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Appendix E – Temperature Process Open Loop Step Test Plots (50% flow) 

[For all plots: the x-axis measures time and the y-axis measures process input and output as a portion of 5Volts] 

0 100 200 300 400 500 600 700
0.14

0.16

0.18

0.2

0.22

0.24

0.26
15%-25% step

0 100 200 300 400 500 600 700
0.19

0.2

0.21

0.22

0.23

0.24

0.25

0.26
15%-25% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.15

0.2

0.25
25%-15% step

0 100 200 300 400 500 600 700
0.2

0.205

0.21

0.215

0.22

0.225

0.23

0.235
25%-15% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36
25%-35% step

0 100 200 300 400 500 600 700
0.2

0.21

0.22

0.23

0.24

0.25

0.26

0.27

0.28

0.29
25%-35% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36
35%-25% step

0 100 200 300 400 500 600 700
0.19

0.2

0.21

0.22

0.23

0.24

0.25

0.26

0.27

0.28
35%-25% step - zoomed plot

 



Appendix E Estimation & Control of a Heating and Ventilation System Masters Thesis 
  
  

Robin Mooney 103  FT220 

0 100 200 300 400 500 600 700
0.2

0.25

0.3

0.35

0.4

0.45
35%-45% step

0 100 200 300 400 500 600 700
0.22

0.24

0.26

0.28

0.3

0.32

0.34
35%-45% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5
45%-35% step

0 100 200 300 400 500 600 700
0.18

0.2

0.22

0.24

0.26

0.28

0.3
45%-35% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55
45%-55% step

0 100 200 300 400 500 600 700
0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36
45%-55% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55
55%-45% step - zoomed plot

0 100 200 300 400 500 600 700
0.2

0.25

0.3

0.35

0.4

0.45

0.5
55%-45% step - zoomed plot

 



Appendix E Estimation & Control of a Heating and Ventilation System Masters Thesis 
  
  

Robin Mooney 104  FT220 

0 100 200 300 400 500 600 700
0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65
55%-65% step

0 100 200 300 400 500 600 700
0.28

0.3

0.32

0.34

0.36

0.38

0.4

0.42
55%-65% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65
65%-55% step

0 100 200 300 400 500 600 700
0.28

0.3

0.32

0.34

0.36

0.38

0.4

0.42

0.44

0.46
65%-55% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75
65%-75% step

0 100 200 300 400 500 600 700
0.34

0.36

0.38

0.4

0.42

0.44

0.46
65%-75% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75
75%-65% step

0 100 200 300 400 500 600 700
0.32

0.34

0.36

0.38

0.4

0.42

0.44

0.46
75%-65% step - zoomed plot

 



Appendix E Estimation & Control of a Heating and Ventilation System Masters Thesis 
  
  

Robin Mooney 105  FT220 

0 100 200 300 400 500 600 700
0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85
75%-85% step

0 100 200 300 400 500 600 700
0.38

0.39

0.4

0.41

0.42

0.43

0.44

0.45

0.46

0.47

0.48
75%-85% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85
85%-75% step

0 100 200 300 400 500 600 700

0.4

0.5

0.6
85%-75% step zoomed plot

 

0 100 200 300 400 500 600 700
0.4

0.5

0.6

0.7

0.8

0.9

1
85%-95% step

0 100 200 300 400 500 600 700
0.435

0.44

0.445

0.45

0.455

0.46

0.465

0.47

0.475

0.48
85%-95% step - zoomed plot

 

0 100 200 300 400 500 600 700
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
95%-85% step

0 100 200 300 400 500 600 700
0.25

0.3

0.35

0.4

0.45

0.5
95%-85% step - zoomed plot

 



Appendix F Estimation & Control of a Heating and Ventilation System Masters Thesis 
  
  

Robin Mooney 106  FT220 

Appendix F – Temperature Process Open Loop Step Test Plots (70% flow) 

[For all plots: the x-axis measures time and the y-axis measures portion process input and output as a portion of 5Volts] 
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Appendix G – Process Interaction step test plots 
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Appendix H – Project Timetable 

.konu'lfY Febn,,"y I/IItrcb Apri l/IIty JUIM July August S epItJmbe, 

Week 1 2 3 4 5 6 7 1 9 10 11 12 13 U 15 16 17 11 19 20 21 22 23 U 25 26 27 21 ~ 30 31 32 33 34 35 36 37 

Literature Survey: 

