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VHDL SYNTHESISES OF FUZZY LOGIC TEMPERATURE CONTROLLER

Darwee Khunthakard
Damrongpone Lertpriroonwong
Dr.Somsak  Choomchuay
1996

Abstract

This purpose of our thesis is the application of digital control system design emphasizes
on - PI (Proportional Plus Integral Control ) temperature controlling. Fuzzy Logic Technique is
ernployed in this project to acheive the ease of controllability. Since PI Controlling can not adjust
itself to serve all different circumstances, Fuzzy Logic Technique is implemented to solve this
problem. This system then has the capability of self adjusting when working in different
conditions. VHDL, the hardware description language, is used to synthesize the system . The resuit
obtained is of beneficial not onty to ensure the system functions, but also the VEDL output can be
used to drive available programable hardware such as FPGA.
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1N 3

H1¥1 VHDL

»
unilazuuziihdszidnanudiuanetiaden veen 111 VADL( VHSIC Hardware

Description Language )

3.1 #1¥1 VHDL

VHDL 8319111131 VHSIC Hardware Description Language( VHSIC 8311910 Very
High Speed Integrated Circuit ) Husmnneufauaed 5:%&1&( High Level Language )
Fl¥esvemshausesssrudyay ansalFesuofeansumsyiandnaieg
T2AU A ssRuRe NN T IR s NN RIS Fe B s IAT 0
x"?Jw‘lﬁﬁ’amiszﬁmwsm"nﬂsznauﬁunusﬂuswuﬁﬁuymﬁ JulvuYe NIl VEDL e
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3.3 ANUEUITOUBIAY VHDL ( CAPABILITY )
ﬁaﬂaﬁaﬁa'lﬂffﬁammmmsnﬂﬁnq YBIAINTH1 VHDL
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3.3.9 71y1 VEDL avjuayugiuuunsifowdls 3 31uuy 14un Behavioral Style,
Structural Style, Dataflow Style #3881%1 soiTrusuiuT 3 suluvy (Mix
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.3.3.14 GENERICS yaulfistenuisnead1s Parameter 903029%hn 1300000y
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3.3.17 Model flad1sSuamisniinsamsien i msiziwailaniniéase
aeu' 130N 38194 1Y Simulation Semantics 13824

3.3.18 11583018 Model §34 Behavioral Style uisadaunsiz# lhiluseduises

i I8 §191@ N9 e Synthesis Guideline
3.3.19 Sarwmuisad Wisesnuuudeyayilalmia 1§ ¥ ¥ VEDL Model iflu

o = 1 o 1 o : y )
msssnuuy luszaugen uidesshifisdeiezadiada Model utiuntidedsls

3.4 A3 INWITIUNIIEBRULDIAa MY VHDL

M < " v 4
Funsulumsesnuuusiumutsousaas Idda Teladnfadagfi 3.1
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RTL VHDL
Source

h 4

RT
Simulation
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|
| t
l l
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Gate-Level
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g1 3.1 szfivuFluniseenuun 1ayld Hardware Description Language

3.5 wannsahaliaalaalf a1 VHDL ( General VHDL Modeling Principles )
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;zumf@swmﬁ%‘a CEA I LTTERTTR R e q?aag“lugﬂﬂaauwuﬁaqﬂﬂmi ( Component
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vJeuvuiienou ffie 1119111500810 Product Idea, Product Proposal, Product
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3.5.5.1 1T 18 ( Easy To Understand )

3.5.1.2 ransoud 1 144918 ( Modificable )
mudilai®deiiylse Towdde tnsh I8Feinamiudufinedo 181y Code #1800
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MU I
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@ Top Down Design

® Modularity

® Abstraction

® Information Hiding

® Uniformity
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3.5.2 Top Down Design
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dBanis fiauﬁﬂzmmsaanuuu‘lﬁ'azzﬁuaﬁnm'lﬂ“lmfuﬂawia‘h] nrsuf tulu
Fiasudvriidaamifioniims it lussvesmsimnlussdvaii
Silicon Chip
3.5.3 Modularity
Modularity fisnannialuntsuvnsan ( Partitioning ) 8150143 Sooniiudaudondng
adldFalngnsvitauesa iaus fdanInadeslszneudism faua idaudesn asly 9
JerssERuInMRarLALregiugl iRud ( Flatten Design ) wdannt zdnesnidudau
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18 Tm0 Module ¥893Ha ( A¥10 Function #38 Procedure ) Fauaasnaviauvessiude oy
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yazwaenisyinnudle
#1131 VEDL 15ene184/188 Language Building Block Seulszneuliéan 75
Reserved Word Li@£3101N131 200 Combination Words
3.5.4 Abstraction
frilvvessvuuinzesnuuy wwetuunhnuveszuInAd e
Sehu e ssuniuetls ndnmsfdnanduiufedaindsatundnms
Modularity
Sn3EnInilsuanatanIeSutsnisviuvesssuy Inold VEDL Tunaiuq
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38 Control Line iiemnsainaganla livwaves DATA Tavhidesfndedymanay -
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sanuuudioasntsud 1vlaon1s 19 se Tunives Abstraction
3.5.5 Information Hiding

dosininfsusieduuuyvesni VEDL Sunniftessinonisvhauues
g1 faunfanis v fusetideantsveusvasBuanT s a1 Module 11’14‘1 Taolsi
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i ldmaweulvuesfesnuuvaute i ludaufidwennnd ludaudi bishaulvesseuly
uazitne i1g i Ao Fanuwes Nand Gate Wusgnilatiuer Ivinnufidouesui Fip-
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wwnfuntluesisls Tao Nand Gate snsaifuuduanudaney Indify 1 Library bl
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3.6 seeiuUsINITBE T U ( Level of Abstraction )

meenuuy Iaul¥niu VEDL Description Eslnmussdusas ssaufimunauiny
2o vamyludeglunyvesns VEDL 43 sydudail

