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A Study on the Analog Simulation Method of the Feed
Back Control System With the Dead Time
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Abstract

The analog simulation is very effective technique for the synthesis and the analysis of
the feed back control system, and recently many analog simulation techniques have been
developed. In the analog simulation, however, it is still one of the most difficult probi-
ems to realize the time delay elements which are usually contained in the feed back
control system. For the analog simulation of the time delay element the magnetic tape
method and the Padé approximation method have been often used. But these mothods are
complicated and inaccurate.

In this paper the author proposes a method of the analog simulation of the feed back
control system whose controlled object can be described by the first order system with
the dead time. The feed back control system is assumed to use the PI or PID controller.
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A new method of delaying the analog signal is proposed. In the method the input analog
signal is first converted to the binary signal by means of the comparators and the enco-
ding logic circuit, and stored in the shift registers in order. The delayed binary signal is
.obtained from the appropnate intermediate stages of the . shift registers and conyerted
again to the dnalog sxgnal by means of the ladder resistance network.

The time delay circuit, made by the above~mentlohed gjethod, has operated in quite a
good condition and ‘the experiments on the response characterlstxcs of the feed back cont-
rol system by means of analog simulation have shown results as expected.
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Fig. (5) Simulation program of the PI controller

Fig. (4) A block diagram of the PI controller
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Fig. (6) A block diagram of the simple “R(s) = F(s) ] "=k

feed back control system
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Fig. (7) A block diagram of the PID controller Fig. (8) Simulation program of the PID controller
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Fig. (10) A circuit of the comparator Fig. (11) Input-to-output wave form of the
comparator

. 4t W Encoding Logic Circuit)
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a ‘ b | ¢ Ii d e |f g |h |¢ ! 7 m|n [ 0 VA | Ay| Az Ay
i

1 0 Ot O O o o. 0 o o o o o o o o 0‘ o o O
2 0 o0 o o o O o o O o o o o o 0o o0 o 1
3 1 -1 o o o o o o 0 o0 o0 0’ oo o o o o 1 O
4 1 1 11 o o o o o o o o o o o o o o I 1
5 1 1 1 1 o o0 o o o o o o O o o o 1 o O
6 1 1 1 1 1 o o o o o o o o o o O 1 0 1
7 1 1 1 1 1 1 o o o o o o o o o o 1 1 0
8 1 1 1 1 1 1 1 o o o o o o o O O 1 1
9 1 1 1 1 1 1 1 i1 O o o o O o 0 1 0 0o 0
10 o1 1 1y oy i i y 3y o o o o o o 1 o o 1
11 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 0 1 0
12 1 1 14 1y 3y v oy 1w 14 1y 1 o o o o y o 1Y 1
13 1 1 1 1 1 1 1 1 1 1 1 1 o 0o o 1 1 0o O
14 ll 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 0 1
15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O 1 1 1 0
16 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table. (1) Truth table for encoding logic circuit.
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+mnd + mno )

=dh(fg+rg)+1(nb+n6)
= d oA Lo
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*1, *2 MAP METHOD" & Fifiste fissqbsial
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Vo/2R=4, Vi/2R=4,
Va/2R=4, Vo/2R=A4,
V./R=X,, V,/R=X,, V./R=X,
& 3kd, (10, A, (12) d)HRE A&
DX =X gm= g voreereerserneireesmniisiei et ao
—X1+%X3—X3—A1 .................................................................. an
—Xz+-g—Xs=Az ........................................................................ (12)
fin X g Agerereereeererrintiinie et as)
(A0 x5/2+ (11D 5X1—5/2 X.=5/2 A,
+) —X3+5/2 X3—Xs=4,
AX1—Xg=5/2 AgtAy rereereveecneeieninn, (14
A1) +(12) X5/2 —X145/2 Xp—Xs=4,
+) —5/2 X,+25/4 X;=5/2 A,
— X1 421/4 Xym Ayt5/2 Agevoveennerenricneennns (15)
(14)+(15) x4 4X1—X3=5/2 A,+A,

