decimal place or the discrepancy is with the calculation vs simulation. However, yet
again a 0.4 rad/s discrepancy would have no significant impact.
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Task 5 — Transient Performance Analysis of a Second Order Series
Electrical Circuit

R, L,
o—_}—"""——0
Vin G :: Vour
O —O
Figure 14: RLC Series Circuit
R3 =3750Q
L2=0.2H
C2=35uF
@ I!’R1 ! Ri L1 @ PR2
—— o AN rron
375Q 0.2H
V1
- C1
1V e
oL .
1ps
0
— @&

Figure 15: RLC circuit with initial values

1
Laplace model, H(s) = Z+L§+ —. This can be compared to the second order transfer function which
& S'I ic

kwn?
524+2Ewns+wn?

isH(s) =

1 1
wn =-—=
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375 2ex10-5
Sigma, X = E‘E = % X ’3 ):)120 = 2.48 Systemis overdamped

142853.762

H(s) =
( ) 52+1874.682+142853.762

>> %cod
>> =

>>
>> num = [142853.762];

>> den = [1 1874.682 142853.762];
>> step(num,den);

grid;

>> xlabel ('time,secs');

>> ylabel ('capacitor voltage, V'):

Step Response

o
©
:

\

o
co
T
Y
N
I

ge, V
© o
» ~

o
(8]
'
-
i

capacitor voltage,
o
-9

o
(%]
T
|

O L | 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

time,secs (seconds)

Value of R is changed to 170Q.

R=170Q

R |c _ 17 [35x1076 .
E= E\E =S X" = 0.112 System is underdamped
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H(s) = 142853.762
T s2484.663+142853.762

>> %Second order transfer function
>> %RLC response to step input

>> %R=17, L=0.2, C=35U

>> num = [142853.762];

>> den [1 B4.663 142853.762];

>> step(num,den) ;

grid;

Step Response

[N} N » (o]
T T T

o
oo
'

capacitor voltage, V
L:

o
(@]
— 1

0 0.05 0.1
time,secs (seconds)

Value of R is changed to 151Q).

R=151Q

= EJE = 12& X ’35);—1:_6 = 0.999 System is critically damped

H(s) = 142853.762
T 524755.16408+142853.762
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>> %
>> %R Circuit response to step input
>> %R=151 L=0.2 C=35u

>> num = [142853.762];

>> [1 755.16408 142853.762];

>> step(num,den) ;

>> grid;

>>» xlabel ('time,secs'):;

[=R
]
=]
]

>> ylabel ('capacitor voltage, V')
>>|

Step Response

09 |

0.8 / |

capacitor voltage,
© o o o o
[0S w <N [4)] (=)}
T T T T T
S —

=]
—
T
-
I

0 | L | i .
0 0.005 0.01 0.015 0.02 0.025 0.03

time,secs (seconds)

Value of R is changed to 2Q.

R=2

Q
R [c_2 ’35x10—6 .
= E‘E =X oz = 0.01 System is not damped

142853.762
52+7.5592+142853.762

H(s) =

15




>> %Second Order Transfer Function

>> %RLC Series Respone to set input

>> %R=2 Ohm L=0.2H
>> num=[142853.762];

>> den=[1 7.5592 142853.762]:
>> step (num,den) ;

>> grid:

>>» xlabel ('time,secs'"):

>> ylabel ('capacitor voltage, V')

File Edit View

Insert Tools

Desktop Window Help

DQade @ 08| KE

Step Response

capacitor voltage, V
o o =
(03] oo - r e [+}] o

o
'S

o
o

L

o

0.5
time,secs (seconds)

1 1.5

Resistance (Q) z Type of damping
375 2.48 Overdamped

17 0.112 Underdamped
151 0.999 Critically damped
2 0.01 No damping

Table 3: Task 5 results
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The theory and simulation match which proves the calculation are correct. it also shows that aitering
the resistance will change the outcome of the damping factor. The relationship between the two is
that as the resistance is lowered the damping factor also decreases.

Task 6 — Transient Performance Analysis of a Second Order Parallel
Electrical Circuit

RJ\
Vi :: G ‘ Vet
O —O
Figure 16: RLC Parallel Circuit
R=30Q
L=0.15H
C=35pF
1 R1 1.1
o AAAY; O
h 3Q A
1
Xis) sL sC v
30.15H —=35uF |
0 1.2
& * <

The potential divider rule is required:
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_ %) : . 1
¥(s) = R Zr ) X X(s) Zgisthe parallel impedance of sLand o

1
SLXE - sl
sL+—~  S2LC+1
s5C

Zp(8) =

The transfer function can then be found by substituting back into the potential divider.

sL
(s2LC+1)
Y(s) = —— % X(s)
(s2LC+1)
ORI

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

H(s) = 1RC 1
Hrctic
. . L Kkan?
This can be compared to the second order transfer function which is H(s) = zw—n
s24+2Rwns+wn?

