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ABSTRACT

In micro and small hydro power plants, the flow and head of the water
fluctuate seasonally. Grid-connected hydro power generation by AC generator requires
speed governor to keep turbine at a constant rotational speed. However, the speed
governor has limited range of operation for flow and head of the water so that the
power generation cannot operate in case of low flow and insufficient head.
Additionally, the efficiency of hydro turbine that varies with flow and head of the water
also causes the optimal operating speed deviating from the synchronous speed. The
fixed speed hydro power generation usually has lower annual yield comparing to the
variable speed system. This thesis presents a variable speed control for a hydro
turbine-connected permanent magnet synchronous generator in conjunction with a
maximum power point tracking technique for a small hydro power plant. This will help
small hydropower plants produce electricity in a wider range of flow rate and head
and optimize energy harvesting. The speed Field-oriented control technique is utilized
for precise speed control and the well-known incremental conductance method for
PV system is adopted for maximum power point tracking. This study is carried out using
simulated hydro power plant system having a torque-controlled small permanent
magnet synchronous motor as a hydro turbine with torque-speed curve mimicking the
100kW turbine, and an inverter-controlled small permanent magnet synchronous
generator with electronic load connecting to the inverter dc bus to simulate grid power
transferring. From the simulation and experimental results, the rotational speed can
be precisely controlled, and the maximum power point tacking system can track the

maximum power point successfully.
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2.2 MamuamazasInsnalufmsudslasdanuuwsingnnins
dnsunuidetiagld Field Oriented Control e FOC Tunismugumsvhamuzes

PMSM Tneménnisyes FOC Aamsuvasnseuaaiamesansmannnseudisdauuvetiudily

Hunseudredauumuaeauny lnsfiunu d egluuidsifunnmesidndvessines uay

WNU g fsanAulau d

2.2.1 Space Vector

Tumaienssulnin awsanmestelasiadnendamansildunuadivasves
seuulililanuwa asnnmefiulinanddouiinuwssiurionssuaanumadnde iy
HuuFiunnmefifeslufiufiaesdin Tasasansedsszsuulnililueiasinsnaluihvegy
wuuLedanua Inarvunldt i, iy way i, Fenssuaanmed o varlavasnil Tneay
annsodEunAmeveInsTRAAAaT I uANNST 2.3

i= i tai, o, (2.3)
Tnoil a= 3" uag o= " \Wusloweisinesvesiuvtiannings uayguil 2.4

LARSALUTLIALMDSLTITDUYDINTE WAV IAULNA



5UN 2.4 space vector 133gpuvInsELaTauLla

Tnei a b wae ﬁaLmusuaaizwm:uLWaﬁLfJuLmugﬂiﬁﬁ Filuszuuipiesainsna
11/\|ﬁ'1LLUUWJquLas?jmmSﬂLLUaQ'ﬁzuuaﬁuLWaﬁmdwﬂﬁagﬂuizuuﬁﬁ’mﬁLﬂuLLuuaaaLmu GEN
fFuus) 7liTufunan Tnedanisudassnanamisoutsesnldidu 2 funeude Clarke
transformation wag Park transformation %wzgﬂa'ﬁmduﬁﬁaﬁmm
2.2.2 Clarke transformation

Clarke transformation Aawmadanisadneansilaluimnssulnindielrieseanis
Aasevdaalniaiua %qé’wmmlw%mei']ﬁmf\]LLamﬁuL'ﬁqé’w%aﬂisLLaﬁuaaiw‘u

Inieua Tnpasvinisudasdygrasumadudygrudesvalunsoudedauusgiun

Y

Fu3ennIou198eiiin of leemmualviinu a fuunu o agludunisasianiapelni any
wansluguin 2.5

C

5U# 2.5 space vector Y0NTEUElUNTOU a b ¢ ey of

AUNITN 2.0 LLAAIDIANUEUNUSYRINTEWALUL Clarke transformation IaeUsuna

anulavuny (a,p) éfaﬂa'né’aﬂﬁuagjﬁ’ummuazmwm%a



i1 1 = [
al _2 2 2 .

h}30£:ﬁ% (24.1)
P

1,71, (2.4.2)

ig= " (2.4.3)

2.2.3 Park transformation

[

Park transformation azuUasdygraamumadudygraaoanalunseusadauy

A

v v

=& ! 14 5 [ a 2/ 1 [ 1
U Baseniingeu dq legliunu d dueglunwidgriuiuiuiidulsudvdnvedsines
waglai wnw q vy 90° Auunu d Feaggleliinszvdyaalnihuasmiuaunginssuves
w3nsdnsnalwiladneau
= s v < a = - @ a Y = <
\Wesnnlswesagnyulumennusituudarinnuanusiddasia vseausa
Y] & v & o qw & & v .24'
Youdusminuy dauilikny dg tungulusuenusivedlsnesame 5Ui 2.6

wansliiunanAmesvesnseualniuar A uduTus SEinawnu dg MU iy (o,p)

T T :\
4 B Is \
Isq : \
d
Al .
0 /
- a =a

g‘lﬁi 2.6 Space vector unsaus1999 dg wag (o,p)

AUALY 0 AFILNUIVDAEULIILILANYELSMES DIAUTENOUVRINIAMBDINIZLE
lunseu dq @wnsauanslanigaunisi 2.5

134=154,C080+igpsinG (2.5.1)
i5q=-1,8in0+iggcos0 (2.5.2)
?i’]“LJ%ﬂJ’]mmﬂ,JLwaﬁL%ugﬂlqjﬁﬁﬁﬂWiLiJaiEJULLUa\‘I“UumG]’mL’Jmij;u %Qmﬂ?{sumﬂu
Uit fadudwhliniseuauussdeluuny dg Suanansavldietu Tavesdsenou
Yoaduusuimindeoguuuny d waresdusznauvesssiafioguuuny q duannsonauny

weniula



2.2.4 Field Oriented Control
Field Oriented Control (FOC) u“ﬁJumﬂﬁﬂmimu@uﬁgﬂﬁumﬂqmﬁm%’umimuqu
usednves PMSM Tagldnsaudnadsuunyundsiiuanus@dasda FOC Wussuuns
AIuANKUURTA (close loop) NUsznaulUmemiuaunszlaliinduuasgaiaiiag
anussamuenliviansdauazanung dnsuauimhuildlunsaiuaufe Proportional-
-~ = a Y a O @ 1 aa & o
Integrator %38 Pl \lewnannusunailunseusadanuuvyuiududid wenanil Pl &

anansaudludymAmenuianaintuaniveddilan JUN 2.7 uanslnezunsuves FOC Ty
sunuualy [6]

VDC
O\q | |

0 17 €id g V*Sd v*(i VS|
+ CZ_ + dq -
. SVM
i*,+ € + P V
%, Pl |40 pi j)—LL 4 /ap B —
+ A +
- 3 [ORVF]
O el 40w ;
. < Iy
Isd dq aB I\
Ly
i Ip
™ af - uvw
PMSG
1/s |

JUN 2.7 laozunsuves FOC dnsulaimasnssuaady

MnlrosunsuazsuduaInMsInNsTuaTealneg dseninsainldieenuia wie
aoala TaaAitinlsazgnassioidiand Clarke Transformation Tnedyanamneenazuansls
Mt i, ua ip wazvihnisteusesdyyudnandeniuiuntweudunsusivanlsnes
lulu Park Transformation uaznadwsiilade iy uay i ﬁag‘tumaué’w%wgu Nt
9210 iy wae iy, WVhnsSeudlsunmasneiuisndslon iy, viosnsdaduuss
ulwn (U il Adrsdaussda nngeiardunmidudelfiuievanlasadsesnismuny
dmsu PMSM tufiie PMSM tuaduusausndniiinasionnulmanasvedsnes s
mﬁwaqﬁmmméﬁﬁhLvhf"fuv;iusjtﬁmﬁmhjﬁwLﬁué’aﬂa%ﬁqsﬁum AUFYYIUVIDDNIINGN

