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Appendix E

Estimation & Control of a Heating and Ventilation System

Masters Thesis

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]
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Appendix F

Estimation & Control of a Heating and Ventilation System

Masters Thesis

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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Estimation & Control of a Heating and Ventilation System

Masters Thesis

Appendix G — Process Interaction step test plots
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Appendix H — Project Timetable
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Appendix J

Estimation & Control of a Heating and Ventilation System

Masters Thesis

Appendix J — Matlab/Simulink Controller Settings

FLOW CONTROLLER SETTINGS

Operating
Condition|

L
M

Flow

Av.

Min. IAE (Murrill, 1967) Min. IAE(Rovira et. al., 1969)

K
5.97
1.63
0.87
1.82

PI Controllers

I
2.76
0.78
0.50
0.90

Regulator Tuning

K
4.05
1.16
0.63
1.28

Servo Tuning

I
1.35
0.51
0.36
0.54

K
4.74
1.42
0.78
1.54

|
4.66
1.24
0.79
1.47

Min. IAE (Kaya and Scheib, 1988) Min. IAE (Kaya and Scheib, 1988),

PID Controllers
Ty K
0.65 | 4.18
0.68 1.11
0.58 | 0.59
0.64 1.25

Regulator Tuning

Servo Tuning

I
1.59
0.60
0.43
0.64

Tq
0.45
0.52
0.45
0.47

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

TEMPERATURE CONTROLLER SETTINGS

Operating
Conditions

Flow Temp.

30 %
flow

50 %
flow

L

= r

Pl Controllers

Min. IAE (Murrill, 1967) Min. IAE(Rovira et. al., 1969)

K
11.88
10.84
13.78
23.49
15.60
21.82
14.56
10.44

18.47
11.62

I
0.15
0.17
0.21
0.50
0.34
0.46
0.26
0.18
0.35
0.17

Regulator Tuning

K I
7.72 0.06
6.56 0.04
8.42 0.05
13.97 0.11
9.43 0.08
13.22 0.11
9.29 0.09
6.68 0.06
11.30 0.09
7.23 0.05

Servo Tuning

Min. IAE (Kaya and Scheib, 1988) Min. IAE (Kaya and Scheib, 1988)

K
8.74
7.01
9.06

14.71
10.07
14.13
10.34
7.47
12.18
7.90

0.27
0.32
0.39
0.96
0.64
0.86
0.47
0.32
0.65
0.31

PID Controllers

Tq
22.03
16.24
17.02
11.48
11.50
12.03
15.22
16.02
13.62
18.38

Regulator Tuning

K 1 Tq
8.49 0.07 14.51
8.01 0.05 9.61
10.14 0.07 10.21
17.51 0.14 6.61
11.53 0.1 6.80
16.12  0.14 713
10.50 0.1 9.73
7.51 0.08 10.31
13.58 0.11 8.19
8.48 0.06 11.34

Servo Tuning

Table J-2 Temperature controller settings for Matlab/Simulink implementation
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Appendix K Estimation & Control of a Heating and Ventilation System Masters Thesis

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 m; and m; to be the inputs (or manipulated variables) and y;

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

Process
m: Y1
4><7\1777 — — —=
=~ =z
~>=<Z
/// \\L\\
M2 (constant) ///7// \\\\ Yz
—_ = — — o

Assuming m; is constant, a step change bin input of magnitude Am; is introduced. Ay; is the

corresponding output change. So then the open loop gain between m; and y; is;

Ay,
Am,

myconstant

Now consider the loop gain between y; and m; when m;, can vary (in a feedback loop controlling the

other output, y»);

Process
m: Y1
>
r + G m: o = Y2 (Constant)
c2 >

The controller G¢; attempts to hold y, constant; m, must change for this to happen, provoking a
change in y; (y1’); this change is a result of the “direct” effect (from m;) and the “indirect” effect (from

my). The open loop gain is then;

’

Ay,

Am,

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

DIRECT EFFECT

Now, the “relative gain” between y; and my, Ay, is defined by; /
_ (Ay 1 / A,/nl ) myconst.

1 ’
(Ay1 / Aml)

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

INDIRECT EFFECT

yoconst.

