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Abstract

This report presents a large number of optimal PI and PID pa-
rameters for a batch of 134 benchmark process models representa-
tive for the process industry. This information can e.g. be used as
a reference for other controller design methods. The optimal param-
eters have been derived using the MATLAB®-based software called
SWORD, which determines the PI or PID controller that gives the
best load disturbance performance given some closed-loop robustness.
The performance measure used here is the integrated absolute er-
ror during a step disturbance on the process input, and the robust-
ness constraints are given by upper limits on maximum sensitivity
and complementary sensitivity. It has previously been shown that
SWORD can be used to find near-optimal controllers also with re-
spect to an additional noise sensitivity constraint. A controller design
method based on this finding gives a set of PI and PID controllers
all with the same robustness, but instead with a trade-off between
performance and noise sensitivity. Five such sets of controllers are
presented here for process models with varying dynamics. There are
also a large number of optimal, unfiltered, SWORD PI and PID pa-
rameters presented, and related to four different robustness values.
All data has been collected in tables which are given at the end of this
report. The same tables have been collected in MATLAB® data files,
Excel spreadsheets, as well as in a tex-file.

1. Introduction

The purpose of this document is to provide a large number of IAE optimal
PI and PID controllers for a batch of benchmark process models, which can
be used for comparison with other design methods. Both for the unfiltered
case (with regards to four different robustness levels) and for the filtered,
noise sensitivity constrained, case. The first few sections are used to define
the optimization problem used to determine the controllers, and to present
the batch of benchmark models. 77 tables filled with optimal PID param-
eters and related data are given in Sections 8 to 10. The tables have also
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Figure 1 A load disturbance, d, measurement noise, n, and set-point, r, act on
the closed-loop system with process P(s), controller C(s) and measurement filter
F(s).

been collected in MATLAB® mat-files, Excel spreadsheets (different sheets
for different process types), as well as in a tex-file. These can be down-
loaded from:

http://www.control.lth.se/Research/ProcessControl/PIDControl/

2. The closed-loop system

The single-input single-output feedback loop in Fig. 1 will be used here to
set up a constrained optimization problem for the design of PI and PID
controllers. The process, P(s), is manipulated by a controller, C(s), such
that the controlled variable, z, is kept as close as possible to a set-point, r,
in order to minimize the control error, e. The process is affected by a load
disturbance, d, at the process input. The measurements of the controlled
variable, y, typically contain noise, n, and are fed through a low-pass filter,
F(s), to keep the noise level of the control signal, u, low.

Assuming regulatory control around a constant set-point, r = 0, the
closed-loop system can be described by three equations
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with frequency-domain signals in capital letters.



It is well-known that the four transfer functions

S6) =17 P(s)lC(s)F(s)’ )
Sp(s) =17 P(S(CS’)(S)F(S)’ ®)
Se(s) = 13 Ig((ss))g((ss))F(s)’ 0

are sufficient to describe the closed-loop system in Fig. 1. S(s) is called the
sensitivity function and 7'(s) the complementary sensitivity function.

3. Controllers and noise filters

In this document, optimal PI and PID parameters will be presented, some-
times together with a corresponding noise filter time constant. There are
several PID and filter forms commonly used, and it is therefore important
to define the ones used here. The PI controller will be given by the transfer
function

Cpi(s) = K <1 + s;) , (8)

where K is the proportional gain and 7; is the integral time. For PID
control the parallel form has been chosen since it is more general than the
series form. It has the transfer function

Cpip(s) =K <1 + i + STd) . (9)
STi

The derivative part comes with the derivative time parameter, T;. Low-

pass filters are used here to decrease closed-loop noise throughput. This

is especially important for PID control, but also useful for PI control. A

first-order low-pass filter has been used for PI control,

1
.S‘Tf +1’

Fpy(s) = (10)

which gives the controller high-frequency roll-off. A second order filter

1
(sT)%/2 +sT; + 1’

FPID(S) = (11)

is used for PID control, also for the sake of high-frequency roll-off. The
filter time constant T is the only parameter that needs to be set in both
F PI and F PID-
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Figure 2 Test batch of 134 processes representative for the process industry.

4. A batch of benchmark models

A batch of 134 benchmark process models, representative for the process
industry, was introduced in [1] and can be found in Fig. 2, on the next page.
Sections 8 to 10 holds optimal PI and PID parameters for this batch.

In addition to these models, the second order time-delayed model

e—O.ls

P3 mod(s) = (20s + 1)’ (12)

will also be used to derive a set of optimal controller parameters (with



corresponding filters).
The benchmark models have been approximated with first-order time-
delayed (FOTD) models

_ p —sL
P, (s) = ST + 7€ (13)
in order to classify them based on the normalized time delay,
L
= . 14
CTLyT (14)

5. Criteria for PID controller design

A rational way to start the design of a controller is to first derive a process
model and a collection of requirements. Constrained optimization can then
be applied to make a trade between often conflicting requirements. Tuning
of PID controllers for the process industry is seldom done this way since
the effort that can be devoted to a single loop is severely limited.

Requirements typically include specifications on load disturbance atten-
uation, robustness to process uncertainty, noise sensitivity and set-point
tracking. Load disturbance attenuation is a primary concern in process
control where steady-state regulation is a key issue, while set-point track-
ing is a major concern in motion control. Set-point tracking can, however,
be treated separately by using a control architecture having two degrees of
freedom. Therefore, the controllers listed here will be optimal with respect
to load disturbance attenuation.

5.1 Performance

Closed-loop performance, i.e. load disturbance attenuation will here be
characterized by the integrated absolute error (IAE)

TAE = / le(t)|dt, (15)
0

for a unit step load disturbance on the process input, see Fig. 1.

5.2 Robustness

It is very important to ensure that all plant processes are safe and stable
around their set-points. For this reason, the primary goal of many PID
design methods is to secure the robustness of the closed-loop system, i.e. to
keep good margins to the point of instability. Robustness can be captured by
the sensitivity function, S(s), and the complementary sensitivity function,
T(s), see Egs. (4-5). The maximum values of these functions

S(iw)| < M, |T(iw)|<M;, Vo e R*, (16)

i.e. the H,-norms, will be used here as robustness constraints on the
closed-loop system. Large values of M; and M; will lead to poor robust-
ness, while values close to 1 give very high robustness. Reasonable robust-
ness is typically given with M; and M; between 1.2 and 2.0. For simplic-
ity, My and M; will have the same values in each new optimization here
(Ms =M, =12, 14, 1.6, and 1.8). Note that @ is the frequency in [rad/s]
and RT denotes the set of all non-negative real numbers.



5.3 Noise sensitivity

Large control signal activity generated by measurement noise could cause
undesirable actuator wear and tear. The impact of the transfer function
from measurement noise to control action, S.(s), depends on many fac-
tors, with the controller parameters and low-pass filter being particularly
important. In this document, the Hy-norm of S.(s) (see Eq. 7)

1Se($)ll2 < Ku, (17)

will be used to constrain the noise sensitivity. Assuming continuous-time
white Gaussian measurement noise with unit spectral density, ||S.(s)||2 can
be derived using the integral formula

ISl = |55 [ I1Selio)do, (15)

6. Optimal PID design using SWORD

The MATLAB® software tool called SWORD (Software-based optimal ro-
bust design), was first presented in [2]. This tool is used to derive optimal
PI and PID controllers with respect to the optimization problem

o
minimize / le(?)|dt,
K,Ti,TdE R+

0

subject to |S(iw)| < Mg, (19)
|T(iw)| < M;, Vo€ R

The low-pass filter time constant, T, is fixed in each optimization. To
simplify the problem solving, the software finds the controller that makes
at least one of the robustness constraints active. This will give the optimal
solution also to (19), unless M; and M; are quite large (i.e. when SWORD
starts giving highly oscillating responses). This typically happens for M;
and M; greater than 2.0.

Sections 8 and 9 hold tables with unfiltered SWORD PI and PID param-
eters for the benchmark models in Fig. 2, with respect to My, = M; = 1.2,
1.4, 1.6, and 1.8.

The SWORD software tool is freely available at:

http://www.control.lth.se/Research/ProcessControl/PIDControl/

An older version of the SWORD software is also available on this web-
page. It has been tested more thoroughly and can e.g. be used if the most
recent SWORD version would not work.



7. Using SWORD to determine the noise filter

In [3], it is shown that SWORD can provide controllers that are close to
optimal also with respect to the extended optimization problem

e
minimize / le(t)|dt,
K,Ti,Td,TfERJr

0

subject to  |S(iw)| < Mg, (20)
T(iw)| < M, Vo € B,
[[Se(s)ll2 < Ku.

This is accomplished by varying the low-pass filter time constant, T, as
well as the controller type (PID, PI or I). The result is a set of controllers
and low-pass filters. The user can then use this set to choose the best
possible controller giving an acceptable level of the control signal activity.
This level can be determined by visual feedback of the control signal.

Section 10 presents tables with controller sets for five different models
(with Ms = M; = 1.4), containing: lag-dominant, balanced, delay-dominant,
integrating, and dominant second-order processes.



8. Optimal PI parameters for the test batch

The following tables hold process data, optimal unfiltered SWORD PI pa-
rameters, and corresponding IAE-values, for the benchmark models. Sec-
tion 8.1 presents tables for a closed-loop robustness given by M; = M; = 1.2,
Section 8.2 for M, = M; = 1.4, Section 8.3 for M, = M; = 1.6, and Section
8.4 for M, = M, = 1.8. The tables have also been collected in MATLAB®
mat-files, Excel spreadsheets (different sheets for different process types),
as well as in a tex-file. These can be downloaded from:

http://www.control.lth.se/Research/ProcessControl/PIDControl/

81 M;=M;=1.2

Table 1 Pi(s) = ﬁ Unfiltered PI, M, = M, = 1.2
T T K Ti kp ki IAE

0.020 0.98 0.097 037 0.097 0.26 3.77
0.0560 0.95 0.098 0.38 0.098 0.26 3.87
0.10 0.91 0.10 040 0.10 0.25 4.02
0.20 0.83 0.11 0.46 011 0.23 4.26
0.30 0.77 012 053 0.12 023 443
0.50 0.67 014 067 014 021 4.66
0.70 0.59 017 082 017 021 4.78
1.00 0.50 0.22 1.05 0.22 0.21 4.85
1.30 0.43 0.26 128 0.26 0.21 4.87
1.50 0.40 0.29 143 0.29 0.21 4.85
2.00 0.33 037 179 037 0.21 4.78
4.00 0.20 0.72 312 0.72 0.23 441
6.00 0.14 1.07 419 1.07 025 4.05
8.00 0.11 141 504 141 028 3.71
10.0 0091 17 5.73 176 0.31 3.42
20.0 0.048 348 785 348 044 240
50.0 0.020 912 11.7 912 0.78 131
100 0.0099 18.6 14.7 18.6 1.27 0.79
200 0.0060 376 16.7 376 2.25 0.45
500 0.0020 94.3 182 943 518 0.19
1000 0.0010 189 188 189 10.1 0.099
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Table 2 PZ(S) = m,

Unfiltered PI, M, = M, = 1.2

T T K Ti k D ki TIAE

0.01 0.98 0.097 0.37 0.097 026 3.78
0.02 0.96 0.098 0.38 0.098 0.26 3.85
0.05 0.92 0.099 0.40 0.099 0.25 4.05
0.10 085 010 045 0.10 0.23 4.35
020 074 011 0.55 0.11 0.21  4.87
0.30 066 013 0.67 0.13 019 531
0.50 0.55 015 094 0.15 0.17  6.06
0.70 048 0.18 1.22 0.18 0.15 6.70
1.00 041 022 165 0.22 0.13 7.56
1.30 036 025 211 0.25 0.12  8.36
1.50 034 027 242 0.27 0.11  8.88
200 030 032 320 032 0.099 101
4.00 022 044 648 0.44 0.068 14.7
6.00 019 0.52 9.87 0.52 0.0562 19.1
8.00 0.18 0.57 133 0.57 0.043 235
10.0 0.17 0.60 16.8 0.60 0.036 27.8
20.0 015 0.70 343 0.70 0.020 49.3
50.0 014 0.77 873 0.77 0.0088 113
100 0.14 0.80 176 0.80 0.0046 220
200 0.13 0.82 353 082 0.0023 433
500 0.13 083 888 0.83 0.0009 1070
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Table 3 P3(S) = m,

