202243 A &k MLk 2= i %553 % 43 W

doi:10.6041/j. issn. 1000-1298.2022. 03. 028

2T PID (A R IR R Rt St

1,2 3 4 \ = 1 s 1 — 3
Rl Epd A B M E O OEZER FoHE
(1. E A K2 T2z, dbET 100083 5 2. Hb [ b HLBE A B 27 B 55 Be 07 A0 R 43 B A PR ], 0 A 4 010010
3. BRI L DL TR 2= MR B, M /KU 150081 4. Hedi 2= Bt S H 30 k52 B, #EDF 261061)

FEE o Oy S0 P A i) W g R el o R AL R D VR IR B T A s T AR e R S e 5 TR A P R R R T — O T
#] PID #2il vk gl A IR BE S R 48, EZE N PID S8UAE LR AIMT 8 i B0 PID TR RE 48 1l A5TRYT 530 vk 45 52 L 3l A5 )
WA G (ARFUB W) I BE , DT (R 3R A2 20 TR T AR o 98 479 98 1L 38 2 1R 7E (37 = 1) C My Rl 95 FEI I e #1
g IR BE S 42°C AU AN A K IREE 43 5 R 10 15 .20 \25°C B 45 A= AR A5 467 W5 TR B 5 19 2 2 B B IR Y U B
WRR B S5 ACAELAN S 0. 3°C o o] 452 2 ) M 2 8 ) 58 ot i 10 TR 48 ) R 8 R AT RE WL P BB X 30, T A 3 4 4 9 1 AR IE
TR HIAE 42°C 43 5 min {0558 HREE B 00 0o 72 v PS8 46 45 PR 30 UL B8E R AR 45 T A (42 £0.2) °C 3 [ 9, R R
AR 8 25 DA B R RO, R G0 U R A AR, B T A2 B A X A L ol R I I R g V) S A SR, S B T B AR A
MG 2 A5 45 A0 11 DR S oy R S Pk B 4 A

KR AR ; WS BN B PID

hE 4y ES . S225.93 XEkARIRAD: A X E YRS . 1000-1298 (2022)03-0266-11

Design and Test of Temperature Control System of Calf Milk
Replacer Solution Based on Fuzzy PID
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Abstract; In order to realize the real-time automatic adjustment of the temperature of milk powder and
milk liquid in the process of calf feeding and improve the accuracy of temperature control of heat
exchanger, a dynamic temperature control technology of heat exchanger was designed by using fuzzy PID
control algorithm. This technology mainly realized the dynamic adjustment of the controlled object (milk
replacer solution) temperature by using PID parameter on-line fuzzy self-tuning and PID temperature
control fuzzy algorithm, so as to ensure that the temperature of milk prepared with milk substitute powder
was controlled within a controllable range of about (37 £1)°C. According to the requirements that the
temperature of milk preparation liquid of milk substitute powder for scientific calf feeding was 38 ~40°C ,
when the temperature of heat exchanger was set to be 42°C and the entering water temperature adjusted to
be 10°C, 15C, 20°C and 25°C respectively, the maximum fluctuation range between the measured
temperature of calf milk level and the preset temperature was only 0. 3°C. The prototype performance test
was carried out on the thermostatic control system of the heat exchanger of the calf feeding device. The
thermostatic control of the hot water in the heat exchanger was set at 42°C , the time was recorded with a
stopwatch and the temperature change was once every 5 min. During the whole test process, the
temperature change range in the heat exchanger was basically controlled within (42 +0.2)°C, and the

average relative error and coefficient of variation of the temperature were small. The temperature control
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of the system was stable, which can meet the practical demand of calves for the temperature of milk

replacer, and realize the rapid response and real-time temperature control of the heat exchanger of the

calf feeding device.

