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Abstract  Concerning the doubly fed induction motor(DFIM) control system without speed
sensor, a speed estimation algorithm based on neural networks and model reference adaptive system
(NNs-MRAS) is proposed. Differentiation method is adopted to design the neural networks model,
and the good speed estimation of DFIM is obtained by training of the neural networks(NNs) through
error back propagation. The linear quadratic regulator(LQR) optimal control algorithm is proposed to
control the rotor currents in two-phase rotating coordinate system, and the state feedback gain is also
designed in this paper. The proposed controller exhibits advanced features as: the parameters of
current loop optimal control, improved dynamic and static performances of the control system.
Detailed implementation of control strategies is deduced. The control schemes is verified correctly
and validly via experimental results of prototype based upon DSP.

Keywords: DFIM, Neural networks(NNs), MRAS, LQR, optimal control

SR ONT PR, FRAC T B A HE R . A
MM EPEZREEER, BEHZESBOUG By S
AWM ANIE, miEh fgittee, E2as
A A P AR I Uit AL T A ) 2R 4 R B AL RS s K, X BRI AR A
2 2 R A K IS SRR AR M () FRNL A S AT P PR 4% SRl
W0, (L, R O R AL RN B, e AT A SR HL AL ) I A R A2 1) 8 5
PR, SURRIR, RS RE T Ak ik ik FHEAM) T Z R, RN EZEITMH L, B
Wefa H Y 2013-04-15  SFs H M 2013-06-09

fEZEMA: 2 & 5, 1987 A, MALBITAE, OHOT RO KRINEA AL S R G AR, R ER B, 1962 4, B, LR
Jili, BEILTT AR T AR A R AR AL E R .

1 35l

il



%2955 7 H 31

& BT NNs-MRAS TG AL A8 XU L LQR 5 141

B , HIAEMRZERIESTT, LS EK
BIORE LI R AE R MR SR R o BEORE IR R D7V
AR, SCHR [2-16]57 Al 52 T AN [F] g PRI 7 %
WA EE TR A ThRMA L iR, E TR
JE. BRI S HIERN ( MRAS) L ARZR M SIS )
VH A S BNV o P B SCHRBEAT #2600
) VAR 0 77 7 75 T i R AERR s B, 5l
N TR EER s He T )3 A (0 LI Jy v 4 1
Her i R AR i, (H O I 52 HL O A
A FE B 2R s T Rl H A AR A - R R DU T
5, TR PR R ELAR G T, (R R O B % S X
AL S [ B A B S, RERITERNE R,
HMeCLORAIE He 25k s SCHR (16132 TR R Rk =
PEPE L T AUm AL SO, THEERR, B
AL SRS FE RS2 L S BRI . o3 A m 45,
H A B A KOS A St 0 X055 HE AL I v %
5T MRAS, {H MRAS 7EBNAS1E OL N # # HEH AR
FES RO, T 9% MRAS A E, ARSCRH
FE T 7 WLHE R PR N 2% R 555 [ IE B
(Neural networks-MRAS, NNs-MRAS) 3# & W
J7ik, B 2 AR SRS N A4 W4 3T 45,
EHEA RIFMSHIHRGE T, B B X5
FEL AL A% Sk PR R 0

SRR, EXs BTG Rgt, Z2RHE
TREEHFIRARLER, RERGEHZRBN
Wyl 28 2 N4t PLEEGIAE, 1 PL & HIZR105
T RBAER —BATIREHHIE KRR SEN, 2 [
AR e, HahbmNEe. ETZRGaAA%
EEZ . A YESRIRE A R O B A A — A
PFB T RG, MR, PISHCET®E, Hit
AR S I A o 28 2 B A BT O T SR E A
Wz — T A RREREE ( LQR)
[y i) o L A AR ) bR A . SRR, B TR RE
WA, TR T IEE IRk s s
KT E A B ) D01, G A e L U T 4 ) (2055 45
W, AU ENOESIN R, Wit T LQR %
filds, LM T AR R R, 855% T RS
M8l FratERe. e, ETHVRAR 5317 7
BO AR SEEG 4 B, UESE T Bk 428 ] SR ()G 2
LIS

