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this gap should be removed

1. First Order Control System

the

Below in Figure 1 shows the first order circuit. This circuit currenthphas feedback with no gain. It will

loop
gain
is
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s—042
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Y(s)
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hacl
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Figure 1 First order circuit




without any feedback at all!
need to be calculated and tested to see how stable this system would be without any gain in the

feed back

3.6
this is the open loop transfer function b= s—0.42

Hs =1
s—042=0
s = 0.42

you could have drawn the
The calculation suggests that this systerrgsuld Iséagristabliess the value would be far over on the
positive side of the x axis on an argand diagram. This system but wouldn’t have a sharp response
that is desired. The gain on a feedback multiples the current feedback by the gain, theoretically the
gain is 1 when no gain is added. A model has been created on Simulink to simulate how this system
would react on a step response. Below in Figure 2 is the model that's been created.

This circuit has a step response added to the input and a virtual scope added to the output to give a
virtual waveform output of the behaviour of the output of this model

O 3 —j E:d: E

Scope

— k

1

\_\\J

Figure 2 model of first order circuit




Below in Figure 3 is the step response from the no feedback model. The slow response shows the
over damping issue that was expected during calculation.

Damping is a term relating to second order systems whereas this is

a first order system and the term does not apply. You should be

ellgfeipg about time constants and overall gain - 0 X

File Tools View Simulation Help N

- 40P ® =-a- - |FA-

1.2

0.4

0.2
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Ready Sample based Offset=0 T=10.000

Figure 3 first order no gain simulation

incorrect
The correct gaife éscging to be calculated to give the circuit critical damping and a minimum

overshoot.

3.6/
(s — 0.42)
1+ 3‘6/(5 —042)1

T(s) =

Multiply top and bottom by (s-0.42)

/(s — 0.42) * (s = 042)

T(s) =
56
1+ /(S _ 0.42) * (3 = 0.42)
3.6
T6) =%z 136
3.6
T)=57318




Root of the denominator
§4+318=0

s =-3.18

H(s) =K

3.6

—0.42
t1(s) = PR s

(5—0.42)

3.6

s — 0.42 + 3.6k
3.6

s + (3.6k — 0.42)

tl(s) =

ti(s) =

Pole is found when
s+36k—-042=0
For pole at s=0
0+3.6k-0.42=0
3.6k=0.42
K=0.117

This is Kmin




When the calculated gain is plotted on an argand diagram it shows it should behave very stable as it
is in the negative on the x axis and would have no overshoot. Figure 4.

this is a first order

eyofnm there-is-no
tem—there1Sh

&= nun=[3.6] overshoot
2 — den=[1 -0.42]
3= rlocus (num, den)
4
4] Figure 1 - O X
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Figure 4 first order argand diagram

plicable

The criﬁga?gamplng gain value is placed onto the Simulink model that was created previously.
Figure 5. The value of 0.117 wasn’t used as this value is the dead minimum value that can be used
before the system goes unstable. This shows a sharper response which takes almost half the time to
reach the maximum value. This model does have a large steady state erraor which isn’t ideal but is

better than having overshoots and ringing.
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Figure 5 0.118 gain first order step response

To prove the system would go unstable, the gain 0.115 was used which should make the model
unstable according to the argand diagram. Figure 6

I—’Q_’ = E

Scope

Figure 6 unstable gain circuit




Figure 7 shows the circuit going unstable with a gain of 0.115. this proves the calculations are correct
and that the perfect gain value can be calculated to give the best step response on a model

(& Scope — O X
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Figure 7 0.115 gain used on first order step response




2. DC Motor Model Analysis

A motor need to be modelled on Simulink to perform simulation on to see how to make it stable
have a critical step response and to see how it behaves under load. The transfer function will firstly
need to be derived from the motor data which is below.

