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—Tuning of PID Controller under Consideration of Energy Savings—

Performance indices used by the previous paper are not practical in process control because of oscillatory re-
sponses in disturbance suppression and reference tracking characteristics. In this paper, we improve performance in-
dices to strengthen damping for disturbance suppression characteristics and consider robustness of control plant with

changes in characteristics.
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0.1 8.4360 | 19.406 | 0.2827
0.5 7.5806 | 16.217 | 0.1200
A 1.0 7.0500 | 14.969 | 0.0725
1.5 6.6896 | 14.171 | 0.0522
2.0 6.4687 | 13.666 | 0.0412
2.5 6.2101 | 13.267 | 0.0341
0.1 8.4703 | 18.8396 | 0.3045
0.5 7.7093 | 15.820 | 0.1365
1.0 7.1838 | 14.574 | 0.0838
° 1.5 6.8245 | 13.856 | 0.0607
2.0 6.6000 | 13.485 | 0.0484
2.5 6.3666 | 13.185 | 0.0401
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k, k, k,
OPT-d 59990 | 1.8094 | 0.1084
PMM-d(0%)I-PD | 6.853 1.973 1.700
PMM-d(0%)I-P 4.122 0.894
 SLELINEIReAE:
Table 2 \2/R$ PID 4 > % H\WT, I-PD H&
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Fig.5 Comparison of responses to disturbance
input for OPT-d and PMM-d (0%)

Table 3 Performance indices for disturbance
suppression characteristics

ISE | ISTE | ISC |ISTC

OPT-d 0.0613]0.4694 1.8940|0.8674
PMM-d(0%)I-PD  |0.04640.3530|1.4779|3.8814
PMM-d(0%)I-P 0.1395|2.6178/1.9350|0.4158
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DISTE # B A L7-#5%, MEIIREEEHNZ SN

Tv]%o



104

Bk &,

OPT-d
1 \

/ \ PMM-d(O%) I-PD

PMM—d(O%) I-P

0 5

10
t[min]

15

20

Step response to reference input

NRCERT,

Fig.6 Comparison of responses to reference input
for OPT-d and PMM-d(0%)

Table 4 Performance indices for

reference tracking characteristics

ISE | ISTE | ISC |ISTC

OPT-d 1.7122|4.438714.294 13.119
PMM-d(0%)I-PD  |2.0263|5.1497|10.062|5.7141
PMM-d(0%)I-P 3.1601{22.493|4.3098|1.5385
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Table 5 PID gains optimized

Lp w, w, k, k, kq kT, kT, 7 T
1 0 1 5.9990 1.8094 0.1084 18.0940 0.0108 3.3154 0.0181
2 0 40 2.9766 0.5453 0.0470 5.4530 0.0047 5.4591 0.0158
3 0 500 1.8287 0.2602 0.0185 2.6020 0.0019 7.0272 0.0101
4 0 3000 1.2558 0.1560 0.0091 1.5600 0.0009 8.0482 0.0072
5 0 6000 1.0459 0.1242 0.0066 1.2420 0.0007 8.4212 0.0063
6 0 8000 1.0115 0.1045 0.0086 1.0450 0.0009 9.6804 0.0085
7 0 11000 0.9508 0.0901 0.0100 0.9010 0.0010 10.5482 | 0.0105
8 0 18000 | 0.8435 0.0774 0.0099 0.7740 0.0010 10.8946 | 0.0117
9 0 25000 0.7879 0.0682 0.0073 0.6820 0.0007 11.5536 | 0.0092
10 0 50000 0.6745 0.0581 0.0027 0.5810 0.0003 11.6012 | 0.0040
Table 6 PID gains tuned for PMM-d(0%) of I-PD control

Ly ky k; kq kT, ko/ T, 4 Ty

1 6.853 1.973 1.700 19.730 0.170 3.47 0.248

2 3.237 0.540 1.503 5.400 0.150 5.99 0.464

3 2.035 0.261 1.311 2.610 0.131 7.80 0.644

4 1.436 0.159 1.124 1.590 0.112 9.03 0.783

5 1.079 0.110 0.942 1.100 0.094 9.81 0.873

6 0.842 0.082 0.764 0.820 0.076 10.27 0.907

7 0.674 0.065 0.590 0.650 0.059 10.37 0.875

8 0.549 0.053 0.419 0.530 0.042 10.36 0.763

9 0.452 0.044 0.251 0.440 0.025 10.27 0.555

10 0.375 0.038 0.087 0.380 0.009 9.87 0.232
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Table 7 PID gains tuned for PMM-d(0%) of I-P control