+) —4X 21X =44,+104,
20X,3=5A4,+10A4,-+5/2 A,
X3=1/8 Ag+1/4 A;+1/2 Ay oroveevvverireninnnns (16)

16>—(13)
iiu=AB+XB=1/8 Ao+1/4 A1+1/2 A2+Aa
Rf=2Re]q
—e'o=Rf Xi,,=2R(1/8 Ay+1/4 41+1/2 Ax+ Ay
=2k {3f+1f i Fik)
=Ve+1/2 Vo+1/4 Vi+1/8 V,
e'o=—(Vy+1/2 Vo+1/4 V; +1/8 V)
¢o==—23. 3333¢/,
=3.3333(V+1/2 Vat1/4 Vi41/8 V) cevervrrecrmmoereiniinniiiiinianinns an
ADRE FAsHd obd2a AJy B8, =A% binary signal & ohd=a {7 F8 Al B
%% R 2 Table (2)7 2}
ol 9 o] W BUFY EE RES 241U HES A= Fig. (16), Fig. (A7)3 2] =t}.

INPUT ANALOG DIGITAL BINARY OUTPUT ANALOG
SIGNAL(E)) SIGNAL ” (_3;3333 )
0 0000 -0 0
1 0001 — 0.3 1
2 0010 — 0.6 2
3 0011 — 0.9 3
4 0100 — 1.2 4
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5 | 0101 — 1.5 f 5
6 | 0110 —~ 18 | 6
7 { 0111 — 2.1 ] 7
8 1000 — 2.4 ' 3
9 : 1001 — 27 9
10 } 1010 — 3.0 10
11 | 1011 — 3.3 11
12 1100 — 3.6 12
13 ‘ 1101 — 3.9 13
14 ; 1110 — 4.2 14
15 i 1111 — 4.5 15
i

Table. (2) Equivalent analog voltage table to each digital binary signal.

Fig. (16)el 4 wlmr)= pd 311, OP AMPi:
#A 741, Shift Registeri= MC 74955  {I)]J& o
BRI %= Hex convertergl MC 7404¢} Qu-
ad 2-input NAND gatesl MC 7400-% {liJl|s} o]
A2 REpskg oF 19 [, NANDS$} NOTI[m % &
FiJBsted AND, ORE Fig. (18)3 7ol FHITIA
T}, 9

D

OoR circuit AND  circuit
Fig. (7) X =% ARl Fig. (18) AND and OR circuit

Bl #40he Fig. (DO R ol A
Sl 48 170k R REIEE fiketd Fig.
(19), Fig.(20) #re] =lv}.

s S
P1 controller ‘ﬁ/HT.S

Fig. (19) The connection diagram of the an- Fig. (20) The connection diagram of the ana-
alog simulation system when the log simulation system when the PID
PI controller is used controller is used
. ® &

-1 EiE KES HEXH
K HHE {robs] fiste Fig. (16)9) gt 20 MR EHES fWikcte o 2Ee Bk
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A ns) Fekel Ahowd ENN 9 HMERERE MetglE W9 W wBe Fig. 2D, Fig
(22)%} 2ol Hgiwh.
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Lo e - Pl

@)
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= .5 see.
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i| })1’.
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it

T
i

!
il

Fig. (21) Delaying characteristics of the time delaying apparatus when input is
sinusoidal wave

Fig. (22) Delaying characteristics of the time delaying apparatus when input is exponential wave.
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Table ()2} 7o) Hvh. A7 A, G=fk A, F%59) il Wi Fific] o).