1

1
e
VIC ~ f015%(35%10-5)

R 3 ’35x 1076 -
> =s I3 %oz = 0.023 System is not damped.
1

436.436rad/s

=

H(s) = SXynaeE _ $X9523.810
TezpL 41 7 5249523.810+142857.143
# +3X35X'IU_ 0.2x35%107 2 2
>> %RL(

>> %
>> %No daming R=3

>> num=[9523.810 0];

>> den=[1 9523.810 142857.143];
>> step (num,den) ;

>> grid
>> xlabel ('time,secs');

>> ylabel ('capacitor voltage, V')
1

Figure 17: Task 6 step response MATLAB code - No damping
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File Edit View Desktop Window Help

Dcde @ 0B k[E

Insert Tools

Step Response
1 T T T T T T

c o o O

@ N m® ©

r T T —
e T

|-

. | . .

o

[§)
T
.

capacitor voltage,
o
F=
T
-

o
w

o
M
T
s

L

L S

[=]
-
/
1

0.3 0.35 0.4

0 0.05 0.1 0.15 0.2 0.25
time,secs (seconds)

o

Figure 18: Task 6 step response - No damping

Change value of Rt0375Q

R |C _ 375 35%1076 .
= EJ; ==X o = 2.864 System is over damped.
1

_ 5$%76.19
T $2476.19+142857.143

—_—
SXS'?SXBSX‘IU
1
|

H) =

T375%35x107 6 ' 0.2x35%1076

>> %RLC Parallel Respone
>> %L=0.15 C=35uF

>> %Overdamped R=375

>> num=[76.19 0];

>> den=[76.19 142857.143];

>> step(num,den);

>> grid
>> xlabel ('time,secs'):
>> ylabel ('capacitor voltage, V')

Figure 19: Task 6 step response MATLAB code - Overdamped
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File FEdit View Insert Tools Desktop Window Help

dcdde @ 08 RE

Step Response

1}. T T

o o o

o~

T T T
-

capacitor voltage,
[s=]
=

time,secs (seconds)

Figure 20: Task 6 step response - Overdamped

Value of R is changed to 17Q.

R=17Q
R [c 17 35x10—6 .
E=- [-==x [Z°——=10.112 System is underdamped
24l 2 0.2
1
H(S) — SX 7xasxi0-6 — 5¥1680.672
524 1 " 1 Ss241680.672+142857.143

T17X35%107 0 ' 0.2%35%10° 0
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>>
>>
>>
>>
>>
>>
>>

$RLC Parallel Respone
$L=0.15 C=35uF
$Underdamped R=17
num=[1680.672 0];
den=[1680.672 142857.143];
step (num, den) ;

grid

>> xlabel ('time,secs'):
>> ylabel ('capacitor voltage, V')
I

Figure 21: Task 6 step response MATLAB code — Underdamped

File Edit View Insert Tools Desktop Window Help

Ocdde @ 08 kE

Step Response

1 T T T T T

capacitor voltage, V
© © © o o ©o o o
%] w e 4] (o)) ~ co (=]
-
-

O
-
/
/

o

0 0.02 0.04 0.06 0.08 0.1
time,secs (seconds)

Figure 22: Task 6 step response - Underdamped

Value of R is changed to 151Q.

R=151Q

= EJE = 122 X PS):)];?G = 0.999 System is critically damped

21
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1

§%189.215

HE) =7

S Sixasm10-6
T

T s2+189.215+142857.143

T151x35%10~ 0 ' 0.2X35%10~ 0

>>
>>
>>
>>
>>
>>
>>
>>
>>

RLC Parallel Respone

L=0.15 C=35uF

%Critically damped R=151
num=[189.215 0]:

den=[189.215 142857.143];

step (num,den) ;

grid

xlabel ('time,secs');

ylabel ('capacitor voltage, V')
)

Figure 23: Task 6 step response MATLAB code — Critically damped

File Edit View Insert Tools Desktop Window Help

Dcdde @ 08 R [E

Step Response
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o
w
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o
N
T
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o
o

—

=)

0.004 0.006 0.008
time,secs (seconds)

0 0.002

Figure 24: Task 6 step response - Critically damped

0.01 0.012

Resistance (Q) z

Type of damping

3

0.023

Not damped

375

2.864

Overdamped
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17 0.112

Underdamped

151 0.999

Critically damped

Table 4: Task 6 results

The theory matches the simulation proving the calculations are correct. The relationship between
the resistance and the damping is the same in both series-and parallel circuits. Therefore, the

relationship is the same as task 5.