2 NNs-MRAS 33 E =8

LW 2% MR 22 H i N ( NNs-MRAS) I#

JEMMABAL G 1 R, BH, u i NNs-

MRAS &AM g N B, X A1 X N EAT A A
HEXHRER, ¢ MIRESEMMEME. NNs-
MRAS 38 W 77 7506 F MRAS #3875 AN
RS B TR E 9 MRAS 2 5,
T AT A R A 2 R 4% ( NNs) #iRL, ZEiRE
NN A5 7 % Hh B BOA AR B S, 2T At
R BRGNS R B E AL E T . Bl
E S AT EMEBUE wi(i=1,2,3+) I RIE1Z
TR RELI R, PR AT R Al T . 1%
ML RRATHAT MM B 54 N E
Sk AR LR 2 2], AH AT SEBRE E  HERA T

1 el o e O ) D A
Fig.1 Schematic diagram of neural networks
speed observation
BT € FHABE NNs-MRAS 38 2L K 52
IR FL T A0, NIN's 3 WL AR ] py XX
WEHLE AR L AR AR R R B RS B, T
PR A L A R AT e G AR 1 o o 2 3 Qi R P

pl//sa _ [_Rs 0 j l:sa T usa ( 1 )
PV 0 —-R)\ig Usg
PYsa ( 0 _a)rJ Ysa [Ls 0 J Upg
= + +
pl/lsﬁ o, 0 V/SB 0 Ls MTB

2
_ RsLs —w Ler _Lm
L, L, (qa)+
wgq-ﬁl R, I
T
Lm Lm



142 BT R % #H

2014 £ 7 H

L, P 0 iy
LL —1I* (ir[}] 2

0 — s Tm er m b

B D PR ARSI E o, 1R
fEJN NNs-MRAS 3 JE WML ) 258, T
NNs B (2) Frosiiiii£r. ZEHS
AR p X5 FLAE P A L AR AR R T s R A
B3, FRAMARY 255 EER WS KRR
SR, AR SCR B i i A B T AU AR
2ifl4y . 7 NNs-MRAS 3 & W MARER B, B30
WL SEUEE, SRR E R o f1 NNs B
R € FRERE weo MR, Bl C2) fr
7N NNs BERUHAT AR, 43 5 & A O e &2
o, MR IE K

Pl//sa _(0 _a)r] l//scx +(Ls O] um +
P’/’sﬁ 28 0 l//sB 0 Ls urB

2
_RsLs _Ler _Lm p

0 .
L. L, g
. +
0 RsLs Ler _Lfn (lrﬁ J
Lm Lm
2
0 _ Ler — Lm
L i
o, , " [ .WJ (3
LL -1 . i
L

m

BT RMESEXNRX (3) #HATEHAALHE,
R NNs R L 5 fE, WF -

l/}sa(k) l/}soc (k_l) (LS Oj Urg (k_l)
. =| . +1, +
Vi (K)) (g (k1) 0 L Jug (k~1)
T{O _wrj yfsa(k—l) +Ts[a o] i (k1))
o 0 WSB(k—l) 0 a irB(k—l)
corTs[O _bj u (E71) 4
b 0 Ig (k—l)
A TR
a=—Ly(R+L,)/Ly+Lyt1;

b=LL/Ly~Ly.
Bl (4 G foE, A

W ()= wx; + wy X, +wyxs +wyx, +wsxs  (5)

X x(=1,2,3,4,5)——NNs H R [FRRE 2 &,
wili=1,2,3,4,5)—RA AL 55 B AR EL

R R T
wi=ls X = (o (k=1 ggk=1) : w=e,T;
= (P =1) g, (k=D) s w=—aTis
%3 = (G (k=1 —ig(k=D) 5 wi=o,Tb;
xy = (Cigk=1) iy (k=D)) s ws=LTi;
x5 = (i (k=1) g (k=1)) «
l/}s (k): (I/}sa (k) ‘/}SB (k))T °
ZUETH . NNs 3, Wl 2 fros, A
TR RN B T RAEE . T H AR R IR T
— RFENS ZI B S ECEUE, BUE wy A1 wy 23 201 [R] R4S