3.6.1 Behavioral Description

3.6.2 Dataflow Description

3.6.3 Structural Description

3.6.1 Behavioral Description
v A =) - de a
Suszuftidhnnusssufiga Tava vEDL duiizluuydidlumsesuy
MsveueesssuLndien fullsunsuneuRames Ao il Procedural Form Lag
A 1 1 g
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3.6.2 Dataflow Description
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3.6.3 Structural Description
a & ; a A 1 []
Slumsesuwariaunlussdudnn Tnvefusfaimniendeginsdiusias
A 4 A 4 o y L A & 1 A
faefi gy uuTun sedviifuszdundunsied A asfiqanazuaas
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sz avesszuy ifunndiae s lsfamais VEDL luszauiieduny
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& < < 4 - d i«
1ngif 4.1.1 uerasdstunsnlunisesnuuy Feegmudi In1sas99ey uas
{ A s o v )
Simulation ifluszvziNeNnzyh s sheenuuuiiniugndes uazdwdenaud lunandii
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System  definition «

y

Functional design “

Functional simulation

Module design

A

Logic / analogue simulation

y

Clreuft  design

r

Circuit  simulation

y

Layout <

Design rule check

y

Validation and simulation

y

Fabricatlon

4

Does it work ?

v v
11 4.1.1 HoAITUABINTBUYBINTBBNKRLY
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Debugging

Design

» Complexity

51 4.1.2 AndduRuFszRI19 Effort 11 Complexity
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Package 1Hundn
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2.3 Circuit Level
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10310 5.1 semiudt dusteemidensusioTeuuuuila ¢ Close Loop Transfer
1 ° A 1 o
Function ) vos5zuusa iulydreudredivin desvins lamnsonsiudafedsu
a1ulauve93933 DAC ( Digital to Analog Converter ), ADC ( Analog to Digital Converter ),
¥
. v o 'S ] d ar
Thermal System, Sensor, Fuzzy Algorithm ATUU UM I UAm Kp, K neeinuuados
o 4 9 f} o a o 4 o
Mnvedszuviu Swweuilumsvhuuuassraasgniulees sunaunsoiialay 1§
R . o 4 = 3 ] a yd ° [
15 Simulation lunsuNses HemaimuIzauss U ualuRfinsedinisdinuanm K,

4 1 4 1 A ) Qs 1 LY ]
K, Junneu welfifluriinilfassinassgn dvzaandaluiadede 1yl

5.1 FUZZIFICATION OF INPUT
a = LY IA = A
1319241 Input Temperature ( mmazsem‘lumnﬂagﬂ 0.1 BsrruvaLye ) 1 1dan
#1711 Degree of Membership 1n815192711n1341/a4 Input Terperature 1 u8UNN 84 Fuzzy
Logic System 18 2 71 Ai®
1. Error Temperature E(t) = Set Temp - T(t)
'2. Change of Error Temperature AE = E@®-Et1)

<

Tauh

ad s
Set Temp = gUNUNAT 13

T = qmmﬁ'lwmz‘tfu

E(®) = i1 Error Iuilvgiiu

E(t-1) = f1 Beror iounthiy

AE = i Change Error Temperature

vindautls B uaz AR asndradhedu 1919e 191814 Fuzzy Input Wiueau
Fuzzification iien 1Ay seing K, K, Wimngay awmsvinuludazanny e
E@® uaz AE du flemafeednlydmuanuasiiay @eﬁﬁﬁmswq"lﬁ'ﬁﬂzzﬁu’h f1
E() waz AE fifluny sxfisdusedng K., K, indiourfusi1 E¢) uaz AE Aududud
Fuuan msw:hfhﬁ'uﬂizﬁwi?'KP, K, éﬂztﬁuﬁaﬁmuﬂmmﬁﬂumsﬂ‘hﬁjﬁm'w Steady
State (11137 TuMS Fuzzification 13183 lideserulunisamnuves E@ uaz AE vnlvida

P ' LY
11l 59192 199171 Membership Function fiesdiafie [E)| uay |AE|
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Tovindaudlsduyniisaeedail [E@)| oz |AB| sweashuuSeudounsivaa
dumndnfirmuaduuines fagUfl 5.1.1 (n) wae 5.1.1 () Fansmnanndumnsnie
fi‘muﬂi?’uuﬂﬂumﬁvﬂﬂuﬁmn1:uazmmivmwm’]’luﬂ1sxé‘anmqmmﬁ udundes
Ay ﬂi’nnst&uﬁamé’mﬁ'm'Jmflm?amnﬁqﬂ Tneiigifl 5.1.1 (n) szifungio
AatuduasnBnues Error Temperature tiae 311 5.1.1 () sillunsmanniivansnves
Change of Error 'femperature

Degree of
4 membership

| | { i { M IE(t)!

0.2 0.4 0608 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 256 (Celsius)

e

31‘# S.1.1 (®) o Membership 984 lE(t)l
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Degres of
4 membership
Large
10 T+ Medium
0.9 -
0.8 L\ Zero
0.7 S
0.6 —+
0.5 —+
04 —
0.3 ——
0.2 L
0.1 4
oG ICGI NN, S\ 2= |
0.2 04 0608 1.0 1.2 1.4 1.6 1.8 (Celsius)
311 5.1.1 (@) 1 Membership ¥04 |AZ]
Rule Evaluation
ﬁ]!]ﬁ‘ﬁ 5.1.1 451A9 Fuzzy IF-THEN Rule
[E®)| |AE| K, K, STATUS
1 ZERO ZERO 20 12 A
2 ZERO MEDIUM 20 12 A
3 ZERO LARGE 16 10 B
4 MEDIUM ZERO 16 10 B
5 MEDIUM MEDIUM 20 10 c
6 MEDIUM LARGE 20 10 C
7 LARGE Any Value 24 8 D
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1.4 [E)| uas |JAE| mrhuftfausuam

2. i Wiymenuaiiy teger

3. MK, Kpﬂzsﬂﬁuu‘lﬂwé'am flu

4. 1ii® Error Sigaal 3N K /K, o annimsszmudannaunu

5. Lﬁﬂ Error Signal Léﬂ;ﬁﬂad KK ﬂxaﬂmxﬂiaaﬂ Overshoot

6. {18 Error Sigual Yoy K /K, wefisunniieiunamla ( Seasitvity )

msfsssngfiaeld Teverdurimmusivenngnvesdaus Aldvinns
nffoufivue Fuzzy mput Sunsmanudiuesnsndudadmuenawduengusazng
Taue1HumMANAYB4A NG Smallest 53 131962441)5 Fuzzy Input ¥ 260 Tusaudonvie
Error L@ Changs of Error @1 Fuzzy TF-THEN Rule A9A1151991 5.1.1