e Armature resistance = 7.8 Ohms

e  Armature inductance = 0.05H

e Rotor inertia = 0.000214 Kg m2

e Friction coefficient = 15.519 x 10-6 Nm/rad/s

e Motor voltage constant = 0.0983 V/rad/s you should have started with a
¢ Motor torque constant = 0.09 Nm/A block diagram first.

e Maximum armature voltage = 40V

e Load torque =0.025 Nm

The equation for the transfer function is below.
Kt/LaJ

b . Ra Rab+KtKe
2 -4 — —_
5= ks (j + La) ¥ Laj

G(s) =

Below the values of each part or shown.
Ra=7.8 Ohms
La = 0.05H
1=0.000214
b =15.519x10"-6
Kt=0.09
Ke = 0.0983

This equation is then calculated in parts then the put back into the equation to simplify it to reduce
the chance of a miss calculation.

Kt 0.09

Laj ~ 0.05 x 0000212~ oH1215

b, Ra_(15519%107% ( L ) = 0.0725 + 156 = 156.0725
J " La \ 0000214 0.05/ o
Rab + KtKe _ (7.8x 15519 X 10°° +0.09 X 0.0983) _ 0. o
Lo 0.05 x 0.000214 e
8411.215
G(s) =

52 +156.0725 + 838.135
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If

B Kwn?
l:f_sz-4—23'.v1.rn+lﬁu'r¢
wn? = 838.135

wn = +/838.135 = 28.95rad/s
2zwn = 156.0725

156.0725

¢= 2x2895)

Overall gain

841125
T B838.135

The circuit below [Figure 8] shows the final circuit presented in Matlab this is where the tests are
made to simulate the circuit to prove the calculations. The motor speed, load speed and stall speed
are calculated and compared against the simulated values

Motor torque
1 [T~ 1

a3 0.09 : 3 3 S9c—6 | |
r ) 005 + 7.8 l/ 0.000214s5+ 15.519¢ — 6 Speed output
Va Step 40V Armature K Lond
Load Torque
@

Figure 8 motor model

The first value to be calculated is the speed in which the motor will run under no load. This is
calculated using the equation below.

KtVa
bRa + KtKe

0.09 40
(15519 # 107%) « 7.8 + 0.09 = 0.0983

QNL(b) =

QNL(b) =

i
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QNL(b) = 240.86(rad /s)

Below shows the speed of the motor under no load. The probe results on the side show a value of

0-90P® =- Q-0 FA-
T u T T T T T T Ilil % ¥ Cursor Measurements ax
0 | » Settings
T ¥ Measurements
| Time Value
100 F | - 11| 4.011 2.40%e+02
: 2! 17.985 2.409e+02
| OT  13.974s  AY  6.053e-03
180 |- ] 4
| 1/4T 71.561 mHz
| 4 LY /AT 433.130 (Ms)
] >
100 - | 1z
|
|
|
50 - | 1
|
|
| |
o I -}
|
I i i i I I I 1
0 2 4 & 8 10 12 14 & 18 20
Jeady Sample based T=20.000

Figure 9 no load step response

240.9 rad/s which is very close to the calculations . this is more than likely due to a rounding issue
with the Simulink software. The torque of the motor is shown below in Figure 10

4 Motor torque - o *
File Tools View Simulation Help u
0-|00P® > a- |0 Fld-
l'_| T T T T T : ¥ Cursor Measurements nx
» Settings
025 | | ¥ Measurements
Time Value
1 5.000 3.676e-03
02 . e
2 20000 |
AT 15.000s  AY
015 |- J
. 17 4T 66 667 mHz
4 BY | AT -
v
o 4 *
0.0 = \‘ -
\
\
h-
ol
i & 1 il i L I
0 2 4 [ a 10 12 14 1 18 20
Ready Sampie based |T=20.000

Figure 10 no load torque
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The next part of the motor to be calculated is the loaded speed. Below shows how this is calculated.