HINLEL TR PR LB 56 &, NINs A5 L 1 D 24 iR
P IS 220 FR) 5 5 T R A U

B2 NNs
Fig.2 Neural networks model
g4 MRAS #Eifil A, @ % NNs B8 1
BUE, 1 NNs B8RS 25 R0 4yt 1) 58 T fd
RS, U5t F L Aty O R SE BB A 55 o R
NNs #E RN S5 R o AN S, 8 SOIREST XU %2
N e(k), ECREREN J, H

e(k):‘//s(k)_l/}s(k) (6)
J=Le(ky (7
2
5 U AL A A S SR B R 2
I - LA D)
Aw, (k) nawz— nay;s(k) o, (8)
AW4(k)=_,76_J=_ a—JM (9)

owy naiﬁs(k) owy

g5 TR (4) ~30 (9) BTG



%2955 7 H 31

& BT NNs-MRAS TG AL A8 XU L LQR 5 143

Ay () = 17 4= [0, (1) =P (0) ] (K = 1) +

(v 0=y (0 Jir (k-D} (10D
Awy (k) =7 [V, () = () Jig (k= 1) +
(W ()= () Jig (e =1) } (1

BUE wy A1 wy AN LI 0 2 A5 I8 1 B 14
Ltk R R, BT EHEBUE wy M wy 75 B HE AL A
Bo BREEIBUE wa IHBAM KB 73S HR,
P RRG AL 28, AR T3 B2 v
bk, ASCRABUE wy AT HEAG I, A0 52
AT AR

@(k}:@(k_n+A”Z“)
v (k-1)
T.

S

= &, (k=)= nlyy ()~ (k)]

v -y 0] 5D o)

S

3 WiRE#H LQR T

3.1 LQR ZFHIZF/IZIT

LS LN Y0 T R HLIN L R s R A 3R
THE, JFHBHLUE TR E mdEmh Hie g, 454
AT 5 M AR 22 T BB AL BB, ol Ui
B P PR 428 i) P 00 2 A 28 3 7 B8 0 X1 6 B

FER
{x(k+l):A~x(k)+B~u(k—l) (13

y(£)=C-x(k)

Arf, 4. B, €SB Ui
N RIS (k)= (g (k) g (k)) > 2
KRR .V(k):(ird (k) irq (k))T » IREREFERE N
$(0)=(a (k) wig (k) () i) -

R R RGN AREE, BIN 2 iR
FEEH Cep » DULRERE R (13 HATHT,
TSI H A R 2 R N

e, (k)=y"(k)-y (k)

(14

Aoty (0= () i (6) -

gitral (13) 314, BOPREZ Y
I RRE T R
X(k+1)=H-X (k)+M -Au(k)+ N -AE (k+1)

(15)
2t
X (k)=(e, (k-1) Ae, (k) Ax(k) Au(k)) s
I, I, 0 0
|0 b E(1,-A) -EB ;
0 O A B
0 0 0 0

M=(0 0 0 L) ;
N=(0 I, 0 0);
AE (k+1)=y* (k+1)=y" (k).
SE SCIE ] R G H AR R EUN
J:iX(j+l)TQX(j+l)+Au(j)TiRAu(j) (16)

J=0

A, IRGERE 0=0, R >0, JFHA

6 2]
; R= o
0 n

LQR i it 2 it HR S R izl 45
MITAE R B H AR H J BUR/AME, TR A5
PR E INBUERE @ 5 RME—HYE. it LQR 1%
il A% 1 e I 47 1 B A

q 0 0 O
0 gob 0 O
Qo= 0 0 g5

0 0 0 g
M MMM

[
o - - - -

u(k)= glkZ;)es (n)+ gy, (k )+ gsx(k)+ gqu(k—1)+

m

DKy (k4 1)y (7))

J=0

1D

ARAS R B8 B BT 20

G=(z 2 g g4):—(iR+MTPM_1)MTPH
(18)