Task 7 — Frequency Performance Analysis of a Second Order Series

Electrical Circuit

Using the same circuit in task 5 (Figure 14) and the same values. The frequency performance will be

analysed.
R3 =3750Q
L2=0.2H
C2=35uF
S
Transfer function: H(s) = —%—
§24=st—
L
1
0.2%(35x1076) 142857.143
H(s) = L] T =3 = P
s34 01 s24+18755+142857.143
0.2 DZx%(35x107 ")
1 1

1€ 0Zx@x10 9 — 142857.143

R 375
oL 1875

1 1
Resonant wp = ’R = ’m = 37796 Tad/s
1 |L 1 0.2
Q _E\E_EXJW_O'ZOZ

Vin
Vout.

R c_ 375 ’35x10-6 .
b> =5X% \E_TX 02 = 2.48 system is over damped

Change Rto 17Q

R [c 17 35%1076 .
L= 5\[; =5 X% 0z = 0.112 System is underdamped
1

0.2x(35x10~ ) _ 142857.143
siptep— L 7 s24+855+142857.143

Gain(dB) = 201og( ) = 2010g(0.202)=-13.893d8

Change Rto 151
23




1;’1 X ’% = 0.999 System is critically damped

1
0.2%(35x10~ %) 142857.143

H(s) = —5 =
(s) 24y L sZ47755+142857.143
02" 02x(35x1079)

R |C
.

Change Rto 0
R [c_o_ [35%x106 .
E—;\E—Ex T_O System has no damping

1
02%(35x10~9) _ 142857.143

H(S) = 0 T =
24— 52+05+142857.143
s +0.zs+0.2x(3sx10—5) =

>> %0verdamped R=375, L=0.2 C=35ufF
>> num=[142857.143 ];

>> den=[1 1875 142857.143];

>> bode (num,den) ;
hold on

grid

>> %underdamped R=17

>> den=[1 85 142857.143];
>> bode (num, den) ;

>> %Critically Damped R=151
>> den=[1 775 142857.143];
>> bode (num, den) ;

>> %No damping

>> den=[1 0 142857.143]:;

>> bode (num, den) ;

Figure 25: Task 7 MATLAB code

24




Bode Diagram

Magnitude (dB}

Phase (deg)

Frequency (radis)

Figure 26: Task 7 Bode Plot

The theory matches the simulation. The.altering of the resistance also changes the value of the
damping factor. The magnitude at resonant matches which is expected proving the calculations are
correct.

Task 8 — Frequency Performance Analysis of a Second Order Parallel
Electrical Circuit

The same RLC parallel circuit (Figure 16) and values that are intask 6 is used again looking at the
frequency performance.

The transfer function is found as followed for the parallel RLC circuit:

sL

Transfer function: H(s) = RGZLCI D)L

Divide top and bottom by RLC

sL
H(s) = 52RLCAHR+SL
1
SH——
H(s) = —=“x
5 +SE+E

The centre frequency of the bandwidth can be found using:_%}%
(]

1 1
Wy = JE = Jm = 436.435 rad/s

The bandwidth can be calculated by the following equation:
B =wez— we

25




F=ze
When R = 301

$ X% m s X 9523.8095
H(s) =

1 1
s

2
TSI (35 % 10%) T (0.15) % (35 X 10-9)

1

1
ﬁ =R W = 9523.8095 rad,fs

>> %R=3
>> %

>> %C=35u

>> num=[9523.8095 0];

>> den=[1 9523.8095 1590476.1505];
>> bode (num,den) ;

>> grid

Figure 27: MATLAB code R=302

T 52+ (s x 9523.8095) + 190476.1905

Bode Diagram

System: sys
Frequen

Magnitude (dB)
g B B 2 2

Phase (deg)
n

b

Frequency

Figure 28: Bode plot R=302
When R = 3750
1
SXsTsx(ssxm—ﬁ) 5x76.19

System: sys
Fraquency (rad's) 9.4%e+03
Magnitude (dB): -3

{radfs)

H(s) = 2 T - T

.
4 “375%(35%1076) ' (0.15)%(35%10~6)

26
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1 1

>> num=[76.19 0];

>> den=[1 76.19 190476.1905];
>> bode (num, den) ;