QL =

40

Va — —
Kt
Rab

FJFKE

7.8+0.025
0.09

QL

= 78(15519-10-6)

0.09 +Ke

n
c
o

Below shows the speed of the simulated model with load added after 40 seconds. The speed of the
motor is 219.7rad/s which is what was calculated. when the load is adged the motor slows down by

21.2 rad/s.

T~V

O

250

— T

-

0

0 2 4
Ready

Figure 11 load speed
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7 ¥ Cursor Measurements X
» Settings

¥ Measurements

Time Value
11 4.011 2 409e+02
2} 17.985 2.191e+02
AT  13974s  AY  2176e+01
17AT 71 561 mHz
DY /AT 1.556 (/s)

Sample based  T=20.000
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The stall torque is now calculated. This is the torque that is required to stall the motor. This is firstly

calculated.
Ktv
Tm(stall) = ——
ey - 0092 40
MiseEn) = =28

Tm(stall) = 0.276923

the calculated torque is then inputted into the torque of the motor model and shown below on the
speed response of the motor. Figure 12 the motor runs at full speed for 10s and when the torque is

added the motor stops, proving the calculations are correct.

@- 0P ® | =-la-|-F&-

D iE
i ] |

Ready

Figure 12 stall torque

7 ¥ Cursor Measurements LR
» Settings
¥ Measurements
Time Value
1] 4.011 2.40%e+02
2] 17.985 -1.294e-03

AT 13.974 5 AY  2.409e+02

11 4T 71.561 mHz
AY /AT 17.236 (/s)

Trrry

Sample based |T=20.000

Calculation Simulation
No load speed 240.86rad/s 240.9rad/s
Load speed 219.7 rad/s
Stall load torque 0.276923 Stalled at this load

The calculations matched the simulated values very close suggesting slight rounding errors
somewhere affecting the final values. This proves the calculations are correct. The simulation
software performs the calculations that were done also so the final number are expected to be

reasonable close if correct.
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3. Types of Motor Speed Controller

The motor model previously made is reduced down into a sub circuit to make it easy to be used
multiple times. A 100rad/s step input is put into a summing block which subtracts the motor output
from it. This then goes into a proportional controller. The same disturbance of 0.025Nm will still be
used. The proportional control block will need to sense the drop in speed from the motor after the
extra torque is added and act appropriately to get the motor back to the running speed. The
proportional control will also control the acceleration of the motor getting to the full running speed.

There is a limiter of 40v passed before the motor model to prevent the motor rotating too fast.
exceed its rating

The following tests show the effect of changing Kp on the proportional control from the tuned
suggested value, to value much higher than the suggested value and to a value much lower. These 3
different values should give clear indication on the effect of Kp.

Below in Figure 3 shows the simulink model.

P(s) Int Outt ! @

P Controller 1 40V limiter 'j
Kp=2.1125 Motor_Model

100 rad/s step

P(s) 4.@ In1 Outt

P Controller 2 40V limiter1
Kp=5 Molor_Madel1

P(s) + In1 Qut1

P Gontroller 3 A0V limiter2
Kp=0.5 Moter_Model2

Figure 13 p controller circuit

the first value was given by the tune function on simulink and then input that value as Kp. In the
table below shows the characteristics when changing the value of Kp. It shows the steady state error
is increased as Kp is decreased but the time to get to the steady state is increased. Also with a high
Kp a high overshoot is given. When tuning the Kp a compromise has to have a equal balanced
response where little steady state error is wanted along with a quick response time and little
overshoot.

4.5 0.0131 11.2
2 0.0069 27.8
16.7 0.0503 0

( 1

1 B )




Below shows the response on the auto tune feature.

|0} Cantroller) - Step Plot: Reference

Flant = Form; Paralel | Time - Sower Response Time (seconds!