M9 5.1.1 Suswadnififannudazdeuvieusiacda Sewuesied

5.1.2

A15197 5.1.2 A3 19UAAIANA N

STATUS ( TEMPERATURE ) ASSIGNED VALUE

B 2
c 3
D 4

5.2 DEFUZZIFICATION OF OUTPUT
8 < d . v 2d M S S
duduneuiiuemadnif Ie1nduneu Rules Evaluation 1NoM1R1183 Fuzzy
4 4 , =l = ' ¥ d ' = o
Output FudleymafTvuisumimngsdieg uda wmu 1§ Sfinsdnssungnimoy
° 4 ° a o .t
Au udainfivenglangnilanlferihildwansmugussuuianan 1d Seldhnuemn
1 1 A 2 .
vaanga1e mAue vy 1Flum smaugulaslFmasnauuy Center of Gravity
° v & ' d v Y o L o
fwrnwainisenin Inumtvesgaguinisdhniudulsmusmiyn lduaasdeaiei

5.1.2
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15193 5.2.1 AT UARAIANBNHNTINNSAHIBLTAY Fuzzy Rules

IAE| | o 01 |02 |03 |04 |05 |06 |07 {08 |09 |210
|ECf
0 1 1 1 1 1 1 1.5 {15 |15 |15 | 2
01 | 1 1 1 1 1 1 15 |15 {15 |15 | 2
02 | 1 1 1 1 1 1 15 |15 |15 |15 | 2
03 | 1 1 1 1 1 1 15 | 15 |15 |15 | 2
04 | 1 1 1 1 1 1 1.5 |15 |15 |15 | 2
05 | 1 1 ! 1 1 1 15 |15 |15 |15 | 2
06 | 15 [175 | 2 2 2 2 | 225 | 225 | 225 | 225 | 25
07 | 15 |175 | 2 2 2 2 | 2251 225|225 | 225 | 25
0.8 |15 |[175 | 2 2 2 2 | 225 225225 | 225 25
09 | 15 {175 | 2 2 2 2 | 225 | 225 | 225 | 225 | 25
1.0 |11 2.2 Ep 3 3 3 gLl 3 3 3
L1 | 2 25 | 3 3 3 3 3 3 3 3 3
1.2 | t\ P25 <C$ 3 3 3 3 3 3 3 3
13 | 2 25 | 3 3 3 3 3 3 3 3 3
1.4 | 2 25 | 3 3 3 3 3 3 3 3 3
L5 | 2 25 | 3 3 3 3 3 3 3 3 3
1.6 | 3 325 | 35 |35 |35 |35 |35 |35 |35 |35 |35
.7 | 3 325 | 35 |35 |35 |35 |35 |35 |35 |35 |35
18 | 3 325 135 |35 |35 |35 |35 |35 |35 |35 |35
19 | 3 325135 |35 |35 |35 |35 |35 |35 |35 |35
20| 4 4 4 4 4 4 4 4 4 4 4

> P! o o o 1
#3391nN157 18¥11n 1561128813 Rule Evaluation 1#&2¥110151191 Center of Gravity

LA 01T NA1 513984 Fuzzy Output U1 Exror UAY Change of Error @137 Ida

A15197 5.2.1
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A & [ . . [ b o
o' 1&nadnF11nn1991 Defuzzification udafiee lds1vsanisiuimesninlugy
A 5 yﬂl 1 -
489 Fuzzy Output $9R1984 Fuzzy Output 1164 iauisald 15 lunsnivgugamqilidlag
[} ' A o { ] Q’I’ a
Asased st NI IUnIsAveYin TSI SouiA1999 Fuzzy Output Wusanseih 1141y
& o o 1 4 aq da o ! <t a Yy o
nsnunuATeinigu Id#TEn13Afe 1wl Fuzzy Output TilToudoufumsid
4 v v W 1 ' 1 . 4
5.2.2 Fufuruaun1sndututunisnia Fuzzy nput ievianiuzean K, uas K, dield
° A ' Y a o & v a o
&2 Y51/ uuA Fuzzy Output Idiflumdudsedns K,, K, e Idduilsedniues
d L .
sz 1871 Error Temperature 1% Change of Error Temperature #1194 AAA T1UA1519N

5.2.3

H 1 L4 .7 v 1 L o G/
A11197 5.2.2 UAAIMIAIUFNRUFUDS Fuzzy Output fiustdulssini K, K,

FUZZY OUTPUT STATUS K, X)
0.0-1.4 A (20,12)
1.5-2.4 B (16,10)
2.5-3.4 @ (20,10)
3.5-4.0 D (24,8)

A ' A ' 4 o '
VINUVUABUATIN 'ﬂﬂﬁ'niﬂ{l"Nﬁu VL VOUAAINTINIAT Fuzzy Output 1“81;1119\']8{”\1

1 g7 a1 [y :{
1 a1 Tasluseunsnis s sauuan1eee Asll

Set Temperature = 32.7C
T(®) = 31.0C
T(t-1) = 329C

y ¥
drumarlidigduney Fuzzfication ulaufiu Fuzzy Input v¢idem

Error Temperature (E()| = | Set- T() |
= 32.7-31.0
=17

Change of Error Temperature| = [E(D) - EGt-1)|
= |1.74-02)]

1.9
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0.1

e [E®] une |AE[ T Degree of Membership 11nASTHZLA 5.1.1 (7) uae
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0.6

0.7

0.8

0.9
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1.8
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a1y

5.1.1(v) 1y
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Degree of i
4 membership !