Familiarisation: gene ra l invest igation into proce ss be haviour 

in itial testin g / carryin gou t " xisting la b exp eriments 

contro ll e r de s;g n - using local controll e r 

controller design - us; ng P C (P RO- RE G) software 

inte rface I'oith Hu musoftfMa tla b 

proc e ss ide ntific atio n - u ,on g simpl e te ch ni qu e s - st eplfreq re sp on se 

inv e st ig ati o n into possibl e inte ra ctio ns / MI MO proces s 

Preliminary Report: write report 

pr epare pres ent ation 

Exams: 

Detailed Identification & Investigation into Non_Linearities: 

Controller Design: 

Final Design: Implementation & Validation Testing 

Final Report: 
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Appendix I – Schematic of Rig 
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Appendix J – Matlab/Simulink Controller Settings 

FLOW CONTROLLER SETTINGS 

Operating 

Condition 

PI Controllers PID Controllers 

Min. IAE (Murrill, 1967) Min. IAE(Rovira et. al., 1969) Min. IAE (Kaya and Scheib, 1988) Min. IAE (Kaya and Scheib, 1988) 

Flow K I K I K I Td K I Td 

L 5.97 2.76 4.05 1.35 4.74 4.66 0.65 4.18 1.59 0.45 

M 1.63 0.78 1.16 0.51 1.42 1.24 0.68 1.11 0.60 0.52 

H 0.87 0.50 0.63 0.36 0.78 0.79 0.58 0.59 0.43 0.45 

Av. 1.82 0.90 1.28 0.54 1.54 1.47 0.64 1.25 0.64 0.47 

  Regulator Tuning Servo Tuning Regulator Tuning Servo Tuning 

Table J-1 Flow controller settings for Matlab/Simulink implementation 

 

TEMPERATURE CONTROLLER SETTINGS 

Operating 

Conditions 

PI Controllers PID Controllers 

Min. IAE (Murrill, 1967) Min. IAE(Rovira et. al., 1969) Min. IAE (Kaya and Scheib, 1988) Min. IAE (Kaya and Scheib, 1988) 

Flow Temp. K I K I K I Td K I Td 

30 % 

flow 

L 11.88 0.15 7.72 0.06 8.74 0.27 22.03 8.49 0.07 14.51 

M 10.84 0.17 6.56 0.04 7.01 0.32 16.24 8.01 0.05 9.61 

H 13.78 0.21 8.42 0.05 9.06 0.39 17.02 10.14 0.07 10.21 

50 % 

flow 

L 23.49 0.50 13.97 0.11 14.71 0.96 11.48 17.51 0.14 6.61 

M 15.60 0.34 9.43 0.08 10.07 0.64 11.50 11.53 0.11 6.80 

H 21.82 0.46 13.22 0.11 14.13 0.86 12.03 16.12 0.14 7.13 

70 % 

flow 

L 14.56 0.26 9.29 0.09 10.34 0.47 15.22 10.50 0.11 9.73 

M 10.44 0.18 6.68 0.06 7.47 0.32 16.02 7.51 0.08 10.31 

H 18.47 0.35 11.30 0.09 12.18 0.65 13.62 13.58 0.11 8.19 

Av. 11.62 0.17 7.23 0.05 7.90 0.31 18.38 8.48 0.06 11.34 

    Regulator Tuning Servo Tuning Regulator Tuning Servo Tuning 

Table J-2 Temperature controller settings for Matlab/Simulink implementation
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Appendix K – Relative Gain Array Method 

This method, developed by Bristol (1966), is used to determine the best pairing of controlled and 

manipulated variables for MIMO processes. The method is based solely on steady state information of 

the system. The VVS-400 heating and ventilation system has two inputs and two outputs, i.e. two 

processes – flow and temperature. Take m1 and m2 to be the inputs (or manipulated variables) and y1 

and y2 to be the outputs (or controlled variables) of the temperature and flow processes respectively. 

m1 y1

y2

Process

m2 (constant)

 

Assuming m2 is constant, a step change bin input of magnitude ∆m1 is introduced. ∆y1 is the 

corresponding output change. So then the open loop gain between m1 and y1 is; 

tconsm
m

y

tan1

1

2










∆

∆
 

Now consider the loop gain between y1 and m1 when m2 can vary (in a feedback loop controlling the 

other output, y2); 

GC2

m2

m1 y1

y2 (Constant)

-

+r2

 

The controller GC2 attempts to hold y2 constant; m2 must change for this to happen, provoking a 

change in y1 (y1′); this change is a result of the “direct” effect (from m1) and the “indirect” effect (from 

m2). The open loop gain is then; 

tconsy

m

y

tan
1

1

2















∆

′
∆
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Now, the “relative gain” between y1 and m1, λ11, is defined by; 