1o 1

muANAD Vg U Vi, awgnasiuluds inverse Park Transformation wiaufiuatsum
vadlsines nadnsTildre V, iu vy Fadunawesussiulniiuunseudsdeegiun &
anunsodwunlugs SV PWM viselUasdnasenay inverse Clarke transformation

WaNalaauukny ab,c kazdndnluda PWM sl
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WiladAees FOC 8nUsyn1suilsensmainisvsadunsiudinanisines wie
W ll4lunns Park Transformation dwsulussuuaiugu PMSM duiliesands PMSM 1du
5 Y a v o & < s o I o
wsesdnsnalifmyuuwuuddasia Asuausivedlsnesdwiiuanusvesduus
wimanlswed iliesmunilweadunsudvanlsnesaunsafiavinlalaenssnuges

[

ARILALY UTDLAEN1TBUNNTNAINUSIVD SRS NIRLA

2.2.5 MIAIVANLUUNTEUAWNY d Wirfiugud
aa\lm'ﬁl,lﬁﬂ‘ﬁma\‘iLLﬁLMﬁﬂlWﬁﬂﬁ‘ﬁaﬂmmﬂ (Electromagnetic torque) aunsanandla
FaEun1sfi 2.6 [7]
Te= Wl FHLa-Loaly] (2.6)
angunIseFuwLILssdaaes PMSM senavlddaaaasdni Tudauusnidu
LL'N'E&1‘17‘;Lﬁﬁﬁu@’lﬂﬂﬁ‘iﬂﬁ‘tﬁumﬂ\‘iLLﬂiLﬂﬁﬂﬂW’Jﬁ‘ (Magnet Excitation Torque) atlsznewil

v

AIADLNANABNIZUALUUNY g NUIEULILIMANINgIAReTasuANnNNT Tuaniehdau
dl a all a dgl I I nall o dJ = a
NaaudunssDaNAATUANHARNIBANANIMTHNUNI09UNY d LAy q B9EenLlia Ty
dautidiusstinsanunud (Reluctance Torque) S1uKiiaN0135QNARAIVURIMIIAUUBNYRY
1503 (SPM) wagneludiuniduvanveddsinasiufianuauunng wuinammnumileni
YoNU d Lagouny q duasiimindunselnalfseiu A liusndnaziiaauaAdauaes
wlwann1a3winiu Teazwinlidnnssuavunnu d wie iy Wulilidwasslsiuusslnves
wanas mszaviuIsaninsansuqunsEiawny d Wivhiuaudls elildmuewsadngs

HITUNTLUADNI9DIVRINIADILNUFINSUNTVN FOC @unsawandlatuaunisi 2.7

= TCI‘C
T (2.7.1)
5PYpm
14ref=0 (2.7.2)

2.3 Incremental Conductance Method
Incremental conductance method Aadanasuilailunismaanisvinnunla

maalnfinasan (MPPT) Inewmatialilenldlunsudalniimenaseniing (PV) dsiigaila

[

Mdsgsgn (MPP) azldnndnsnisiasunlasveamduazussiudiandu 0 ndnnisvesdans

¥

Fuilfovmsiaaeuiganmihauegigngagavielsl dgansvinuegvinsiheves MPP
sruumUAEIniuus I uressruuTwielfdlndan MPP unu ndufufhgansinnuey
¥3rues MPP suuaiuAufiazanussfurasszuutudiolfidlngga MPP sty Tagsiu
uén 38 Incremental Conductance usana3iu MPPT fiflesldluszuu PV iilosandiey

wiuEUAEIAIREUAUDITITINGD
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Power
A
P At maximum power point =0
MPP _—_____—_——_-_————__——___——__——————__—_—_—‘]
|
|
|
:
|
s >0 : dP 20
dv | e
|
|
|
|
|
|
|
|
: »
Ve Voltage
= o a % a ¢
JUN 2.8 9an1svinuvesssuundalniiiielasonding
P d .
_——— X
F dv(v 1) (2.8.1)
dP . wdi
et LG =
ik L (2.8.2)
1dP_ i, di
. . dp
At maximum power point ; 50 (2.8.4)
S
n0=+ (2.8.5)
v dv
i A s i A
N o~ 39 i . (2.8.6)

PN 1 = ! Al a '
NAUNITN 2.8 i 9¥QNL38N31 conductance Wag A—i 9¥QNI3eNI1 Incremental
conductance 3¥a13N30BANLUY flow chart linuun 2.9 Ingagynmssuniulssiulay

dnnAn Incremental conductance
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— V(K) & I(K)

!

A

Al= I(K)-1(K-1)
AV= V(K)-V(K-1)

A > o R
// i 7 N No
7 N No Al>0 >r—
\AVAV>-IV 5
\.\\ / //
' . Yes
Yes
_ —— =T - r Y — v —_ b / .
’ Increase V ' L Decrease V } L Increase’ V.| (Decreusc \%

JUN 2.9 flow chart N5y uvesdanesiu MPPT lunsuanluviaeuas

ilunuitutiaginausdanaifiu MPPT #1335 Incremental Conductance [8] Tng
thanssandldlunsuaalaihdet lunssdeliihvesPMscluanizegi Aussolih
Benavsifudndrutunszualunaignisldniseuauiuy FOC feammnsouanslisneannis
7l 29

P=KI\N, (2.9)

KTZT[
60

Tae?l N Aepnuisaseulumios rpm, K=—2= Tag?l Ky fe torque constant

F9M19A maximum power point ILUAAINILANNITN 2.10

P o=+

0=l =, (2.10)
%39

1,dN+NdI,=0. (2.11)

naanSluaun1sf 2.10 Ad1eAUIF Incremental Conductance ildlun1swanlngin
fhouaerind Tasunuiusaiulniindheninmiaseu nsldaunisi 2.10 vilwanunsald
Sane3fiu MPPT dwfu PMSG Télaeliifasiardslninlaense wildnszuaanuny q 3e3a
Idanlunandinenansuny 2n5UR 2.10 azuansunuisnsauvessanediiu MPPT Tu

I
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> N(K) & Iq(K)
Alg= Iq(K)-Iq(K-1)
AN= N(K)-N(K-1)

AT RERTiek
0

. cannn e

dy 3 dl Y o L v dl = ! 5 1 Y o ¥ €Y 1Y
wnanstiluenansianulidmsunisidauienistnwintu leugslmiluldusslomismunisi

I e~ O & A U Yv agvo & Y Y a = v & A ° v
VL@J'JWﬂiﬂﬂ;@“] NG @ﬂﬂﬂﬂqi\lﬂﬂﬂﬂﬂuﬂa%u@ﬂq LL@%@E}Q@WQ@Q@QLﬁ]’]GUENL@ﬂaqﬁwﬂﬂiﬂwmﬂqﬁuqlﬂim
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uni 3

15180959 INHINaUIvUIALEN

Tuiddetasvinnisanasdssluimdsivuindn Tngsnassanlsaludrlulasinig

¢ o 1

Yo siihdhendauaUsendalnevuin 100 Aladnd Aoneunainszatu Jminnesys
Ingluniddeiazldiweslmemasuun 400 Jad 2 61 saidwneiu Wedasaduiiu

waztasaanuialii Insusmasndtasududsiuiinazanmuaumeamasiataswlussuu

Y 9
[

AuAuLsedn (Torque control) Tneldlusindussdnvastaiuinldnuaiaiuianszaiu &
agldnsmusslauazainusisou (Torque Speed Curve) Mldainnisnnasiassluaniy

! s A ! ! s o ao [ d' o a

199 venNYAnaaedlulINTEIU diuNeweiBndiNTassluniesillalninaggn
AuAumeduesnesdsazulussuunIuAuAIIEl (Speed control) Tnglugud 3.1 9
LansdanuMnLwIALAnYeInIsTIaedlsaliilmaniuadn Gsdane3iiu MPPT wuu