Medium

, | . ‘ E(t) I
0.2 04 06038 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6 (Celsius)

311 52.1 () uaRaN13M1A11 Membership Function # [E(t)] = 1.7

1.0
0.9
0.8
0.7
0.6
0.5

04
0.3

0.2
0.1

Degres of
4 membership

Large

Medium

Zero

|
|
I
l
|
|
I
I
l
|
I
l
|
|
|
l
J

iy | |

I
A I R R R S B
0.2 04 0608 1.0 1.2 1.4 1.6 1.8 2.0 (Celsius)

310 5.2.1 (W) ueRINTIM 19T Membership Function i |AE | = 1.5
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LEAIMSNIA Degres of Membership 499 E(®) uaz AE# [E®)| = 17 uns |AE| =
1.9 Ay

vnasheiudie [E®| vy 1z lidan s Medium uag Large fifi
Membership 1111 0.25 w31 Large Lazii1fy 0.6 71 Medium efaus|AE| = 1.9 vlda
n51¥ Large A Membership Function M1} 1 del@rumdiiuga 15792199 Smallest M1F1
Aaumungy Ae

1 ([E®]AE])

min { )L [E®] ), P C(|AE])]
= 025
o & 4 ) a v 4
ndenniiuney ldgmaed 5.1.1 1enIngves Fuzzy Rule Aieandestuilenly
a o g 1 < 4 oa S Y ﬂ o W
maduyninn g wiiudneaeandeangh 6 uaz 7 Falrnhwingu 3 uay 4 amdny

¥
1§21 R30I IUIBUILY Center of Gravity TAulgAs

2 x Un)
In="t———

>

=1

=S
Jauh In = Result of Centroid Method

Hn = Degree of Membership
Un = Status from IF-THEN Rules

_ (025x4)+(025x3)
T (025+025)
= 35

<4 - w o 4 o o d, { v
Fofusitasstumsied 5.2.1 saedlehmisa i s Ssudvusumned
' P @ 1
5.2.2 92 1@R184 Fuzzy Outputfie D (K, =24, K,=8) Sansaturlumaad 5,23 4 [E®|
[l t 4 P Py °
= 1.7 unz |AE| > 1.0 daumsniei1 Fuzzy Output 9 figaungildun flez Idlnhusadv:

¥

113!
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1 s
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ors |-, SIGNAL
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opiz 2.
or 13 2.
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L 37,
OP 16 .

' o
311 6.1 uAIssTidBINs
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uhaesdeanistugy 6.1 4 dabifinvazBoafivanefivit lilafulauniv

o & o v a
vEDL I8 a1 Sedesdinssenuuuas i lusisazBoanioly Fazh W idsesdgla

6.2

6.1 IuaUAUATUBIA ( SCAN KEYBOARD )

RESET
FROM ————— < INC O POWER —— &
KEYBOARD ————— DEC < CLKZ p——

———» POWER CLK e

S7 S6 85 $4 S3 82 81 g0

~
TO
SCAN DISPLAY

s 6.3 jUdwdunufiiuein

1 4’ v 1 Ad 4 1 A
Tuduflezsumfiduedang 4 uuy e
a P A, a
Ne Wuadnan fiiudgemgd
- A ' a
-DEC Wuainghlfannigamgil
.-POWER lilla-Unszuy
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Vz = Shunt regulator voltage

AT = Temperature span (Kelvin )

To = Temperature for zero output (Kelvin)
Vo = Full scale output voltage <10V

Io = Current through R1,R2,R3 at zero voltage

( Typically 100uA to 1.0mA)
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package spac rom is
subtype srom_word is bit_vector(7 downto 0);
type srom_table is array(20 to 40) of srom_word;

constant s_rom : srom_table ;= srom_table'(

"00010100", = — termp =20
"00011110", —temp=21
"00101000", —temp=22

"00110010°,  —temp =23

"00111100", — temp = 24
"01000110",  — temp = 25
"01010000°, — temp = 26
"01011010",  — temp = 27
"01100100",  — temp = 28
"01101110", — temp =29
"01111000, — temp =30

"10000010",  —temp = 31



“10001100", - temp=32
"10010110", -—-temp=33
"10100000", - terp =34
"10101010"%, - temp =35
"10110100", ~—temp=36
“10111110", --temp =137
"11001000", --temp =38
"11010010*, --temp =39
"11011100"); — temp =40
end spac_rom;
use work.spac_rom.all;
entity newsck is
port(clk,cik2,inc,dec,reset,power : in bit;
o_power : out bit;
s : out bit_vector(7 downto 0));
end newsck;
architecture newsck of newsck is
type state_type is (a,b,c,d,e,f,g.h);
signal current state,next state : state_type;
signal count : integer range 20 to 40;
begin
first : process(clk,clk2)
begin
if (cik'event)and(clk = '1') then
current_state <= next_state;
elsif (clk2'event)and(clk2 = '0') then
s <=s_rom(count);
end if}
end process;

secound : process{current_state,power,reset,inc,dec)



variable count var : integer range 20 to 40;
begin
case current_state is
when a =>
if (power = '0') then
next state <=b;
elsif (power = '1")and(reset = '0') then
next state <=e¢;
elsif (power = '1)and(reset = '1")and(inc = '0') then
next _state <=
elsif (power = '1")and(reset = '10and(inc = '1)and(dec = '0') then
next _state <=h;
elsif (power = '1")and(reset = '1')and(inc = '1)and(dec ='1') then
next state <= g;
end if}
when b =>
o_power <="'0Y
if (power = '0') then
next_state <= b;
elsif (power = ‘1) then
next_state <= ¢
end if;
when ¢ =>
if (power = '1') then
next state <= ¢;
elsif (power = '0") then
next state <=d;
end if}
when d =>

o_power <="'1";



count_var := 25;
count <= 25;
if (power ='0") then
next state <=4,
elsif (power = '1") then
next state <=a;
end if}
when e =>
count_var := 25;
count <= 25;
if (power = '0") then
next state <= b;
elsif (po;/ver = '1"and(reset = '0") then
next state <= ¢;
elsif (power = '1")and(reset ='1') then
next_state <= g
end if}
when { =>
if (count_var = 40) then
else
count_var := count_var + 1;
count <= count var;
end if;
next state <= g;
when g =>
if (power = '0") then
next_state <= b;
elsif (power = '1")and(reset = '0') then
next state <=e;

elsif (power = '1")and(reset = '1') then



if (inc = '1")and(dec = '1') then
next _state <= a;
else
next state <=g
end if;
end if;
when h =>
if (count_var = 20) then
else
count_var = count var - 1;
count <= count_var;
end if}
next state <= g
end case;
end process;
end newsck;
configuration scank con of newsck s
for newsck
end for;