Update
Dptons Add Fiot =
jiewa | Bome | Groma | o it | Bock ~
FLANT | GONTROULER | DESIGN 1 TUNING TOOLS | RESULTS
3 Step Plot: Referencetracking = |
g Step Plot: Reference tracking
1| T 1 - i
1| -
x
08 Controller Parsmeters
Tuned Block
% I 2.1125 2.1125
2 0. I n/a n/a
s 0 nia nia
5 N nva nfa
0.4
Perfarmance and Robustness
02 Tuned Block
Rize time 0.0131 seconds 0.0131 seconds
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0 1 L I (Owershoot n2% n2%
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113

Figure 14 tuned Kp value




%_.

i | Step Plot: Reference racking x[

& 06—
2 )
] i
< 0.6~ '
I
'
r
ol
'
r
D24
L
1
o

ot
Perfarmance and Rebustnes:
1 L 1 Tuned
0.04 0.05 0.06 0| |
Time (seconds)

Figure 15 high Kp value

P

Gain margin inf dB @ Inf racl’s
Phase margin |60 deg @ 985 rad/s

Closed-loop stabil |Stable

Stable

Data Browser

4k PID Tunes (p_controllen/® Controller 3) - Step Plat: Reference tracking

Figure 16 low Kp value

Step Plot: Reference tracking
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-
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]
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below in Figure 17 shows the 3 systems attached to the same input scope showing the speed of the
motor with different Kp values. There is a clear difference in the response of the motor with over
shoot, response time and steady state error. To summarise the proportional controller, increasing Kp
gives a better steady state error a better response time but a large overshoot.

4] Seope
File Help

@- 40P ® 3-|Q-|B-[Fl2-

Teols View Simulation

]

e o o ) e e o o e e - -

08 09 1 1.1 12

Ready

Tevry

- ] *
|3 ¥ Cursor Measurements ax
¥ Settings
O Screen cursors
Horizontal Vertical
(® Waveform cursors
11 \Motor_Model -
23 Motor_Model2 -
[ Lock curser spacing
] Snap to data
¥ Measurements
Time Value
1] 1.261 8.550e+01
2! 1.387 B.338e+01
AT 125565ms  AY  1.211e+01
1/4AT 7.964 Hz
AY [ AT 96.468 (/s)
7 ¥ Trace Selection nxe
Motor_Model v :

Sample based |T-20.000

Figure 17 p controller comparison

you could have summarized you results in
a table for comparison
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Pi Controller

The same simulation is used but with Pl controllers used. The Kp value used will be the tuned value
from the P controller and the Ki value will be varied to see the effect of changing the Ki.

The ideal Ki value will be found first of all using the auto tuning feature on simulink. Figure 18 shows
the auto tuning of the pi controller.

PID TUNER

Plant Damain: I M e, B
Type: A & L 3 » 02037 |2
Plant + Fornr Parabel | Time | | T Sewer Rasponza Time (econds) Fagter < = ‘R) Q |2
LA k t + . g | 0.6 ~| Reset Show Update
Quwea | @owme  LSasrur Lo e & e 7 00 s e
| PaNT | CONTROUER |  DESIGH. "_ e TUNING TOOLS = | resuts |
% | Step Plot: Reference tracking
=
s
-]
é Step Plot: Reference tracking
1.2
= Tuned response
= = = Block response
I ——
Controller Parameters
0.8 Tuned Block o
P 0.1137 013N
4 | [1.6445 (16445
=2 06l _D n/a \nfa 4
2 N ia nfa
Lo
04 -4
Performance and Robustness
Tuned Block
0.2 Rise time 0.142 seconds 0.142 seconds
Settling time 0.537 seconds 0.537 seconds
Overshoot [13.1% [131%
5 Peak [1.13 113
] 02 0.4 Gain margin Inf dE @ Inf rad/s inf dB @ Inf rad/s 12
Phase margin 60deg @982 radis |60 deg B 9.82 ad/s
Closed-loop stability  |Stable Stable

P - 01137, 1= 1645

Figure 18 pi controller tuned

a higher and lower value of Ki was then inputted into the pi controllers and tested on the auto tune
function to obtain the characteristics in Figure 19 and Figure 20.
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Figure 20 pi low Ki value
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Figure 19 high Ki value

results could have been tabulated for

comparison




all three controllers are placed onto the same model to compare them Figure 21.