Lp k, ki kT, T,
1 4.122 0.894 8.940 4.61
2 1.919 0.248 2.480 7.74
3 1.177 0.137 1.370 8.59
4 0.815 0.088 0.880 9.26
5 0.600 0.064 0.640 9.38
6 0.459 0.050 0.500 9.18
7 0.359 0.041 0.410 8.76
8 0.286 0.034 0.340 8.41
9 0.229 0.030 0.300 7.63
10 0.185 0.026 0.260 7.12
ey UZZREOBICE b2\ PID 74 i3/l &L

ZoTwh, &I, L,=10& & LFEMICIPD
7% P ARUCRAT S S A ETIZED S v,

Table 5~Table 7 /RS PID 714 » X h koD 5
N 7-Hl{H & = Table 8~Table 10 (2%, F
72, ZDFkF*%* Fig. 8 (a)~(c) I,

- PMM-d(0%)I-PD
~&- PMM-d(0%)I-P

2 3 4 5 6 7 8 9 10
deadtime L,
(a) Proportional gain

Table 8 Performance indices for disturbance
suppression characteristics (OPT-d)

" Ly | w, | w, | ISTE | ISE ISC | ISTC
~orta 1] 0| 1 |04694]0.0613]1.8940 | 0.8674

D 2 | 0 | 40 |9.7224 | 0.3656 | 3.5056 | 0.3882

3 ] 0 | 500 |62692 | 1.0535 | 5.0598 | 0.2055

4 | 0 |3000]229.24 | 2.1585 | 6.7580 | 0.1251

5 | 0 |6000]430.74 | 3.1320 | 8.3083 | 0.1050

s et 6 | 0 |8000] 62339 | 3.9096 | 9.4739 | 0.0996

1 2 3 4 5 6 7 8 9 10 7 | 0 |11000] 898.58 | 4.8243 | 10.751 | 0.0928
deadtime L, 8 | 0 [18000] 1354.7 | 6.0432 | 12.223 | 0.0802

.(b) Integral gain 9 | 0 [25000] 1862.1 | 7.1793 | 13.563 | 0.0730
s 10 | 0 [50000] 2809.4 | 8.8729 | 15.281 | 0.0591

-8— PMM-d(0%)-PD
el Table 9 Performance indices for disturbance

suppression characteristics (PMM-d(0%)I-PD)

* Ly ISTE ISE ISC ISTC
kT, : 1 | 0.3530 0.05 148 3.80

2 | 9.2075 0.32 2.82 2.72

0 3 | 57.8933 | 094 4.27 1.93
1 2 3 4 56 7 8 9 10 4 | 1932575 | 1.93 5.90 1.40
deadtime L 5 | 5206436 | 3.26 7.73 0.98

(c) Derivative gain 6 | 1103.0366 | 4.93 9.79 0.64

Fig.7 PID gains deadtime versus L, 7 | 22286763 | 6.89 12.06 0.39
8 | 3399.5828 | 9.16 14.55 0.21

Fig7 LV, DE0Z Ehbd b, 9 | 5452.8313 | 116 17.19 0.09
10 | 8011.2880 | 14.23 | 19.97 0.03
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Table 10 Performance indices for disturbance

B #F N ENT, FH

suppression characteristics (PMM-d(0%)I-P)

g2, B OK

——OPT-d
—&-PMM-d(0%)I-PD
A PMM-d(0%)I-P

ISTC

2.5

| 2 3 4 5 6 7 8 9 10
deadtime Lp
(c) ISTC

Fig.8 Comparison of performance indices

deadtime versus Lp

Ly ISTE ISE ISC ISTC
1 2.6178 0.1395 1.9350 0.4158
2 64.5980 0.8692 3.8099 0.1616
3 298.1338 2.1528 5.9589 0.0931
4 918.5917 4.0231 8.3948 0.0602
5 2077.9 6.2916 11.0687 0.0430
6 3920.6 8.8529 13.9200 0.0328
7 6529.8 11.6169 16.8998 0.0263
8 10336 14.713 20.1561 0.0215
9 14158 17.513 23.1410 0.0187
10 19378 20.6864 | 26.5539 0.0160
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Fig.9 Comparison of responses to disturbance input for OPT-d and PMM-d(0%)
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Fig.10 Comparison of responses to reference input for OPT-d and PMM-d(0%)
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Fig.11 Gain diagrams of the closed-loop system
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