end scank _con;
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entity scandi is
port(clkl,power : in bit;
s,b : in bit_vector(7 downto 0);
sd. : out bit_vector(7 downto 0);
de : out bit_vector(2 downto 0));
end scandi;.
architecture: scandi-of scandi is‘
type display is
record. <0 : bit vector(7 downto 0);
¢l : bit_vector(7 downto 0);
¢2 : bit_vector(7 downto 0);
end record;
type state type is (cc0,ccl,ce2,0¢3,cc4);
signal current state,next state: state_type;
signal s_show,b_show : display;
function bedto7(op : ‘integer range 0 to 20)
return  bit_vector is
variable sev_7segment : bit_vector(7 downto 0);
begim
case op is
when 0 =>
sev_7segment = ('0','0",'1,'1",'1,'1,'1)! 1%;
when 1 =>
sev_7segment = ('0','0,'0','0",'0%,'1%,'1','0");
when 2 =>
sev_7segment := ('0,'1,'0,'1",'1",'0,'1",'1";

when 3 =>



sev_7segment = ('0,'1,'0,'0','1,'1,'1','1");
when 4 =>
sev_7segment = (*04,'1','1','0",'0','1",'1",'0");
when 5§ =>
sev_7segment := ('0,'1','1%,'0','1%,'1,'0,'1");
when 6 =>
sev_7segment := (*04,'1','1,'1,'1",'1,'0','1");
when 7 =>
sev_7segment = ('0','0','0",'0,'0",'1",'1",'1");
when 8 =>
sev_7segment = ('0','1,'1",'1",'1','1,'1",'1");
when 9 =>
sev_7segment := ('0','1,'1,'0','1,'1","1%,'1";
when others =>
sev_7segment := ('0','0','0,'0','0','0','0,'0");
end case;
return sev_7segment;
end bedto7;
function hexto7 3(sb : bit_vector)
return  display is
variable sev_23segment : display;
variable buf : bit_vector(7 downto 0);
variable high,mmid low,carry,oh,om,ol : integer range 0 to 20;
begin
ol:=0;
o = 0;
oh = 0;
foriin O to 7 loop

caseiis
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when 0 =>
high = O;mid = O;low := 1;
when 1 =>
high = O;mid = Ojlow := 2;
when 2 =>
high = O;mid = Q;low = 4;
when 3 =>
high = 0;mid = O;low = §;
when 4 =>
high = 0;mid = 1;low = 6;
when § =>
high = O;mid := 3;low = 2;
when 6 =>
high := O;mid = 6;low = 4;
when 7 =>
high = 1;mid = 2;low = 8;
when others =>
high = 0;mid = O;low = 0;
end case;
if (sb(i) = '1') then
ol := ol+low;
if (ol >= 19) then
ol = ol-10;
carry =1
else
carry = 0;
end if;
om = om+mid+carry;

if (om >=10) then



end

begin
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om:=om-10;

carry = 1;
else

carry = 0;
end if;

oh ;= oh+high+carry;
end if;
end loop;
om := om+8;
if (om >= 10) therr

ot = om-10;

oh := oh+2;
else

oh = oh+l;
end if;

buf = bedto7(oh);
sev_23segment.cO := buf
buf := bedto?(om);
sev_23segment.cl = buf}
buf = bedto7(ol);
sev-_23segment.c2 = buf;
return sev_23segments

hexto7_3;

combine_show : process(clk1,power,current_state,s show,b_show)

begin

if (clk1'event)and(cikl = '1') then
s_show <= hexto7_3(s);

b_show <= hexto7_3(b);
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current_state <= E,it_fstatf;
elsif (clkl’event)and(c‘lk'l ='0") therr
if (power ='1") th;n
case current state is
when ¢c0 =>
sd <= b_show.c0;
de <="000",
next_state <= ccl;
when ccl =>
sd <= b_show.cl;
de <= "001";
next state <= cc2;
when ccZ =>
sd <= b_show.c2;
de<="010";
next_state <= cc3;
when ¢c3 =>
sd <=s_show.c0;
de <="011",
next state <= cc4;
when cc4 =>
sd <=s_show.cl;
dc<="100%
next state <= ccl;
end case;
else sd <= "00000000";
end if;
end if}

end process;
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end scandi;

configuration scand. con of scandi is
for scandi
end for;

end scand_con;

w3 Tilsunsua1u BUFFER TEMPERATURE

797 B3 usmIm TV 1 BUFFER TEMPERATURE

Yisunsua1% BUFFER TEMPERATURE

entity buff is
port(clk2 : in bit;
t : in bit_vector(7 downto 0);
b : out bit_vector(7 downto 0));
end buff;
architecture buff of buff is
begin
process(clk2)
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begin
if (clk2'event)and(clk2 = '0') then
b<=t;
end if,
end process;
end buff;
configuratior buff_con of buff'is
for buff
end for;

end buff con;

#.4 Tdsunsuadau FUZZY ALGORITHM

START

POSITIVE LT

DGE CLK1 ?

YES

E9~S-8B

Ef9 EN-1) En-9- €@

IGET Kp , Xi FROM|"
TABLE BY

lemi, fowr_cml

Jift w4 uemsmsYhIUYeIEIU FUZZY ALGORITEM



H-15

Tilsupsuaivauny
library ieee;
use ieee.exemplar.all;
package pac_sub- is
functior add_sub(lr : bit_vector; add.: boolean)
returr  bit”_vector;
end  pac_sub;
package body pac_sub is
function add sub(Lr: bit vector; add: boolean)
reture bit_vector is ‘
variable: result : bit_vector(Ileft+1 downto 0);
variable trun_result: bit_vector(lleft downto 0);
begin
if add then --+ operation
result := add2(Lr);
if (I(1eft) = '0Mand(r(r'left) = '0') then -- check + overflow
if (result(l'left) = '1') then
for iin 0 to (Mefi-1) loop - + overflow
trun_result(i) = "'1%
end loop;
trun_result(lleft) := ‘0%
else
trun_result := extend2(result,!length);
end if;
elsif (I(Meft) = '1)and(r(r'left) = '1') then — check - overflow
if (result(l'left) = '0") then
foriin 0 to (eft-1) loop — - overflow
trun,_result(i) = 0%
end loop;
trun_result(lleft) :="1}
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else
trum result := extend2(result,llength);
end if}
else
trun_result = extend2(result,Ilength);
end if;
else
result == sub2(L,r); — - operation
if (I('eft) = '0Nand(r(rleft) ='1") then — check + overflow
if (result(lleft) = '1') then
foriin O to (Ieft-1) loop --+ overflow
trun_resutt(i) == '1";
end loop;
trun_result(lleft) == '0'
else ‘
trun_result := extend2(result,length);
end if;
elsif ((1eft) = '1Vand(r(r'left) = '0%) then -- check - overflow
if (result(lleft)-= '0") then
foriin 0 to (Ieft-1) loop - - overflow
trun_result(i) = '0'
end loop;
trun_result(lleft) =="'1%
else
trun_result = extend2(result,length);
end if;
else
trun_result == extendé(resﬂf,l‘lengﬁ:);
end if;
end if}