«17]414= e] Table (3), Table (D] fpigsieivlvle] z+-e Flfifstei PI, PID Wi#sms (psh
oM el glol Al SRl el BRigy T AR BRI Lol s#{bar nll R IR I RSl R P 91
A A0k obxl A el Fohel el RAS oz Al Yel el 4l-S msle] g - &% Fig
(23), Fig. 209} 7t = glvl,

Table. (3) Values of the optimal parameters of the PI controller(Unit of T, L,
T';; min)
~. L /

™ { 0.1 0.5 1.0 l 3.0 ! 5.0 7.0 10.0 15.0

T \’ _ i
. ’ G 0. 904 0.513 0. 487 0. 480] 0. 480 0. 480l 0.479] 0. 479
7, 0. 116! 0. 356 0. 650 1. 841 3.040, 4.236 6.016/  8.990

1
0.5 G 3. 667 L 048’ 0.717 0 533' 0. 507 0. 498 0. 492‘] 0. 487
‘ 7, 0. 545 0. 865 1. 124 2. 253 3.432 4,622 6.417)  9.394
Lo ¢ ' 7128 1772l Loes o624l o552 o526 0510 o497
: 7, 1.081 1. 540 1. 794| 2. 840, 3.969 5.133 6.917 9.868
50 | G | 20971 4.712{ 2,523 1.076 0.7980  0.687  0.600] 0.555
: 7, | 3.220 4.279 4.569 5.514 6.503 7.537, 9.163]  12.000
50 ) G 34, 813 7. 659 3.998 1. 557 1.078! 0. 878 0.734  0.630
: , 5.373 7. 006 7.378 8. 304 9.233  10.2000 11711 14.415
70 G ] 40. 654} 10. 606| 5. 472 2.045 1. 336; 1. 079 0.869) 0.714
: 7 ‘ 7.516 9.7420  10.182)  11.148 12,039  12.963 14384 16,992
1
10.0 G 69.415 15 031‘ 7. 687 2.781 1.801[ 1.385 1.079)  0.847
- 7 10.679,  15.874)  14.405  15.438  16.227]  17.110] 18 525 20,914
; !

o0 | G 104.001] 22, 400[ 11, 384 3.999 2.536 1. 904 1.440] 1,081
>0 7, 16.001) 20,717 21.532) 22,293  23.340|  24.098  25.579) 27,982
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Table. (4) Values of the optimal parameters of the PID controller(Unit of
T, L, Ty, ?D; min) -

| | i i
L o1 | 05 Lo | 30 5.0 ‘ 7.0 | 10.0
| | {
,CL 0. 943 0.557 0.516 0. 491 0.486 | 0. 484 0. 483
T, 0. 097 0. 337 0. 633 1. 825 3.018 4.210 6. 007
7 0. 037 0. 120 0. 144 0. 161 0. 164 ‘ 0. 166 0. 168
G 4.354 1.295 0.849 | 0.587 0.543 0. 525 0.511
T, 0. 479 0.830 1.082 2.184 3.356 4. 557 6. 345
7, 0. 038 0. 197 0.343 0. 666 0.755 0. 799 0. 847
¢ 8. 647 2.303 1.335 0.719 0.616 0. 575 0. 547
7, 0.953 1.493 1.740 2.732 3. 833 4,986 6. 764
F 7, 0. 039 0.214 0. 406 0.932 1. 261 1. 441 1. 591
G 25.838 | 6. 403 3.389 1.354 0.964 0. 807 0. 697
T, 2.852 | 4.178 4. 498 5. 388 6. 293 7.278 8. 835
T 0.039 | 0.227 0. 455 1.222 1.831 2. 352 2.985
Gl 43022 10.516 5. 467 2.032 1.357 1.075 0. 872
5. 7, 4,777 6. 837 7.280 8. 182 9.026 9.922 11.316
7 0. 039 0. 230 0. 466 1.310 2. 034 2. 667 3. 505
G 60.218 14. 633 ; 7.548 2.722 1.763 1.357 1. 062
T, 6. 710 9.476 | 10.049 10. 985 11.832 12. 689 13.988
7| 0.039 0.231 | 0. 470 1.351 2.137 2. 839 3. 794
G 85. 985 20.809 | 10.674 3,761 2. 380 1.792 1.359
T, 9. 585 13.479 |  14.226 15. 248 16. 050 16. 833 18. 150
7 0. 039 0.232 | 0.473 1.384 2.230 3. 004 4. 080
A L Lt o T=L=1min., k=1
== : (a) kp=1.065