Incremental Conductance flazgnldmeituiu ivsliseuvaiunsarhaunmdsgeaala

Y

1
o

panaal winlusindvestsiuinazilasundasluinny

Encoder
Encoder

1o PMSM By PMSG T Res
VSpeed Servo Drive TMDSHVTRPFCKIT
Estun Pronet-E-04A 2 ]

Torque-Speed TMS320F28335

LuUT — Electronic Load
Microcontroller

Tref

JUN 3.1 wnunmiwanudavainisdaedlslnimdnhuuedn
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5UN 3.2 vawesildlunimeass

a P &
M13199 3.1 Yoyavesawmesnlilunisnaaes

Name Estun EMJ-04ABP22
Rated power 400 watts
Rated torque 1.27 Nm
Rated speed 3000 rpm
Back emf voltage (line to line) 31.63 Vpeak/krpm
Poles 8
Stator resistance 4.7 ohms
Stator inductance 0.0133 Hr

3.1 ANPAUZIANIZYDINIAULIVUIALANLAZNITINADINIRULIVUIALAN

fauihlawuuras (Mixed -flow turbine) 9w1a 100 kw Asiandlugud 3.3 () gn
panuuukaiauIlngn1sihihendaliaseinalng uaglauluinnnanaaedugune

! v v = d' =2 a < v o o Awy
NINTZITU WUIALNTIYT E‘U‘VI 3.3 () LLﬁ(ﬂ\m\iﬂi’]WLLNU@-WJ’]?,JLS’J?BUGU’EJ\‘iﬂQMu‘U’WI‘l@ﬁ]']ﬂ

v a A

nsInasduaziududnfinisnisvnaasd lnslunisneasstazidaninlaua 2 Tuslug Ae Aaru

a

g9t 30 lwnsiyudalndlau 5 991 wag 10 93A1

9
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(n)

1 0.4
—Tebdegree-——Te 10 degree ——P 10 degree ——=P 5 degree
o4 0.35
0.8
0.3
0.7
'8 0.6 + 0.25
3
205 02 2
2 a
04 0.15
03
0.1
0.2
b1 0.05
0 0
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Speed (pu.)

(%)

JUT 3.3 Awiuihlvanuunaiuaznsmusida-anugiseu

lunsvaaes wldueimesiaivanansuuudelasdauuin 400 Tns Saosdnuuy
a < v o o ¥ 3 < LY

wssUnuazANsITeUYeIniull Inpasldweslalasududimiuauuamesineniununig
MukUUAIUANLSIUN (Torque control) FeagAruANKSITANIULTIRLD9BY (Voltage
reference) vaaelalasn Tun1sneassiidudenld MCPA725 Fadufulasdyaamia
aa [ =3 a &) Y [ a Yo <
Amealusundenvuin 12 In Wuimaiuauusswnunds lngasldamnuiiseuves
wawasiinliandyaiauduldnnes (Encoder) uniludunali MCP4725 idauseuly
auauwstdn lngldnsmussdauazanuiiseuaingun 1ldue1n98s lnsazidenld
Arduino Mega (Julslaspeulnsaaesiunmsmuiuainuiisevandygradulanmesiay
AIUAN MCP4725
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INFUN 3.4 uansdadayayrad encoder Yosuawnes lagagldilandu Interrupts Tunis

A

'
[ A

AIUAN Arduino Mega LiveudnuiugnaAdundsyayas encoder anntuIaihduiugnaauy
TWwaseduanudiseuainaunisi 3.1 lnenewmesildnuasd 2500 gnadusienisnyu

1 99U (pulse per revolution) [9]

number of pulsex60

rotor Speed(rpm): time interupt(s)*pulse per revolution (3.1)
Forward rotation(phase B leads 90°) Reverse rotation(phase A leads 90°)
| |
> 90° —»— 90°

Phase A ——‘—\_‘7 1———
Phase B Tl T A [ ] ‘ m [
Phase C ——L — N

g‘dﬁ 3.4 dqey1od encoder VOLDLHDS [10]

volatile dnt JIRQecount;

const int ‘pin_irg ="0; // Interrupt pin for Arduino Mega (interrupt 0)

void setupf) {
Serial.begin(9600);
attachInterrupt (digitalPinTointerrupt(pin/irqg) ,,IRQcounter, RISING) ;

void IRQcounter () {
IRQcount++;

7oid leop() I
nolntexrupts() s
int result = IRQceunt;
IRQcount = 0;
)i

interrupts (

Serial.print (F("speed = "));
Serial.println(result * 0.24);

delay(100);
il

JUN 3.5 fegnaveanisldilaidu interrupts Tunmstanudisevvewawes

JUT 3.5 uanstianisldilandu interrupts Tunsinanusiseuvewawes lngaingy

suunsinvtuvesgnedu (rising) Ineagldiianvegy interrupts Wity 100 ms
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NNIUT 3.6 wanstaussiudrdeveameshilasnlunismunuussluszuy torque
control TagangUagiiulsindoddussiugnadalugu -10 ds 10 Tad ieruauusedaly
g -1 89 1 wasydn (per unit) WosmnAwiuhmuafindes Sadonldussiudridoun
Tur29 0 f9 10 1aad Ingazidenld mcpd725 fulasdyaunshdnealusuiden (DAC)
Yun 12 On Wuieunulsiy mﬂg‘dﬁ 3.7 aguiuledn mcpd725 § Operating voltage
(Vpp) 1t 2.7 = 5.5 Taadt Tnelunisnaaesiiazidenldwindu 5 Tad Fausssusnoeniild
911 mcpd725 aglinnnii 5 had deliifisamerenislinuauusiugnids Ssieseenuuy
2asveneiindieliliusaiudieda 10 admudosns Tnsazesnwuulagld mcpd725 2 &
fusnazsimnsasueeiterildievinmesnuilugag -5 f9 0 Taad dausifiaesazsiiu
ranveiielildiorinnesnulutag 5 81 0 Tiad Mntursshussfumeeninseidiiion
26 uay 27 Failernnmuasing (differential) udfagldusadiuluzag 0 81 10 Taad pnu

A9INS

AD

ref
Torque Reference (+0~10V/Rated Torque) §: 1_;_';?':; g? ?;E,

U 3.6 usadudsdsvoawestilad [10]
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ELECTRICAL CHARACTERISTICS

Electrical Specifications: Unless otherwise indicated, all parameters apply at Vpp =+ 2.7V to 5.5V, Vgs = 0V,
R =5 kQ from Vgyt to Vgs, CL = 100 pF, T4 =-40°C to +125°C. Typical values are at +25°C.
Parameter I Sym | Min | Typ | Max Units Conditions
Power Requirements
Operating Voltage Voo 27 5.5 Y
Supply Current Ip — 210 400 A Digital input grounded, out-
put unloaded, code = 000h
Power-Down Current lopp — 0.06 20 HA Vpp = 5.5V
Power-On-Reset Veor — 2 — Vv
Threshold
DC Accuracy
Resolution n 12 — — Bits Code Range = 000h to FFFh
INL Error INL - 12 +14.5 LSB Note 1
DNL DNL -0.75 10.2 +0.75 LSB Note 1
Offset Error Vos 0.02 0.75 % of FSR | Code = 000h
Offset Error Drift AVge/°C — +1 — ppm/°C |-45°C to +25°C
— +2 — ppm/°C | +25°C to +85°C
Gain Error Ge -2 -0.1 2 % of FSR | Code FFFh, not including
offset error
Gain Error Drift AGg/°C — -3 — ppm/°C
Nutnut Amnlifiar

5UT 3.7 deyaves mcpd725 [11)

9N3UT 3.8 wansdnsasveneildluniseenwuu lneazldaussiuueaniluluny

aunnsfl 3.2
R2
b A\ \ \‘ NN
______ AR \u/ \\»"/ V L
R1 p
V1 AR ,
A AR\l 1755 ¥
V 2 Y \/\_~QL_\)VOUt
A |
PID AL Vo m Vam
R4 |
R3 LA |
e AW/ ,"‘\‘\ g
\y \/ \//

