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Grey Fuzzy Sliding Mode Control with Grey
Estimator for Brushless Doubly Fed M otor

Z.K. Shao, Y.D. Zhan, Y.G. Guo, and J.G. Zhu

Abstract(] In this paper, a grey fuzzy sliding mode
controller (GFSMC) for brushless doubly fed motor
(BDFM) adjustable speed system is presented. A grey
model estimator and adaptive fuzzy control technology
are incorporated into the diding mode control (SMC) to
adaptively regulate the adaptive law of SMC. The
proposed adaptive fuzzy equivalent controller, adaptive
fuzzy  switching controller, and grey model
compensation controller for BDFM can eliminate the
aver age chattering encountered by most SMC schemes,
improve the robustness, and obtain excellent static and
dynamic perfor mances of SM C. Simulation results show
that the proposed control strategy is feasible, correct
and effective.

Keywords[] Brushless doubly fed motor, dynamic
model, grey model, adaptive fuzzy control, siding mode
control.

1. Introduction

and computer control technology, BDFM adjustableesp
system is more and more widely applied in the cades
high performances required. Moreover, Brushlessbijou
fed generator is also very suited for variable-dpee
constant-frequency (VSCF) wind power generatiortesys

in which the rotor speed is allowed to operate in
sub-synchronous and super-synchronous speed. @gnera
for the BDFM application in these cases, there single
brushless doubly fed machine (SBDFM), and cascaded
brushless doubly fed induction motor (CBDFM).

Nowadays, in order to acquire high dynamic
performance, many kinds of dynamic models have been
studied, such as the d-q coordinate frame dynantidein
[1,2]. Several types of control strategies are tyaiised to
control the BDFM, including the scalar control, tfield
oriented control (FOC) or vector control (VC), theect
torque control (DTC), the fuzzy logic control, arde
model reference adaptive control.

Sarasola et al. [3] presented a direct torque obntr
strategy for the BDFM by using the voltage vectalblé¢,
which has been developed by analyzing the fluxtangue
derivatives for each voltage vector as a functiboamtrol

Brushless double fed motor (BDFM) is a new type ofwinding flux angle. Huang et al. [4] proposed aziy®I1D

AC adjustable-speed motor,

which consists of twocontrol strategy for power factor based on the rhade

independent stator windings (power winding and dnt BDFM and its simulation, and the results show ttie

winding) and a special structured rotor. Its perfance is
similar to that of a synchronous machine, whosedman
be controlled by adjusting the power frequency aftool

power factor of BDFM can be controlled effectiveby
adjusting the voltage and current amplitude ofcitstrol
winding with the fuzzy PID controller. Wang et 4b]

winding using a reversible inverter. BDFM also hasanalyzed the mathematical model for BDFM based on
advantages such as brushless, simple structurell smdouble synchronous reference frame using rotomabdel

capacity of inverter, adjustable power factor, aeduced
frequency converter rating required by operatirgdantrol
winding, leading to significant system cost savirgpFM
is a strong competitor against the traditional D@ #AC
adjustable-speed motors.

as a start point. It designed a new type of povesttrol
system by applying flux oriented vector transforiomat
control technology, based on characteristics of BDFhe
proposed system realized the decoupling contrcabfre
and reactive power of variable speed constant-&equ

With the development of power electronics technplog (VSCF) generator by using the fuzzy sliding modatod
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windings of the generator to carry out the AC eatain.
Computer simulation results verified the correctnesd
effectiveness of this control strategy. Sarasolalet[6]
presented a predictive direct torque control sgateith
constant switching frequency of BDFM. In the paper,
reduced torque ripple strategy was implementedhfmrove
the behavior at constant switching frequency. Satioh
results showed effectiveness of the proposed dontro
algorithm.