Unfiltered PI, M, = M, = 1.2

T T K Ti k D ki IAE

0.0050 0.0094 20.7 0.14 20.7 149 0.0067
0.010 0.018 10.1 0.23 101 445 0.023
0.020 0.034 496 036 496 139 0.074
0.050 0.073 2.09 0.61 2.09 340 0.30
0.10 0.12 111 0.81 111 1.38 0.73
0.20 018 063 098 0.63 0.64 1.56
0.50 0.23 0.40 140 0.40 0.28 3.54
2.00 0.23 039 3,53 039 011 9.08
5.00 019 0,51 835 0.51 0.061 16.5
10.0 017 061 169 061 0.036 276

Table 4 Py(s) = ﬁ, Unfiltered PI, M, = M, = 1.2

n t K T, k, Fk IAE

3.00 025 035 207 035 0.17 5.83
4.00 033 025 241 025 010 9.55
5.00 0.39 0.21 275 0.21 0.075 13.3
6.00 043 0.18 3.10 0.18 0.059 17.0
7.00 0.47 0.17 345 0.17 0.048 20.7
8.00 0.50 0.16 3.81 0.16 0.041 244

1

Table 5 P;(s) = (s + 1)(sa + 1)(sa® + 1) (sa® + 1)’

Unfiltered PI, M, = M, = 1.2

o T K T; k D ki IAE

0.10 0.067 2.20 0.66 2.20 3.32 0.30
0.20 0.12 103 0.89 103 117 0.86
0.30 017 065 102 065 064 156
0.40 0.22 048 114 048 042 239
0.50 0.25 038 126 038 030 3.34
0.60 0.28 032 141 032 023 441
0.70 0.30 0.28 159 028 0.18 5.57
0.80 032 026 180 0.26 0.15 6.82
0.90 0.33 0.25 2,07 025 0.12 8.15




Table 6 Pg(s) = S

e_SLl

, Unfiltered PI, M, = M; = 1.2

s(sTy +1)
nw L t K T, &k k;  IAE
0.99 0.01 0.00 025 158 0.25 0016 63.1
0.98 0.02 0.00 025 159 0.25 0.016 63.7
0.95 0.05 0.00 024 161 0.24 0.015 65.6
0.90 010 0.00 024 164 0.24 0.015 68.8
0.80 0.20 0.00 0.23 17.0 0.23 0.013 74.8
0.70 0.30 0.00 022 175 0.22 0.012 805
0.50 0.50 0.00 0.20 184 0.20 0.011 905
0.30 0.70 0.00 0.19 19.0 019 0.010 98.0
0.10 0.90 0.00 019 194 0.19 0.0098 102
0.00 1.00 0.00 019 19.4 0.19 0.0098 102

11
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Table 7 P;(s)

estl

T T+ 1)(1+sT))

, Unfiltered PI, M, = M; = 1.2

T T, L T K T, k, k IAE
1.00 099 0010 0.14 080 175 0.80 0.46 2.19
1.00 098 0.020 0.4 0.77 173 0.77 0.45 2.24
1.00 095 0.050 0.15 0.69 167 0.69 0.42 241
1.00 090 0.10 0.17 060 159 0.60 0.37 2.67
1.00 0.70 0.30 025 0.38 1.36 0.38 0.28 3.54
1.00 050 050 0.33 029 121 029 0.24 4.19
1.00 0.30 0.70 0.41 024 111 024 022 4.62
1.00 010 090 048 022 1.06 022 021 483
1.00 0.00 100 050 022 1.05 022 021 485
2.00 099 0.010 012 091 255 091 0.36 2.79
2.00 0.98 0.020 013 0.89 253 0.89 035 2.83
2.00 0.95 0.050 0.13 0.83 246 0.83 0.34 2.96
2.00 090 010 015 075 2.37 0.75 032 3.17
2.00 0.70 0.0 020 055 211 055 026 3.85
2.00 050 050 024 045 1.94 045 023 4.33
2.00 030 0.70 0.29 040 1.84 0.40 022 4.63
2.00 010 090 0.32 0.38 179 0.38 021 4.77
2.00 0.00 1.00 0.33 037 179 0.37 021 4.78
5.00 0.99 0.010 0.089 149 4.33 149 0.34 2.90
5.00 0.98 0.020 0.090 147 4.31 147 034 293
500 0.95 0.050 0.093 141 4.25 141 0.33 3.02
500 0.90 010 0.098 1.34 421 134 032 3.15
500 0.70 0.30 012 112 4.03 112 028 3.61
500 0.50 0.50 014 1.00 3.87 1.00 026 3.93
500 0.30 0.70 015 093 3.76 0.93 025 4.13
500 010 0.90 016 0.90 3.69 090 024 4.21
500 0.00 1.00 0.17 0.89 3.69 0.89 024 4.22
10.0 0.99 0.010 0.059 2.60 6.35 2.60 0.41 2.45
10.0 0.98 0.020 0.059 257 6.34 257 041 247
10.0 0.95 0.050 0.060 251 6.33 251 0.40 2.53
10.0 090 0.10 0.063 241 6.30 241 0.38 2.63
10.0 0.70 0.30 0.071 211 6.13 211 0.34 2.96
10.0 050 050 0.079 192 595 192 0.32 3.20
10.0 0.30 0.70 0.085 181 582 1.81 0.31 3.35
10.0 0.10 090 0.090 176 5.74 176 0.31 3.41
10.0 0.00 1.00 0091 176 573 176 0.31 3.42




Table 8 Py(s) = é;%‘; Unfiltered PI, M, = M, = 1.2

o T K T; kp ki IAE

0.10 0.27 032 205 032 016 6.38
0.20 029 029 204 029 014 6.95
0.30 0.32 027 202 027 013 752
0.40 0.34 025 201 025 012 810
0.50 0.36 0.23 2.00 0.23 0.12 8.69
0.60 0.38 0.22 199 022 011 9.30
0.70 040 0.20 198 0.20 010 9.91
0.80 042 019 197 0.19 0.096 10.5
090 044 018 196 0.18 0.091 112
1.00 045 0.17 195 0.17 0.086 11.8
110 047 016 195 0.16 0.082 125

1
T (s+1)((sT)2 + 1L4sT + 1)

Table 9 Py(s) , Unfiltered PI, M, = M, = 1.2

T T K Ti k D ki IAE

0.10 0.2 119 0.66 119 1.82 0.57
0.20 0.20 061 080 061 0.76 1.32
0.30 0.24 042 087 042 048 2.08
0.40 027 034 095 034 035 2.83
0.50 0.28 0.29 1.02 029 028 3.54
0.60 0.29 026 110 0.26 024 4.22
0.70 0.30 024 118 0.24 021 4388
0.80 0.30 0.23 127 0.23 0.18 5.50
0.90 031 0.22 135 0.22 0.16 6.10
1.00 031 022 145 022 0.15 6.68




82 M;=M,=14

—S

Table 10 P;(s) = (37?7+1)

, Unfiltered PI, M, = M, =14

T T K Ti k D ki IAE

0.02 098 016 0.34 016 046 216
0.05 095 016 035 016 045 2.22
010 091 016 038 0.16 044 2.30
020 083 018 043 018 041 243
030 077 019 049 019 040 2.52
0.50 067 024 062 024 038 2.63
0.70 059 028 076 028 037 2.67
1.00 050 036 098 036 037 2.68
130 043 046 122 046 038 2.66
150 040 052 138 052 038 2.65
200 033 068 174 0.68 0.39 2.58
400 020 130 284 130 046 2.26
6.00 014 190 3,59 190 0.53 1.96
8.00 011 251 413 251 061 171
10.0 0.091 3.11 4.53 3.11 0.69 1.52
20.0 0.048 6.12 561 6.12 1.09 0.96
50.0 0.02 151 6.54 151 231 046
100 0.0099 30.1 6.94 301 4.34 0.24
200 0.0050 60.1 715 60.1 841 0.13
500 0.0020 150 7.27 150 20.6 0.051
1000 0.0010 300 7.32 300 41.0 0.026

14



Table 11 Py(s) =

—S

e
(sT +1)¥

Unfiltered PI, M, = M, =1.4

T ¢ K T, k, k IAE
001 098 016 034 016 046 2.16
0.02 096 0.16 035 016 045 220
0.05 092 0.16 037 016 043 231
010 0.85 0.17 042 017 040 249
020 074 019 052 019 036 277
0.30 0.66 021 063 021 033 301
050 0.55 0.26 0.87 0.26 029 341
070 048 0.30 113 030 027 3.74
1.00 041 037 154 037 024 417
1.30 0.36 043 196 043 022 456
150 0.34 047 224 047 021 481
2.00 030 055 297 055 019 5.40
400 022 0.80 6.01 080 013 7.55
600 019 095 914 095 010 9.57
8.00 018 107 123 1.07 0.087 115
10.0 017 115 156 115 0.074 135
20.0 015 1.39 321 139 0.043 231
50.0 0.14 160 82.2 160 0.019 516
100 014 1.68 166 1.68 0.01 989
200 013 173 334 173 0.0052 193
500 0.13 1.76 838 1.76 0.0021 477

15
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Table 12 P3(S) = m,

Unfiltered PI, M, = M, = 1.4

T T K Ti k D ki IAE

0.0050 0.0094 35.1 0.071 351 493 0.0020
0.01 0.018 178 0.13 178 133 0.0076
0.02 0.034 911 024 911 377 0.027
0.05 0.073 3.84 047 3.84 8.20 0.12
0.10 0.12 2.06 0.68 2.06 3.02 0.33
0.20 018 116 0.89 116 131 0.77
0.50 023 071 131 0.71 0.54 1.84
2.00 023 0.70 330 0.70 0.21 4.74
5.00 019 094 778 094 0.12 8.28
10.0 0.17 118 157 118 0.075 134

Table 13 P4(S) = ﬁ, Unfiltered PI, Ms = Mt =14

n ¢ K T, k, k IAE

025 0.63 195 0.63 0.33 3.07
0.33 043 225 043 019 5.21
0.39 035 257 035 014 734
043 031 290 031 011 947
0.47 0.28 3.23 0.28 0.086 11.6
0.50 0.26 3.56 0.26 0.073 13.7

o 3 & O b~ W

1

Table 14 5(s) = X Dysa + Dsa® + D(sa? + 1)’

Unfiltered PI, M, = M, = 1.4

(24 T K T; k D ki IAE

0.10 0.067 4.20 049 4.20 8.51 0.12
0.20 0.12 193 0.75 193 2.58 0.39
0.30 017 119 091 119 131 0.76
0.40 0.22 0.85 1.04 0.85 0.82 1.22
0.50 0.25 0.67 117 0.67 0.57 1.75
0.60 0.28 056 131 0.56 043 2.35
0.70 0.30 049 148 0.49 0.33 3.01
0.80 032 046 169 046 0.27 3.71
090 0.33 044 195 0.44 0.23 4.44




—sLj
Table 15 Ps(s) = S(S‘iﬂﬁ Unfiltered PI, M, = M, = 1.4

m, L ¢ K T, k, k IAE

099 0010 0 045 731 0.45 0.062 16.1
098 0.020 0 045 728 0.45 0.061 16.3
0.95 0.0560 0 043 724 0.43 0.059 16.9
090 010 O 040 716 0.40 0.056 17.8
0.80 020 0 037 728 0.37 0.0561 19.5
0.70 030 O 036 741 0.36 0.048 21.0
0.50 050 0 033 748 0.33 0.044 235
0.30 0.70 O 031 743 0.31 0.042 25.0
010 090 0 0.30 738 0.30 0.041 25.8
0.00 1.00 O 030 737 0.30 0.041 25.8




18

Table 16 P;(s) =

e

—sLq

(sT +1)(1+sTy)