100 rad/s step

Ki=1.6445

Plis) In10utt
Pi Controller 1 A0V limiter
Kp = 0.1137 Motor_Model

LA A
[

Scope

Pi(s) i1 Out1
Pi Contraller 2 40V limiter1
Kp = 0.1137 Motor_Model1
Ki=05

Pits) In1 Outt
Pi Controller 3 40V limitar2
Kp=0.1137 Motor_Model2
Ki=5

Figure 21 pi comparison circuit

When this circuit is tested on the scope there is a obvious difference in the Pl controller. The integral
takes away the steady state error but adds overshoot and a ringing affect on the wave form after the
overshoot. The integral can cause oscillations if an unstable circuit is used. Increasing the Ki

& Scope

150

File Tools View Simulation

Q-4 r® - a-B-|F&-

Help
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05 1 15

25

rrery

- [m] x
w
| #¥ Trace Selection ax
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[ Lock cursor spacing
[ Snap to data
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Time Value
11 5.540 1.000a+02
21 6.610 1.000e+02
AT 1070 s AY 1.765e-05
1487 334378 mHz
oY AT 16.492 (Mis)
Sanmgle based  T=20.000

Figure 22 Pi response comparison
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PID controller

The circuit will be used again but accommodating PID controllers to control the speed of the circuit.
The KP and Ki will remain a constant whilst the KD is varied to see the effect of the differential.

KP=0.1
Ki=1

The first value that will be used will be 0.000001. The auto tune feature suggests changing the
differential to 0 as this circuit would work better without a differential but to show the effect of it
will have a number very close to 0 hence why 0.000001 was used. The response for this shown in
Figure 23 shows a response very similar to the tuned pi circuit. Figure 25 and Figure 24 shows the
effect of increasing KD.

P TUNER

Plant: Type: FDF Domain: | = ~
i & ! t i + i » [o2037
Pant w Form: Paralel | Time w | 7 Sowm Response Time (econds) fanm = P E Iz
— L s s . s y fos |2 Resel  Sho Updsle
= Inepect | @ opuns [ Ac Pt P — L bd ' Sk ~' Design Pu-:n Bock -
4 L} ) i
PLANT CONTROLLER DESIGN I TUNING TOOLS | RESULTS
g | Step Plot: Reference tracking 7 |
4
z Step Plot: Reference tracking

12 T T T T

Tuned response
= = = Block response

Controller Parameters

Tuned Block
P 013849 04
g i 14497 1
= o o 1e-06
= f
£ N 100 2000

Performance and Robustness

Tuned Block
Rise time 0.153 seconds 0.208 seconds
Settling time |0.563 seconds 0.689 seconds
|Cvershoot |7.57 % 5.78 %
1 Peak 1.08 .08
0.4 Gain margin |Inf dB @ Inf rad/s Inf dB @ Inf rad/s
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Figure 23 0.000001 KD response
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To easily visually compare the 3 values and the effect of changing KD the 3 controllers are all placed
on Simulink sinking into the same scope so that they all will be shown on the same graph. Figure 27
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Pid Controller 1 40V limiter
Ko=1 Motor_Madel 1
Ki=1
Kd =0.01
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Kp =01 Motor_Model 2
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Kd =0.1

:

100 radfs step
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Pid Controller 3 40V limiter2
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Figure 27 PID comparison

The graph in Figure 26 shows that increasing KD doesn’t improve the speed response but doesn’t
make the circuit unstable.
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Figure 26 PID comparison graph
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Adjusting P | and D in a circuit adjusts the characteristics in different was so to compare and contrast
the 3 the best tuned model of each controller is put into 1 circuit and simulated to see the
difference. The circuit is shown below in Figure 28.
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Fid Contreller 3 40V limiter2
Kp=01 Motor_Model 3 (Green)
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Kd = 0.000001