This paper firstly introduces the operating prifeipf
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BDFM in Section 2, and analyzes the mathematicadeho

Power
for BDFM based on double synchronous reference dram |, Windi Gnd ChVh
- - - - o Power 1 U
using rotor d-g model in Section 3. Secondly, idesrto s Filter T2V
eliminate the chattering encountered by most SM@ses, .E o1 oW
. - BDFM
a grey estimator-based grey fuzzy sliding mode robnt _ T
(GFSMC) has been employed for the BDFM speed loop t E-EU o, —Erdirectional byverter ..
further enhance the robustness of the system itiche4. SE [ |~ L - |
Finally, in Section 5, computer simulation is cedriout and T o B S ~ | T
the results show that the control strategy is ascorrect %E T T T 1%8
and effective. ugl Frequency| | | Voltage @
@ ol Control | T Control =2
upl t &

2. Operating Principle
. Fig. 1. Schematic block diagram of adjustable spgetem and
For a brushless doubly fed adjustable speed syskem, aqjystable power system for brushless doubly fechina.
power winding (PW) of the BDFM is connected to the

power grid with fixed voltage and frequency, anc th

current and frequency of the control winding (CW§g a 3. Dynamic M odd of BDFM
controlled by a power bi-directional inverter. Figshows i ) )
In order to improve the static and dynamic perfaroes

the schematic block diagram of a brushless doubly f X
variable speed system, which consists of a BDFM,Of BDFM adjustable-speed system, a closed looprobnt

bi-directional inverter, sensors (§TCT,, CTs VT1, VT, system must be used, bu_t it is a very !mportan[epmasne
that an accurate dynamic mathematics model of BDFM

should be obtained. When the speed of BDFM is &eljiis
we need to coordinate and control the three-phastage
and frequency. In the output variables of BDFM, ths
rotating speed and flux affect each other, the BDFM
adjustable-speed system is strongly coupled and
multi-variable. Moreover, because the stator wigdimnd

VT3, VT, and encoder), power transformer T, monitoring
and control system, and other components. Becduse t
voltage level of the CW is less than that of the, Ri¢
power transformer T is used to output the AC vatag
matched with the CW. By adjusting the excitation
frequency of the bi-directional inverter acted ba CW of
BDFM, the system can achieve the goal of contrglline

speed of BDFM. The PW of BDFM is not controlleddas rotor winding can realize the conversion and traasion of
connected to the power grid through a power filtétich is energy by the electromagnetic coupling and relatiadion,

employed to eliminate the high order harmonics geted the Lnductance cogfﬁcientﬁ aref time-;]/aryingdfﬁmc;ielate@(jﬂ
by a lot of harmonic field existing in BDFM and iter, to the space position. Therefore, the model of BD

and to avoid the harmonic pollution to the powed.gr non'lal\near.d_ he th ¢ BDEM q di
As mentioned above, the objective of controlling th ccording to the theory o and  coordinate

BDFM speed can be reached by the frequency coatrall transformation method, in its rotor field orientedntrol
adjust the excitation frequency of CW  using themotion and in double synchronous reference d-qdinate

bi-directional inverter. If the frequencies of g/ and CW frame,l to E'mp“fy the dmodel of BEFM' the d-a?.es:jt:&i
currents ard; andf, respectively, the rotor speed is given CF’”"‘? su syst_em and power su system are fixeten
direction of their rotor flux linkage respectivelijherefore,

b
y the rotor flux linkage in the direction of g-ax&sZero, so we
have
_60(f, % f,) " | |
pp + pc wdrp = I-rp2|drp + Lspzldsp =lﬂrp (2)
Voo = Lrp2'qrp + Lsrpzlqsp =0 ®)
where p, and p, are the number of pole pairs for PW Wye = Liolge T Lyeolge =W,c (4)
and CW respectively, and the symbols “-” and “+®ar (,[/qrc = chziqrc + Lsrcziqsc =0 (5)

applied for the operatm_g states below and abov%vheret/l and (U are the flux linkage of the PW and
synchronous speed respectively. P re

According to (1), the BDFM speed can be adjustedcw of BDFM; wdrp, [//qrp,[//drc, and ‘//qrc are the
below or over synchronous speed by changing th

amplitude, frequency and phase sequence of the C\%l_aXIS and g-axis orientation flux linkage of PWdaBW,

o . respectively.
excitation currents, which can ensure that the Wuspeed . . , -
P The voltage equation of BDFM in rotor field orietiten
and voltage of BDFM are constant.