, Unfiltered PI, M, = M; =14

T T, L T K T, k, k IAE
1.00 099 0010 0.14 169 166 1.69 1.02 0.98
1.00 0.98 0.020 014 158 1.62 158 0.98 1.02
1.00 095 0.050 0.5 139 157 139 0.88 1.13
1.00 0.90 0.0 017 113 147 113 0.77 1.30
1.00 0.70 0.30 025 068 126 0.68 0.54 185
1.00 050 050 0.33 049 111 049 0.44 226
1.00 0.30 0.70 0.41 040 1.02 040 0.39 254
1.00 0.10 090 048 0.37 098 0.37 0.38 2.67
1.00 0.00 1.00 050 0.36 098 0.36 0.37 2.68
2.00 0.99 0010 012 193 236 193 082 1.22
2.00 098 0.020 013 1.85 233 185 080 125
2.00 0.95 0.050 013 168 2.26 1.68 0.74 1.34
2.00 090 010 015 145 215 145 067 148
2.00 070 0.30 020 099 191 0.99 052 193
2.00 050 050 024 0.83 1.86 0.83 044 225
2.00 030 0.70 029 073 1.79 0.73 0.41 247
2.00 010 090 032 068 175 0.68 0.39 257
2.00 0.00 1.00 0.3 068 174 0.68 0.39 2.58
5.00 0.99 0.010 0.089 3.17 3.69 3.17 086 116
5.00 0.98 0.020 0.090 3.08 3.66 3.08 0.84 1.19
5.00 0.95 0.050 0.093 2.87 3.58 2.87 080 1.25
500 0.90 010 0.098 259 347 259 075 1.34
500 0.70 0.30 012 2.08 3.39 2.08 061 163
500 0.50 050 014 1.83 3.38 183 054 1.87
500 0.30 0.70 015 1.68 3.31 168 051 2.02
500 010 0.90 016 1.61 326 161 049 2.09
500 0.00 1.00 017 1.60 325 160 049 210
10.0 0.99 0.010 0059 5.39 4.80 539 112 0.89
10.0 0.98 0.020 0.059 5.28 4.78 528 110 0.91
10.0 0.95 0.050 0.060 4.98 4.70 4.98 1.06 0.94
10.0 0.90 0.10 0.063 458 4.60 4.58 1.00 1.00
10.0 0.70 0.30 0.071 3.88 4.66 3.88 0.83 1.20
10.0 050 0.50 0.079 3.48 4.66 3.48 0.75 1.36
10.0 0.30 0.70 0.085 3.23 459 3.23 0.70 1.47
10.0 010 090 0.090 3.12 454 312 0.69 1.52
10.0 0.00 1.00 0.091 311 453 3.11 0.69 152




1—sa

Table 17 Pg(s) = Gr)

Unfiltered PI, M, = M, = 1.4

o T K T; kp ki IAE

0.10 0.27 0.57 192 0.57 0.29 340
020 029 051 190 051 027 3.74
030 032 046 189 046 0.25 4.08
040 034 043 188 043 0.23 443
050 036 039 186 039 021 4.78
060 038 036 185 036 0.20 5.15
0.70 040 034 184 034 0.18 5.52
080 042 032 184 032 017 591
090 044 030 182 030 0.16 6.30
1.00 045 0.28 182 028 015 6.69
110 047 027 1.81 0.27 015 710

1
(s+1)((sT)?+ 1.4sT +1)

Table 18 Py(s) = , Unfiltered PI, M, = M, = 1.4

T T K Ti k 2 ki IAE

0.10 0.12 214 056 214 3.81 0.27
0.20 0.20 112 0.76 112 147 0.69
0.30 0.24 0.78 0.86 0.78 091 111
0.40 0.27 0.60 091 0.60 0.66 1.52
0.50 0.28 0.50 0.96 0.50 0.52 1.92
0.60 0.29 045 1.04 045 043 2.30
0.70 0.30 042 112 042 0.37 2.67
0.80 0.30 040 121 040 0.33 3.02
0.90 031 0.39 130 0.39 0.30 3.35
1.00 031 038 139 038 0.27 3.68




83 M;=M,=1.6

Table 19 P (s) = ﬁ Unfiltered PI, M, = M, = 1.6
T T K Ti kp ki IAE

0.020 098 020 033 0.20 0.62 1.62
0.0560 095 020 0.34 0.20 0.60 1.66
0.10 091 021 0.36 0.21 0.58 1.73
0.20 083 023 041 0.23 0.55 1.82
0.30 0.77 025 047 0.25 0.53 1.89
0.50 0.67 033 064 0.33 051 196
0.70 0.59 040 081 0.40 0.50 1.99
1.00 0.50 0.53 1.056 0.53 0.50 2.00
1.30 043 0.65 1.28 0.65 051 1.97
1.50 040 0.73 143 0.73 051 1.95
2.00 033 094 176 094 0.54 1.88
4.00 0.20 176 2.69 176 0.65 1.56
6.00 014 256 327 256 0.78 130
8.00 011 337 3.67 337 092 112
10.0 0.091 417 3.95 417 1.06 0.97
20.0 0.048 8.18 4.67 8.18 1.7 0.59
50.0 0.020 20.2 5.26 20.2 3.84 0.27
100 0.0099 40.2 548 402 734 0.14
200 0.0050 80.3 5.60 80.3 14.3 0.072
500 0.0020 200 5.68 200 35.3 0.029
1000 0.0010 401 5.71 401 70.2 0.015

20



Table 20 Py(s) =

—S

1)

(ST’eﬁ’ Unfiltered PI, M, = M, = 1.6

T ¢ K T, k, k IAE
0.010 098 020 0.33 020 062 162
0.020 096 020 033 020 061 165
0.050 092 020 035 020 058 174
010 085 021 040 021 054 1.87
020 0.74 024 049 024 048 208
030 066 028 062 028 044 225
050 055 0.36 091 036 039 254
0.70 048 043 121 043 036 278
1.00 041 054 166 054 032 3.08
1.30 0.36 0.64 213 064 030 3.35
150 034 069 244 069 028 3.52
2.00 030 0.82 321 0.82 026 3091
400 022 119 627 119 019 526
6.00 019 143 928 143 015 651
800 018 159 122 159 013 7.72
10.0 017 170 152 170 0.11 891
20.0 0.5 208 30.7 2.08 0.068 14.8
50.0 0.14 247 791 247 0.031 32.0
100 014 264 160 264 0.017 60.6
200 013 2.75 323 275 0.0085 118
500 0.3 2.82 813 2.82 0.0035 289

21
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Table 21 P3(S) = m,

Unfiltered PI, M, = M, = 1.6

T T K Ti k D ki IAE

0.0050 0.0094 47.0 0.063 47.0 889 0.0011
0.010 0.018 239 0.10 239 236 0.0042
0.020 0.034 122 0.19 122 654 0.015
0.050 0.073 5.18 0.39 518 135 0.074
0.10 0.12 285 0.61 285 470 0.21
0.20 018 170 088 1.70 193 0.52
0.50 023 1.08 140 108 0.77 130
2.00 023 1.06 355 106 030 3.35
5.00 019 141 795 141 0.18 5.65
10.0 017 174 153 174 011 8.79

Table 22 P,(s) = ﬁ, Unfiltered PI, M, = M; = 1.6

n t K T, k, k IAE

3.00 025 097 212 097 046 219
400 033 065 250 065 026 3.83
5.00 039 052 283 052 018 5.45
6.00 043 045 314 045 014 705
7.00 0.47 040 344 040 0.12 8.64
8.00 0.50 0.37 3.74 037 0.098 10.2

1

Table 23 Ps(s) = (s + 1)(sa + 1)(sa2 + 1) (sad + 1)

, Unfiltered PI, M, = M, = 1.6

(0 T K T; k 3 ki IAE

0.10 0.067 6.24 042 6.24 14.7 0.068
0.20 0.12 278 0.68 2.78 4.07 0.25
0.30 0.17 177 0.90 1.77 196 0.51
040 0.22 128 1.09 128 118 0.85
0.50 0.25 1.00 126 1.00 0.80 1.25
0.60 028 0.84 143 0.84 0.59 1.70
0.70 0.30 0.7 163 0.75 0.46 2.19
0.80 032 069 187 0.69 0.37 2.72
090 0.33 0.66 216 0.66 031 3.27




Table 24 Ps(s) = S

e_SLI

Unfiltered PI, M, = M; = 1.6

s(sTy +1)°
T, L, ¢ K T, k, k IAE
0.99 0010 0.00 0.72 5.68 0.72 0.13 7.87
0.98 0.020 0.00 0.70 5.65 0.70 012 8.03
0.95 0.050 0.00 0.66 5.58 0.66 0.12 8.50
0.90 0.10 0.00 0.60 549 0.60 0.1 9.20
0.80 0.20 0.00 052 5.38 0.52 0.096 10.4
0.70 0.30 0.00 0.48 540 0.48 0.088 11.3
0.50 0.50 0.00 0.44 5.70 0.44 0.077 13.0
0.30 0.70 0.00 041 575 0.41 0.072 14.2
010 0.90 0.00 0.40 5.73 0.40 0.070 14.7
0.00 1.00 0.00 0.40 5.73 0.40 0.070 14.8

23
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Table 25 P;(s) =

e

—sLy

(sT +1)(1+sTy)

, Unfiltered PI, M, = M; = 1.6

T T, L T K T, k, k IAE
1.00 0.99 0.010 0.14 265 160 2.65 1.66 0.60
1.00 0.98 0020 0.14 246 156 246 158 0.63
1.00 095 0.050 0.15 2.06 149 206 1.38 0.72
1.00 090 0.0 0.7 1.68 144 168 116 0.86
1.00 070 030 025 102 134 102 076 1.32
1.00 050 050 0.33 0.73 121 073 0.60 1.66
1.00 0.30 070 0.41 059 111 059 053 1.88
1.00 0.10 090 0.48 053 106 053 050 1.98
1.00 000 100 050 053 1.05 053 0.50 2.00
2.00 0.99 0.010 012 3.06 225 3.06 136 0.74
2.00 0.98 0.020 013 290 221 290 131 0.76
2.00 0.95 0.050 013 253 213 253 119 0.84
2.00 090 010 015 212 202 212 105 095
2.00 0.70 0.30 020 146 194 146 0.75 1.33
2.00 050 050 024 116 1.85 1.16 063 1.60
2.00 030 0.70 029 101 1.79 1.01 056 178
2.00 010 090 032 095 1.76 0.95 054 1.87
2.00 0.00 1.00 0.33 094 1.76 094 054 1.88
5.00 0.99 0.010 0.089 5.02 3.34 5.02 150 0.66
5.00 0.98 0.020 0.090 4.84 3.31 4.84 147 0.68
5.00 0.95 0.050 0.093 4.39 3.22 4.39 136 0.73
500 0.90 010 0.098 3.84 310 3.84 124 081
500 0.70 0.30 012 2.87 3.01 287 095 105
500 050 050 014 248 3.04 248 082 1.23
500 0.0 0.70 015 227 3.05 227 0.75 135
500 0.0 090 016 217 3.02 217 0.72 141
500 0.00 1.00 017 216 3.01 216 0.72 1.42
10.0 0.99 0.010 0.059 856 4.15 856 2.07 0.48
10.0 0.98 0.020 0.059 831 412 8.31 202 0.50
10.0 0.95 0.050 0.060 7.63 4.03 7.63 1.89 0.53
10.0 0.90 0.10 0.063 6.80 3.92 6.80 1.73 0.58
10.0 0.70 0.30 0.071 524 3.82 524 1.37 0.73
10.0 050 0.50 0.079 4.70 3.95 4.70 1.19 0.84
10.0 0.30 0.70 0.085 4.35 3.98 4.35 1.09 0.93
10.0 0.10 0.90 0.090 4.19 3.96 419 1.06 0.97
10.0 0.00 1.00 0.091 4.17 3.95 417 1.06 0.97




1-—s«o

Table 26 Pg(s) = ——=, Unfiltered PI, M, = M, = 1.6

Table 27

(s+1)

t K T, k, Kk IAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10

0.27 086 211 086 041 245
029 077 209 077 037 272
0.32 070 207 070 034 298
0.34 063 2.04 063 031 3.25
0.36 0.58 2.02 058 0.29 3.53
0.38 053 199 053 027 3.81
040 049 196 049 025 411
042 045 193 045 0.23 440
044 042 190 042 022 4.71
045 039 187 039 021 5.02
047 036 1.84 0.36 0.20 5.34

PQ(S) =

1
(s+1)((sT)?+14sT + 1)

, Unfiltered PI, M, = M, = 1.6

T

T K Ti k 2 ki IAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.12 2.89 0.51 2.89 5.67 0.18
0.20 153 0.73 153 210 0.48
0.24 1.08 0.85 1.08 1.27 0.79
0.27 087 096 087 091 1.10
028 076 1.07 0.76 0.71 141
029 0.69 117 0.69 059 1.70
0.30 0.65 1.28 0.65 0.51 1.97
0.30 0.62 1.39 0.62 045 2.23
0.31 0.61 150 0.61 0.40 2.48
0.31 0.59 1.61 0.59 0.37 2.72