return trun_result;
end. add sub;
end pac: sub;
use work.pac. sub.all;
entity subtrac. is
port(ad_su: in boolean;
3,b : in bit_vector(16 downto 0);
result : out bit_vector(16 downto 0));
end subtrac;
architecture. subtrac of subtrac is
begim
result <= add_sub(s,b,ad_su);
end subtrac;
configuration sub_con of subtrac is
for subtrac
end. for;

end sub_coﬁ;

Tilsunsua1u SHIFT REGISTER

entity z_delay s
port{cikl : in bit
data.: in bit_vector(16 downto 0);
data 1: out.bit_vector(16 downto 0));
end z_delay;
architecture z delay of z_delay is
begm
process(clk1)
begin
if (clicl'eventyand(cik1 = '0") then.
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data 1 <= data;
end if}
end process;
end z_delay;
configuration z_con of z_delay is
for z_delay
end fory

end z_con;

W-18

TilsunsuaIu ABSOLUTE VALUE.

library iees;
use ieee.exemplar.all;

" entity abs_t is

port(non_abs : in bit_vector(16 downto 0);

abs_v: out bit_vector(16 downto 0));

end. abs .
architecture abs_t of abs_tis
begin
process(non_abs)
begin
if (non_abs(16) ='1') then
abs_v <= comp2(non_abs);
else
abs_v <= non_abs;
end if;
end process;
end abs_t;
configuration abs_con of abs_t is

for abs_t
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end for;

end abs con;
Tilsunsuauiiduaise Kp, Ki

packagekp ki is

subtype int255-is integer range 0 to 255;

type  two_dimkp is array (0 to 20,0 to 10) of integer range 0 to 24;

type  two_dimki is array (0 to 20,0 to 10) of integer range 0 to 12:

constant table: kp: two_dimkp :=

((20,20,20,20,20,20,16,16,16,16;16),
(20,20,20,20,20,20,16,16, 16,16,16),
(20,20,20,20,20,20,16,16,16,16,16),
(20,20,20,20,20,20,16,16,16,16,16),
(20,20,20,20,20,20,16,16,16,16,16),
(20,20,20,20,20,20,16, 16, 16,16,16),
(16,16,16,16,16,16,16,16,16,16,20),
(16,16,16,16,16,16,16,16,16,16,20),
(16,16,16,16,16,16,16, 16, 16,16,20),
(16,16,16,16,16,16,16,16,16,16,20);
(16,20,20,20,20,20,20,20,20,20,20),
(16,20,20,20,20,20,20,20,20,20,20),
(16,20,20,20,20,20,20,20,20,20,20),
(16,20,20,20,20,20,20,20,20,20,20),
(16,20,20,20,20,20,20,20,20,20,20),
( 16,20,20,20,20,20,20,20,20,20,20),
(20,20,24,24,24,24,24,24,24,24,24),
(20,20,24,24,24,24,24,24,24,24,24),
(20,20,24,24,24,24,24,24,24,24,24),
(20,20,24,24,24,24,24,24,24,24,24),
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(24,24,24,24,24,24,24,24,24,24,24));
constant table ki : two_dimki =
((12,12,12,12,12,12,10,10, 10,10,10),
(12,12,12,12,12,12,10,10,10,10,10),
(12,12,12,12,12,12,10,10, 10,10,10),
(12,12,12,12,12,12,10, 10,10,10,10),
(12,12,12,12,12,12,10,10,10,10,10),
(12,12,12,12,12,12,10,10,10,10,10),
(10,10,10,10,10,10,10,10,10,10,10),
(10,10,10,10,10,10,10, 10,10,10,10),
(10,10,10,10,10,10,10,10,10,10,10),
(10,10,10,10,10,10,10,10,10,10,10),
(10,10,10,10,10,10,10, 10,10,10,10),
(10,10,10,10,10,10,10,10,10,10,10),
(10,10, 10; 16, 10,10,10,10,10,10,10),
(10,10,10,10,10,10,10,10,10,10,10),
(10,10,10,10,10,10,10,10, 10,10, 10),
(10, ll'j,lO,10,10,10,10,10,10,10,10),
(10,10.,8,8,8,8,8,8,8,8,8),
(10,10,8,8,8,8,8,8,8,8,8),
(10,10,8,8,8,8,8,8,8,8,8),
(10,10,3,8,8,8,8,8,8,8,8),
(8,8,8,8,8,8,8,8,8,8,8));
functionsend_kp(table_kpp : integer range 0 to 24)
return  bit_vector;
functionsend _ki(table kii : integer range 0 to 12)
return bit_vector;
function hex_decimal(sev_bit : bit_vector)
return  int255;

end kp ki;
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package. body kp d is
function send. kp(table: kpp : integer range 0 to 24)
refarm  bit vector is
begin
case. table. kpp is
when: 16 =>
return ('1,'0,'0%,'0,'0");
when 20 =>
return ('1,'0','1%,'0%,'0");
whenr 24 =>
return ('1','1.,'0,'0','0");
when others =>
return  ('0','0','0,'0,'0");
end case;
end send_kp;
function send. ki(table kii : integer range 0 to 12)
returr  bit_vector is
begin
case table kii is
when 8 =>
return ('14,'0,'0%,'0";
whenr 10 =>
returr ('14,'0','1,'0");
when 12 =
return ('1,'1,'04,'0");
when others =>
return  (*0%,'0','0%,'0");
end case;

end send ki;