Figure 28 comparing p, pi &PID

The circuit is then simulate and the result is shown below. It shows that for response time the best
controller is p but the down side of this is a large steady state error so its suggested that PID is more
suited for the motor speed control as it holds the correct speed but with a les sharp reaction and a
greater overshoot. If this was a positioning instead of speed then the overshoot would be critical.
Figure 29
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Figure 29 p pi & pid comparison simulation
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4. Conclusion

The report highlights the affect of using different speed controllers and also the importance of
feed back to make an unstable system stable. The structure of the report helped show what
each type of speed controller does and how to tune it as well as effect tuning the controller does
to the response of the circuit.

The calculations were all proved to be correct using the simulating feature on simulink. It was
established that the best speed controller to be used was the PID controller as it had little
overshoot, a reasonable time to get to the steady state and no steady state error.
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assignment 2 5009

GRADEMARK REPORT

FINAL GRADE GENERAL COMMENTS

57/100

Instructor

PAGE 1

PAGE 2

PAGE 3
Text Comment. this gap should be removed
Text Comment. the open loop gain is 3.6, the feedback is 1

PAGE 4
Text Comment. without any feedback at all!
Text Comment. this is the open loop transfer function
Text Comment. you could have drawn the argand diagram here

QM Spelling

Spelling error

PAGE 5
Text Comment. Damping is a term relating to second order systems whereas this is a first
order system and the term does not apply. You should be explaining about time constants and
overall gain
Text Comment. incorrect
Text Comment. feedback

PAGE 6

PAGE 7




PAGE 8

Text Comment. this is a first order system, there is no overshoot

Text Comment. no applicable

PAGE 9

PAGE 10

PAGE 11

Text Comment. you should have started with a block diagram first.

PAGE 12

PAGE 13

PAGE 14

Text Comment. incomplete

PAGE 15

PAGE 16

Text Comment. exceed its rating

PAGE 17

PAGE 18

PAGE 19

Text Comment. you could have summarized you results in a table for comparison

PAGE 20

PAGE 21

Text Comment. results could have been tabulated for comparison

PAGE 22

PAGE 23

PAGE 24

PAGE 25

PAGE 26



GRADING FORM: CSG-RUBIC

SEAN JONES

of

RESEARCH-INFORMED LITERATURE

(

y‘ n/a

KNOWLEDGE AND UNDERSTANDING

(

y‘ Section 1: Explanation of first order system — Some

given but shows an incorrect understanding as you
are mixing up first and second systems by referring
to damping and overshoot. The initial explanation
should be referring to the open loop response with
no feedback. (4/10) Section 2: Explanation of DC
motor model — Good presentation of equations and
good predicted values. However, not all parts are
completed and you could have started with the
block diagram, explained each part and developed
the equations from them. (6/10) Section 3:
Explanation of types of speed controllers — Good
explanations given. (6/10)

ANALYSIS

16

(

y“ Section 1: Testing of first order system — Results

are good but analysis is not always accurate. You
could have measured the time constants and overall
gains for comparison. (5/10) Section 2: Testing of

28




DC motor model — Good evidence of testing, results
match theory and are compared well. (8/10) Section
3: Testing of speed controllers — Good evidence of
testing but results should be tabulated for
comparison. (12/20) Section 4: Conclusions and
recommendations — Some offered but no
recommendations. (3/10)

PRACTICAL APPLICATION AND DEP.

(

y‘ Sections 1, 2 and 3: Use of Simulink and
presentation quality of results - Good use of
simulation software including auto-tuning. (8/10)

SKILLS FOR PROFESSIONAL PRAC.

(

y‘ All sections — Generally good, figures are listed
correctly but there are spelling, grammar errors and
some words are missing and there is a large space
on page 3. (5/10)
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