25



84 M;=M,=1.8

—S

Table 28 P;(s) = ﬁ

, Unfiltered PI, M, = M, = 1.8

T T K Ti k D ki IAE

0.020 098 030 042 0.30 0.72 140
0.050 095 030 042 0.30 0.70 145
0.10 091 031 0.46 031 0.67 1.50
0.20 083 0.34 0.53 0.34 0.63 1.59
0.30 0.77 037 061 037 061 1.65
0.50 0.67 0.45 0.77 045 0.59 1.71
0.70 0.59 054 093 054 058 173
1.00 0.50 0.68 115 0.68 059 1.71
1.30 043 0.82 136 0.82 0.60 1.67
1.50 040 091 148 091 0.62 1.63
2.00 033 115 177 115 0.65 1.54
4.00 0.20 212 257 212 0.82 1.22
6.00 014 3.09 3.06 3.09 101 1.00
8.00 0.11 4.06 3.38 4.06 120 0.84
10.0 0.091 5.02 3.61 5.02 139 0.72
20.0 0.048 984 416 9.84 237 043
50.0 0.020 243 458 243 530 0.19
100 0.0099 484 4.74 484 10.2 0.099
200 0.0050 964 482 964 20.0 0.051
500 0.0020 241 4.88 241 494 0.021
1000 0.0010 481 4.89 481 984 0.010

26



Table 29 Py(s) =

—S

1)

(ST’eﬁ’ Unfiltered PI, M, = M, = 1.8

T ¢« K T, k, k IAE
001 098 029 041 029 072 140
0.02 096 030 043 030 0.70 1.43
0.05 092 030 045 030 0.67 151
010 085 032 051 032 062 163
0.20 074 036 0.64 036 0.56 1.82
0.30 0.66 040 0.79 040 051 1.98
050 0.55 050 110 050 0.45 223
0.70 048 059 142 059 042 242
1.00 041 0.73 191 073 0.38 2.66
1.30 0.36 0.85 240 0.85 035 2.86
150 0.34 092 273 092 034 299
2.00 030 1.09 355 1.09 031 327
400 022 160 6.74 160 024 4.23
6.00 019 194 985 194 020 510
8.00 018 218 129 218 017 594
100 017 236 159 236 015 6.76
20.0 0.15 2.86 30.8 2.86 0.093 10.8
50.0 0.14 3.39 76.8 3.39 0.044 22.7
100 014 3.70 157 3.70 0.024 424
200 0.13 3.87 316 3.87 0.012 817
500 0.13 3.99 795 3.99 0.0050 199

27



! 5» Unfiltered PI, M; = M, = 1.8

Table 30 Py(s) = o7+ 12

T T K Ti k 3 ki IAE

0.0050 0.0094 58.3 0.045 58.3 1292 0.0008
0.010 0.018 29.7 0.087 29.7 341 0.0029
0.020 0.034 153 0.16 153 93.1 0.011
0.050 0.073 6.58 0.35 6.58 18.6 0.054
0.10 0.12 3.68 059 3.68 6.25 0.16
0.20 018 225 091 225 246 041
0.50 023 146 155 146 0.95 1.06
2.00 023 144 393 144 037 274
5.00 019 192 852 192 0.23 443
10.00 017 242 161 242 0.15 6.64

1
Table 31 P4(S) = m, Unfiltered PI, Ms = Mt =18

n t K T, k, k IAE

3.00 0.25 132 238 132 0.56 1.81
400 033 089 290 089 031 3.30
5.00 0.39 0.71 3.35 0.71 0.21 4.76
6.00 043 0.62 3.78 0.62 0.16 6.21
7.00 0.47 056 420 056 0.13 7.64
8.00 0.50 0.52 4.62 0.52 0.11 9.06

1

Table 32 Ps(s) = (s + 1)(sa + 1)(sa2 + 1) (sad + 1)

, Unfiltered PI, M, = M, = 1.8

(94 T K T; k 7 k i IAE

0.10 0.067 8.21 0.38 8.21 21.5 0.047
0.20 0.2 3.72 0.67 3.72 5,52 0.18
0.30 017 234 0.93 234 2,52 040
040 0.22 169 116 169 147 0.68
0.50 0.25 134 137 134 0.97 103
0.60 0.28 113 160 113 0.71 143
0.70 0.30 1.01 186 1.01 0.54 1.86
0.80 0.32 094 215 094 0.44 233
0.90 0.33 090 249 090 0.36 281




Table 33 Ps(s) = S

e_SLl

, Unfiltered PI, M, = M, = 1.8

s(sTy +1)
W L, t K T, k, k IAE
0.99 0.0l 0.00 101 4.86 1.0l 021 4.80
0.98 0.02 0.00 098 4.82 098 0.20 4.94
0.95 0.05 0.00 0.89 476 0.89 0.19 5.34
0.90 010 0.00 0.79 4.66 0.79 017 5.93
0.80 0.20 0.00 0.66 4.54 0.66 0.14 6.92
0.70 0.30 0.00 059 455 059 013 7.71
0.50 0.50 0.00 053 4.73 053 011 8.96
0.30 0.70 0.00 050 4.88 0.50 0.10 9.84
0.10 0.90 0.00 0.48 4.91 048 0.098 10.3
0.00 1.00 0.00 0.48 4.91 048 0.098 10.4

29



30

Table 34 P;(s) =

e

—sLy

(sT +1)(1+sTy)

, Unfiltered PI, M, = M; = 1.8

T T L T K T, k, k IAE
1.00 099 0010 0.4 3.67 155 3.67 2.37 0.42
1.00 0.98 0.020 0.14 3.38 152 3.38 222 0.45
1.00 095 0.050 0.15 2.84 150 2.84 1.89 0.53
1.00 090 0.0 0.17 232 152 232 153 0.5
1.00 0.70 030 025 135 145 1.35 0.93 1.08
1.00 050 050 0.33 096 1.33 096 0.72 1.40
1.00 0.30 0.70 0.41 0.77 123 0.77 0.63 1.60
1.00 0.10 090 048 069 116 0.69 059 1.70
1.00 0.00 1.00 050 068 115 0.68 059 171
2.00 0.99 0.010 012 430 218 430 197 051
2.00 098 0.020 013 4.01 214 401 188 0.53
2.00 0.95 0.050 013 341 2.05 341 167 0.60
2.00 0.90 010 015 293 206 293 142 0.70
2.00 0.70 0.30 0.20 192 201 192 095 1.05
2.00 050 0.50 0.24 147 191 147 0.77 1.30
2.00 0.30 0.70 0.29 125 1.82 125 0.69 146
2.00 010 0.90 032 116 177 116 066 153
2.00 0.00 1.00 033 115 1.77 115 0.65 154
5.00 0.99 0.010 0.089 7.04 3.11 7.04 226 0.44
5.00 0.98 0.020 0.090 6.72 3.08 6.72 2.18 0.46
5.00 0.95 0.050 0.093 5.96 3.00 5.96 199 0.50
500 0.90 010 0.098 501 2.86 501 175 0.57
500 0.70 0.30 012 3.68 290 3.68 127 0.79
500 050 050 014 3.05 2.87 3.05 106 0.94
500 0.30 0.70 015 274 2.85 274 0.96 1.04
500 0.10 090 016 262 284 262 0.92 1.09
5.00 0.00 1.00 0.17 2.60 2.84 260 092 1.10
10.0 0.99 0.010 0.059 12.0 3.76 12.0 3.20 0.31
10.0 0.98 0.020 0.059 115 3.72 115 3.10 0.32
10.0 0.95 0.050 0.060 10.3 3.63 10.3 2.84 0.35
10.0 0.90 0.10 0.063 891 351 891 253 0.39
10.0 0.70 0.30 0.071 6.63 3.50 6.63 1.89 0.53
10.0 0.50 0.50 0.079 5.69 3.54 5.69 1.61 0.62
10.0 0.30 0.70 0.085 523 3.58 5.23 146 0.69
10.0 0.10 0.90 0.090 504 361 5.04 1.40 0.72
10.0 0.00 1.00 0091 502 361 5.02 1.39 0.72




1-—s«o

Table 35 Pg(s) = ——=, Unfiltered PI, M, = M, = 1.8

Table 36

(s+1)

T K T; kp k; TIAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10

0.27 117 238 117 049 2.05
0.29 1.04 237 1.04 044 229
0.32 094 236 094 040 254
0.34 085 234 085 0.37 2.78
0.36 0.78 232 0.78 0.34 3.03
0.38 0.72 230 0.72 0.31 3.29
0.40 0.66 227 066 0.29 3.55
042 062 225 062 027 381
0.44 057 222 057 026 4.08
045 054 220 054 024 4.35
0.47 0.50 217 0.50 0.23 4.63

Pg(s) =

1
(s+1)((sT)? + 14sT + 1)’

Unfiltered PI, M, = M, = 1.8

T

T K Ti k D ki IAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.12 3.47 047 347 740 0.14
0.20 190 0.72 190 2.63 0.38
024 140 091 140 154 0.66
0.27 117 1.08 117 1.08 0.94
0.28 1.04 123 1.04 0.84 1.20
029 096 138 096 0.70 1.46
0.30 091 152 091 0.60 1.71
0.30 0.87 1.66 0.87 0.53 1.94
0.31 0.85 1.81 0.85 0.47 2.16
0.31 0.84 195 0.84 0.43 2.37
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9. Optimal PID parameters for the test batch

The following tables hold process data, optimal unfiltered SWORD PID pa-
rameters, and corresponding IAE-values, for the benchmark models. Sec-
tion 9.1 presents tables for a closed-loop robustness given by M; = M; = 1.2,
Section 9.2 for M, = M; = 1.4, Section 9.3 for M, = M; = 1.6, and Section
9.4 for M, = M, = 1.8. The tables have also been collected in MATLAB®
mat-files, Excel spreadsheets (different sheets for different process types),
as well as in a tex-file. These can be downloaded from:

http://www.control.lth.se/Research/ProcessControl/PIDControl/

91 M;=M;=1.2

Table 37 Pi(s) = ﬁ, Unfiltered PID, M, = M, = 1.2

T T K Ti Td k 3 ki kd IAE

0.020 098 0.10 0.38 0.032 0.10 0.27 0.0033 3.65
0.050 095 0.11 040 0.075 0.11 0.28 0.0083 3.58
0.10 091 013 044 013 013 0.29 0.017 348
0.20 083 016 052 021 016 0.30 0.033 3.31
0.30 077 019 0.60 0.26 019 0.31 0.050 3.18
0.50 0.67 025 0.75 033 025 033 0.083 299
0.70 0.59 030 086 0.39 0.30 0.35 0.12 2.85
1.00 0.50 037 101 044 037 036 0.16 2.80
1.30 043 045 120 0.44 045 037 0.20 2.78
1.50 040 050 132 0.44 0.50 0.38 0.22 2.77
2.00 0.33 0.63 160 0.44 0.63 0.40 0.28 2.72
4.00 0.20 117 248 044 117 047 0.52 2.42
6.00 014 170 310 044 170 055 0.76 213
8.00 011 224 356 044 224 063 099 1.88
10.0 0.091 280 411 041 280 0.68 1.14 1.70
20.0 0.048 550 639 0.40 5,50 086 219 1.24
50.0 0.020 136 947 040 136 144 538 0.71
100 0.0099 271 113 040 271 241 10.7 0.42
200 0.0050 54.1 124 040 541 435 214 0.23
500 0.0020 135 132 040 135 102 53.5 0.098
1000 0.0010 270 13,5 040 270 19.9 107 0.050
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Table 38 PQ(S) = (‘sjvew,

Unfiltered PID, M, = M, = 1.2

T T K T,; Td k D ki kd IAE

0.010 098 0.10 0.37 0.031 0.10 0.27 0.0032 3.66
0.020 0.96 0.11 039 0.060 0.11 0.28 0.0064 3.62
0.050 0.92 0.12 043 013 012 0.29 0.016 3.51
0.10 085 015 050 022 015 030 0.033 3.39
020 074 020 0.61 039 0.20 032 0.077 3.12
0.30 0.66 022 069 050 022 031 011 3.22
0.50 0.55 028 093 062 0.28 0.30 0.17 3.36
0.70 048 035 118 0.70 0.35 0.29 0.24 3.47
1.00 041 045 156 0.83 045 029 0.38 3.61
1.30 036 056 192 096 0.56 029 0.54 3.71
150 034 064 215 104 064 030 0.66 3.76
200 030 083 272 125 0.8 030 1.03 3.83
400 022 166 4.67 202 166 036 3.35 3.67
6.00 019 260 6.66 266 260 039 6.93 3.30
8.00 018 366 895 323 3.66 041 118 2.93
10.0 0.17 483 112 3.75 4.83 043 181 2.62
20.0 015 11.8 203 6.28 11.8 0.58 74.2 1.74
50.0 014 405 329 119 405 123 480 0.83
100 014 117 414 166 117 2.82 1940 0.37
200 013 380 48.0 205 380 791 7770 @ 0.13
500 0.13 1980 49.9 24.7 1980 39.5 48800 0.027