5UM 3.8 29952818

Ry
Ri+Ry
Taermualy ViDulssiureanain mepd725 V, Aaussiuwuin 3.3 Tan wagli

Vout=V1 X

x(1+}%)-vzx§—‘3‘ (3.2)

R, fidwlu 0 mszaziuazliasvenenuguil 3.9 gl Operating voltage Vo1
mcpa725 1u 5 Tha wielrlausaiurieeniimauinesns lngagldmmun 2 2995 2935

WN mcpd725 Ardeusaiulugg 0 89 2 Taad azlaussiuvioenvenasvengeaglugie -5
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219 0 Taad 29957d89 mcpa725 azansusenulutie 2 s 4 Tad azlaussiurieenves
1993v8180g Uy 0 89 5 Tiad

MCP4725 Output

2k

3k

UM 3.9 295v8n87e0nkuule

MN3UT 3.10 azuantawanuAatunisdaeioiug lngaziinusiseuiin

Ioundudunalunisdreussiuiebiliusdansenunsmusedowasauisisauvosiiy

[
o

v lngazditeyanslusun 3.3 sudadhiegluainamenivsemesildan niu

= o

JuhdeyaveussUauazausisoudouds Arduino Mega Tuguuu array Lilpsandoyad

o

=3

2w a < da & do
mmumﬂmmummﬂa array ?J@QLL?\TU@LLQSV’YNNLi'ﬂi@ﬁﬂ,u flash memory NULUBNIRLNTU

v 1

ToyaNInnI1 SRAM 1ntiuazideulaniialy Arduino Mega ATUAN mcpd725 1vanauseiu

LY

snedaiialilausidanssiuAinnusiseulu array wzaviunamesmtidvaiunsninass

InfidnwauzussuanarauisIsouLReIfuUATILEle
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Coupling motor

Servo drive
(Torque control)

A

Vref

Speed estimator
(Arduino mega)

Voltage refference

controller r w
\4

Torque ’\

Torque-speed curve

A

UM 3.10 UwanuAalunmsdnaesieiug

3.2 myinasaasesnlialniidelasianuuusininanas
uowpsuwEnansuuuislastiadniaggnduuis (Coupling) lhiufsutndiaes
Tnell4f TMDSHVMTRPFCKIT Waig TMS320C28335 dsisuisassuniosinesuayminiuay 49
fiTa (DC bus) vesBunIpsmesagnasiiiiuATaIANNsedndlnanvuin 200 Tad Litevh
wihithivaesuidsliihisdaanniezesiidn in3esudalwisivinansuuudslasia
WwNAIUANLLY speed control FIg FOC muiildnanaan Tneszuuauauazgnosnuuuly
Tusunsu PSIM niiuFeadsesnanifudldaudssdivaniduainmuny TMS320C28335

a s s A ° v < d' Y
VDNBULIDILADT LW@ﬂ'JUﬂﬂJﬂ'ﬁV]'NTLﬂ,WLUUITJW'TN?%‘U‘UV]@@ﬂLL‘U‘UI’J
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3.2.1 TMDSHVMTRPFCKIT

[Main]-BS5
Inv-BUS Input

PFC-2PhiL Macro

[M4] [Main]-TB3
Motor Connector
Terminal Block
Inverter3Ph-HV-
3Shunt Macro
M5
[Main]-P1 I5]
AC Power Input
Aux Power \ & < — C2000
Supply Module =2 . e T ! e Control Card Slot
[M2] & =

Iso-USB-to-JTAG
AC-Power Entry _ | [M3]

[M1] 3

[M3]-JP1
[Main]-BS1 DC-PwrEntry Macro USB Cable connector
Rectified AC Out [M6]

SUT 3.11 wiuaa95fisst (Printed Circuit Board) vasduesinosiild [12)

lunuidetiandenldynmunuuaimesussiugatasyaunlufiiusenauiigg
(HVCntrl+PFC) Tunisaaummasasindalndiy Inatdenld TMDSHVMTRPFCKIT floauwuy

wagiiaunlag Texas Instruments JUT 3.11 EUAASRIUNINITVDIYAAIUANNBLNDTNLY

o

wrddlugunl 3.12 agildiddyaradeundunanedininainiodnavesiuUasdoyain

v
v [

neeurdenidunanea (ADC) w94 lulasaeulnsatass deluniidedsndudeslddyan

AR

Jounduvanseuaassnaioldlunisamuauwuy FOC
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PFC-2PhIL

Vple Out
feedback @D
>

Pr

Bl
L

3 Phase

Motor

Llim

=

CPU

32 bit

ik

Supply

CAN
UART
12C

HOST <

YYVYVY

E§§
W I ETYTETYY

§qiiis

Y

U

31]17; 3.12 HV Motor Control and PFC Board Schematic Diagram with C2000 MCU [13]

ADC vodlulasmoulnsataesanunsadudygalanius 0 84 3 V Asunasia

a

auvtegluvein PCB vasynmuandeenuuulviannaudya i siulasnseualvod

Teyay)
Tughandenis Amuandlugui 3.13 dyaunssualnihndalisfeudussuu
wsanulwvgeTneuiAIunIu 20 Nadlonu dsazlarinssuatloundusannish 3.3

1;,=0.02x8.25x1,+1.65

x

S AN oPA235e

7

Vsh=-U,
—

Lo

ysh- R4, 2218 N 1fb-U
. | vshy. i e S _RI4) \Geetiig LEY S1le ® Cl6_L
ysh-I Gnd R29 | R4S dnp
R R1 2218 X
Ciel. o< E‘V\,‘ |4 £x e
R39 R10 RI1 .J;.
Vref Ri8 2k
@R@2e | @R@2a | ere2e A —
RS1 22%
F——

I i~

5UN 3.13 20avinnselananuesanIuny

3.2.2 Software

¥
av a A

TusAdetidonldgensiuas PSIM Wudanesfiuluniseenuuunasmiuauszuy g
il SimCoder uiideniaiuvoswendnas PSIM eanunsaaine C TAnnsaseuaui
oonuuuly PSIM C Tdnfiadslag SimCoder anansavhaulnenssuusinusitvneriy
lulnsmeulnsaians TMS320F28335 daiduniinmunuanuianegluvesndunesines Tugu

7 3.14 =WANIDNINTTAIANTSASITMLNeL e LYLIASaEle Simcoder




24

Simulation Control X

PSIM  SimCoder | Color |

Help

Hardware Target  |F2833x ~~ ||RAM Debug |
CPU Version IF28335 Ll [~ InstaSPIN enabled
" Check Fixed-Point Range
Default Data Type  [1Q20 ]
DMC Library V4.2 ~|

Comments

(Text will be inserted above the C code during code generation)

5UN 3.14 nsimuadig1salasiiveldasesile SimCoder

F28335 control card

JUT 3.15 NM3AIUANBUNBSMEIME ¢ code MoanuuUMElUTWNTL PSIM

szuumuANaggneenwuululusunsy PSIM annturzasiadu c code udadulnan
a9 F28335 control card Hlvegluvainduiiasines liveliduiesnesaunsaaiunung
nuveaasesdinsnalifiildmuszuuamuauieaniuy JUN 3.15 LandauwwiIAuAnnis

AIUANBLLIBSINBSAIELUIUNTY PSIM
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Tngluns9ankuUsEUUarlsenaulumeninlsenaunandasdlume @iuued Power

wazlugdiuves Control Inglunsazdiuaziiosrusenaudnyieludl

1.
2.

3.