>> grid

Figure 29: MATLAB code R=37502

Bode Diagram
i N
5 System: sys
Froquency (radisk 400

o Magniude (dB). -3.01

g
L
Py
£
3
£
5 .
g
=

20

System: sys

= s): 436
2 Phase (dag): 0.383
. +
2
B
£
o

Frequency (rad/s)

Figure 30: Bode plot R=3750

When R =17Q
1
H(S) _ wax(ssx 10-5) _ 5%1680.672
T 524 : 1 T s2+4(sX1680.672)+190476.1905

.
“17x(35%1075)  (0.15)%(35x1070)

_ 1 _ 1 _
B= RC = T7x@x105) = 1680.672 rad/s

>> den=[1 1€80.672 190476.1505];
>> bode (num, den) ;
>>» grid

Figure 31: MATLAB code R=170Q
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Magnitude (d8)

Phase (deg)

Frequency (radis)
Figure 32: Bode plot R=170

When R = 1510
[T S
151%(35% 10~ ") 5%189.215

S L sZ+(sX189.215)+190476.1905
151%(35%1079)  (0.15)%(35%10 )

H(s) =

524

f=—=——1  =189.215rad/s

RC ~ 17x%(35x1076)

>> %R=151
>> %L=0.15
>> 35u

>> num=[189.215 0];

>> den=[1 18%.215 190476.1905];
>> bode (num, den) ;

>> grid

Figure 33: MATLAB code R=15102
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Magnitue (48)

Phasa (deg)

Figure 34: Bode plot R

Bode Diagram

Frequency {radis)

1510

Resistance Q Bandwidth (rad/s) Calculation Bandwidth (rad/s) Simulation
3 9523.809 9470

375 76.19 76

17 1680.672 1683

151 189.214 189

R=3Q the bandwidth doesn’t match but could be down to how MATLAB displays data with rounding
errors. All the other bandwidth match apart from marginal decimal places which would not have a
big impact on results. In this circuit when the resistance is small there is a much larger bandwidth.
Increasing the resistance has a direct impact on making the bandwidth smaller.
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Task 9 — Frequency Performance Analysis of a First Order Electronic
System

Figure 35 shows the circuit for the low pass op amp.

LR
CI
Vlr VOUT
o ._," . 4 l_," . 2 ©
1KQ 20KQ
+
ov

Figure 35: Task 9 Circuit

Ry =1k
R, = 20k
C = 350nF
_ Ry _ 20

=—=120

k=
R, 1

1 1

w=———
€7 CRy  (350x10-9)x(20%10%)

= 142.857 rad/s

142.857

we ]
H(s) = —k L+mJ =-20 [s+142.357]
Num = —20 x 142.857 = —2857.14
Gain = 2010g(20) = 26.02dB

Cut off frequency 26.02 — 3 = 23.02dB

s ¥ MATLAB

Command Window

New to MATLAB? See resources for Getting Started
>> num = [-2857.14];
>> den = [1 142.857];
>> bode (num, den) ;
grid

L >> |

Figure 36: MATLAB code task 9
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Magnitude (dB)

Phase (deg)

Fraquancy (rad's)
Figure 37: Task 9 Bode Plot

Figure 37 shows the bode plot for the low pass filter. Table 5 shows the results from task 9 the
comparison between the calculated and simulated results.

-3dB Calculated Simulated

w, rad/s 142.857 142

Phase shift 180-45=135 135

Roll off 20dB per decade 19.89dB per decade

Table 5: Task 9 Results

The simulated results match the calculated results which proves the calculations are correct. There is
a slight variation in the roll off but this could bd due to the placement of the cursors while trying to
read off the graph. However, 0.11dB is negatable and would have no great significant on any results.
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Task 10 — Frequency Performance Analysis of a First Order Electronic

System
Figure 38 shows the circuit for the high pass op amp.
Vi Vour
—— | — 0
11  —
1KQ) C, 2KQ
ov

Figure 38: Task 10 Circuit

Rlzlk
R2 =2k
C = 350nF
_R_2

=2_2_9
Ry 1

k

1 1
T CRy  (350x10-)x(1x10%)

H(s) = —k Lfmc} =2 [;+23;7.143]

Gain =20log(2) = 6.02dB

= 2857.143 rad/s

Cut off frequency 6.02 — 3 = 3.02dB

>> %High Pass Filter
>> num=[-2 0];

>> den=[1 2857.143];
>> bode (num, den) ;

>> grid

Figure 39: Task 10 MATLAB Code
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Bode Diagram

.
System: sys

Fraquency (rad's|: 2 8Ge+03
Magniude (dB): 3.02

Magnitude (dB)

. 18 X 100
| Magnitude (d8): -23.1

Phasa (deg)
r

Frequency (radis)

Figure 40: Task 10 Bode Plot

Figure 40 shows the bode plot for the low pass filter. Table 6 shows the results from task 9 the

comparison between the calculated and simulated results.