1

Table 39 PS(S) = m,

Unfiltered PID, M, = M; = 1.2

T T K T; Td k D k i kd TIAE

0.0050 0.0094 88.9 0.045 0.0095 88.9 1980 0.84 0.0005
0.010 0.018 46.2 0.082 0.019 46.2 561 0.87 0.0019
0.020 0.034 239 0.15 0.037 239 163 0.88 0.0067
0.0560 0.073 10.2 0.28 0.090 10.2 36.3 0.91 0.032
0.10 0.12 556 042 0.17 556 13.3 0.95 0.096
0.20 0.18 3.27 0.57 0.32 327 568 106 0.25
0.50 0.23 2.00 0.87 0.70 2.00 230 140 0.70
2.00 023 2.01 219 178 201 092 359 175
5.00 0.19 353 494 3.06 353 072 108 2.01
10.0 017 6.95 9.16 457 695 076 31.8 1.67

! —, Unfiltered PID, M, = M, = 1.2

Table 40 P4(S) = m

n T K T, Tq ky k; kqa IAE

3.00 025 176 132 115 176 134 2.03 1.22
400 033 073 191 147 0.73 038 107 343
5.00 0.39 050 244 180 050 0.20 090 5.56
6.00 043 040 289 215 040 0.14 0.86 7.73
7.00 047 034 330 251 034 010 0.86 9.96
8.00 0.50 031 3.70 286 0.31 0.083 0.88 12.3

1

Table 41 Ps(s) = (o e + 1) (so + 1) (sa® 1 1)

, Unfiltered PID, M,, M, = 1.2

o T K T; Ty k D k i kd IAE

0.10 0.067 35.0 0.20 0.068 35.0 174 2.39 0.0062
0.20 012 726 047 016 726 156 119 0.075
0.30 017 315 0.63 0.27 315 5.02 0.87 0.26
0.40 0.22 18 0.73 040 185 253 0.7 057
0.50 025 129 085 054 129 152 070 097
0.60 0.28 101 102 070 101 099 071 142
0.70 030 086 121 087 086 0.71 0.75 1.90
0.80 032 078 141 105 0.78 055 0.82 240
090 033 074 165 125 0.74 045 093 291




Table 42 Ps(s) = S

e_SLl

, Unfiltered PID, M, = M, = 1.2

s(Ty +1)
nw L t« K T Ty ky, k kg IAE
0.99 0010 0.00 93.8 0.51 020 93.8 184 19.0 0.0056
0.98 0.020 0.00 28.0 0.84 034 28.0 332 947 0.032
0.95 0.050 0.00 7.03 1.72 052 7.03 4.09 3.65 025
0.90 010 0.00 2.73 2.80 063 273 098 171 1.02
0.80 0.20 0.00 114 4.67 067 114 024 076 4.10
0.70 0.30 0.00 0.70 6.44 066 070 011 046 9.15
0.50 050 0.00 041 9.69 0.57 041 0.042 024 23.6
0.30 0.70 0.00 0.31 122 0.47 031 0.025 015 39.4
010 0.90 0.00 027 13.7 041 0.27 0.020 011 499
0.00 1.00 0.00 027 13.9 040 0.27 0019 011 513
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Table 43 P;(s) = m, Unfiltered PID, M, = M, = 1.2

T T L4 T K T; Ty kp k; ka TIAE
1.00 0.99 0.010 0.14 120 0.47 0.16 120 254 18.9 0.0040
1.00 0.98 0.020 0.14 393 065 024 393 60.2 939 0.017
1.00 0.95 0.050 0.15 115 1.01 031 115 114 3.50 0.089
1.00 0.90 0.10 0.17 452 1.06 0.36 452 425 164 0.27
1.00 0.70 0.30 025 116 1.07 046 116 1.08 0.54 1.14
1.00 0.50 050 033 0.65 1.07 048 0.65 0.60 0.31 1.85
1.00 0.30 0.70 041 045 104 048 045 044 0.22 239
1.00 010 090 048 0.38 101 045 0.38 0.37 0.17 2.74
1.00 0.00 100 050 037 1.01 044 037 0.36 0.16 2.80
200 0.99 0.010 0.12 211 0.47 018 211 451 379 0.0023
200 098 0.020 013 66.7 0.71 028 66.7 93.6 189 0.011
200 095 0.050 013 187 123 038 18.7 152 715 0.066
2.00 0.90 0.10 015 744 149 044 744 5.01 324 0.21
200 0.70 030 020 1.8 145 054 185 128 1.01 1.01
200 050 050 024 105 155 0.54 1.05 0.67 0.56 1.76
200 030 070 029 0.76 158 050 0.76 048 037 2.33
200 010 090 032 065 160 045 0.65 0.40 0.29 2.67
200 0.00 100 033 063 160 044 0.63 040 0.28 2.72
5.00 0.99 0.010 0.089 467 045 0.20 467 1050 95.5 0.0010
5.00 0.98 0.020 0.090 158 0.88 0.30 158 180 47.0 0.0056
5.00 0.95 0.050 0.093 398 145 046 398 274 181 0.037
500 090 0.10 0.098 159 201 053 159 789 8.36 0.13
5.00 0.70 0.30 0.12 397 248 0.59 397 160 234 0.72
5.00 0.50 0.50 014 228 247 0.57 228 092 129 1.34
5.00 0.30 0.70 0.15 168 267 051 168 0.63 0.86 1.90
5.00 0.10 0.90 016 146 280 045 146 052 0.66 2.23
5.00 0.00 1.00 017 144 282 044 144 0.51 0.64 227
10.0 0.99 0.010 0.069 931 0.47 0.20 931 1990 191 0.0005
10.0 0.98 0.020 0.0569 276 0.80 035 276 347 952 0.0031
10.0 0.95 0.050 0.060 75.0 157 0.48 75.0 477 36.4 0.021
10.0 090 0.10 0.063 29.6 232 057 296 128 169 0.079
10.0 0.70 0.30 0.071 750 352 061 750 213 4.60 0.50
10.0 0.50 0.50 0.079 4.34 392 055 434 111 241 1.00
10.0 0.30 0.70 0.085 3.25 4.06 047 3.25 0.80 1.54 1.43
10.0 0.10 0.90 0.090 2.84 4.11 042 284 0.69 118 1.67
10.0 0.00 1.00 0.091 2.80 4.11 041 280 0.68 1.14 1.70
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Table 44 Ps(S) = m,

Unfiltered PID, M, = M, = 1.2

o T K T; Ty k D k; kq TIAE

0.10 0.27 121 143 108 121 0.85 131 1.77
0.20 029 093 155 1.06 093 0.60 098 2.25
0.30 032 0.76 166 1.05 0.76 046 080 2.72
040 034 064 175 1.05 0.64 037 0.67 3.19
0.50 0.36 056 181 1.05 0.56 0.31 0.58 3.66
060 038 049 186 1.06 049 0.26 052 4.14
0.70 040 044 190 1.07 044 023 047 4.64
0.80 042 039 192 1.08 0.39 020 043 5.17
090 044 036 194 110 0.36 0.18 0.39 5.72
1.00 045 033 196 111 033 0.17 0.36 6.30
110 047 030 197 113 0.30 015 0.34 691

1 .
Table 45 Py(s) = GED) (T T LT+ 1) Unfiltered PID, M, = M, = 1.2

T T K Ti Td k D ki k d IAE

0.10 0.12 3.22 0.39 0.15 3.22 818 0.49 0.16
0.20 0.20 186 049 031 186 3.82 057 0.39
0.30 024 143 055 046 143 260 066 0.61
0.40 027 122 060 062 122 203 0.75 0.82
0.50 028 112 0.70 0.75 112 160 0.84 1.02
060 029 1.05 079 087 105 134 092 119
0.70 030 1.02 088 099 102 116 101 135
0.80 0.30 1.00 097 110 1.00 1.03 111 1.50
090 031 1.00 1.07 121 1.00 094 120 1.63
1.00 031 100 116 131 100 086 131 175




92 M;=M,=14
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Table 46 Pi(s) = ﬁ, Unfiltered PID, M, = M, = 1.4
T T K T, T, ky kK k;  IAE
0.02 098 017 0.35 0.034 0.17 0.48 0.0057 2.08
0.05 095 018 0.38 0.078 0.18 0.49 0.014 2.04
0.1 091 021 040 014 0.21 0.51 0.029 197
0.2 0.83 0.26 049 0.22 0.26 0.54 0.057 1.86
0.3 077 033 058 026 033 056 0.08 1.80
0.5 067 043 071 033 043 061 0.14 1.74
0.7 0.59 0.52 0.80 0.38 0.52 0.66 0.20 1.74
1.0 0.50 066 096 040 066 0.68 0.26 1.73
1.3 043 0.79 111 041 0.79 0.71 0.32 1.70
1.5 040 0.88 121 041 0.88 0.73 0.36 1.67
2.0 0.33 112 143 041 112 0.78 0.46 1.58
4.0 0.20 2.05 199 043 205 103 0.88 1.25
6.0 014 299 234 043 299 128 1.29 1.02
8.0 011 393 257 043 393 1563 171 0.85
10 0.091 488 284 042 488 172 2.04 0.74
20 0.048 9.61 361 041 961 266 394 0.45
50 0.020 23.8 432 041 238 550 9.67 0.21
100 0.010 474 463 041 474 102 19.2 0.11
200 0.0050 946 480 041 946 19.7 384 0.056
500 0.0020 236 491 041 236 48.2 95.7 0.023
1000 0.0012 472 494 040 472 956 191 0.011
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Table 47 Py(s) = 5» Unfiltered PID, M; = M, = 14

(sT+1)

T T K Ti Td k D ki kd IAE

0.01 098 0.16 0.34 0.027 0.16 0.48 0.0043 2.10
0.020 0.96 0.17 0.36 0.064 0.17 049 0.011 2.06
0.050 0.92 020 0.40 014 020 0.50 0.028 1.99
0.10 085 025 047 023 0.25 053 0.057 1.90
020 074 035 059 037 035 058 013 1.83
0.30 066 039 0.70 043 039 0.56 0.17 1.95
0.50 0.55 050 092 0.53 050 0.55 0.27 2.12
0.70 048 062 115 061 062 0.54 0.38 2.23
1.00 041 081 151 074 0.81 053 0.60 2.32
130 036 100 188 086 100 0.53 0.86 2.35
150 034 114 212 094 114 054 1.07 2.35
200 030 149 268 113 149 0.56 1.68 2.29
4.00 022 312 448 180 312 0.70 5.61 1.86
6.00 019 5.08 577 234 508 0.88 119 1.47
8.00 018 738 702 277 738 105 204 1.18
10.0 0.17 100 8.34 314 10.0 120 314 0.97
20.0 015 275 123 4.62 275 2.25 127 0.48
50.0 0.14 120 158 6.74 120 17.60 812 0.14
100 014 411 175 795 411 23,5 3270 0.046
200 013 1500 184 8.74 1500 81.4 13100 0.013
500 0.13 8830 19.0 9.30 8830 465 82100 0.0023




Table 48 Ps(s)

1

T 5+ )T +1)2°

Unfiltered PID, M, = M; = 1.4

T T K T T, &k, k; kg  IAE
0.005 0.0094 196 0.016 0.0089 196 12600 1.74 0.0001
0.010 0.018 103 0.029 0.018 103 3490 1.82 0.0004
0.020 0.034 535 0.056 0.035 535 963 1.89 0.0016
0.050 0.073 228 012 0087 228 184 1.98 0.0090
010 012 124 022 017 124 575 209 0.030
020 018 724 036 032 724 202 231 0.090
050 023 438 071 068 438 617 298 0.29
2.00 023 443 180 172 443 246 762 0.72
500 019 821 311 285 821 264 234 0.68
100 017 174 474 396 174 368 69.0 045