Power stage 1sznavliléae

PMSM ABWLLANA89104LATaeaNINa I uuLLLEmAN D199

i
=l

Inverter Usenaulildasuyuuanansan IGBT wazsaiullsyqnagiia
o v dl o s dl o
Current sensor uiningaadanszuaamnes 3 wa el ldlunspounu

FOC

Control stage tsznauliaas

Encoder vuiifidnanudaseulswesuasmmuntinduusaudivdninnes
Speed controller tugiaruanasuan lagmiunmua A1 NEIAINITINITYY
SNECLE

Current controller tflugiAqtiAuaglu Lﬁ@lﬂuﬂq?ﬁququﬂszLmeﬂqLmu d-q
PWM generator l441m5Ua59dtytynns PWM el lunnsdy IGBT

MPPT algorithm LdiNefnnnannisineuiuasn Wi lagegn

VISM : PBMSM32 X

Parameters |Other Info]CoIor ‘

Permanent-magnet sync. machine
\ - TV D X WDirsrﬁlay A
Name | PMSM32 ey S
Rs (stator resistance) ]RS/Z b)) = j - PMSM
Ld (d-axis ind.) 2 7~ | | >/\ .
Lq (g-axis ind.) XLS/Z [2 ) | >\J A t
Vpk / krpm ’31.63 Tpad '
No. of Poles P {8 -
Moment of Inertia ’31-211 [~
Shaft Time Constant ’0-4 [ >
Initial Rotor Angle ’0 [ ~| h
Torque Flag I 0 Ad
Master/Slave Flag ’ 1 hd

sUT 3.16 PMSM TulUsunsy PSIM



26

mﬂgﬂﬁ 3.16 wanang PMSM Tulusunsu PSIM Tagldan parameters #n99909
UOLHBSAIUATIST 3.1

‘lua"mﬂummsaﬁ’waaqﬁ’qﬁuﬁwzﬁwaaqmugﬂﬁ 3.17 Ima%‘lsﬁj’%’ayjamaaﬁ’qﬁwfﬁ
A99N1991894 (Torque-speed curve) Iugﬂ‘ﬁ 3.3 Tdlu Look up table Tulusunsu PSIM
audnazidunnusiseuredlsmes (N) auvieenaziluusedn lngagk1u math
function iernfilfegluanaifisrtufuuomesildlunsmnaes mntuassiundosmun
Mechanical-electrical interface block Ssvuthitudasammsingin (Fudung) Wurvena

(Eudtana) Fefazlaandunsadanienatiiatrludu PMSG sald

Lookup Table : LKUP3 X

Parameters Lookup Table |Fixed-Point| Color |

Lookup table Help

Lookup Table
File ]Z:\Users\User\Desktop\simuIation\Hydro turbine curve\30mscale\5.tbl [~ Display Open File...

Reload Data Save As... ’
Rows |34 Set Redraw

|
" Input Output 2 s

1 0| 36.09..
2] 600.6...| 36.09... i I~

3| 678.4..| 35.71... \ N

4] 753.1... 34.96.. ‘ by

5] 834.0.. 34.21... ‘ A
6

7

8

9

902.4..| 33.45... N
9740..] 32.70.. e \
1042...| 31.95... - 9
1107...| 31.20...
1] 1188... 30.45...
1] 1269.. 29.32...
1] 1325..] 28.94... .

5U% 3.17 msdnaeussinvesisinh
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IN3UN 3.18 Azuanaineasianszua lngeenwuulvinssiulnsianssualuveia
v Ineafalaazdnluidn ADC vo F28335 wietinluldlunmsaiuau FOC sl Tnaay
Tdszuunheduwuu per unit Inglrguresnszua (base unit) WU 10 FaazRsr1voesn

aniléfindesriuguues ADC F28335

L
. .
1823.25 et g [
AN ,‘:: 1 Jtl 7 4 Control of Motor 1
Via RN 221 i I ’
~ AR A a
v X e "‘,.22’(* i | | | | m) —r ) PMSM
(Cisal*— ’ 1AV | e | :
H < e T T —A)—T —FT
% 221 |f : ! )
oA l
148:
—= | |
1823.25 |
_ SN
Vib A 221 ‘
Y 1 o 23K \ (¥ A [ ‘ | \
Lisb—<]|_| YV
22 \
<L A, T
|
(£ 0.02 | ~=0.02 0.02
o
i S
= |
|
Yy B . B WA < L LA —e— ol B WEL %
. |
= (%
o
SUN 3.18 19959ANTT LA
U
A/D Converter : TI_ADC1 X
Parameters | Fixed-Point| Color |
A/D converter (F28335) Help
Display Display
Name | TLADCL ™ =] | Ch Bl Mode DC ~| =
ADC Mode [Start-stop (16-channel) ¥ | [ | ch B1 Gain 0909*2/3 -
Ch A Mode loc [| W22 T =11 A B2 pode e NN Sl >
Ch A0 Gain 1 Wi "B [ =] ChB2Gain |10 hd|
Ch AL Mode pc T XU vl | cnB3Mode bc FF =
Ch Al Gain 0.909*2/3 [~ x|’ chB3Gain 13 ~|
Ch A2 Mode DC | ~|[" | chB4Mode ol & ~l -
(ToT ® | chA2 Gain [T 8 ) 7/ L= e B4 Gain Ty A =
W S ChA3 Mode foc™ T ZI ) | ohBs Mode e =i
By Ch A3 Gain 10 [ > chBS5Gain [To ~
cbus B - —=
( ) °[° | ChA4Mode ibC ~ I >l ChB6Mode Dbc =l =
(Ts6 1 ©  ChA4Gain 10 [l chBsGain 10 —iv
—_— © . Ch AS Mode DC ">l ~| chB7Mode DC | =
> | Ch AS Gain 10 Y [ _xlonsr6Gain 10 -
i Ch A6 Mode [oc g | | Conversion Order ad |
>, — 2
35 Ch A6 Gain 110 [«
Ch A7 Mode Ioc <1 -
Ch A7 Gain 0.909%1/3 =
Ch BO Mode bC >~
‘_S Ch B0 Gain 1.0 | §=

sUT 3.19 ADC F28335 uaznaesnuny

Tuduwas speed controller wag current controller Qﬂ%ﬁgﬂﬂd@ﬂﬂ%@%@ﬁ Texas
instrument lneseazidenvatinosunsuaziandluzun 3.20 wa 3.21
N3UN 3.20 wansdslnozunsuves speed controller Inedgyayrauvndnazilunis

SuAneneBavesrnusilawmesiseansaiuay WinUSsuiieuiuanusiass ievnairy
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£NaNt b UEIFIAIUALLUU Pl lDAANANITILNI

q

lugranneting Wnedyaauiseniithuildfedygyinmuanvansewawny q

(pid_Iq_ref)

drumsaunseuadragaUidhu Insasilunisaivaunssuauny d wae g Tunis

(%

v

NeassliA1ANUMtEYWIIUULAY d WazuAY g V89 pmsg HullalndlAssiunIawinnu

At Un LB FUAINTELAUULAY g WU AIURIMVUATA19198 0N TEIaLN

d fifwinfiugud drunssuannu q EgnatuaNnuaAeneds MuAwieenain speed

controller Ingagldnismuauiuy Pl dyaaviesnisaesdiuazgninivlddmsu pwm

\epIuANEIng IGBT uuaunadinedsell Teasdunvedlaosunsuludiuioswandlilugy

(=) vVsin
> )
.”{ sin e < = )Theta_sin
:% c [T )Theta_cos
) .
. — pid_lq_ref
T4
PI_speed1

i Pl
Aref

[ foke

JoArst|

71

' TIDMC

PN
n 3.21
RmpGen
A Ramp Gen L
speediref —[gain )
—~ . ~
Speedref (V) Sloffset |- !I“\' e
Y & i e | (1w
Gt -
TIDMC qu@ 4 JIU“|V
N N
(Sp_S
0 { 4
0.1 / ;} MUX -
o3
% Pl_speed
%' 5P pd ctrl
Z0H l' N ‘
“iref (V)
% | X MUX [~—ZOH
(Speed. Slepk |- ] 1 |
*[ oy st 5 i
(SP_SW_{ zor L TLDMC
SPSyz0
Parameters |Fixed-Point| Color |
PI Controller with Anti-windup (TT DMC v4.0) HelpJ
Display
Name iPI_speedl vV~
Reset Option [With Reset v
Proportional Gain Kp 05 -
Integral Gain Ki 0.015 "5
Maximum Output 0.95 | W
Minimum Output 095 OF -l