frame is given by Ref. [2]
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(U | [To*LleeP —@ly, O 0 LepP -@l..[is| becomes

Ugep “ LSF'Z fo* LSDZ P 0 0 @, Lsm2 Lsm2 p iqsp

Ug |_| O 0 retlep —al LioP  @lsg |iw L

== 0 0 LSC2 +IiC2 E -L > i Te = pc <2 wrcl SC (11)
uqs: a%: 'SC2 rsc stﬂp ("% T2 sczp Iqsc q

Lsxpzp O Lsr<2p O rr +Lr p 0 idr re?

0 wlg 0 -l 0 —wl,tal, r |ig . . . .
SR @ @ P (bf) The mechanical motion equation of BDFM is
where r. L L and w, are power windin daf 21 -T -K 2

o Lw2 Lep2 b P 9 qt _F(Te |~ Ke@w) (12)

resistance, self-inductance, mutual inductance detw
power winding and rotor, and power winding field

mechanical angular speed respectivety, Lo, Lgc where J and K, are the rotor mechanism inertia and
and «, are control winding resistance, self-inductanceturning damping coefficient, andT, and T, are

mutual inductance between control winding and roémd  electromagnetic torque and mechanical load torque.
control winding field mechanical angular speed eesipely;

Lipz and L., the self-inductance of power winding and
control winding respectively;r,, L, and w, are the rotor 4. Grey Fuzzy SMC Strategy of
winding resistance, self-inductance and rotor meici BDFM

angular speed respectivel i - .
g P P Yt » Ugsp » Udsc» Uge» asp- Because the sliding mode control (SMC) is of the

igspidsc»igse»iar 1 lgr  @re instantaneous values for voltagesxcellent robustness and excellent static and dimam

and current; p is the time derivative; subscriptp performances, it will be applied in nonlinear BDFRdeed

represents for PWsc for CW; r for rotor; q for g-axis CONtrol system, as shown in Fig. 2.

components; and for d-axis components.
When BDFM runs in the doubly fed mode, one has

bl Bi-directional Grid
Converter

— — — ki | Switching
;= a)p =W =W (7) o Inference[ ™ snic

Fuzzy ﬂ Equivalent
Inference SMC

The electromagnetic torque can be expressed as

7
L L =
_ Srp2 . 2 . Idse
Te - pp : ‘/lrplqsp + pc = ‘/lrclqsc (8) LW 8 Igsc abeidy
|_ Calculation
rp2 rc2 “l Loy
0,8 T | @berdy
The d-axis component of stator current is

Fig. 2. Block diagram of BDFM adjustable speed oant
i — Tc2 p+ 1 + ch system.
Idsc - L wrc L pwrp (9)

src src2

Fig. 2 shows a control method in BDFM speed

where Te; is the time constant of rotor exCItatlon'regulation system based on the dynamic model of BDF

Tez = Leca/1r -

. ) mentioned above. In this figureq) is the synchronous
The slip frequency control equation becomes

speed, anda)rj is the given speed [7-9].

L :
@, = S s (10) N
T.W,~¢.) 4.1 Design of Sliding Mode Controller for BDFM

According to (4) to (9), we have

Therefore, (8), (9), and (10) form the rotor fieldented d
i i i G K L . 1
control equations of BDFM. The rotor flux linkage,.is r=_d g +& src2 wrclqsc -7 (13)

controlled byig , and the torqueT,, is controlled by i, . dt J 7 J Ly, J

When ¢,. is kept invariable, the dynamical control of

BDFM can be achieved by controlling, . Thus, (8) The state variables may be defined as



Z.K. SHAOg¢et al.: Grey Fuzzy Sliding Mode Control with Grey Estitorafor Brushless Doubly Fed Motor

11C

x=e=a - (14)
X, =% =e=df-@
15
:ﬁa}r _iLgczwrciqsc+£-l—l ( )
J J L, J

According to (14) and (15), a discrete expressenm twe
obtained

X(k +1) = AX(K) + bi . (k) +bD(x,k) (16)
11
where A= ; :&ﬁ(/lmT ; T is the
01 J L,

sampling periodD(a) ,K) indicates the uncertain parts of

BDFM because of the magnetic saturation, skin &ffec
temperature changing, rotor resistance, load torané so
on.