-3dB Calculated Simulated

w, radfs 2857.143 2860

Phase Shift 180+45=225 225

Roll off 20dB per decade 19.52 per decade

Table 6: Task 10 Results

The simulated results almost match the calculated results. The roll off and phase shift match but the
frequency in wy is slightly out. This could be due to simulation error or rounding. As seenin the bode
plot w, is shown as 2.86e + 03. If my calculated w, is converted into standard form then the results
will match. How the result is displayed on the plot is why there is an error due to rounding. A first

order should have a roll off of 20dB, the error in the simulation mode! is down to human error in the

placement of the cursors to collect the data.
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Task 11 — Frequency Performance Analysis of a Fourth Order

Electronic System

[ C C. G
Vi v Vi Ve Vi
| —1 — —1 — — —1 1
LI LTI - I B - S -
1KO 20K 20K0 20K 20K0 20K 20K 20K
o ov av ov

Figure 41: 4th order cascading filters

Figure 41 shows a 4" order filter. The cut of frequency can be sown as w,,, = v V2 — 1 X w, where

n is equal to the filter order.

C = 35nF
1 1
We = e = S oasao = 1428.671 rad/s
w2
H(S) - “(.‘>‘2+2mcs+m,_-z
1

Gain in dB = 20log,,(20) = 26.02

1428.6717
5242%1428.6715+1428.671%

H(s) =20x

2041100826

=20 X G e 242:42041100826

1
N mmZ’W—lch E

new w, = — X we
Wen

2 919.84 1.087 x 1073 1.553 rad/s
3 728.37 1373 x 1073 1.962 rad/s
4 621.44 1.609 x 1073 2.299 rad/s
n=2
H(s) = Zow—fz
s)= S242weS+ w2
n=3
-9 @
H(s) = 2033+3mcsz+3wczs+wc3
n=4
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H(s) =20

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>
>
>
>
>
>
>
>>
>>
>>
>>
>>

w.?

st +a4wes3 +6w 2524w S stwt

%Cascade 4th Order Low Pass Filter
%$First Stage

wcl=1428.671;

we=wcl;

k=20;

numl=[-k*wc];

denl=[1 wc];

bode (numl,denl) ;

grid on

hold on

%Second Stage

£To get the same cut off as we, use scalling factor
we=wcl*1.087e-3;

num2=[k*wc"2];

den2=[1 2*wc wc"2]:

bode (num2, den2) ;

£Third Stage

£To get the same cut off as wec, use scalling factor

we=wcl*1.373e-3;
num3=[-k*wc~3];

den3=[1 3*wc 3*wc"~2 wc"~3];
bode (num3, den3) ;

%$Fourth Stage

£To get
wc=wcl*1.609e-3;

numd=[k*wc~4];

dend=[1 4*wc 6*wc"2 4*wc*3 wc"4];
bode (num4, dend) ;

Figure 42: MATLAB code cascading filters
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Phase (deg)

360

Figure 43: 4th Order filter bode plot

Bode Diagram

Magnituda (dB): -185

10
Frequency (radis)

100 - System: sys
Frequency (rad's). 1e+03
50 | Magnitude (dB): 24.3
I . — —
of System: sys System; sys
Fraguancy (rad's): 0 Frequency {rad/s) 1.02e+d o .
50 | Magnilude (48): 26 System: Magniude (dB): -85 7 SlemiEE
g Frequenc 403 b Frequency (rad's): 1e+04
.00 ~| Magnius Magnitude (0B): -126
¥ - . i
B 150
& ., T .
£ Sysiem: sys . System: sys
Frequency [radisk 1e+03 ~__ Frequency {rads): 1.01e+04

pre— * Magnitude (o8);: -197
Frequercy (radis): 1+04
Magnilude (d): -265

Colour Order Roll off theory (dB) Roll off simulation (dB)
Purple 1% 20 15
Green 2 40 40

Red 3rd 60 60

Red 4th 80 80

The 2™, 3™ and 4™ order filters ha the expected outcome with the correct roll of as expected. The
gain was measured correctly. The roll off for the first filter was different on‘the simulation.

Task 12 — First Order Control System Analysis
R(5)

Ys)

Figure 44: Task 12 closed loop circuit
The circuit can be seen below above in Figure 44. From the circuit the transfer function can be
arranged and the prediction made of the stability of the circuit.