functionhex_decimal(sev_bit : bit. vector)
returr  int255 is
variable result,temp : int255;
begin
result == 6;
foriin0to 7 loop
caseiis
when 0 =>
terap = 1;
whenr 1 =>
temp = 2;
when 2 =>
temp = 4;
when 3 =>
temp = 8;
when 4 =>
temp = 16;
when 5 =>
temp = 32;.
when 6 =>
termp = 64;
when 7 =>
temp = 128;
end case;
if (sev_bit(i) = '1') then:
result := result + temp;
end if}
end loop;
returr result;

end hex_decimal;
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end.  kp ki;
use. workkp ki.all
entity get kpkiis
port(abs_errort,abs_dif : irr bit_vector(16 downto 0);
kp : out bit_vector(4 downto 0);
ki: outbit_vector(3 downto 0));
end get. kpki.
architecture get kpki of get_kpkiis
begin
process(abs_errort,abs_dif)
variable one,two : int255;
begm
one = hex_decimal(abs_errort);
two = hex_decimal(abs_dif);
if (one > 20) then
. one:= 20;
end if;
if (two > 10} then
two = 10;
end if;
kp <= send_kp(table_kp{one,two));
ki <=send ki(table ki{ome,two));
end process;:
end get kpki;
configuration getkpki con of get_kpki is
for-get kpki
end for;

end getkpki comn;
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TilsupsudIu FUZZY ALGORITHM

library- ieee;
use iece.exemplar.all;
entity fuzzy is.
port(clk1 : in.bit;
s,b : in bit_vector(7 downto 0);
kp : out bit_vector(4 downto 0};
ki : out bit_vector(3 downto 0);
errort: out.bit_vector(16 downto 0));
end fuzzy;
architecture fuzzy of fuzzy is
component z_delay
port(clkl : in bit;
data: in bit_vector(16 downto 0);
data_1: out bit_vector(16 downto 0));
end component;
component subtrac
port{ad_su': in boolean;
s,b : in bit_vector(16 downto 0);
result : out bit_vector(16 downto 0));
end component;
component' abs_t
port(non_abs': in bit_vector(16 downto 0);
abs_v': out bit_vector(16 downto 0));
end component;
component get kpki
port(abs_errortabs_dif : in bit_vector(16 downto 0);
kp : out bit_vector(4 downto 0);

ki ; out bit_vector(3 downto 0));
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end component;
signal ad suu : boolean;
signal errortt,errort: 11,33,bb,abs_errortt,abs_diff;
diff_err: bit_vector(16 downto 0);
begin
errort <= errortt;
ad_suu <= false;
sub 1 : subtrac
port map (ad_su=>ad_suy,
s =>ss,
b => bb,
result => errortt);
z_1:z delay
port map (clk1 => clk1,
data => errortt;
data 1 => errort_11);

sub_2 : subtrac

b=> errort_11,
result => diff_err);
abs 1:abs t
port map (non_abs => errortt,
abs_v => abs_errortt);
abs_2:abs_t
port map (non_abs => diff_err,
abs_v=>abs_diff);
get_kpkil : get kpki
port map (abs_errort => abs_errortt,
abs_dif => abs_diff,



H-26

kp => kp,
ki => ki);
sync-input: process(clk1)
begin
if (clkl'event)and(clkl ="'1") then
ss <= extend(s,17);
bb <= extend(b,17);
end if;
end process;
end fuzzy;
configuration fuzz_con of fuzzy is
for fuzzy
for sub_1 : subtrac use configuration work.sub_comn;.
end for;
forz_1:z_delay use configuration work.z_con;
end for;
for sub_2 : subtrac use configuration work.sub_con;
engd for; -
for abs_1: abs_t use configuration work.abs_con;
end for;
for abs_2 : abs_t use configuration work.abs_con;
end for;
for get_kpkil : get kpki use configuration work.getkpki con;
end for;
end for;

end fuzz_con;
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Tilsusudiuisesgae

Library iees;
use ieee.exemplar.all,
package multiplier is
function rout_sign(e,f : bit_vector) returm bit_vector;
end multiplier;
package body multiplier is
function. mul. sign(e,f ; bit_vector) return bit_vector is
constant max pos : bit_vector(16 downto-0) :=
("01111111111111111");
constant min neg : bit_vector(16 downto 0) ;=
("10000000000000000");
variable mmul result : bit_vector(16 downto 0);
variable multiply : bit_vector(33 downto 0);
variable cut: bit_vector(16 downto 0);
begin
multiply == multZ(e:i');
if ((e(16) = '0"and(f(16) = '0'))or((e(16) = '1")and(f(16) = '1')) then
foriin 16 to 33 loop
if (multiply(i) = '1') therr
mul_result'=max_pos;
exit;.
else
mul_result := extend2(multiply, 17);
end if;
end loop;
else
foriin 16 to 33 loop
if (multiply(i) = '0") then
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mul. result = mimn_neg;
exity.
else
mul_result := extend2(multiply, 17);
end if;
end loop;
end if}
return mul_result;
end mul_sign;
end multiplier;
use work.multiplier.all;.
entity mul mul is
port(male,female : i bit_vector(16 downto 0);
son : out bit_vector(16 downto 0));
end mul mul,
architecture mul mul of mul mul is
begimt
son <=mul_sign{male,female);
end mul_roul;
configuration mul_com of mul_mul is
for mul_mut
end fory

end mul _con;

d1ufilonauTnsamsy

entity pt is
port(clk1,power : in bit;
kp : in bit_vector(4 downto 0);

ki : in bit_vector(3 downto 0);
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. errort: irbit vector(16 downto 0);
output : out bit. vector(16 downto 0));.
end. pi;
architecture pt of pi is
component kpki
port(kp : imbit vector(4 downto 0);
ki: inbit_vector(3 downto 0);
kp 16,k 16: out bit vector(16 downto 0));
end cornponent;
component z_delay
port(clkl : in bit,
data : in bit_vector(16 downto 0);
data_1: outbit vector(16 downto 0));
end component;
component subtrac
port(ad_su : in boolean;
8,b : i bit_vector(16 downto 0);
result ; ont bit;vectcr(lé downto 0));
end component;
component mul_mul
port(male,female : in bit_vector(16 downto 0);
son outl bit_vector(16 downto 0));
end component;
signal ad suu: boolean;
signal lefttleft 11kp 166,k 166,
sonnl,sonn2,resultt? resultt3 : bit vector(16 downto 0};
begir
ad_suu <= true;
add 1 : subtrac