The switching function for sliding mode can be stdd
as follows

s(k) =c"x(k) (17)

wherec is the constant(c > 0).

According to (16) and (17), there is
s(k+1) =c" Ax(K) + c"bi, (k) + c'bD(x,k) (18)
Based on the index reaching law, there is

s(k +1) =@ -Tq)s(k) — hT sgns(k) (19)

where hand q are constants, which are larger than zero.

Because the matrifc'b] is of full rank, comparing
(18) with (19), the SMC control formula is given by

i (K) = =(cTb) “c" Ax(k) -
~ (c"b)[(Tq - 1)s(k) + hT sgns(k)] - D(x, k)

=gy (K) +i,(K) +i (K)
(20)

where iy, (K) is called the equivalent controller of SMC,

is(k) the switching controller of SMC, and,,(k) the
compensation controller of SMC, which are given by

i, (K) = -(c'b) " Ax(k) =~k x(k)  (21)

ii(k) ==(c"b) ™ (hT sgnis(k)) + (Ta -Ds(k)) (22)
ip(K) = =D(a@, k) (23)

4.2 Design of Adaptive Fuzzy Switching Controller

To the practical SMC variable structure controltsys
when the system track arrives the switching surfaise
speed is finite, then the inertial makes the motmints
across the switching surface, and then the chagteis
formed, which will overlay on the sliding mode.drder to
eliminate the average chattering encountered byt Sk
schemes, a lot of methods have been employed,asuttte
quasi-sliding mode method, the driving law methtus
filtering method, the observer method, the dynamic
sliding-mode method, the switching gain method,ftlezy
control, the neural network control, the genetigoaithm,
and other approaches.

A. Switching Control Using Fuzzy Interring Rules
Making it a condition that the sampling periodiiet,

the parameterh of the index reaching law in the integrated
uncertain term f, (S(k)) decides the chartering amplitude

of SMC controller. Because the fuzzy inferring naetlcan
effectively realize the control objective using \goeis
expert knowledge, the adaptive fuzzy estimator doptb
with SMC can overcome the uncertain disturbanc8NC
system. Therefore, employing the adaptive fuzzyhaubt
the parameterh can be estimated and adjusted to decrease
the chartering of SMC system. In this paper, anptda
fuzzy inferring method combined with designed SML f
BDFM speed control system is used [10].

As shown in Fig. 2, an adaptive fuzzy inferring
controller has been designed, which takes the bimigc

function S(K) and its change variables(k) as input

values, and the parameteh as the output value.
Meanwhile, their universe is defined as all for,[33} and
[-4, 4]. Using the switching control of fuzzy cooltrrules
and inferring makes(k) — O.

In fuzzy control rules, the related fuzzy subsets a
defined as follows: positive very big (PV), posiibig
(PB), positive medium (PM), positive small (PS)arg
zero (ZE), negative small (NS), negative medium {NM
negative big (NB), and negative very big (NV). Thezy
membership functions correspond to the switching

surfaces(k) and$(k) , and parameterh of integrated
uncertain term f, (S(k)) are defined in Fig. 3, and Fig. 4.

I‘B O PEB
1

05

= -1 a 1 2

Fig. 3.  Membership functions fos(k), $(K).

-3
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L N = N B A B R where £is a small positive number. Furthermorg.can
take the form

0sr B

h =0'W 27)

0 i . : : ; i : Here, 0 is the optimal vector of the minimum control. The

-4 -3 -2 -1 ] 1 2 3 4 . .
parameter error vector is defined as
Fig. 4. Membership functions forf (s(k)) .