7.5
5—-0.85

H(s) =
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Jw

0.85

Figure 45: Argand Diagram

Poles are in the right hand side therefore the system is unstable.

G

H(s) = 1+GH

7.5
— 5-0.85

- 7.5
1+k(5—0 HE)

7.5

= 5-0.85+7.5K
Equate to zero
5§+75k—-085=0

s=—(75k—085)=0

For Poles

. 75k = 0.85

=28 =01133
75

il

Figure 46: Closed loop circuit design
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Figure 47: Unstable System

To make stable make k>0.85

Sy

Figure 48: Stable system

Figure 48 shows the system with negative feedback and a gain of one. This makes the system stable
as shown as the curve goes stable. The minimum value of k is equal to 0.1133.

If k>0.1133
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Baty Sarpis bamsa 110

Figure 49: Exponential Rise

When k>0.1133 there is an expediential rise which still makes the system unstable as the output is
still increasing.

Calculation Simulation
Gain 0.1133 0.1133
Stability Unstable Unstable
Table 7: Results when K=0.1133
Calculation Simulation
Gain >0.1133 1
Stability stable stable
Table 8: Results when K>0.1133
Calculation Simulation
Gain <0.1133 0.1133
Stability Unstable Unstable

Table 9: Results when K<0.1133

>> num=[7.5];

>> den=[1 -0.85];
>> rlocus (num, den) ;
grild

Figure 50: Root Locus MATLAB Code
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0.978

085

Root Locus

0.598
0999
0.05 Syslem: sys
- Gain: 0.247
'n 1 Pole: -1
= Damgping: 1
g Overst o Overshoot (%) 0
" e (TBEE T
= 14 12 +| Frequency {rad's) 06 0.4 02 Frequency (rmd'sy 0.0014
g t
<
g: 1
E
D08
0,989
D. 0596

0.995

Figure 51: Root Locus

Real Asxis (seconds™')

Figure 51 shows the root locus. This proves the theory that a gain above 0.1133 will make a stable
system and a gain below 0.1133 will make an unstable system.

Task 13 — DC Motor Model Analysis

Armature Voltage Va (V)

Current la (A)
1
Ky
5La+Rs 7
1
0.185 + 1.6

Load Torque TL (Nm)

Motor Torque Tm (Nm)

1

el L h

T

0.00045 + 3.62¢ — 6

;@

Molor Spped w (rad's)

Figure 52: Mathematical DC Motor Mode!

Figure 52 shows the mathematical model for the DC motor.

Time constant 2Zw,,

2 _ Raxb KrxKg
T Lgx) LgxJ

Wy

40

Rq

b
7T

Lg

4.6x107°

0.00042

+

15
0.16.

5

=9.102s




2 _ 1.5%(4.6x107%) 0.062x0.063
T 0.165x0.00042 0.165X0.00042

wy, =/56.36 = 7.507

b R 14,6106 1.5
28w, =-+-"2= =9.102
n ;+ Lg  0.00042 + 0.165

=56.36

Wy

_ 9102 _ 9.102

sL= on  EXT507 0.606 System is underdamped

Tstan = K‘.I;;Va = —U'U?;ls = 0.62Nm

Theoretical friction-less no-load-speed () no load = E—“ = 010'13 = 238.095 rad/s
E O

—b+vbi-dac _
2a -

Finding Poles using x = 0
a=1b=2xXZw, =2x0.606x7507=09.098 ¢ = w,> =56.36

_ —(7.507)+,/(7.507)E —4(1)(56.36)
= 2(1)

_ —7.507++56.355-225.44
- 2

_ —7.507+V-1691
- 2

_ —7.507+169.1]
- 2

P, = —3.75 4+ 84.54j or P, = —3.75 — 84.54

jw
3
P 84.5
X ——
{ > 0
-3.75
84.5
p,X -

Figure 53: Task 13 Argand Diagram
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As shown in Figure 53, the poles are in left hand plane so the prediction is a stable response.

Current la (A) Mator Torgue Tm (Nm)

1
l[ Q’ 01655+ 15
Armature Vollage Va (V)

1 )
. " 00004% +46c—6 I

Motor Spped w (rad/s)

Load Torque TL (Nm)

<}
Figure 54: DC Motor Model
Figure 54 shows the DC motor model built on Simulink
File Tools View Simulation Help »
0-0P® - a-E- F|&
=

Ready Sample based | T=20.000

Figure 55: Motor Torque (Nm) no disturbance
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Figure 56: Mator no-load speed

Calculated Simulated
Motor Torgue (Nm) 0.62 0.34
Motor no load speed (rad/s) 238.095 237.7

Table 10: Task 13 results no disturbance

Table 10 shows the results from task 13. Analysing the results there is a difference between the
calculated and simulated result for the no load speed of the motor. The discrepancy is due to friction

N . . . KV,
being included in the simulation. The formula m can be used to calculated the no load speed
a The

with friction.