Key words: milk replacer solution; temperature control; calf feeding; fuzzy PID
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Fig. 1  Structure block diagram of calf feeding

control system
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Fig.2 Structure schematic of calf feeding device
LACTUB L3 2 RELBRSE SUBEHERE 4 M S
VRS 6B 7 Mk
1.2 BAIZ|IB[LEIEIT
Aot (K 03) B E AR RS HAT S 7 Tk 2
T 22 SR IR A e AR Sk VT BRI L BIIN BAAS
TG AL SR AR T0°C BRI &% A 85 B B4 B i
f i 5 L BB B e A N HORTR S S g SR
555 A MR B BT ORI RS e AR
PRBEE F A 9 52 220 VIR e 2 N Y i A 22
H PRt 22 G B2 AL 38 25 60 T 9 T 10 B 4 AR B
(RELBYIH) o BT A PSS e 8% 1K B2 380 mm, B
f209 220 mm; Py ER R EROIR I G SR B AR

3 AT i 5 4 A
Fig.3  Architecture of heat exchanger
LA dndbhot 20962 33X 4 NAE B S
WA 6. HepaRIE Sk T IRFRE 8. mInAAR 9. BRI &
S 10.70CHRIRAS  TLOREEMEAE 12, N MiiiReE 130 84
LHeds e 14 RS EE 1S [ 16 BIFE N

9.52 mm BEJE 0.8 mm | 10. 446 m HYH4 , &N
5 kW B A 0.3 m* s 54 H 7 Lo

Sh PR A ) I 2 Y N ) A S e e i A A

B R A R A W A A 2R RO R iR

REAS PR 7 IE W, IR 7 ~ 8 A IR IR Y 8% ~

10% 1) LR, A2 24 ] R AR A2 46 g 75 il A2
Q

A=— 1
KAt (1)
e, —t, |
i Ar=—t (2)
i, -t
In
i, -1,

A A—HAE B, m?

Q— M gn i im kW

K—— AR Z 80, R AL 3. 4 kW/ (m*-C)

Ar—— R FL W W3R 114 3L A A i, C

t,—H AR, C

t,——Hf IR, C

r—H R, C

K% GB 151—1999¢ 4 7 s e 4 2% ) Fh A % 4t
P AR A A R 3 B O L AT A5 2 ARG 4 Y Ab
R ED e R H B A = 0.273 m®, PRk R AT ik F)
5 KW, R B A5 24 ] W S D A O SR, fE bR
e BT AR IR AR B B A% 0 A L 4% 4 e A 4
R E R
1.3 FEFISFEF

= 9 T R A A A I R R R, R
A3 B 52 2 R A SR AR ) 2 ORI B, L M o A
s . 7E RGBT R, i T CPU 75 22 178 6 )
(i) P Acb 38K it 22 R A% BRI , Ol sk T SR AN DR o
Pl mg o [ EE R R (MCU) 7 225z 4k b
037 LI i 4 A B B0 , 13 B 430 6 3508 A 193t
FHE, 2 IESMENER, L T T Cortex —



%3 1

BN S A TRON PID f B2 AU TL R WO IR B P i R g i i 5 il 269

3 3L f4 1y STM32F103VET6 8 F Bl % 2% % 2 J
PSR 1.

%1 STM32F103VET6 2 B Hl &%)

Tab.1 Parameter of STM32F103VET6 single chip
microcomputer
24 B/ w2
A AZAE 42 #F ARM 32 i Cortex — M3

T AR %/ MHz 72 (He )

3 12 (SR A e ] 1 s,

RO 3 2 KESEIE 0 <36 V
D/ A He i % 2 @A 12 i
DMA i #% 12 @il
FE 8%/ A 11
D CAN $:11(2.0B izj;),z/p@fﬁn,
5 4~ USART 43 11,3 /> SPT $11
P AL 2 SR SWD I JTA 5 e izt
HEIE A QFN LQFP BGA 4§ Z Fh : 45 T8 5K, IS A (R 47 P 4ir

A SCB T B R R fe/ 5 o0 N 8] 4
FiR o
1.4 AZMB[REERBFEEF

5 A W73 ) 7 i A SR R A A A PR RS B T

T SR ) W ok A v 4 TR A RS R U B B R AR
K By B B AR 1 AN BT ) R e, % T R
P ) 2B B, AR SO SZ B 1 PR K B 3 M RN 2
P &, e PR B =X A% Ay PT100 ] TARFL K TR
A WA B I RE WS, LA B IR R R A S
Fis o
1.5 BEHEREEIIEE