P SEFER]7E Matlab P35 T 3R fi# Riccati 7 F220



144 ML R ®E R

2014 £ 7 H

33|, Riccati FFERW FXFTR:

P=Q+H'"PH-H"PM[R+M"PMT'M"PH (19

)
AR AR IREE R K, N
K, =-[R+M"PMT'M" [(H+MG)T]j N
j=1,2,.m (200

3 LQR il S 45 M HE &
Fig.3

Structure of LQR controller

3.2 WiREH LQR FHI RS

XU FELATL VR R S A ) LR PR R R,
B i R O AT 45, R I SIS I E T HLIR I R
sy, DUE P R R T R H . R
W ZRGE VT, BB ALIER RSN AR R
FE 1 =(ueg trg)™s HEHE L EHE y =(ig i)™ &5
3 Wik LQR ¥l 8%, 7] LS B XU H AL
LQR #Hl RGu K 4 Frow, FE /MR R E
T NNs-MRAS 3 &0l 452 2 (1) 3% Tl oW &, %%
AN R 22 2 P $5 il 2% 1 00U B LS i
SRLNITE, RGICY) DA E SR W] i A 1 il
Mo 45 SEIL, NIRRT LQR 4264
SR R A S A, DL ARAIE S ] R S8 R AT K 3)

ShERE.

i ]

e i
oy - ’:‘ g LOR g
a, ha| e

. ] ]
ey !
; ; DFIM,
1
0, |ue
T 1

i Wﬂ%lﬁﬂﬂJ L‘is(xﬁ 35125 | Duabe
0 g ; ?EF%W]?’%(.I - w’“&
s 7 5125 |

8, AT R T L]

Bl 4 XUBHEHL LQR 2] RGHE K
Fig.4 Structure of DFIM control system based on LQR

4 SKIGIGIE

N T BAERTIR T7VE R AT AT, R T RET
DSP2812 4 ffill &5 (K1 X015t H AL A AL S 361 5 32
17 SEIR e, SR H XU LI S 8O R &,
7E LQR #=#l#, ¢,=1, ¢,=1000, g,=¢,=2 000,
ri=r,=4.

x WRBENEESH
Tab. Main parameters of DFIM

z H B
BUE LR IV 380
TE T L /Q 0.448 5
SE TR /mH 3.1
T HIE/Q 0.388 5
7R % /mH 3.1

H & /mH 70.2

1Rt % 4

F A /(kg-m?) 0.38

ZREHLSEE T & D)2 R B AR TR, 5
SO, ARALAE F X0 R O = A AR R A A
60V. K LQR #&il#s, XML EEIT 4T,
B IR S E MR AGET, XU LR T R ) A
e 238 T an B S iz i 7 B
DSP2812+FPGA/CPLD HHL#E#HIik - D-A HiE%
Agilent MSO6014A /Ry #sfF. a7 W, KH
LQR #Hil 4%, RefE LI T P9 3R B I S5O AS 2 R
WAL, [ RGH & RIFME) . FRASTERE.

i TESA) et e
"‘Tq)ri ’Eﬁ(SA'%ﬁ ) sl “‘WW I
g FE(SA/E) fome =
B AR(S AR

#2s/4%)

K5 XUt HLES T R EOE

Fig.5 Waveforms of DFIM rotor currents

TEXUm AL LQR = 52 aE ., %\ NNs-
MRAS 35 & WA, XU L4 5 N



E20HBE TH 31

& BT NNs-MRAS TG AL A8 XU L LQR 5 145

80rad/s, XU HELALEE 1o B A S e 100 I 3B T ]
6 FIuw, S bre U HOG s g 5 45 3R A5

S A A (0.8 ) oot 1 / /l / / A
/ / /
V] v

T8 A (0.8meps) e[/ Y

2 B (0rad/s %) e s
e S I S )

: f

L 4 (A Orad s ) opmd

(20ms/ )

(a) NNs-MRAS ## NI4T

S (74 £ (0. BTrad ) % / AV od
wa i Emoswdn Y )/ /

9 bR (40rad/s/ ) -, e,

TLMGEIA(A0Tad/s/HE) P it s
1(20ms/F%)