( )

.
11

.11

11

2

2

/

/

consty

constm

my

my






 ∆

′
∆

∆∆
=λ

 

Similarly, the remaining relative gains may be defined as follows; 

Relative gain (m2 – y1):  

( )

.
21

.21

12

2

1

/
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Relative gain (m1 – y2):  

( )
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Relative gain (m2 – y2):  

( )

.
22

.22

22

1

1

/

/

consty
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The relative gains are arranged into a “relative gain array” (RGA): 









=

2221

1211

λλ

λλ
λ  

It can be shown that; 11211 =+ λλ , 12111 =+ λλ , 12212 =+ λλ , 12211 =+ λλ  

Then, for a 2x2 MIMO system; 








−

−
=

λλ

λλ
λ

1

1
, 11λλ =  

 

Possible cases for λ: 

λ = 1;  







=

10

01
λ  i.e. direct effect = direct + indirect effect, Pairings: (y1, m1); (y2, m2). 

 

λ = 0;  







=

01

10
λ  i.e. no direct effect, Pairings: (y1, m2); (y2, m1).  

 

INDIRECT EFFECT 

DIRECT EFFECT 
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0 < λ < 1; i.e. the control loop interacts 

 e.g. 







=

75.025.0

25.075.0
λ  …. Pairings: (y1, m1); (y2, m2).   

 e.g. 







=

25.075.0

75.025.0
λ  …. Pairings: (y1, m2); (y2, m1). 

 e.g. 







=

5.05.0

5.05.0
λ   …. Most severe interaction. 

λ > 1; e.g. 








−

−
=

2.12.0

2.02.1
λ  

i.e. closing the second loop reduces the gain between y1 and m1; as λ increases, the degree of 

interaction becomes more severe. 

λ < 1; e.g. 








−

−
=

5.05.1

5.15.0
λ  

i.e. opening loop two gives a negative gain between y1 and m1; closing loop two gives a positive gain 

between y1 and m1, i.e. the control loops interact by trying to “fight each other”. 

 

So in general, y1 should be paired with m1 when λ ≥ 0.5; otherwise y1 should be paired with m2. 

 

The value for λ can be worked out as follows: 

The steady state system outputs are; 
2121111 .. mkmky +=    

2221212 .. mkmky +=  

Where k11, k12, k 21, and k22 are the steady state gains; i.e.:  
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y
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1
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∆
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Putting    y2 = 0;   222121 ..0 mkmk +=   ∴ 1
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∴ λλ =

−

=

2211

2112

11

1

1

kk

kk
 

The following table describes the process model steady state gains obtained from chapter 3 (process 

identification) and section 4.3 (investigation into process interactions) over a range of operating 

conditions; 

 
Operating 

Conditions 
30%flow 50%flow 70%flow 

S.S.Gain Temp. i/p L M H L M H L M H 

K11  0.32 0.61 0.45 0.32 0.43 0.30 0.30 0.41 0.33 

 Temp. i/p L M H 

over full flow range 

    

K12  -0.02 -0.18 -0.24     

K21  0 0 0     

 Flow i/p L M H 
all temperatures 

    

K22  0.45 1.08 1.76     

Table K Steady state gains obtained from process modelling 

From section 4.3 it was clear that the temperature to flow interaction does not exist. Therefore K21 was 

zero in all cases. This means that; 

1
)0(

1

1

2211

12

=

−

=

kk

k
λ  

Hence the appropriate pairings of controlled and manipulated variables should be: (y1, m1); (y2, m2).
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Appendix L – Plots of Advanced Gain Scheduler Controller Settings 

 

TEMPERATURE CONTROLLER GAIN PLOTS:  

 

 

3-D plot: Temperature eontrollergain (Ke) PI regulatoretr. 
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TEMPERATURE CONTROLLER INTEGRAL TIME PLOTS: 
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TEMPERATURE CONTROLLER DERIVATIVE TIME PLOTS: 

 

 

 

FLOW CONTROLLER GAIN PLOTS:  
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FLOW CONTROLLER INTEGRAL TIME PLOTS: 

 

 

 

FLOW CONTROLLER DERIVATIVE TIME PLOTS: 
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Appendix M - All Advanced Gain Scheduler Controllers 
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Figure M-1 Advanced gain scheduler – PI regulator 
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Figure M-2 Advanced gain scheduler – PID regulator 
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Figure M-3 Advanced gain scheduler – PI servo 
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Figure M-4 Advanced gain scheduler – PID servo
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