port map (ad_su=>ad suy,
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s => errort;.
b=>left 11,
result => leftt);
z_1:z delay
port map (clk1 => clkl,
data => lefit,
data_1=>left_11;
add 2 : subtrac
port map (ad_su=>ad _suu,
s => lefit,
b =>left 11,
result => resultt2);
kpki_1: kpld
port map (kp => kp,
K =>k,
kp_ 16 => kp_166,
ki_16=>1ki_166);.
mul 1:mul mut
port map (male => errort,
female => kp 166,
son => sonnl);.
mul 2 mul ol
port map (male => ki 166,
female => resulit?,
son. => sonn2);
add. 3 : subtrac.
port map (ad_su=>ad _suu,
s => somnl,
b => somm2,
result => resultt3);
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sync_out : process(clkl,power)
begir
if (power ='0") therr
output <= "00000000000000000";
elsif (clk1'event)and(clkl = '0') then
output <= resultt3;
end if}
end process;
end pi;
configuration pinew_con of piis
for pi
for add_1 : subtrac use configuration work.sub_con;
end fory
for z 1: z delay use configuration work.z_con;
end for;
for add_2 : subtrac use configu—ation work.sub_con;
end for;
forkpld 1:kplkd use configuration work.kpki con;
end for;
for mul_1 : mul_mul use configuration work.mul con;
end for;
for mul 2 : mul _mul use configuration work.mul _con;
end for;
for add_3 : subtrac use configuration work.sub_con;
end for;
end for;.

end pinew_con;
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Tsunsudrvaadagpan®o 2 mla

package- roms i3
subtype roml_range.is mteger range 0to 3;
type roml_table is array(0 to 3) of bit_vector(1 downto 0);.

copstant roml : roml_table := rom1_table'(

"10%, —~step 0
"00", ~step 1
01", —-step 2
“00™);. —step 3

subtype rom2_wordis integer range 0 to St
type rom2_table is array(0 to 3) of rom2_word;.
constant rom?2 :rornZ table i=
rom?2_table'(1,0,1,4);
end. roms;
use work.roms.all;
entity wave is
port(reset,clkk : in bi;;;.
clk : out bit_vector(1 downto 0));
end wave;
architecture wave of wave is
signal: step,next_step : roml_range;
signal delay : rom2_word;
begin
next_step <= roml_range'low when
step = rom!_range'high else-
step + 1;
timistep: counter : process
begin
wait until (clkk'event)and(clkk = '1);
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if (reset="'0") ther
step <=0;
else
if (delay = 0) thenr
step<=next_step;
else.
end if}
end if;
end process;.
delay_counter: process
begin
wait until (clkk'event)and(clkk = ‘1");
if (reset ="0") then
delay <=0;
else
if (delay = 0) therr
delay <=rom2(next_step);
else
delay <= delay - 1;
end if;
end if;
end process;.
clk <= rom1(step);
end wave;
configuration wave_con of wave is
for wave
end for;

end wave: con;
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Tisunsusruianua:

entity tmp conis
port(inc,dec,reset,power,clkk : in bit;
ctrk : out bity
dc: out bit_vectort2 downto 0);
t : in bit- vector(7 downto 0);
sd : out bit_vector(7 downto 0);

output : out bit_vector(16 downto 0));

end tmp _con;

architecture tmp_con of tmp_con is
component newsck
port(cik,clk2,inc,dec,reset,power : in bit;
o_power : out bit;
s : out bit_vector(7 downto 0));
end. component;
component wave
port(reset,clkk : in bit;
clk : out bit_vector(1 downto 0));
end component;.
component buff
port(clk?2 : in bit,
t: in bit_vector(7 downto 0);
b : out bit- vector(7 downto 0));
end component;
component scandi
port(clkl,power : in bit;
s,b : in bit_vector(7 downto 0);
sd : out bit_vector(7 downto 0);
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de:: out bit._vector(2 downto 0));
end component;
component fuzzy
port(clk1 : in bity
s,br: irbit_vector(7 downto 0);
kp : outbit_vector(4 downto 0);
ki : out bit_vector(3 downto 0);
errort : out bit_vector(16 downto 0));
end component;.
coraponent pi
port(clkl,power : in bit;
kp : in bit_vector(4 downto 0);
ki : i bit, vector(3 downto 0);.
errort: in bit- vector(16 downto 0);
output : out bit_vector(16 downto 0));

end component;

signal o_powerr,cikl 1,clicZ 2 : bity
signal kp p: bit_vector(4 downto 0);
signal ki i : bit_vector(3 downto 0);
signal s_s,b_b: bit_vector(7 downto.0);
signal errort t : bit. vector(16 downta 0);

begm
cai<=clk2 2,
ul : newsck
port map (clk => clkk,
clk2 =>clk2 2,
inc.=> inc,

dec => deg,



reset => reset,
power => power;
O_power=> 0_powerT;
s=>5_s)
u2 : wave
port map (reset => reset,
clkk => clkk,
clk(0) => ckkl 1,
clk(1) => clk2_2);
u3: scandi

port map (clkl => clkl_1,

power=> 0_pOWeIT,

s =>3s,
b=>b b,
sd=>sd,
dc => dc);
ud : fuzzy
port map (clkl => clkl 1,
s=>3 s,
b=>b b,
kp=>kp_p,
k=>K i
errort => errort_t);
u$ : buff
port map (ckk2 => clk2_2,
t=>t,
b=>b_b);
ub: pi
port map (clkl = ckl 1, -

power => o_powerr,
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kp=>kp_p,

=>K i,

errort => errort t,
output => output);

end tmp_con;.

configuration tmpcon_con of tmp: con is

for tmp_con
for ul : newsck use configuration work.scank_con;
end for;
for u2 : wave use configuration work. wave. con,
end for;
for u3 * scandi use configuration work.scand. con;
end fory
for ud : fuzzy use configuration work.fuzz_con;
end fory
for uS : buff use configuration work.buff_con;
end for;
for u6 : pt use configuration work.pimew_con;.
end for;

end for;

end tmpcon_con;
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