(b) X5t HLHLAR 2 18 4T I
K6 XUt LS T B A B e s WL
Fig.6 Waveforms of DFIM rotor angles and speed
XL LT AL [ 5 1o 38588 [F) 25 o« ok
PSRRI IR 7 A 8 FR. B 7 B AL
Tt LML [R5 258 ) 2Dl ) T R, 1 8 O
XUt L AL MR () 25 1k 28] 9V ) 200 5ok ) o e 7

AMHHIRG0ANE)

—

,
Iy

n A b lu{ Al
I/- | “I'\'\ a1 i l M"‘ﬂ n“ nl:\l nlr\ '\ rq
“lll ‘:a f w% | A ,“” \ ’
BAH i G0A) | wuf' »'\;}? l*l"flﬂ\".‘»"uf'ij W
% A (L 6mead )| / / A// / / ..-.\\T\L‘-I\\[\ \\

o=

#(500ms/4%)
B 7 [ 0 o 0 [ 0 T ok 3o A X451 Fi AL
FLIREI Y S e 1 o B A

Fig.7 Waveforms of DFIM rotor currents and rotor angle

when speed changed from subsynchronous to

iy
(LT 01 6rad48) \\\\\\\\[\/ ‘NS

#(500ms/F%)
[l 8 it [F] 20 T 3] I [ 455 3k o el o 2 LA FL AL

supersynchronous

A FEITE(30AS “.” !
; fz.( 14@ \ \\‘ .I"‘\J/‘ i "R
BATREGOANE LA )

R BOE S 1o L A

Fig.8 Waveforms of DFIM rotor currents and rotor angle

when speed changed from supersynchronous to

subsynchronous

H11E 6~1& 8 o, WBHHNERAIZT L#
SRR, RAI%ET NNs-MRAS fJ#
JEE WL 7 V5 B B0 R 0 XU r AL T R4 BRER K
W, FEASE, WG RGP EREE AL SE PR E, LT
ToIRZE ;s KU HLHIL 10 5 A IV ] 20 3 AN [ 20 T 2
WA R, By RIE LR, H AR
LGP A EAS S, BIEAE DT, W5
LS 707 BAS B th i Bk, XU AL L% 1 fE
RAF, ARIL T B 42 il Sems (1A 2k

5 g

B XU L JC T R A TR Az ], R T AT
T HEBERI MM 2 RS HE M A48 ( NNs-
MRAS) JE MM T3k, Beit 7 MgfiRy, @
TR 78 A B 2 P 2 IR AT I, A R
SEEL T XU AL B . it 7T AR IR
U A EE R HIEE (LQR) , %l 48 523l
{7 BIATERELS, TSI N IR TR A e A
i, o T RAER RGN, RSk

Sk

[1] Mohammed O A, Liu Z, Liu S. A novel sensorless
control strategy of doubly fed induction motor and its
examination with the physical modeling of
machines[J]. IEEE Transactions on Magnetic, 2005,
41(5): 1852-1855.

[2] Xu Longya, Cheng Wei. Torque and reactive power
control of a doubly-fed induction machine by position
sensorless  scheme[J]. IEEE
Industrial Application, 1995, 31(3): 636-642.

[3] xI&am, EMF, Bk, Jod AL RE T RILE
XU AL R BRI RS (1], PN,
2002, 29(6): 38-42.

Transactions on

Liu Zhiqiang, Wand Na, WeiXuesen. Speed variable
vector control system of doubly fed motor without
speed sensor based on rotor current oriented[J]. S&M
Electric Machines, 2002, 29(6): 38-42.

[4] Iwanski G, Koczara W. Sensorless direct voltage control

of the stand-alone slip-ring induction generator[J].



146

GO N ¢

2014 £ 7 H

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

(13]

IEEE Transactions on Industrial Electronics, 2007,
54(2): 1237-1239.