B ) M RE R IR R B HE R R BTk
AD7124 — 4 B 208008 R AR B HUE — AR DI FE KM
7 BB 4 A% (ADC) |, B 1 05 U8 0 A 0 A
ﬁﬁﬁ%m%ﬁ%%m%ﬁW%ﬁﬁ%ﬁﬁE%
LTINS TN = A S i o (AR S S = g
AD7124 — 4 5 08 B (W3 {5 R SPI Jy =8, PT100
o ) ) I B KR 28t AD7124 — 4 R 25 IR
45 MCU, anl&l 6 iR .
1.6 REBEEFHIEILERE

A A ) WA YU R SR R B ) T AR AR a1 7
PR 4 AD7124 — 4 B0 3 F 88 K 1% AD R4k
g4 I A S e 1 B I DA d F AR D) 4 3 T AR A
HMER AD SR, IF HRE e 0 5 00 I B8 B0 A2 A &2
?M&ﬁﬁﬁﬁ%ﬂL%%Lﬁﬂﬁﬁﬁﬁ%%o

VCC33V

B2 —, (37 = 1) C g feidi e A4 R & I W5 i,
P1 D1 ut
o INO-24VDC N  VDDO-24V) 1 |y SO

I 1N4007 5|

POWER — . ON

il
2 | LM25965-5.0
)

220 uF/35V — = —

FB lt—

IN OUT ﬂ
c5
U2 104
ASM1117-3.3
onp |40
10 uF/l()

U4
. 10 ) pao-wkuP
A01 11
PA1
A02 12 i
A ~ <> PA3
A04 14
PA4
PAS 15
PAS
PAG 6
PAT 177 PAS
< PAT
PAS8 29 o
PA9 3
PA9
PAI0 3l
PA10
PAIL_ 32 of pati
PA12 33 “
Swoio 34 =) PALZ
SWCLE 5751 PAI3ITMS/SWDIO
PATs 35| PAI4/JTCK/SWCLK
———=——="<> PA15/JTDI
T2 3 o1 OSC_IN/PDO
i 0SC_OUT/PD1
Y1 §MHz
1 MQ BOOTO 44 |
C —
c12 c13 BOOTO
= 2 B T Npst
= L | vpar

2 {von_i
VCC33 V}—E VDD_2
VDD_3

vpoA—2 | vDDA

50 L 18 PBO
o0 =19 pBI
PRY/BOOTI k>0 BOOTI
39 B2
PB3/JTDO (=20 B2
PB4/JNTRST
41 TB4
PB5
42 DBS
PB6 |<9>—3 55
PR7
45 CAN_RX
ggg 36 CAN TX
b0 B0 TICSCL
™57 TIC_SDA
PRI1
35 DPBI2
PBI2 [>37
13 Bo26 PR3
P13 =27 1EDI
o142 58 1ED2
PCI3-TAMPER-RTC ro>2—TC13
PC14-0SC32_IN [>a— P01
PC15-08C32_OUT
VSS_1 132
VSS_3
vesa LB qvssa