40

Table 49 P,(s) =

! —, Unfiltered PID, M, = M, = 14

(s+1)

K

T;

Ty

kp

k;

kq

TIAE

o 3 O O b~ W

0.25
0.33
0.39
0.43
0.47
0.50

3.84
1.33
0.89
0.71
0.61
0.55

1.14
211
2.61
3.00
3.36
3.71

1.12
1.34
1.59
1.86
2.14
2.43

3.84
1.33
0.89
0.71
0.61
0.55

3.38
0.63
0.34
0.24
0.18
0.15

4.29
1.79
1.42
1.32
1.31
1.34

0.52
2.14
3.71
5.22
6.69
8.14

Table 50 P;(s) =

1

(s+1)(sx+1)(sa?+1)(sx® + 1)

, Unfiltered PID, M,, M, = 1.4

a T K T T, k, k kg IAE
0.10 0.067 89.3 0.084 0.052 89.3 1070 4.67 0.0013
020 012 159 0.26 014 159 605 231 0.024
0.30 0.17 641 044 026 641 144 165 0.11
040 0.22 361 0.66 038 361 543 136 027
050 0.25 245 0.88 050 245 279 124 0.51
0.60 028 1.89 109 065 1.89 173 122 0.81
070 0.30 159 131 080 159 121 127 1.13
0.80 032 143 155 097 143 092 138 147
090 033 135 1.81 115 135 0.75 155 181
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Table 51 Ps(s) = 5 , Unfiltered PID, M, = M, =14

s(sTy +1)
Z L t K T, Ti k k; k;  IAE
0.99 0.010 0 314 015 0.11 314 2150 33.3 0.0006
0.98 0020 0 972 0.33 0.17 97.2 294 161 0.0039
095 0.050 0 18.1 0.64 035 181 281 6.40 0.0450
090 010 0 6.48 132 044 648 492 288 0.21
0.80 020 0 232 206 056 232 113 129 0.96
0.70 030 0 135 264 059 135 051 0.80 2.16
050 050 0 0.75 3.66 055 0.75 020 0.41 5.46
0.30 070 0 055 4.46 047 055 012 026 8.96
010 090 0 048 4.92 041 0.48 0.0970 0.20 11.3
0.00 1.00 0 047 498 041 047 0.0950 0.19 11.6




Table 52 P;(s)

estl

T T+ 1)(1+sTh)

, Unfiltered PID, M, = M; = 14

T T L T K T Ty k k,  ky; IAE
1.00 099 0010 0.4 378 017 0086 378 2280 32.6 0.0005
1.00 0.98 0.020 014 115 032 014 115 360 16.0 0.0031
1.00 095 0.050 0.15 256 056 024 256 455 620 0.025
1.00 090 0.10 0.17 9.30 080 031 930 117 285 0.10
1.00 0.70 0.0 025 212 104 042 212 205 0.89 0.63
1.00 050 050 033 115 102 044 115 112 050 114
1.00 0.30 0.70 0.41 0.80 0.97 043 0.80 0.83 034 150
1.00 0.10 090 048 0.67 096 0.40 0.67 0.70 027 170
1.00 0.00 1.00 050 0.66 096 040 066 068 026 1.73
2.00 099 0.010 012 773 0.19 0.082 773 4100 63.8 0.0003
2.00 0.98 0.020 013 219 040 014 219 550 31.6 0.0018
2.00 0.95 0.050 013 464 068 026 464 683 122 0.016
2.00 090 010 015 159 100 035 159 159 563 0.069
2.00 0.70 0.0 020 345 130 049 345 265 169 0.50
2.00 050 050 024 188 1.36 050 188 138 093 0.98
2.00 030 0.70 029 134 137 046 134 097 062 135
2.00 010 090 032 114 141 042 114 081 048 155
2.00 0.00 1.00 0.33 112 143 041 112 0.78 046 158
5.00 0.99 0.010 0.089 1650 0.17 0.10 1650 9630 165 0.0001
5.00 0.98 0.020 0.090 538 043 015 538 1250 78.2 0.0008
5.00 0.95 0.050 0.093 108 0.80 0.28 108 135 30.2 0.0075
500 0.90 010 0.098 355 117 040 355 304 142 0.035
500 0.70 0.30 012 748 173 055 748 4.33 4.08 0.30
500 050 050 014 410 191 054 410 215 220 0.63
500 0.30 0.70 015 298 204 049 298 146 145 0.93
500 0.10 090 016 257 216 044 257 119 113 110
500 0.00 1.00 017 252 218 043 252 116 108 112
10.0 0.99 0.010 0.059 3640 0.19 0.087 3641 19300 318 0.0001
10.0 0.98 0.020 0.059 1040 0.38 0.15 1040 2740 158 0.0004
10.0 0.95 0.050 0.060 207 0.79 029 207 263 61.0 0.0039
10.0 090 0.10 0.060 68.0 124 042 68.0 54.8 286 0.019
10.0 0.70 0.30 0.071 14.2 208 056 142 6.84 8.03 0.17
10.0 050 050 0.079 7.82 249 054 782 315 425 040
10.0 0.30 0.70 0.085 5.72 272 048 572 211 274 0.60
100 010 0.90 0.090 4.97 2.82 043 497 176 211 0.72
10.0 0.00 1.00 0.091 4.88 2.84 042 488 172 204 0.74
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Table 53 Ps(s) =

1—

(s+

s
1)3’

Unfiltered PID, M, = M; = 1.4

K

T;

Tq

kp

ki

ka

TAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10

0.27
0.29
0.32
0.34
0.36
0.38
0.40
0.42
0.44
0.45
0.47

2.36
1.74
1.39
1.16
1.00
0.88
0.78
0.71
0.65
0.59
0.55

1.50
1.67
1.76
1.81
1.85
1.86
1.87
1.86
1.90
1.94
1.97

1.01
0.97
0.95
0.94
0.93
0.94
0.94
0.95
0.95
0.95
0.96

2.36
1.74
1.39
1.16
1.00
0.88
0.78
0.71
0.65
0.59
0.55

1.58
1.04
0.79
0.64
0.54
0.47
0.42
0.38
0.34
0.31
0.28

2.38
1.69
1.32
1.09
0.94
0.82
0.74
0.67
0.61
0.56
0.52

0.93
1.31
1.67
2.02
2.36
2.69
3.02
3.35
3.68
4.02
4.36

Table 54

Pg(s) =

1

(s+1)((sT)? + 14sT + 1)’

Unfiltered PID, M, = M, = 1.4

T

K

T;

Tq

kp

k;

kq

IAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.12
0.20
0.24
0.27
0.28
0.29
0.30
0.30
0.31
0.31

6.53
3.79
2.92
2.52
2.31
2.20
213
2.11
2.10
2.12

0.22
0.35
0.48
0.59
0.69
0.79
0.88
0.97
1.05
1.14

0.16
0.33
0.47
0.61
0.74
0.86
0.98
1.09
1.19
1.28

6.53
3.79
2.92
2.52
2.31
2.20
213
2.11
2.10
2.12

29.4
10.8
6.13
4.29
3.35
2.79
2.43
2.18
1.99
1.86

1.06
1.23
1.39
1.55
1.72
1.90
2.09
2.29
2.50
2.72

0.06
0.17
0.29
0.41
0.52
0.61
0.70
0.77
0.84
0.90
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Table 55 Pi(s) = ﬁ, Unfiltered PID, M, = M, = 1.6
T T K T T, ky ki kq IAE
0.020 0.98 0.22 0.35 0.034 0.22 0.64 0.0075 1.57
0.050 0.95 0.25 0.38 0.075 0.25 0.65 0.019 1.53
0.10 0.91 030 0.44 0.13 030 0.67 0.037 1.49
0.20 0.83 0.38 0.55 0.20 0.38 0.70 0.075 1.45
0.30 0.77 045 0.63 025 045 0.72 0.11 1.44
0.50 0.67 0.57 0.73 033 0.57 0.78 0.19 1.44
0.70 0.59 069 086 035 069 080 0.24 1.44
1.00 0.50 0.87 103 036 087 084 031 1.41
1.30 0.43 1.05 117 0.37 105 0.89 0.39 1.35
1.50 0.40 1.17 127 038 117 0.92 044 1.31
2.00 0.33 148 142 0.39 148 1.04 0.58 1.21
4.00 0.20 273 182 041 273 1.50 1.13 0.90
6.00 0.14 3.98 2.02 042 398 1.97 1.68 0.70
8.00 0.11 524 215 042 524 244 222 0.58
10.0 0.091 649 225 043 6.49 289 2.78 0.49
20.0 0.048 12.8 2.62 042 12.8 4.87 5.39 0.28
50.0 0.020 316 294 042 316 10.8 13.3 0.12
100 0.0099 63.1 3.07 042 63.1 206 26.3 0.062
200 0.0050 126 3.13 042 126 40.2 52.7 0.031
500 0.0020 315 3.17 042 315 99.2 131 0.013
1000 0.0010 629 3.18 042 629 197 263 0.0064
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Table 56 Py(s) =

—S

e
(sT +1)¥’

Unfiltered PID, M, = M, = 1.6

T T K T Ty kp k; ky IAE
0.010 098 021 0.34 0.027 021 063 0.0057 158
0.020 096 024 037 0.06 024 065 0014 155
0.050 0.92 029 044 013 029 0.67 0037 151
010 0.85 036 053 020 036 068 0.072 149
020 074 045 062 034 045 073 016 155
0.30 0.66 052 076 0.38 052 068 020 165
050 055 0.66 104 047 066 064 031  1.77
0.70 048 0.82 132 055 082 062 045  1.83
1.00 041 108 171 0.68 108 0.63 0.73 185
1.30 036 134 208 080 134 064 107  1.82
150 0.34 153 231 087 153 066 134 179
2.00 0.30 2.02 284 106 202 071 214 169
4.00 0.22 437 438 167 437 100 730 123
6.00 019 729 535 213 729 136 156  0.91
8.00 018 108 6.01 249 108 180 269  0.70
100 017 149 646 278 149 230 414 055
200 015 438 875 3.74 438 501 164  0.23
50.0 0.14 212 104 4.89 212 204 1040  0.055
100 014 764 111 547 764 69.1 4180  0.016
200 0.13 2890 114 5.80 2890 253 16700 0.0045
500 0.3 17300 115 6.06 17300 1510 105000 0.0008
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1

Table 57 Pg(s) = m,

Unfiltered PID, M, = M, = 1.6

T T K T; Td k ) ki kd TIAE

0.0050 0.0094 315 0.0094 0.0085 315 33500 2.69 0.0001
0.010 0.018 168 0.017 0.017 168 9790 2.92 0.0002
0.020 0.034 877 0.034 0.034 877 2600 3.00 0.0008
0.050 0.073 375 0.082 0.084 375 459 3.16 0.0043
0.10 0.12 204 0.15 017 204 136 3.39 0.015
0.20 018 119 0.27 0.31 119 43.6 3.72 0.046
0.50 023 713 0.56 0.67 713 128 4.79 0.15
2.00 023 724 141 1.69 724 512 122 0.38
5.00 019 139 229 272 139 6.07 377 033
10.0 017 309 298 3.60 309 104 111 0.20

! —, Unfiltered PID, M, = M, = 1.6

Table 58 P4(S) = m

n T K T; Td k D ki kd TIAE

3.00 025 623 091 110 6.23 6.86 6.88 0.28
4.00 033 185 221 130 1.85 0.83 2.39 1.56
5.00 0.39 1.20 293 149 120 041 1.80 2.90
6.00 043 0.95 347 171 0.95 0.27 162 4.21
700 047 081 394 193 081 0.21 157 548
8.00 0.50 0.73 438 216 0.73 0.17 157 6.74

1

Table 59 Ps(s) = Gy D)sa + 1) (0 + 1) (50 + 1)

, Unfiltered PID, M,,M; = 1.6

o T K T; Ty k D k i k d IAE

0.10 0.067 154 0.051 0.043 154 3040 6.65 0.0006
0.20 012 250 019 013 250 135 3.36 0.012
0.30 017 9,57 038 024 957 25.0 232 0.062
0.40 0.22 523 061 036 523 852 187 0.17
0.50 025 349 085 049 349 412 169 0.34
0.60 0.28 265 109 062 265 243 165 0.56
0.70 030 221 134 0.77 221 166 171 081
0.80 032 198 161 093 198 123 185 1.07
090 033 188 190 110 188 0.99 207 132
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Table 60 Pg(s) = s(s‘iﬁ Unfiltered PID, M, = M, = 1.6