KrVe 0.062%15
" bRe+KTKe  4.6x1075x1.5+0.062x0.063

= 237.67rad/s which matches the simulated model.

Using the motor speed in Figure 56 the settling time can be measured using the cursors. The cursors
would go at the start of the peak and when the speed settles. This equates to approximately 1.5
seconds.

Figure 55 shows the torque being applied to the motor. The torque is applied after the voltage
where the first peak occurs. After the start up there is undershoot on the way back down then levels
off. The torque where it levels off is due to friction.

Voltage applied, have torque then undershoot then Torque after undershoot is due to friction.
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"4 Motor Torque Tm (Nm)

File Toals Wiew Simulation Help

@-BOP® = Q-0 F|&

Ready

Figure 57: Motor Torque Tm (Nm) with disturbance

Sample based |T=20.000

i aa
! 5000
:
Figure 58: Motor speed with disturbance
H_RHXT: 15_L5%003
. K ooz
Speed with load QLoad = 45— = o2t® = 233.35
Safl K .
o te P 210,063

¥ Cursar Mussaremants




Calculated Simulated

Motor Speed (disturbance) (rad/s) 226.175 226.2

The speed is initially the same as previously with no load, however after 10 seconds the disturbance
is introduced which can clearly be seen by the dip in the graph in Figure 58. This brings the speed
down to 226.2 rad/s which is the same as my calculated results when rounded to the same decimal
place.

The peak in current is due to the initial start up of the motor. The motor will then settle and run
steady until the load is applied in which the current will increase. Th trace of the current.is.identical
to the trace of the motor torque. This is due to their proportional relationship.

Task 14 — Proportional Speed Control System

The motor model was then put into a sub-system and a PID controller added that was configured
only for the Proportional. The controller was replicated three times with values above and below
Kp. The model can be seen in Figure 59.

NIVE
P(s) > >
: — 1
PID Controller 24V —l

>z
140 rad/s
Motor 1
[ 1
0.03 Disturbance
. N .-]_/' > > D
[ 1 .
PID Controller 1 H-241 —pl2 _
Motor 2
> Pls) rJ_/_ p
] 1
PID Controller 2 +-24V2 2

Motor 3

Figure 59: Proportional controller model

The auto tune feature was run to get the optimum value for Kp. The value of Kp was then both
increased and decreased to see what effect it had on the outcome.
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Figure 60: Proportional speed control trace
Kp =0.12447 1/2 Kp 2Kp
Steady state error 50.97 76.28 30.6
(rad/s)
Rise time (s) 1.280 1.332 1.214
Overshoot (rad/s) -20.3 -55.5 12.6

Table 11: Proportional speed control results

Altering the value of Kp has a direct impact of the steady state error. The steady state error was
reduced when Kp was increased however it did introduce an overshoot at the start on build up
where as when Kp was reduced the error increased but there was no overshoot but an undershoot
instead. Steady state error cannot be eliminated with only proportional control.
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Task 15 — Proportional-Integral Speed Control System

The Integral was then added to the controller. Research suggests that when integral is added so the
controller now has proportional and integral control it will eliminate the steady state. The value of
the proportional will be kept the same on all three controllers with the value of the integral altered.
The trace can be seen in Figure 61.

# Wanstorm cursors
1 totor 1

DS AY 00008400

||I 1A |-w!.rv

Baaty Sarpls based T30 000

Figure 61: Proportional and Integral Control Trace

KI =0.3043 1/2 KI 2K1
Steady state error 0 0 0
(rad/s)
Rise time(s) 1.371 5.84 1.253
Overshoot Percentage 7 No overshoot 55.8
%100 = 59 228 = 39.89
120 Yo 140><100 39.8%
Settling Time(s) 1.25 5.84 6.28

Table 12: Proportional and Integral Control Results

As seen in the results of the Table 12. The introduction of the integral has eliminated the steady
state error with all three achieving the steady state value. The data suggests that increasing the
integral reduces the rise time but makes the settling time longer but introduces a big overshoot.
Reducing the value of the integral has increased the rising and settling time but thereis no
overshoot. It is a much slower but more steady and smoother increase. It also brings the speed back
to 140 rad/s after the torque is applied.
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Task 16 — Proportional-Integral-Derivative Speed Control System

The derivative was then added to make up the complete PID controller. The proportional and
Integral values are kept the same but the values of ‘D’ are changed in the same pattern as before
with one higher and one lower.