|

T;=1.794min
optimal values

il
11

4
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Fig. (21)-0- akiifignel A5 2t (@) 4=0.02sec(50Hz), L=75 4=1.5scc, b=
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4o w o] Aol w4l % (Indicial Responseds] i3 ¥ M i sk PL izl
kyy T, %= PID 48] kyy Ty TpZ i selv] ety 3% bl fpy T T2 Forsha o
AR &k, T, LY kel skl s Ton 109 28-S BT GMTo2 ORI YIRS Table (3),
Table ()} 7ol Hrh. o174, G=fok I, F-=9 il i Fifiel =k

o} 7] 411z o] Table (3), Table (4)-"1 feigs] @l el el e 7he FSRel PI, PID @& (JHSH
S kel Sl sl B TSk SR RN L) S o WS sl R

L)

QL A 4-9h ol 7 el ﬁoH DA A ohgam Adol A skl B & RiK Fig.

(58

(23), Fig. 2O} 7ol Hylvh
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Table. (3) Values of the optimal parameters of the PI controller(Unit of T, L,

T;; min)
! \\ L

~ 0.1 0.5 1.0 3.0 5.0 7.0 10.0 15.0

T ™~
0.1 G 0. 904 0.513 0. 487 0. 480 0. 480I 0. 480 0. 479 0. 479
. T] 0. 116 0. 356 0. 650, 1. 841 3. ()40I 4, 236[ 6. 016 8.990
05 G s.e67  1os 0717 0533 0507  o.a08  ooasy 0.de7
! 7\[ 0. 545, 0. 865 1. 124 2. 253 3.432 4,622 6. 417] 9. 394
1.0 G 7. 128 1.772 1. 065l 0. 624!' 0. 552; 0. 526 0.510 0. 497
: r’I‘wI 1. 081 1. 540 1. 794| 2, 840I 3.969. 5.133 6.917 9. 868
3.0 G 20. 971 4,712} 2.523 1. 076! 0. 799 0. 687 0. 609 0. 555
' TI 3. 220 4,279 4. 569 5.514 6. 503_ 7. 537 9. 163 12. 0600
5.0 G 34,813 7. 659 3.998 1. 557 1. 078 0. 878 0. 731 0. 630
. »j\[ 5.373 7. 006 7.378 8. 304 9.233 10. 200 11.711 14. 415
7.0 G 40. 654 10. 606 5. 472 2. 045 1. 336; 1.079 0. 869 0.714
: 7 7.516 9. 742 10. 182 11. 148 12, 039i 12.963 14. 384 16. 992