Tl L 1 T K Ti Td k D ki kd IAE

0.99 001 0.00 693 0.12 0.060 693 5640 41.3 0.0002
098 0.02 0.00 182 0.21 011 182 872 20.7 0.0014
0.95 0.05 0.00 334 063 024 334 529 799 0.019
0.90 0.10 0.00 103 090 0.36 103 114 3.70 0.099
0.80 0.20 0.00 341 140 050 341 243 1.70 0.50
0.70 0.30 0.00 191 178 0.55 191 108 1.06 1.19
0.50 0.50 0.00 1.02 240 0.55 1.02 042 056 3.06
0.30 0.70 0.00 074 289 048 0.74 0.26 035 4.98
0.10 090 0.00 064 316 043 064 020 0.27 6.21
0.00 1.00 0.00 0.63 3.20 042 063 020 026 6.37




Table 61 P;(s) =

estl

(sT+1)(1+sTy)

, Unfiltered PID, M, = M; = 1.6

T T L T K T T,  kp k. ky; IAE
1.00 099 001 014 625 0.091 0.071 625 6850 44.1 0.0002
1.00 0.98 002 014 170 021 013 170 817 222 0.0016
1.00 095 0.05 015 373 065 023 373 572 851 0.018
1.00 090 010 017 138 0.64 027 138 216 3.73 0.058
100 0.70 0.0 0.25 292 106 0.39 292 276 115 0.44
1.00 050 050 0.33 154 112 041 154 138 0.63 0.87
1.00 0.30 0.70 041 1.07 1.08 0.39 107 099 042 120
1.00 0.10 090 048 0.89 104 037 0.89 0.85 0.33 138
1.00 0.00 1.00 050 0.87 103 0.36 0.87 0.84 031 141
2.00 0.99 0.01 012 1340 0.13 0.063 1340 10500 84.9 0.0001
2.00 098 0.02 0.13 375 020 0.1 375 1840 41.9 0.0007
2.00 095 0.05 0.13 762 049 020 762 157 15.6 0.0070
2.00 090 010 0.15 240 0.73 0.31 240 328 740 0.037
2.00 0.70 0.30 020 4.79 128 046 479 3.76 220 0.33
2.00 050 050 024 253 143 047 253 177 118 0.71
2.00 030 0.70 029 178 144 044 178 124 0.78 1.02
2.00 010 090 032 151 143 040 151 106 0.60 1.19
2.00 0.00 1.00 033 148 142 0.39 148 104 058 121
500 0.99 0.01 0.089 3420 0.13 0.061 3420 25700 209  0.00
500 098 0.02 0.090 717 017 016 717 4240 113 0.0004
500 095 0.05 0.093 170 050 024 170 338 41.0 0.0034
500 0.90 0.0 0.098 549 083 034 549 663 184 0.017
500 0.70 0.30 0.12 105 149 051 105 7.04 537 0.8
500 050 0.50 0.4 557 178 051 557 312 286 0.43
500 0.30 0.70 0.15 3.98 189 047 398 210 187 0.64
500 0.10 0.90 016 341 194 042 341 176 145 0.77
500 0.00 100 0.17 335 193 042 335 173 140 0.79
10.0 099 0.01 0.059 7070 0.12 0.058 7070 566 409  0.00
10.0 0.98 0.02 0059 1820 0.21 011 1820 8540 208 0.0001
10.0 095 0.05 0.060 329 042 025 329 790 829 0.0017
10.0 090 010 0.063 106 0.86 0.35 106 123 36.9 0.0093
10.0 0.70 0.0 0.071 20.0 159 053 200 126 107 0.10
10.0 050 050 0.079 10.6 196 053 10.6 544 568 0.25
10.0 0.30 0.70 0.085 7.66 213 048 766 3.60 3.71 0.39
10.0 010 090 0090 6.61 222 044 6.61 298 288 0.48
10.0 0.00 1.00 0.0910 6.49 225 043 649 289 278 0.49
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Table 62 Ps(s) =

1—
(s+

s
1)3’

Unfiltered PID, M, = M; = 1.6

K

T;

Ty

kp

k;

kq

TIAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10

0.27
0.29
0.32
0.34
0.36
0.38
0.40
0.42
0.44
0.45
0.47

3.43
2.45
1.92
1.59
1.35
1.18
1.05
0.94
0.86
0.79
0.73

1.42
1.68
1.85
1.95
2.02
2.07
2.10
2.12
213
2.14
2.14

0.97
0.92
0.90
0.89
0.88
0.87
0.87
0.87
0.87
0.87
0.87

3.43
2.45
1.92
1.59
1.35
1.18
1.05
0.94
0.86
0.79
0.73

2.42
1.45
1.04
0.81
0.67
0.57
0.50
0.45
0.40
0.37
0.34

3.33
2.26
1.73
1.40
1.19
1.03
0.91
0.82
0.75
0.68
0.63

0.61
0.92
1.22
1.52
1.82
2.12
2.42
2.72
3.03
3.33
3.64

Table 63

Pg(S) =

1

(s+1)((sT)?+14sT + 1)

, Unfiltered PID, M, = M, = 1.6

T

K

T;

Tq

kp

k;

kq

TIAE

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.12
0.20
0.24
0.27
0.28
0.29
0.30
0.30
0.31
0.31

10.0
5.86
4.54
3.94
3.62
3.45
3.37
3.34
3.35
3.38

0.17
0.30
0.41
0.51
0.60
0.68
0.76
0.84
0.91
0.97

0.17
0.33
0.48
0.63
0.76
0.88
0.99
1.10
1.20
1.30

10.0
5.86
4.54
3.94
3.62
3.45
3.37
3.34
3.35
3.38

60.3
19.7
11.1
7.74
6.05
5.05
4.44
4.00
3.69
3.48

1.73
1.96
2.20
2.47
2.74
3.03
3.35
3.67
4.01
4.38

0.034
0.10
0.17
0.25
0.31
0.37
0.42
0.47
0.51
0.54
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94 M, =M, =138

—S

Table 64 P;(s) = ﬁ, Unfiltered PID, M, = M, = 1.8
T T K T T, ky &k ky TIAE
0.020 098 031 042 0.026 031 0.74 0.0080 1.36
0.050 095 034 045 0.065 034 0.76 0.022 1.36
0.10 091 039 051 011 0.39 0.77 0.044 1.33
0.20 0.83 047 059 019 047 0.80 0.089 1.29
0.30 0.77 055 068 024 055 081 0.13 1.26
0.50 0.67 068 0.81 030 068 084 0.20 1.27
0.70 0.59 0.82 095 032 0.82 0.86 0.26 1.26
1.00 0.50 1.03 1.09 035 1.03 0.94 0.36 1.21
1.30 043 125 125 0.35 125 0.99 044 1.15
1.50 040 139 134 036 139 1.04 0.50 111
2.00 033 1.7 150 037 176 118 0.66 1.01
4.00 0.20 326 1.87 0.40 326 174 129 0.72
6.00 014 47 205 041 476 232 193 0.56
8.00 011 6.26 216 041 6.26 290 257 0.45
10.0 0.091 777 223 041 777 348 3.21 0.38
20.0 0.048 153 2.38 042 153 6.42 6.41 0.21
50.0 0.020 379 248 042 379 153 16.0 0.089
100 0.0099 755 252 042 755 30.0 321 0.046
200 0.0050 151 254 043 151 595 64.2 0.023
500 0.0020 377 254 043 377 148 161 0.0093
1000 0.0010 753 2.54 043 753 296 321 0.0047
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—S

Table 65 PQ(S) = (‘sjvew,

Unfiltered PID, M, = M, = 1.8

T T K Ti Td k D ki kd IAE

0.01 098 031 043 0.024 031 0.74 0.0074 1.37
0.02 096 033 045 0.048 033 074 0.016 1.37
0.056 092 038 050 0.11 0.38 0.76  0.042 1.35
010 0.85 045 058 019 045 0.77 0.084 1.33
020 074 054 0.70 031 054 0.77 0.17 1.38
0.30 066 062 086 035 062 0.72 0.21 1.46
0.50 055 0.79 115 043 0.79 0.68 0.34 1.55
0.70 048 098 144 0.52 098 0.68 0.51 1.58
1.00 041 129 184 064 129 0.70 0.82 1.57
130 036 162 220 0.76 1.62 0.73 1.22 1.52
150 034 185 242 0.83 1.85 0.76 1.54 1.48
200 030 246 291 1.01 246 0.84 2.49 1.35
4.00 022 543 426 158 543 1.27 8.58 0.93
6.00 019 922 5.03 2.00 922 1.83 18.4 0.66
8.00 0.18 13.8 5.54 2.31 13.8  2.50 31.9 0.49
10.0 0.17 193 5.88 2.55 19.3  3.28 49.2 0.37
20.0 015 588 6.88 3.26 58.8 8.54 192 0.14
50.0 014 299 798 4.03 29 37.5 1200  0.0310
100 0.14 1100 832 4.38 1100 132 4830  0.0089
200 0.13 4220 855 458 4220 494 19300 0.0024
500 0.13 25600 8.58 4.73 25600 2990 121000 0.0004




Table 66 Ps(s)

1

T 5+ )T +1)2°

Unfiltered PID, M, = M; = 1.8

T T K T; Ty kp k; kg IAE
0.0050 0.0094 444 0.0068 0.0085 444 65000 3.78 0.00
0.010 0.018 240 0.014 0.017 240 17700 4.09 0.0001
0.020 0.034 126 0.026 0.033 126 4840 4.22 0.0004
0.050 0.073 54.2 0.060 0.083 54.2 899 450 0.0025
0.10 0.12 29.5 0.12 0.16 29.5 254 4.78 0.0087
0.20 0.18 17.2 0.21 0.31 172 80.3 5.28 0.027
0.50 0.23 10.3 0.45 0.66 103 229 6.81 0.094
2.00 0.23 104 1.12 1.68 104 9.32 17.5 0.23
5.00 0.19 20.5 1.76 2.62 205 11.6 53.7 0.19
10.00 0.17 46.9 2.21 3.38 46.9 21.2 158 0.11
Table 67 Py(s) = ﬁ, Unfiltered PID, M, = M, = 1.8
n T K T; Ty kp k; kg IAE
3.00 025 895 0.73 110 8.95 123 9.83 0.18
4.00 0.33 229 226 127 2.29 101 290 1.25
5,00 039 146 3.16 144 146 046 2.10 243
6.00 043 114 383 162 114 0.30 1.84 3.59
7.00 047 097 439 181 097 022 176 4.73
8.00 050 0.87 486 204 0.87 018 1.78 5.86

52

Table 68 P;(s) =

1

(s+1)(sx+1)(sa?+1)(sx® + 1)

, Unfiltered PID, M,, M, = 1.8

o r K T T, k, k kg IAE
0.10 0.067 224 0.040 0.039 224 5600 8.82 0.0003
0.20 012 341 0.16 013 341 218 430 0.0077
0.30 0.17 126 034 023 126 365 291 0.042
040 022 6.70 057 035 6.70 118 233 0.12
050 025 4.40 081 047 440 544 208 026
0.60 028 3.32 107 061 332 310 202 043
070 0.0 2.76 134 0.75 276 2.06 2.08 0.63
0.80 0.32 246 162 091 246 152 225 0.84
090 033 232 193 108 232 120 252 105




—sLj
Table 69 Ps(s) = s(se:r17+1) Unfiltered PID, M, = M, = 1.8

T1 L 1 T K Ti Td k ) ki kd IAE

0.99 0.01 0.00 966.00 0.11 0.05610 966.00 8523.00 49.50 0.0001
0.98 0.02 0.00 262.00 0.16 0.0930 262.00 1654.00 24.30 0.0008
0.95 0.05 0.00 4750 042 0.19 4750 114.00 9.09 0.0099
0.90 0.10 0.00 13.70 0.69 0.32 13.70 19.70 4.33 0.0620
0.80 0.20 0.00 436 118 046 4.36 3.70 2.01 0.34
0.70 0.30 0.00 239 158 0.52 2.39 1.52 1.25 0.84
0.50 0.50 0.00 124 209 053 1.24 0.59 0.66 2.22
0.30 0.70 0.00 0.89 239 048 0.89 0.37 0.43 3.66
0.10 090 0.00 077 254 0.43 0.77 0.30 0.33 4.56
0.00 1.00 0.00 0.7 256 043 0.75 0.29 0.32 4.68
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Table 70 P;(s) =

estl

(sT +1)(1 +sTh)