_ (Ayl /AmZ )mlconst.
Relative gain (m; — y): P ( Ay; / Amz)
y,const.
ﬂz _ (Ayz / A’/nl )mzc()nst.
Relative gain (m; — y»): b ( Ay;/ Aml)
yjconst.
//12 _ (Ay 2 / AmZ )mlconst.
Relative gain (m; — y»): P ,
(Ayz /Amz)
yiconst.

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

i — (/li’ll //112}
Ay Ay
It can be shown that; A, + 4, =1, 4, + 4, =1, 4, + A, =1, 4, +4,, =1

A 1-A
Then, for a 2x2 MIMO system; i' - 1 1 , A= ﬂll

Possible cases for A:

1 O
A=1; i’ = [O lj 1.e. direct effect = direct + indirect effect, Pairings: (yi, m); (y2, my).

0 1
A1=0; i' = (1 Oj i.e. no direct effect, Pairings: (y;, mp); (y2, mp).
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0<A<1; i.e. the control loop interacts
0.75 0.25
e.g. A= 025 0.75 .... Pairings: (y1, m;); (y2, mp).
0.25 0.75
e.g. i = 075 0.25 .... Pairings: (y;, my); (ya, my).
0.5 0.5
e.g. i = 05 05 .... Most severe interaction.
1.2 =02
A>1; eg. i: 02 12 )

i.e. closing the second loop reduces the gain between y; and m;; as A increases, the degree of

interaction becomes more severe.

-05 1.5
A<1; eg. i: 15 _05

1.e. opening loop two gives a negative gain between y; and my; closing loop two gives a positive gain

between y; and my, i.e. the control loops interact by trying to “fight each other”.
So in general, y; should be paired with m; when A4 > 0.5; otherwise y; should be paired with ms.

The value for A can be worked out as follows:

The steady state system outputs are; y, = k,,.m, +k ,.m,
Yy = kyymy +kyy.m,

Where ki1, k12, k 21, and ky; are the steady state gains; i.e.:

Ay
kll = ( A 1 )
m, myconstant

k21
Putting y,=0; 0=k,,.m, +k,.m, m, = T m,

221
ooy =k =22 Y= ku(l—Mjml (ij _ kl{l— 12 le
k22 kll 22 Aml ypconst kllk22
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1 —_—
1— k12k21
kllk22

c A = A

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
30%flow 50%flow 70%flow
Conditions
S.S.Gain| Temp. ilp| L M - L M - L M ‘
K14 0.32 0.61 0.45 0.32 0.43 0.30 0.30 0.41 0.33
Temp. i/p L M -
Ki2 -0.02 -0.18 -0.24 over full flow range
K21 0 0 0
Flow i/p L M -
all temperatures
Kao 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 K,; was
zero in all cases. This means that;
1
= = 1
k@
k 1 lk 22

Hence the appropriate pairings of controlled and manipulated variables should be: (y;, m;); (y2, my).
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Appendix L — Plots of Advanced Gain Scheduler Controller Settings

TEMPERATURE CONTROLLER GAIN PLOTS:
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TEMPERATURE CONTROLLER INTEGRAL TIME PLOTS:
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TEMPERATURE CONTROLLER DERIVATIVE TIME PLOTS:

3-D plot: Temperature confroller derivative time (Td) PID servo cir.
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FLOW CONTROLLER GAIN PLOTS:

D3 Flow o/p fas a portion of 5Volts]

Flow confroller gain (Kc) Pl regulator cir.
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3-D plot: Temperature confroller derivative fime (Td) PID regulator cir.
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FLOW CONTROLLER INTEGRAL TIME PLOTS:

Flow controller integraf time (T1) Pl reguiator cir. Fiow controller integral time (Ti) Pl servo cir.
22 T T T T T T T 3 t T T t t t t
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Flow i/p fas a portion of 5 Voilsj Flow i/p [as a portion of b Volits]
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FLOW CONTROLLER DERIVATIVE TIME PLOTS:

Fiow confrolier derivative time (Td) PiD) requlator cfr. 0es Fiow controller derivative time (Td) PID} servo cir.
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Appendix M - All Advanced Gain Scheduler Controllers
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