I

10.0 G 69, 4ISi 15.031 7. 687' 2.781 1. 801 1. 385 1. 079 0. 847
. TI 10. 6792 15. 874 14. 405 15. 438 16. 227, 17. 110 18. 525 20.914
15.0 | G 104. 001 22. 400 11. 384 3. 999 2.536 1. 904 1. 440 1. 081
v f‘, 16. 091 20, 717 21.532 22. 293, 23. 340 24. 098 25.579] 27.982
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Table. (4) Values of the optimal parameters of the PID controller(Unit of
T, L, I ?D; min) v
I | | | |
- o1 | o5 ( 1.0 3.0 5.0 J 720 | 10.0
T | i
¢ 0.943 |  0.557 0.516 0. 491 0.486 |  0.484 0.483
0.1 f[ 0.097 ' 0. 337 0.633 1. 825 3.018 4,210 6. 007
'AD | 0.037 ; 0.120 0. 144 0. 161 0. 164 ] 0. 166 0. 168
(,;\- 4. 354 1. 295 0. 849 I 0.587 0.543 0. 525 0.511
0.8 T, 0. 479 0. 830 1.082 2.184 3. 356 4. 557 6. 345
f*D i 0. 038 0. 197 0. 348 0. 666 0.755 0.799 0. 847
g\ ( . 647 2. 303 1.335 0.719 0.616 0. 575 0. 547
1L.o T, 0.953 1.493 1. 740 2.732 3. 833 4. 986 6. 764
N j%D 0. 039 0.214 0. 406 0.932 1. 261 1. 441 1. 591
q\ [ 25, 838 | 6. 403 3. 389 1. éS4 0.964 0. 807 0. 697
3.0 T, ‘ 2.852 | 4,178 4. 498 5. 388 6.293 7.278 8.835
T'D , 0.039 0.227 0. 455 1. 222 1. 831 2.352 2.985
C 1 43022 10.516 5. 467 2032 | 1.357 1.075 | 0. 872
50 | T, 4.777 6.837 7. 280 8.182 |  9.026 9.922 | 11.316
7 0. 039 0. 230 0. 466 1.310 | 2,034 2.667 | 3.505
E 60.218 14, 633 ; 7.548 2.722 ’ 1.763 1. 357 1. 062
7.0 T, 6.710 9.476 | 10. 049 10. 985 11. 832 12. 689 13. 988
i ?D P 0.039 0.231 " 0. 470 1.351 2.137 2. €39 3.794
¢ 85.985 20.809 | 10.674 3.761 | 2.380 1,792 1.359
10.9 T, 9. 585 13.479 | 14. 226 15.248 | 16. 050 16. 833 18. 150
j‘p 0. 039 0.232 | 0. 473 1. 384 I 2,230 3.004 4. 060
| Ly I i T=L=1min., k=1
= (a) kp=1.065
== == Ty=1.794min
EEESmseSes= === optimal values
= Zman, =
] . | i 1
=5 == T=L=3min, k=1
= - 5 == === (b) kp=1.065
=== == i%ﬁ T;=1 75?4min
£ z i . non-optimal values
o " E
=* =5 T=L=3min., k=1
= E=S (©) kp=1.076

Hul

====

T;=5.514min.
optimal values

Fig. (23) Indicial responses of the feed back control system when PI controller is used.
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T=L=1min., k=1
kp=1.335

(a) T;=1.74min.
Tp=0.406
optimal values

N L T'=L=3min., k=1
Z e s e e kp=1.335
G -1 I B U P18 T i N R (b) 7,=1.74min.
g e S Tp=0.406min.
e L Ll L non-optimal values
“f ; | i
v A

T=L=3min., k=1

C =yl kp=1.354
% 38 S T (¢) T;=5.74min.
: ”’#" U Tp=0. 406min.
AR semi-optimal values
RS i
gi= = e Rl S Rt T=L=3min., k=1
= AT T T T e— kp=1.354
px : NN AT (d) T;=1.74min.
Cemoc U TS e Tp=1.222min.
8 . i - L = optimal values

Fig. (24) Indicial responses of the feed back control system when PID controller
is used.
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LB KdRsl BAFehE o & gleb Figo (234 (e T8 Lol %4 1ol A 30yox sifhyl =

1
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WY, k
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HE fiEaE olde 8 g REME FshA e A=A Me wHS st 9. Fig (20
< PID #i##E (AT 3424 FAE @IDe £4 Fig.(23)9 (a), (©9% o] Bl hiey
Helz, FEGE PID g 3E el dE 25 Rl #Fex 43¢ dold, ©
= kot T, e BEEE AL EREREY Aot o £ EX BEE B BEAHYS »
EPES mEs) & 5 sl

V.l @&

BUESH 2] 7 Biol A% IoKaseh Shift Register % Aol % EEE AUFSH] oldza {7
WE (CH WM OEEAC S EE KBS B 09 gz HEKME FASE Sz 4l
Rl ohdzz AFeloldE Tz 2 WA Bkl Bl HHshn Marsisls.

& Bl A WIS EIE HES AW REFIA DR oM, ol & FMTo R HIE BXE
GshE W RS obdmz A eldel Whgsl =3

ma, ohdmz Afdlolde I Re Ritchn Bl W Bk, WU WE B 5 H%
e dol ksl HHTL % + AR+

& EHAA W FURY BE BEE (D9 bz GRT BEARoD (1), (-) ¢ WE
& =% st A/D BRES HHS 2 B Bl 6% ¥l Aes 4As
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