Jain A, Ranganathan V. Wound rotor induction
generator with sensorless control and integrated active
filter for feeding nonlinear loads in a stand-alone
grid[J]. IEEE Transactions on Industrial Electronics,
2008, 54(1): 218-228.

Forchetti D, Garcia G O, Valla M 1. Sensorless
control of stand-alone doubly fed induction generator
with an adaptive observer[C]. In Proc. of IEEE
International Symposium on Industrial Electronics,
Cambridge, U. K., 2008: 2444-2449.

Pena R S, Cardenas R, Proboste J, et al. Sensorless
control of doubly-fed induction generators using a
rotor-current-based MRAS observer[J]. IEEE Transac-
tions on Industrial Electronics, 2008, 55(1): 330-339.
Forchetti D G, Garcia G O. Adaptive observer for
sensorless control of stand-alone doubly fed induction
generator[J]. IEEE Transactions on Industrial
Electronics, 2009, 56(10): 4174-4180.

Cardenas R, Pena R, Clare J, et al. MRAS observers
for sensorless control of doubly-fed induction generators
[J]. IEEE Transactions on Power Electronics, 2009,
23(3): 1075-1084.

Yuan Guofeng, Li Yongdong, Chai Jianyun, et al. A
novel position sensor-less control scheme of doubly
fed induction wind generator based on MRAS method
[C]. In Proc. of IEEE Power Electronics Specialists
Conference, 2008: 2723-2727.

Carmeli M S, Castelli Dezza F, lacchetti M, et al.
Effect of the errors in the rotor position estimation on
the stability of a double fed induction motor where
the mechanical quantities are estimated by a MRAS
[C]. International Symposium on Power Electronics,
Electrical Drives, Automation and Motion, 2008:
1233-1238.
Krzeminski

Z, Popenda A, Melcer M, et al.

Sensorless control system of double fed induction

machine with predictive current controller[C]. In Proc.

of 9th European Conference on Power Electronics
and Applications, 2001: 3-9.
Shen B, Ooi B. Novel sensorless decoupled P-Q

[14]

[16]

(18]

[19]

(20]

control of doubly-fed induction generator(DFIG)
based on phased locking to -6 frame[C]. In Proc.
of IEEE Power Electronics Specialists Conference,
2005: 2670-2675.

ZV, AENI, HizH, 5. ETHRESEHENT
TR JEE A SRR XU X T R B HLAL A% h HORBIE . [T1].
WAL 1, 2008, 25(4): 64-70.

Qin Tao, Li Yuegang, Xiao Yunqi, et al. Speed
sensorless control strategy of induction motor for
doubly-fed wind power generation system based on
MRAS observer[J]. Modern Electric Power, 2008,
25(4): 64-70.

Cardena R, Pena R, Proboste J, et al. MRAS observer
for sensorless control of stand-alone doubly fed
induction generators[J]. IEEE Transactions on Energy
Conversion, 2005, 20(4): 710-718.

Eric Maldonado, Cesar Silva, Manuel Olivares.
Sensorless control of a doubly fed induction machine
based on an extended Kalman filter[C]. In Proc. of
14th European Conference on Power Electronics and
Applications, 2011: 1-10.

WRAEIS, Mok, JCod A s v R S IR T a4 1 )
=M R R R[], A AES, 2006, 36(1): 3-8.
Chen Boshi, Yang Geng. Three approaches to the
control strategies of sensorless high-performance
ASD systems and proposals for their development[J].
Electric Drive, 2006, 36(1): 3-8.
Bachir Kedjar, Kamal Al Haddad. DSP-based
implementation of an LQR with integral action for a
three-phase three-wire shunt active power filter[J].
IEEE Transactions on Industrial Electronics, 2009,
56(8): 2821-2828.

Li Jianlin, Xu Hongyan, Zhang Lei, et al. Disturbance
accommodating LQR method based pitch control
strategy for wind turbines[C]. Second International
Symposium on Intelligent Information Technology
Application, 2008: 766-770.

Osama S, Ebrahim Praveen. LQR-based stator field
oriented control for the induction motor drives[C].
Applied Power Electronics Conference and Exposition,

2008: 1126-1131.