;J‘Uﬁ 3.20 Speed controller



(W canke
)-T-4Ha al
Comet -] (V)
@ e be|
2 o
S5 TiDMC
L —
PI:PLIq

Parameters | Fixed-Point | Color

PI Controller with Anti-windup (TI DMC v4.0)

Name

Reset Option
Proportional Gain Kp
Integral Gain Ki
Maximum Output
Minimum Output

=) =)

Theta_sin (|-
Theta_cos (|-

X

Help

Display

PLig g™ _ v
|Wout Reset .4
i N\
00025 b

0.8
0.8 Y

v

I«

W ALAL

Pl_iq

Pl

ref

fbk
TI DMC

1dRef00—
MUX |-
IdRef1 O—x
i Pl
(Ciswl O
g o |
. ref
&)
I fbk
v ) TIDMC
It
Pl_ig
<l <
pid_lq_ref |1~ rat
—4fbk
TDMC

Parameters |Fixed-Point | Color

PI Controller with Anti-windup (TI DMC v4.0)

Name

Reset Option
Proportional Gain Kp
Integral Gain Ki
Maximum Output
Minimum Output

PI_id

[Without Reset

1

0.0025

| 04
-0.4

Help

Display
v v
~]
x|
-
[ =

-
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Pl_id

j Pt

H{fbk
TIDMC

g‘d‘ﬁ 3.21 Current controller

Tudruvesnsmeunuslsimesineldlunisulasunu azlddye1main encoder w1
A daanslugun 3.22 Ganusaiivruniailuanusiseuluviheseunouniild

Ingldnaasmiuauuas Texas instrument

Control of Motor 1

"~ PMsM
L - } 4
B2 {
4 % L2\ A I L
\
MechTheta Etheta_pu -
Encoder 10000 Y e (D 7 Speed al (V) Speed
.;. P 23 e — T = ! 3 W =4[ SPY ) SpeedrRPM
3B Cnt =2} o { K o AR { K { 208 [—+ stheta - i I' T PSM_N
Ao . 0 4'360/10000 [) 17360 O mfm;mer | 1 scl.
o X 28335
Eth.

Offset Angle

JUN 3.22 nsmsunialamesiazALLEIToU

szuumuAuigneenuuululusunsuansauUasdudlanietluaiuny
BULIBTMBINIU control card F28335 Tilvegluyaauausaines tngausadinis (Jouean
9198961197 wazauAveYalaan dsp oscilloscope Tulusunsu PSIM 203U 3.23 4y

UAAIDINTNANN dsp oscilloscope
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DSP Oscilloscope = X

Port settings

Serial port:
Baud rate: 115200
Parity check: ~ |[None v

| Operation mode

(& Continuous " Snap-shot

Select output variables

All variables Selected variables
PSM_N PSM_Iq
PSM_spdref

PSM_Ia >>

PSM_Ib

PSM_Iaoffset <

PSM_Iboffset

Set input variables

Update All
speed_ref m Update i1l
START [1 Update | il |
Isw ‘1 Update | Timebase scale “Variables —— Trigger
LOOP_SP 1 - Update | ‘500 ms/Div —;— Variable |P5M Iq ~]| var) [PsM_1q ~] = |
rYy <> \\ Clor [e
1 [03 Uodate. | 7 Change Background 1V/D|v | [= = once ™

_gne | Disconnect Pause J Offset : Level ‘0 ——J‘
4 : ™ Auto scale Delay ’07 J

Data Integrity %14 Help J o= AC J

‘J‘lJ‘VI B, 23 WU dsp osoltoscope

Ineludiuves MPPT algorithm 3geenuuulaalsuniw@liteulanseiu
flowchart luguil 2.9 Ingagldnasapsasile C block Tulusunsy PSIM 9an3UN 3.24 9
wansfilanIseanwuu MPPT algorithm #sazldnszualnitiluuny g Wudune wazazle

AsIseuiBaduedug

Simplified C Block Help

Block Number of Input/Output Ports 8
Name: | MPPT ~ Tnput: H Output: 4

B | cotimoge | I Enable Fixed Point
JPPT l ‘ Variables Insert Ge'(?sln\Va!ue‘ Ir\s&‘t SetRunTimeValue Check Code
: o y_ 4 g gk N AN -8 & - |2 AT, } ‘ Following vanablssare valid: t, dett
! | l]. iK% -E e Las [h% % X1, %2, X3, X4, X5
iq : 4 g | N\ mtpm VI V2, 3,74

lref )

$Cl 1 static float nk dnk, Igk, digk, nref,
2 static int first1=0;
F28335 3 static int start=0;
— 4 static long int count

s —teat |+ S 700 {sé" 5 nk=x3;
1 6 dnk = x3-x4;
r jg—u o TouE 2933 7 lqk =x1:
18Cl | 8 digk = x1-x2;
F28335 9 start =x5;
10 if (start==0)
M

12 mref=0.7;
13 yl=nref.

14}
15 if (start>0)
16

17 if (first1==1)

18 {
19 if(dnk==0)
<

5Ufl 3.24 MPPT algorithm lulusunsy PSIM
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unil 4

NaN13INNADN

Tunmsnasestagifiunsaedsddiimdnihnuadnuuulideudensa lneasld
wownnd 2 dredUuAstuiotasudutsiuiuasieTasdudelii nedafisaeadufai
ihazmuauieigestilaswlulnuamuauussin Tasagldhmsaaussiusdafionugu
w350n9AU Arduino mega dauseineindrasuuniosiuinazmuaudeyn
funofimesdifagululmamunuanuifiseusmdusaneifiunmsaanugaidamanli
g9an (Maximum Power Point Tracking, MPPT) lngagsantiauatduliasinasidniu DC
electronic load Tulyumussiuasil 130 hadtitesossurdilnilfinanls yagunsalililu

nnaaesRzuandlugun 4.1-4.5

F-

/4
—

N
@

N
‘ - .4
t

4

B, 15N
Ve 2 '~ 7 /4;.: Lol

ey ¢
vl

5UN 4.1 grgunsainnaes




5
1%

5UN 4.2 193589 59AUO B NeAUALLTIUALAY Arduino mega

gﬂﬁ 4.3 DC supply (V) kag DC electronic load (814)
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gih?i 4.5 Power analyzer
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Tngluguil 4.1 asuansiagemnaesdeaUsznouluioyndUuasmeines gaiwesha
lasw yadunesines (TMDSHVMTRPFCKIT) unassnelifinsuaady uavyn load U7 4.2
uaniiansaLssiusdaiomuauusilaliweshladn Tngagld mcpa725 vihau
Fivrasveedygin muauriulilasaeulnsaass Arduino Mega gﬂﬁ 4.3 tanans DC
supply Tldanglnideslimvenedyans (Operational Amplifiers) lunsasad1auseiuensds
Tngazvheonlulnu series Wiotneussduawn £12 Taad wae DC electronic load Hrewdn
U dc bus veBuneines Wesessumdslnihiindald Tnsazdenlmvhoululnuausei
Aafl (constant voltage) 'gﬂ‘ﬁl 4.4 %Ll,amﬁasqméum%ma%ﬁlsﬁ Ineagly Power analyzer
94 Yogogawa Ju WT1806E lugudt 4.5 iusiuteyaiildarnnismaass

Fsmsnnassazuiseendu 2 nou Aedwesntssiaesiafuiiiofnuinuemess
Anautfvosnssdanaramuiireunsatufviuiduuuuiidonissoowdoli uasluday
yoamsasslulwimdniuuulidadniadodnurizuunuuatinsayinnuldamen
Sedandeulsvielsl wazdaneiiunisinmugaidswanliiigsgaannsafamuninan

Tniihgegalansanungugvselal

4.1 N1531989N99UUN

Coupling motor

Servo drive
(Torque control)

DC electronic load

Inverter
(constant voltage)

A

Vref

Speed estimator
(Arduino mega)