, Unfiltered PID, M, = M; = 1.8

T T, L T K T, T,  kp k; k;  IAE
1.00 099 0010 0.4 974 0.2 0.052 974 8000 50.5 0.0001
1.00 0.98 0.020 0.14 284 0.14 0.086 284 1990 24.4 0.0007
1.00 0.95 0.050 015 41.8 0.30 026 418 140 11.0 0.012
1.00 090 0.0 0.17 177 0.62 024 177 287 4.31 0.040
1.00 0.70 0.30 025 358 106 0.37 358 337 134 035
1.00 050 050 033 186 117 039 1.86 158 072 0.72
1.00 0.30 070 0.41 127 116 037 127 110 047 102
1.00 010 090 048 1.05 112 034 1.05 094 036 119
1.00 000 1.00 050 103 109 035 103 094 036 121
2.00 0.99 0.010 012 1560 0.070 0.069 1560 22300 108 0.0001
2.00 098 0.020 0.13 539 0.19 0.091 539 2860 48.9 0.0004
2.00 095 0.050 013 103 034 0.18 103 306 18.7 0.0043
2.00 090 010 015 314 062 028 314 508 874 0.0240
2.00 070 030 020 593 124 044 593 477 258 025
2.00 050 050 024 3.06 145 045 3.06 211 137 0.56
2.00 030 0.70 029 214 150 042 214 143 0.89 0.84
2.00 010 090 032 180 150 0.38 180 1.20 0.68 0.99
2.00 0.00 1.00 033 176 150 0.37 176 118 0.66 101
5.00 0.99 0.010 0.089 4990 0.080 0.049 4990 62600 246 0.0000
5.00 0.98 0.020 0.090 1260 0.13 0.10 1260 9690 127 0.0002
500 095 0.050 0.093 241 049 019 241 493  47.0 0.0021
500 0.90 010 0.098 725 066 030 725 110 21.7 0.011
500 0.70 0.30 012 131 141 049 131 927 6.34 013
500 050 050 014 6.77 176 049 6.77 3.85 335 0.33
500 0.30 0.70 015 478 191 045 478 250 216 0.51
500 010 0.90 016 4.08 196 041 408 208 167 0.61
500 0.00 1.00 017 401 198 040 4.01 203 161 0.63
10.0 0.99 0.010 0.059 9960 0.088 0.049 9960 113000 490 0.0000
10.0 0.98 0.020 0.059 2390 0.24 0.11 2390 9860 255 0.0001
10.0 095 0.050 0.060 483 047 019 483 1030 90.8 0.0010
10.0 090 0.10 0.063 141 0.67 031 141 211 434 0.0059
10.0 0.70 0.30 0.071 250 148 050 250 169 126 0.074
10.0 050 050 0079 13.0 190 051 130 6.82 6.66 0.19
100 0.30 0.70 0.085 9.22 212 046 922 434 428 0.30
10.0 0.10 090 0.090 791 221 042 791 357 3.33 0.37
10.0 0.00 1.00 0.091 777 223 041 7.77 348 321 0.38
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Table 71 Pg(s) =

1-—s

a

Unfiltered PID, M, = M, = 1.8

(s+1)%

« t K T, Ty ky, k kg IAE
0.10 0.27 4.43 133 095 443 333 419 045
0.20 0.29 3.06 166 090 3.06 185 275 0.71
0.30 032 237 187 087 237 127 206 0.97
040 034 194 201 085 194 096 165 1.24
0.50 0.36 164 211 084 164 0.78 138 151
0.60 038 143 218 083 143 066 119 178
0.70 040 126 222 083 126 057 1.04 205
0.80 042 113 226 082 113 050 093 233
090 044 103 228 082 103 045 084 2.62
1.00 045 094 230 082 094 041 0.77 291
110 047 087 231 082 087 038 0.71 3.20

Table 72 Py(s) = G 1)((sT)21+ 14T+ 1)’ Unfiltered PID, M, = M, = 1.8
T ¢ K T, Ty ky k kg IAE
0.10 0.12 138 014 0.18 13.8 99.9 244 0.022
0.20 0.20 8.09 025 034 8.09 324 2.78 0.066
0.30 024 630 034 050 630 184 3.14 0.12
040 027 549 043 064 549 128 352 0.16
0.50 0.28 5.07 051 0.77 507 10.0 391 0.21
060 029 485 058 089 485 838 432 025
0.70 0.30 4.74 064 1.01 4.74 740 4.78 0.28
080 0.30 4.71 0.70 111 4.71 6.69 5.24 0.31
090 031 473 076 121 4.73 6.22 5.73 0.33
1.00 031 479 082 130 4.79 5.87 6.24 0.35
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10. Controller sets for five process models

The following tables hold process data, sets of optimal SWORD PI and PID
parameters, corresponding IAE-, and ||S.||2-values, for five process models
with varying dynamics. The controller sets are related to a PID design
method presented in [3]. The tables have also been collected in MATLAB®
mat-files, Excel spreadsheets (different sheets for different process types),
as well as in a tex-file. These can be downloaded from:

http://www.control.lth.se/Research/ProcessControl/PIDControl/
p

Table 73 P ,.(s) = @os 1) M, =M, =14
Controller K T; Ty kp ki kq Ty IAE  [|Sc|l2
PID 280 4.25 188 280 658 526 0.14 0.016 10000
PID 170 541 233 170 315 396 0.22 0.034 4000
PID 114 652 274 114 175 314 0.30 0.061 2000
PID 76.1 7.87 322 761 9.67 245 041 0.11 1000
PID 44.8 999 391 448 448 175 0.61 0.24 400
PID 30.1 11.8 446 30.1 255 134 081 042 200
PID 20.4 13.7 5.03 204 149 103 1.08 0.72 100
PID 122 159 587 122 0.77 717 157 147  40.0
PID 829 170 6.66 829 049 553 210 251 20.0
PID 567 182 7.61 567 031 431 2.84 4.22 10.0
PID 349 211 9.00 349 017 314 4.27 8.03 4.00
PID 245 231 103 245 011 254 593 126 2.00
PID 1.74 248 122 174 0.070 21.3 848 19.2 1.00
PID 1.50 25.6 134 150 0.059 20.2 101 229 0.74
PID 1.30 26.6 150 1.30 0.049 19.5 122 275 0.55
PI 095 310 - 095 0031 - 365 324 040
PI 083 312 - 083 0027 - 542 374 0.30
PI 069 330 - 069 0021 - 994 476 0.20
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Table 74 Pyr_gos5(s) = 0055+ 12’ M, =M,=14

Controller K T; kp ki Ty IAE ||Sc||2

PI 0.16 0.37 0.16 0.43 0.0001 2.31 8.00

PI 0.16 0.37 0.16 0.43 0.0008 2.32 3.88

PI 0.16 037 016 0.43 0.0034 2.32 2.00

PI 0.16 0.37 0.16 0.43 0.0075 233 141

PI 0.16 0.38 0.16 0.43 0.019 235 0.99

PI 0.16 0.38 0.16 0.42 0.038 239 0.80

PI 0.16 0.39 0.16 041 0.065 244 0.70

PI 017 043 017 039 015 2,58 0.60

PI 018 048 018 037 025 269 0.56

PI 0.20 0.57 0.20 036 041 282 0.53

Table 75 Py,_4(s) = ﬁ M,=M, =14

Controller K T; Tq kp ki kq T IAE ||Sc||2
PID 1.33 211 134 133 063 1.78 0.0031 2.15 10000
PID 1.32 211 134 132 063 1.78 0.0058 2.15 4000
PID 132 212 134 132 0.62 1.76 0.0092 2.16 2000
PID 131 213 134 131 0.62 175 0.015 218 1000
PID 129 213 134 129 0.60 1.72 0.026 221 400
PID 126 214 134 126 059 1.69 0.041 226 200
PID 1.23 216 133 123 0.57 1.64 0.065 233 100
PID 116 219 133 116 053 154 011 247 40.0
PID 1.09 222 133 1.09 049 145 017 263 20.0
PID 1.01 225 133 101 045 134 026 287 10.0
PID 0.87 231 135 087 0.38 118 045 334 4.01
PID 0.76 2.36 140 0.76 0.32 107 068 3.87 201
PID 0.71 240 145 0.71 0.30 103 082 418 1.50
PID 0.64 246 156 064 026 100 1.09 4.72 1.00
PID 0.60 2,55 170 0.60 0.23 102 140 524 0.75
PID 0.57 270 190 0.57 0.21 1.08 178 580 0.60
PID 0.55 293 218 0.55 019 121 228 640 0.50
PI 035 253 - 035 014 - 095 727 0.40
PI 036 289 - 036 013 - 151 797 0.35
PI 059 547 - 059 011 - 501 9.27 0.29
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Table 76 Pro-01(8) = 373015 + 1)(0.01s + 1)(0.001s 3 1)° o = M =14
Controller K T; Tq kp ki kq Ty IAE  ||S¢]|2
PID 46.3 0.13 0.057 46.3 345 2.66 0.0041 0.0035 10000
PID 35.6 0.16 0.060 35.6 228 214 0.0066 0.0052 4000
PID 28.2 0.18 0.063 282 159 1.77 0.0093 0.0073 2000
PID 21.8 0.20 0.066 21.8 109 144 0.013 0.011 1000
PID 15.0 0.23 0.073 15.0 64.7 110 0.020 0.019 400
PID 11.2 0.26 0.080 11.2 429 0.89 0.029 0.029 200
PID 820 0.29 0.087 8.20 28.0 0.71 0.040 0.046 98.2
PID 540 033 0.10 540 16.1 0.56 0.064 0.085 40.0
PID 3.86 037 013 386 104 0.49 0.096 0.14 19.9
PI 2.62 0.58 - 2.62 4.49 - 0.041 0.22 10.0
PI 2.35 0.64 - 2.35 3.66 - 0.061 0.27 7.48
PI 2.03 0.68 - 2.03 2.99 - 0.088 0.34 5.50
PI 1.73 0.72 - 1.73 2.40 - 0.12 0.42 4.01
PI 1.53 0.80 - 1.53 191 - 0.18 0.52 3.01
PI 1.25 0.90 - 1.25 1.40 - 0.29 0.71 2.00
PI 1.14 1.05 - 1.14 1.08 - 0.43 0.92 1.50
PI 1.14 1.50 - 1.14 0.76 - 0.89 1.32 1.02
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Table 77 Ps1,_01,m-099(s) = 09057 1)’ M, =M, =14
Controller K T; Ta kp ki kq Ty IAE  ||Sc]|e
PID 78.6 040 0.18 78.6 197 14.0 0.013 0.0055 10000
PID 48.6 0.52 0.22 48.6 94.3 10.6 0.020 0.011 4000
PID 32.7 0.62 0.26 327 526 845 0.027 0.020 2000
PID 21.8 0.76 0.30 21.8 28.6 6.63 0.037 0.037 1000
PID 12.8 0.99 037 128 129 4.76 0.055 0.082 400
PID 852 1.20 0.43 8.52 7.09 3.67 0.074 0.15 200
PID 574 146 049 574 393 2.82 0.098 0.27 100
PID 3.44 187 058 344 184 198 0.14 0.58 40.1
PID 235 225 0.64 2.35 1.04 1.51 0.19 1.04 20.0
PID 1.61 270 0.72 161 0.60 1.17 0.26 1.85 10.0
PID 099 354 084 099 028 0.84 0.38 4.03 4.00
PID 069 443 096 0.69 016 0.67 0.53 7.35 2.00
PID 048 b5.67 112 048 0.085 0.54 0.75 13.6 1.00
PID 037 6.93 130 0.37 0.053 0.48 1.00 21.9 0.60
PID 0.30 821 150 0.30 0.036 045 1.26 324 0.40
PI 0.25 10.5 - 0.25 0.024 - 0.42 41.5 0.30
PI 0.21 125 - 0.21  0.017 - 0.68 59.5 0.20
PI 0.18 14.8 - 0.18 0.012 - 0.99 84.3 0.14
PI 0.16 16.1 - 0.16 0.010 - 1.15 99.0 0.12
PI 0.15 178 - 0.15 0.0084 - 1.38 120 0.10
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