U=v0-0 (28)
The fuzzy rules are indicated in Table 1.
Lyapunov function is selected as follows

Table 1. Fuzzy inferring rules

sk

B N N z P V, =1(Sz(k) +EDTD) (29)
2 a

N PV FB PM

where a is a positive constant, which is called the
Z BS ZE NS adjusting factor and is used in the SMC system for
changing the total output gain of fuzzy controllend
removing the chartering generated by SMC controller

By taking the derivative of above equation, the
The center of gravity (COG) is selected to cal@ilat following equation is obtained

the defuzzification process for the fuzzy outhutwhich is

P NM NB NV

; . 1.
V, =s(K)$(k) + =00 (30)
9 a
W&
h =i=19— =u0'W (24) When $(k) replaces the above (30), and the condition
W V; <0 is met, the adaptive law is defined as
i=1
0 =aT|s(k)wW (31)

where U=[a a, - a,]" is the adjusting factors,
a, —a, the central value of membership function Hpr Therefore, when the parameters change or the axtern
disturbances appear, moreovergk)z0 , then the

integrated uncertain term will change. At this tjnfiezzy
inferring engine and adaptive law will automatically

andW the weight factor, which is as follows

9
W =[w W, -+ We] zWi (25) search a new.
i=1
B. Adaptive Fuzzy Switching Control 4.3 Design of Adaptive Fuzzy Equivalent Controller
Suppose an optimal value df ish”, in order to meet To the equivalent control pari, (K) of SMC, if the

the existing condition of sliding mode. Howeverchese fixation gain control is used, with the changeta tunning
of unknown uncertainty and system complexity, téug  conditions, the control performance will not be doo

h”cannot be obtained accurately. Therefore, based ohherefore, to improve the dynamic characteristiBbFM,
SMC principle, an adaptive fuzzy control method isthe gain K, should be automatically regulated according

employed to estimate the optimal valth?'jof integrated  to the information of switching surfa&g.

uncertain term, and the minimum control aciigK) . The fuzzy subsets of§ and k; are {NB, NM, NS, ZE,
Assuming that the minimum control can be obtaireed, PS, PM, PB}, the universe of is [-0.3, 0.3], and the
special h exists, and it meets the sliding condition and  universe of ki is [-1, 1]. The fuzzy inferring rules for

R . equivalent controller are expressed as
h-h"=¢ (26)  If 5 isNB, then k is NB;
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is NM, then k; is NM;
is NS, thenk; is NS;
is ZE, then k, is ZE;
is PS, thenk is PS;
is PM, then k. is PM;

If S isPB, thenk;is PB.
Employing the COG, the defuzzification processtfe
fuzzy outpuk, is

S
S
If 5
S
S

M
61, (s)
ki — m=1

L (32)
D HA(S)
m=1

=g/, (s)

where

9ki :[Hkli’eg,...’gk':"]T,
W, (8) =10 o T

[ #4:06)
Ym(x) = Y —
2 [ e ()

m=1 1=

and 1,(S) is the membership of fuzzy subset, which

is a Gaussian function.
The adaptive law is

8, =t (3) (33)

4.4 Design of Compensation Controller

where v and d are unknown numbers.
There are two stages of control law in the designed
SMC system.

A. First Control Sage
In this control stage, the control law of SMC is

oo Sl Fi (35)

During the N =n+1 steps, the number sequences
below should be established and calculated asasllo

P ={x 0),% @, x(N)} (i =12 N =n+1)
Xi(l) :{Xi(l) (0)')9(1) (1),---,)(i(1)(N)}(i =12 N = n+1)

(36)
where x® (k) IZk:Xi(I).

D(X, k) can be calculated as follows

s(k+1) =c"x(k +1)
= (1-Tq)s(k) — hT sgns(k) + c"bD(w , k)

D(x,K) = (c"b) *[s(k +1) + (Tq-Ds(k) +hT sgns(k)]
(37)
The discrete sequence vectors are

d =[D(0),D®,,D(N -]
d® =[D® (0), D @), DY(N -1)|

where d® (k) = Zk: D(l).

1=0

Therefore, after N steps, the grey model can be

The uncertain partsD(aw ,K) cannot be ignored estimated as

because of the effects on the dynamic performah&ve
system, and when the conventional controller cammeet

the control demands, based on the grey model method

(Accumulated Generating Operation, AGO) of greytesys
theory, the grey estimator model of uncertain pdois
BDFM can be built. After finite steps, the uncemtgiarts
can be compensated according to the estimatingredea,
to reduce the effect of chartering in SMC system.