Voltage refference
controller w
v

Torque ’_\

Torgue-speed curve .
JUN 4.6 lnozunsuveamsfinyinginssuvesiaiudidnaed

A

f{haaaﬂﬁﬁwmsumf‘ﬁ’qﬁwfﬂusqmmaaqLﬁaﬁﬂmdwﬁﬂmauﬁ’amaqLLsaﬁﬂLLazmmﬁa
soumsstufsfuhdusuuidoamssaesidelsl asarldmdsdannnamaruduiusues
usedauazanuisiseulusuil 3.3 maveasseziBuanmsinnnusiseureseinesan
dryeu1e encoder A28 Arduino mega mmﬁ?u%ﬁ’mhmmL%ﬁi@ﬂﬁi’ﬂléftﬂuﬁuwﬂﬁwm
ahausafurBaiothlumuruusidasioly TasAusedauazeuidisevazgnilouin

Arduino mega Tuguiuu array iielilua1gdslunsadiausaiugeds :ntuueimasan
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v

1 v a 4 sl o [ a . = I ada v Y @
YnazgneiniiiuduesinesiinnuluiasSenssua (rectifier) Jasipfgdatiiu DC
electronic load Tulvuauseduasit 71 130 Taad 9n3U7 4.6 uansdislnezinsaveans
&
VGENY
iU IMeaes wawesagyihauiAiiealesnntvandiliinnishneia aaniu
91N15aALIIUN DC electronic load daaliilinnisAnssua wewmesaslniusisey
ANANINAINNA NINRABIIzALTUNTInsABY  anLIIAUN DC electronic load adi5ae)
nwinstufinteyavewsdnuarAnuiiseuiignaneg wasiSeuiisuiurvesiaiu

11 laglduiag per unit

v v
v o a

M19199 4.1 HANINARBITIABANWILINNTIUT 30 lwns wazyadalnaiau 10 8a

%

ANALLEI5OU L5eUANIRULN K59UAINAT %ANUHNANAA
NPADY

1 0.26 0.29 11.5385
0.9 0.39 0.37 5.1282
0.8 0.51 0.49 3.9216
0.7 0.61 0.59 3.2787
0.6 0.70 0.67 4.2857
0.5 0.77 0.73 5.1948
0.4 0.83 0.79 4.8193
0.3 0.87 0.83 4.5977
0.2 0.90 0.87 3.3333

NNA1519 4.1 nudAiladanuRananAeuden Inegnaaedlavinisnaaes
Tngldforasdniuueimes uidourinausiseutlounau (speed feedback) Hu Serial
Communication 11 Arduino Mega wuinussdueedilaiounluauauunsstngean

gndies uslllosorvadniutewmesudildmnuiiseutoundurestamosudif iy

a

Sredaildtnnuiniiou Jedudvguindudygnsunuiiinnuomes FatALe VN
IFnnmasadussuddeiuasnssseuien rc nadenldfdumuuunn 1000
Toviu wagsuAudszquunm 10 lulaswnda Geasfidnauidnyszana 1592 15509 uazsio
Fufuuszguuin 0.001 lulpsviin nfldeswesshuenedyana (Operational
Arnplifiers) Tueasad1ausesfud1ade Tnen15197 4.2 awuanidananIsvnaemdanniieieas
ns0eAINA LLaséhLﬁuﬂsz@ﬁﬁuﬂwLgaqmaaﬁamawaﬁzgmwm wuALRAaA AT

anasas iUl
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dl o U 901 dl U n0’ a (3 L
19999 4.2 NAN1TNAABIIADININUUINUIUN 30 LURAS LLﬁ%l!llL‘UﬂlﬂﬂL'Ju 10 9971 11833710

1iIN2995N509AD wazduNuUsznuldsaveswvenedeyy o

ANANLLSI5OU usednfaviuii 1359091NN"T %ANUNANAD
NAADY
1 0.26 0.26 0
0.9 0.39 0.39 0
0.8 0.51 0.51 0
0.7 0.61 0.61 0
0.6 0.70 0.70 0
0.5 0.77 0.77 0
0.4 0.83 0.83 0
0.3 0.87 0.87 0
0.2 0.90 0.90 0

4.2 n1sanasdlsalwitanwasinuulidainsa

4.2.1 n1snaasslulusunsy PSIM

Speed_01

|
1

0.8

0.6

0.4

0.2

0.2

0

Speed_02

Speed_03 Speed_04

0.6

Time (s)

0.8

g'ﬂﬁ 4.7 wanenuidives PMSM firnuidadnads 0.3pu (Aa4), 0.4pu (AUNRW), 0.5pu (&

WWe7), 0.6pu (@19), wag 0.7pu (Fdu)
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d' [ ~ 4 ' 1 ? v a
ﬁ]’]ﬂg‘lh’l a.7 L‘U‘Llﬂ’]iﬁ/l@aENL‘W@@j’l'WZU‘Uﬂ'J‘Uﬂuﬁﬂmﬁiﬂ@]@‘Uﬁuaﬂﬁ@ﬂ’]ﬂ’ﬂﬂLi'JEJ'NEN

deuldnield Inevihinis sweep AAu5191989 MelsAdu Parameter Sweep Tsagusu

S asudud 0.3 pu w3e 900 rpm 1U§uqmﬁ 0.7 pu 30 2100 rpm lagliAn interval

I3 = oA v Y Y] ) 3
\Wu 0.1 pu 138 300 rom ‘W‘U'J']Lll@ig‘U‘ULmqqaﬂqqgagmqLLa'ﬂzﬂgaqﬂquﬂiﬂ‘UqﬂquLi'nla\ﬂi

waslanusenis uanuiwanauaueadl overshoot Aoudegs Inedlianusisnsdadu

0.8 pu NANBUAUDIDT199E Overshoot LuAIALLEITEURTALE

Tngazuidymmensmadnauisienede eanan overshoot waglaiasiiila

nusuiulaaulnaundy U 4.8 uansiia naesaiuau ramp control Tulusunsy PSIM

= a o« & ¥ a A = Ql' & v a
WImUﬂqiﬂLaﬂﬂaquijaqﬂaq LLﬁz;J‘U‘VI 4.9 LEAMIDNNANITNAADINAIULIIDNBY 0.5 pu

PHIINALAIAIAIULSID19D9 1AL NUINAIAUSITOUTSHDSILAANILANULEID19DIN

ADE S\ IUTUIUTNENTIZOEMT Way overshoot AxdiAnanatagaiiuladn
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Development of Converter and Control System for
Variable Speed Permanent Magnet Synchronous
Generator in Small Hydro Power Plant Model

Chatchaphong Thanajitr
School of Engineering, King Mongkut's
institute of Technology Ladkrabang
Bangkok, Thailand
63601223@kmitl.ac.th

Abstract— In micro and small hydro power plants, the flow
and head of the water fluctuate seasonally. The torque-speed
characteristic of hydro turbine requires variable speed
operation of generator to always obtain maximum power
generation. This paper presents variable speed control of a
permanent magnet synchronous generator and maximum
power point tracking for small hydro power plant. The INC-like
maximum power point tracking algorithm is proposed and
implemented. The experimental results validate the proposed
algorithm. However the speed fluctuations are observed and
have to be addressed in future study.

Keywords— Micro Hydro Power Plant; PMSG; MPPT;
Variable Speed

I INTRODUCTION

Power generation of a hydro power plant depends on head
height and flow rate. In conventional fixed-speed operation,
when head height and flow rate vary, the efficiency of the
turbine will drop or in the worst case the generator will not
be able to operate. This turbine characteristic limits the range
of operation (head height and flow rated) of the hydro power
generation. In variable-speed hydro power plant, the speed of
turbine can be adjusted to achieve greater mechanical power
from the turbine by operating at the optimum speed
proportional to the flow rate and head level [1].