STM32F103VET6

P4 R /MR B0 L

Fig.4 Minimum control unit circuit of main control chip



270 o Bl ¥ 4 2022 4
600 - 1.7 BEEOBRKIEZIT
007 T REHLAL P 4% 2 SR A RS - 232 7 K8
400 |
ool HRAE. RS —232 5 S (MCU) ) TTL #
& 200] SFARSE B BT DL S A MAX3232 ) 3 L - 1] 9
% ook ki, K 8 ris .
0 -
! 2 PID BEEHMEIRFEEZIT
-200 s : i
0 100 Eﬂzﬁ%og 300 400 2.1 PID iZHIgSHIE
/
% YE 5] By 4 2 2y DY
E5  PTI00 M B 55 5 B 106 & FORH PID i BE$2 il 75 e #EREALA A PID 448 1 2% 94
Fig.5 Relationship between PT100 resistance value %Bﬁéﬂﬁk’/%%:[{/ﬁﬁﬂ" U&%Yﬂﬁg%ﬁ%&%ﬁﬁﬁ
and temperature e &EWE%%’T&% e, Wﬁ*ﬁ*ﬁ?ﬁﬁ?ﬂ %% E/‘J%/\o é’%ﬁ
R4
! hé: 2 ] Ll €10] 1104
1 8 RPN . TOT . .
T SPISCLK 1 [op e DN ig :Ei_xlt:)l o }—“l GND
P3 C11] 104 sp_cs” 3]ak DOUTRDY——
: GND'|‘ = | ST DVDD- |vee_33v
1 10kQ S]10UTI AVDD >
3 iﬁ oo _|c12 S AINI() GNDR “I‘C,\ID [Avee_3.3v
3 S TG {AINI) 100215
4 - AIN2(+)  REFIN(=//AIN3(-) C13) 104 |,
g (H\’D'|‘ ("H} }104 8 IAIN2(<)  REFIN(+)/AIN3(+) = |I-oxD
. AD7793
@ =
3 2 %‘ 1 R7——100Q
R8 C15 zl—1 I
1kQ 0.1%D L ~ DP-1P
o 104
TP4 D RY
4990
0!
IV
GND

F 6 AD7124 —4 %A
Fig. 6 AD7124 —4 circuit wiring diagram

HATADFH, R EIR BRI

)

HRYE L, 5 fE

!

MRIBAE B, AT 2RE

IR, Kk

K7 Bl R iR K
Fig.7 Data acquisition flow chart
A il e X R A B, RO S, 80 T i fe Ak
B, 700453 PID =14 a0 J R, 55 PID F2 4% 9

PER BTN A5 2 52 06 04 4 ol B , J5e ) PID il 2
iz Sk L P, LR sl 25 il s 0 g2 (AL
T80 R R PID IS P A ) BRCER AN P 9 B
2.2 EHXMEEHFENET

5 A AL AT 0% 348 ) i B o, = B o AT
L A% e i 2 A 9 AREL R o bl
Jei s BB Sk B A IR LI il 2 AR R AIR
PRI il 42 1 75 45 2 A0 R B30 B 1 AR AR AT AN
[Fa) B 8], o HE A% 9k 30 30K A A4 TR 5 Ao I ) L BE A
R A AR ) I R R

FEL IR 94 4 S TR A S e i o A v L
LB T, 5 S LN AR G T 1 i 18] A2 4k
PRVKL, 28 TR P4 a5 2 i AR G i T A A e 1 1 3
PREL G(s) M

AT (s) &
G(s) TAT, (s) Ts+1 (3)
K AT, (s) B LM G ) IR AR AL

FASZ e A I B L B 22 B R

AL

AT, (s)



53 3 BRI A T ROM PID A AQ LR W0 B 1 ) R LT 5 A 271

5V coMl
]
o 1 o2 c3 _1l5
] 162 Cl+ yee |16 It _61" 4
syl Cs|[104 | 2 onp L3 104 2 [ o
[ >
i T i Cl- DOUTL ig | ; o
& }‘Sca RINT {1 o
C2- ROUTI (2 T )
e e - ol el
| % DOUT2 DIN2 % _Z_o
S {RIN2 ROUT2 -2 e
M2 —  USART

K8 PC AL 4% A% 1 15 He 1 L%

Fig.8 Communication interface circuit between PC and main controller

TR

K

d|

wowie | K| K

PID s PR R

P9 BRI PID iR AL 4 il 4% S5 2 ]
Fig.9 Schematic of fuzzy PID temperature controller
h—— R G 51
T—— Z Ge I [8] i 5L
3 (3) Fr 45 807 KR Oy i RS A, 55 52 B Y 4
PEXS RAFAE— 2L 2250 . il , e B 22 %) L B 22 B 5
AR R A 325 | R H 22 5 5 ) i 28 T A G B2 Y A A 3 T
U Al JRE B e o S 2 A7 A — 1A A% i I (] D S
B — BLI [A] A RE X T — X &7 AR i, 2 5 I
B HEIR IS IR] 7o O 1 s, PR A B o0 T A v 4 il e
Au(r = 7)) OB Au(r) 22 BEANHERD , X5 N ) 4% 3 ok %L
O Xof 7 1, 5 — T SE IR PR AT L DA A R G e 2 ) KL
SRR AT RIR A