Suppose thatD(X,Kk) meets the matching condition
and is bounded, the grey model of the uncertairtspar

given by Ref. [11]

D(x,k) =vx+d (34)

D (x,k) =vx® (k) +d ® (k) 38)
k
where d(l)(k) = Zd(l) .
1=0
According to the least square method, there is
v d|'=(8"B)B"d® (39)
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® @ ]
X (0) x'0) 1 -515”” ; ; . .
@ 1 X(l) 1 2 st ........ ........ ........ .........
whereB = Xl,() 2,() e = : : : :
: : : EEDD ........ RS LE LT PR RRTR P B R
E . . .
xP(N-2) xP(N-1) N @ 0 TTETT IETTTT FRPeTes )
- N 1] 01 nz 03 04 05
Tane(s)
It is required tha{det(BT B)‘ >£>0, and going to Fig. 5. Step response starting characteristerics.
next stage. ,
e 20 e
£
1] CERPRET: FEPREEEE-FRPREELY FEETORR- R ELTES .
B. Second Control Sage L L SELTRIEE (RTTLRIE-TLRILEES
(=
After N=n+1 steps, the compensation control HE ]
. ] AR PR PP PO SR SRPPPPS 1
I, is added to the control law of SMC, which is i 09 0z 03 E,_'q 05
Tune(s)

loe = leg +ig+ Iep (40) Fig. 6. Step change of load torque.

50

~ 2 ~
where i, = D(x,K) =Y V,x +d.
i=1

Rotor Cwarvent (A)
=

50 i i i i

5. Simulation Results
0 0.1 nz 03 04 (IR
In order to evaluate the correctness and feasilufithe Time(s)
proposed control strategy, the performance of thdé-18 Fig. 7. Current response curve when load changes.

variable speed system as shown in Fig. 2, has been
simulated using Matlab/Simulink. The parameters of

BDFM are listed in Table 2. The mechanical paransetee Because the adaptive fuzzy SMC with grey estimistor

that the adaptive fuzzy control and grey systentrobare

- 2 _ 2 - —
[6]: J=04Kgm?, Ky = 01Kgm?/s, p, =3, and p; =1. combined with the conventional SMC, the BDFM
adjustable speed system integrates the advantapesdn
Table 2. BDFM parameters [6] them. In other words, the system can keep the
characteristics of SMC, which is independent of edlahd
Parameters PW cw Rotor 4 strong anti-interference ability, such as fagtees
. response, no speed overshoot, and no static spexdBy
Resistancec) 1.732 1.079 0.473 introducing the adaptive fuzzy, the control signeds be
Self-inductance (mH) 714.8 121.7 132, Softened, and then the chartermg phenomenon gede_tng
SMC can be reduced or avoided. The control qualitgl
Mutual inductance (mH) 242.1 59.8 robustness of SMC can be improved.
6. Conclusions
During the simulation process, the sample pefiod Based on the adaptive fuzzy control and grey model
0.02 s, the sliding mode constaqts 6 andc = [10,-30]. estimator, a sliding mode control (SMC) for BDFM

The SMC results based on the RBF neural network argdjustable speed system has been implemented. The
shown in Fig. 5-7. Fig. 5 shows the starting chi@méstic  adaptive fuzzy control is used to eliminate thetigmang
with the proposed control strategy when the BDFMencountered by most SMC schemes. The grey model
operates from 0 to 1500 rpm and the nominal toligug@ estimating can effectively decrease the effectarmfertain
Nm. When the load torque changes from 5 Nm to 2Q Nmparts of BDFM by compensation control. The adaptive
as shown in Fig. 6, the current responding curve iguzzy control algorithm, grey model estimating algum,

illustrated in Fig. 7; meanwhile, the speed carpkalenost ~and SMC control algorithm have been described taikse
Simulation results show the feasibility, correcsesnd

constant as shown in Fig. 5.
effectiveness of the proposed control strategy.
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