In this paper, permanent magnet synchronous generator
and variable-speed control are modelled for micro hydro
power generation. The characteristic ofa 100-kW mixed flow
turbine installed at a demonstration site is investigated and
used for model simulation and experiment. The flow rate is
controlled by the guide vane open angle. From the obtained
experimental data, the existence of maximum power points
of the turbine for each guide vane open angle is confirmed.

The maximum power point tracking (MPPT) based on the
Incremental Conductance technique widely used in the
photovoltaic power generation is adopted to achieve optimal
operating point at maximum power.

In this paper, the mixed flow turbine torque-speed
characteristic and the realization of the turbine in the
experiment setup is firstly explained. The permanent magnet
synchronous generator (PMSG) and the variable speed
control is presented along with the maximum power point
tracking algorithm. The experimental results are presented to

2022 25th International Conference on Electrical Machines and Systems (ICEMS) | 978-1-6654-9302-4/22/$31.00 ©2022 IEEE | DOI: 10.1109/ICEMS56177.2022.9982886
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(a)  Picture of the installed mixed flow turbine

17 04
| T Sdegee —Tel0degres —P 10 degree —p 5 degrae
09— 035
0.8 + L ——
3 NI 03

070 /030 040 050 . 060 070 . 08 0% 100

(b) Torque-speed characteristic

Fig. 1 Mixed flow turbine and its torque-speed characteristic

validate the proposed control technique.

1. EXPERIMENT SETUP
A. Mixed-Flow Micro Hydro Turbine Characteristics and
Experimental realization

A mixed flow 100-kW turbine as shown in Fig.1 (a) was
designed and developed by Electric Generation Authority
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Fig. 2. Experiment Setup

Table 1 Experiment Setup Parameters

Device Parameters
PMSM, PMSG Estun EMJ-04ABP22
400 W/1.2 Nm,

3000 rpm, 8 poles, 32.63 V/krpm

Servo Drive Estun Pronet-E-04A
Inverter TMDSHVMTRPECKIT
Controller TMS320F28335

DC BUS 145V

Switching 10kHz

Frequency

(EGAT) and has been installed at an experiment site in Kaeng
Krachan District, Phetchaburi Province in Thailand. The
torque-speed curve of the turbine was obtained from the
simulation and confirmed by the experiment as how in Fig. 1
(b). The existence of the maximum power point for each
guide vane open angle is clearly showed.

In the laboratory experimental setup, a 400W permanent
magnet motor (PMSM) is used to emulate the torque-speed
characteristic of the turbine. An industrial servo drive
operating in torque control mode is applied. The LUT of
normalized torque-speed curve of the turbine is programed to
a microcontroller receiving speed signal from the PMSM
encoder. The microcontroller outputs the torque command to
the servo drive via DAC in according to the speed input, the
sampling interval of the torque-speed command is 100 ms.

B. Permanet Magnet Synchornous Generator and Inverter

Another 400W PMSM is employed as a generator and is
coupled  directly ~with  the turbine  emulator.
TMDSHVMTRPECKIT and TMS320C28335 are used for
the inverter circuits and control. The DC bus of the inverter is
connected to a DC electronic load controlled in constant
voltage (CV) mode to absorb all the generated power. Fig. 2
shows the overall experiment setup. The important experiment
setup parameters are listed in Table I.

Fig. 3. Speed Control Block Diagram

Start
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Tqlk-1]=Iqlk]

|

Return

Fig. 4. Proposed MPPT Algorithm

C. Speed Control of the PMSG

In this paper, FOC is implemented for speed control of the
PMSG. It is a widely control technique that provides fast
dynamic response and control accuracy. Fig. 3 shows the
block diagram of the speed control system [2].

III.  MPPT ALGORITHM

MPPT is the technique widely used in the PV generation
system. Recently, it is also being adopted in the variable
speed wind power generation. The propose of the MPPT is to
maximize energy extraction when the operating conditions
vary. In wind turbine generation, Tip Speed Ratio (TSR)
Control, Power Signal Feedback (PSF) Control and Hill
Climb Search (HCS) Control were investigated and
compared [3]. The adaptive MPPT for variable-speed micro-
hydro power plant has been proposed in [4] based on variable
step P&O technique.

In this paper, an MPPT algorithm based on Incremental
Conductance method is proposed. The steady-state
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generating power in the case of PMSG, where the
electromechanical torque is proportional to the g-axis current
I under FOC, can be expressed by (1)

P =KIN, (1)

Kr2m
= and Ky
60

where N is the rotational speed in rpm, K =
is the torque constant.
At the maximum power point,

o 4N
SF=0=l+21, @)

or
I,dN + Ndi, = 0. ®)

On the left-hand side of the MPPT the quantity in (3) is
negative and on the right-hand side of the MPPT the quantity
in (3) is positive. The result in (3) is resemble the derivation
of INC method used in the PV system by replace the voltage
with speed. Using (3), MPPT for PMSG can be implemented
without directly measuring the generating power. Fig. 4 show
the flowchart of the MPPT.

IV. EXPERIMENTAL RESULTS

A. Speed Control

Fig. 5 shows the result of an experimental speed control
of the generator with the drive operating in constant torque
mode at 0.4 pu. The speed reference is 1800 rpm. U1, U2, 11
and 12 are the v, V. iy, and i,, respectively. The voltage

Fig. 5. Waveform of line-line voltages, currents, and speed of generator
that operated at 0.4 pu. torque and 1800 rpm speed. Ti(i,). 12(i,).
Ul(v,,,), and U2(K,,), time: Sms/div

T T T
|

N
.
g
f o
i
U ]

et

Y

Fig. 6. Dynamic response of the rotor speed when the reference speed
is changed

signals are filtered by the instrument with 1kHz cutoff
frequency. The generator current is well controlled at
90° phase difference with the line-to-line voltage as expected
by FOC.

Fig. 6 shows the result of an experimental speed control
of the generator with the drive operating in constant torque
mode at 0.4 pu. By changing the reference speed at points.
The control system can track the reference without error.

B. MPPT

The PMSM is controlled to simulate the torque-speed
curve of the hydro turbine. The PMSG is controlled in speed
control with the MPPT generating the speed reference.

Fig. 7 show the result of the proposed MPPT algorithm at
the equivalent guide vane open at 5° and the water head of 30
m. The perturbation step size is set to 30 rpm or 1%. The
PMSG is set to start running at an initial speed of 2100 rpm.
The system can track the MPP to the speed of about 1680
rpm, a power of about 36.8 W, which is nearly at the
theoretical MPP according to Fig. 1.

Fig. 8 is the experimental result with guide vane opening
at 10°. It is set to start running at an initial speed of 1500 rpm.
The system will end at a speed of about 2008 rpm with a

o e

36.8 Watts

WAq A A
AU VY

vy /'
o L 1680

Fig. 7. Result of MPPT with hydro turbine profile with a head height
of 30 meters and a guide vane opening angle of 5°.
By w7 5 " B
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AN AN
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Fig. 8. Result of MPPT with hydro turbine profile with a head height
of 30 m and a guide vane opening angle of 10°.
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Fig. 9. Result of switching torque-speed profiles.

power of about 132.3 W, which is nearly at the theoretical
MPP according to Fig. 1.

Fig. 9 shows the result of switching torque-speed profiles.
The turbine starts at guide vane opening at 5°, then switches
to 10° at point a, and then switches back to 5° atpoint b. The
algorithm can still track the MPP correctly.

From the experimental results in Fig. 7 to Fig. 9, the speed
fluctuations due to the proposed MPPT algorithm are
observed. Because the speed fluctuation can cause the
vibration of mechanical parts, improvement of the algorithm
is needed to reduce or eliminated these fluctuations.

V. CONCLUSION

The variable-speed micro hydro power generation
experiment system has been described. The setup uses servo
drive controlled PMSM to simulate the turbine torque-speed
characteristic. The invertered controlled PMSG with FOC
and INC-like MPPT algorithm is implemented and the
experiments has been carried out. The experimental results
validates the proposed speed control and MPPT algorithm.
However, speed fluctuations are obeserved and have to be
addressed in future study.
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