Figure 62: PID Controller Trace
KD = 6.6179 x 1073 1/2 KD 2KD
Steady state error 0 0 0
(rad/s)
Rise time(s) 1.227 1.201 1.280
Overshoot Percentage | 19.6 26.8 15.8
——x 100 = 149 — x 100 = 199 —x 100 =119
140 % 140 % 140 %
Settling Time(s) 2.461 2.881 2.434

Table 13: PID Controller Results

Adding the derivate into the controller has decreased the settling time and also has decreased the
rise time so all motors reach 140 rad/s in a quicker time frame. As with the Pl controller, the PID
controller also returns the speed to 140 rad/s after the load is applied.
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Task 17 — Controller Comparisons

Each controller was changed and auto tuned for its optimal performance. One of each type of

controller. This can be seen in Figure 63.

. > Pls) »> _/_I 1
|— =a :
P Controller 1 +-24V — w2
140 rad/s Kp1=0.124470876353121
Moator 1

]

0.03 Disturbance

Pi(s) > 1 »
/] : O]
PID Controller 2 +-24v1 - R
Kp2=0.0494486625230351
KI2=0.304329211373465 Motor 2
PID(s) > | 1
" _/_ | =
PID Controller 3 +-24V2 L al2
Kp3=0.120020287980737
KI3=0.622411057171759 Motor 3
KD3=0.00661794482273913
Figure 63: P, PI, PID Controller
'T]‘ 7 Trace Selection LLJ
i et 3 o [—
ol H | ¥ Curnor Massursments ¥
) ! * Sangs
! Sereen cursars
N va 4 oo
| \ N } 11 udotor 3
| : 2] Motor3
. r : Lock cursar spacing
] | Snap o data
|| ! T
ol | H 7 Tamer Wik
! v WTT 1 800
o | : — E AT MZMms  AY 1 S 065
| i : 1/8T T 620 Hz
e : | v ar 110 072 (i)
| i
T i
N : : v : - T 0 » B
Figure 64: P, Pl, PID Trace
P Pl PID
Steady state error 47.1 0 0
(rad/s)
Rise time(s) 1.253 1.345 1.227
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7.8 19.63
Overshoot Percentage No overshoot 78 100=55 % 100
140 140
=11.8%
Settling Time(s) 2.539 3.342 2.448

Table 14: PID Controller Results

Motor 1 is only a proportional controller so steady state error has been reintroduced. The Pl
controller eliminates the steady state error but the settling time has increased and an overshoot is
introduced. The PID controller then reduces the rise and settling time but at the expense of a higher
overshoot.

Task 18 — Overall Conclusions and Recommendations

When looking at the transient response when the results are expediential, 1t will always fall on
0.632% or 0.368% depending if the curve if raising or falling. This comes from the formula y(t) =

1— e ‘7t All first order systems will have a roll off of 20dB per decade and will increase by 20dB for
each order, example that a fourth order system will have a roll of 80dB. This was also proved in
simulation in Figure 43. When a system requires damping, sigma is the damping factor. There are
four types of damping. This is shown in Table 15. The type of damping can also be seen by the bode
plot response.

Sigma Type of damping
=1 Critically damped —
¥
<1 Underdamped J—
>1 Overdamped _ S T
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=0 No damping

sapecey

Table 15: Types of Damping

When looking at closed loop system the poles can reflect if the system will be stable or unstable. If
the poles are in the left hand plane the system is going to be stable. If they are in the right hand
plane the system is gong to be unstable.

On DC motor control, calculations didn’t match the simulation for no load speed, this was due to
friction. In the analysis of the task it was explained that this was because friction is used in the
simulation and the calculation was then done to prove this. All other results matched with the speed
of the motor dropping after the load was applied which is as expected. To combat the reduction in
speed, PID controllers can be added to bring the speed back to the required speed. How effective
the controller will depend on how it is tuned. Having just a proportional controller still means the
system has a steady state error. Making it a Pl controller removes the steady state error but can
have an overshoot. If a PID controller is used, there is no steady state error, a faster rise and settling
time but there is an overshoot. A PID controller is probably the best to use as it has no steady state
error and a faster settling time.
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QM You have worked this out correctly, well

PAGE 18

PAGE 19

PAGE 20

PAGE 21

PAGE 22

PAGE 23

QM Incorrect
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this is a LPF with a resonant point of magnitude
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Well done
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