Gls) =—F

e
Ts +1
AT SR Y B X TR & S5

(EREAWIN RS
G(s) =

(4)

2 o
I5s +1

(5)
2.3 PID #=HI2F%T

H T IR AR A ) MR AR S A i N L AR
SRR A DN i A LAY W AR RS 5 i I AT IS
P, DRI FA ST RT3 e 8 25 9 A A TORS B 5 A
WP PR IR 45 ) AR G, PID a8 il 2 2 2 1 9 4
O AR i e R R K, R R T RO R
T, W R SE B R S 3l PR RE M SE itk . AR 3
il BERLR ] Ziegler — Nichols (Z — N) Z U8 Jy
i DR A G 1) 9 R 10 DA — i 15 A B 1Y ] s
TRk BT 2L, PID 5 4 9 2 BOn] #2362 AR HE R
i

®2 Z-NEPIDSHEE
Tab.2 Z — N PID parameter setting

il K, T, T,
P T/(kry)

PI 0.97/ (kry) 37,

PID .27/ (kry) 2.27 0.57,

MR 2 k18 K, =9,T,=2.2,T,=0.5,
2.4 =43 PID #= &l 88 1% it
P A% IR 45 R G PID 55 il B qn (8] 10 JiF

IR o
o -0

K10 PSR ias il i R ST PID 15 ] A8 R

Fig. 10 PID control model of exchanger temperature

control system

A i BE 05 Hd AR B B A iR K 5
SHO K S B A B 10 P68 op ) 1050 1 IR
J¥ 0y 42°C {5 ELF[E] 32 #4800 ms, PID 2 % n] LI
Wit Z - N B ], Ry A R A 11
i

0 160 260 3&0 460 560 6bU 760 860
Fist ] /ms
UL RIS ER R 2E (K, =9, 7, =2.2,T, =0.5)
Fig. 11

Temperature closed loop response curve

(K,=9,T,=2.2,T,=0.5)

F 11 AT ) il £ 400 6 350 0 A 7 i B 4
KIWIR GG, A I 38 3o 76 2638 52 PID S 80T DL AH
X AR E M i e, R R E S8 K, =3,T, =
0.1,7,=0.3,

F A 12 mTA, BROAR iR 5 vk B B A b H R
WEARIR R, T it — 2 X B iR SR AT R S



272 &l #Hl

L

2022 4

60

50
”‘40{[
= 30}

uc)

20}
10}

0 l(l)O 2(I)0 360 4(I)0 5(l)0 660 7(I)0 S(I)O
HiF ] /ms
P12 L REFH R B 2R (K, =3, T, =0. 1,7, =0.3)

Fig. 12 Temperature closed loop response curve

(K,=3,T,=0.1,T,=0.3)

ok K, = 1.5, 7, =0.1,7, =0.3 B, %5 3
K13 fio

50

40

30

/T

20

10

0 l(I)O 260 3(|)0 460 560 660 7(|)0 860
[ ] /ms
Bl 13 R R R R Mk (K, =1.5,7,=0.1,T,=0.3)

Fig. 13 Temperature closed loop response curve

(K,=1.5,T,=0.1,T,=0.3)

il IR R R G (FRFLR W0 it JEE 42 A 40
D ERE AT A, H AL PID Pl S0k mARREMEAE R 2 4L
T 1 i T BE , (E 8 25 R B AL S AN 5, Bk B4
e N AT 8 5E , H 2 RO 38 R 2 , TR 45
X R FEIR UBAE I, 7 2 H TR E PID S HOA RENE A
GUR EH A, FER G BATRE L. I
RSO T 30 0% 5L B8 o 42 ) R e 4 TR i
BRI 42 i 28 Gt , M) A 42 ) L DU 3 O A 2R 18
PID 240, Wyl M 11 48 %2 PID 454 R 5¢, ol LU 5
LR IBOR , 52 DX B 0 4 i 2
2.5 #E# PID £85I 25i& 3t
2.5.1 BB LU S

S (EASEA) PID it 32 2 i 4 B A8 A RE nT 5 M 47 il
B xt g (UL 0380 IR, 7 & BT R4 T AR
I P9 R 42 S 0 DU, AR B 99 5 o8 S g AR 42 o KL )
AT LIRS AR P 1 R BEAT RO o ARl B RS T
YERIUR B Be, 2R Gedn 22 50K, O 1 RV DR i 2R 4 14 T
IO JBE R AU R ) 2R B B e Ry
RN o 28 A IR 4 R G B E
T B I, By 1k 2R 0 I, 75 R 0N ) R B
14 B I3 28 BRIV R H) Bl 20 200 A R 2 4 o &R 4 7
E R PPN SRR A B a8 N - i
FH N BT B AR 2 ] R Oy T Y
T, A o) ) 4 2 W) A o A S8 PR AR PR RE

R 42 S ML DU 3 B T S BR BRAE N BRI
A AT BT T A5 B 00 RO 45 ) 05 ) . AR
PID 42 il i HAR S 280 e (e L U an e 3 ~
S PR, B 2E e HIE Li=1,2, - m| fi 22 B0
e, WIE1j=1,2, - n|, REH 456 & oo
{U =12, m;j=1,2,n}f,

®3 S AK, R 0

Tab.3 Fuzzy control rule of parameter AK,

e

NB NM NS 70 PS PM PB
NB PB PB PM PM NS PM PB
NM PB PB PM PS NS 70 NS
NS PM PM PM PS 70 NS NS
70 PM PM PS 70 PS NM NM
PS PS PS 70 NS PS NM NM
PM PS YA NS NM PM NB NB
PB 70 70 NM NM PM NB NB
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Tab.4 Fuzzy control rule of parameter AK,

e

NB NM NS 70 PS PM PB
NB NB NB NM NM NS 70 70
NM NB NB NM NS NS 70 70

NS NB NM NS NS 70 PS PS
zZ0 NM NM NS 70 PS PM PM
PS NM NS 70 PS PS PM PM

PM 70 70 PS PM PM PB PB
PB 70 70 PS PM PM PB PB
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Tab.5 Fuzzy control rule of parameter AK,

e

NB NM NS 70 PS PM PB
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS 70
NS 70 NS NM NM NS NS 70
Z0 Z0 NS NS NS NS NS 70
PS YA YA YA 70 70 YA 70
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB
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Fig. 16 Temperature closed loop response curve

of fuzzy PID control algorithm
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Tab.6 Temperature acquisition results

AR WEE OAKE oK R
JE/C Whil/s  EE/C RESC E/C i E/C
42 10 25 10 41.5 37.2
42 10 25 15 41.8 37.4
42 10 25 20 42.0 37.4
42 10 25 25 42.2 37.5
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Tab.7 Temperature control data
f5f [] /min 0 5 10 15 20 25 30 35 40 45 50 55 60 65
WHE/C 42.0 42.0 42.1 42.0 42.0 42.0 42.1 42.1 42.0 42.0 42.0 42.0 41.9 41.9
5 [8]/min - 70 75 80 85 90 95 100 105 110 115 120 125 130 135
HE/C 41.9 41.8 41.8 41.9 41.9 42.0 42.1 42.1 42.1 42.2 42.2 42.1 42.1 42.1
i [8] /min 140 145 150 155 160 165 170 175 180 185 190 195 200 205
HE/C 42.0 42.0 42.0 42.0 42.1 42.1 42.0 42.1 42.1 42.0 42.0 42.0 41.9 41.9
B} [E]/min - 210 215 220 225 230 235 240 245 250 255 260 265 270 275
WEE/C 41.8 41.8 41.8 41.9 41.9 42.0 42.0 42.0 41.9 41.9 41.9 42.0 42.0 42.1
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