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FractionalorderintegralslidingmodecontrolforPMSMbasedon
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Abstract:Inviewofthevariationofsystemparametersandexternalloaddisturbanceaffectingthehigh-performancecontrolof
permanentmagnetsynchronousmotor(PMSM),afractionalorderintegralslidingmodecontrol(FOISMC)strategyis
developedforPMSM drivesystem by meansoffractionalordersliding modeobserver (FOSMO).BasedonFOISMC
technology,afractionalorderintegralslidingmoderegulator(FOISM-basedregulator)isdesigned,andaglobalintegralsliding
modesurfacedesignmethodispresented,whichcanguaranteetheglobalrobustnessofthesystem.Combiningfractionalorder
theoryandslidingmodecontroltheory,theFOSMOisconstructedtoachievebetteridentificationaccuracyofthespeedand
rotorposition.Meanwhiletheslidingmodeloadobserverisusedtoobservetheloadtorqueinrealtime,andtheobservedvalue
istransmittedtospeedregulatortoimprovethecapabilityofaccommodatingthechallengeofloaddisturbance.Simulation
resultsvalidatethefeasibilityandeffectivenessoftheproposedscheme.
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0 Introduction
 Permanentmagnetsynchronousmotor(PMSM)
hasmanyadvantagessuchassimplestructure,high
efficiencyandhighreliability,thereforeithasawide
range ofapplicationsin aerospace,new energy
vehicles,industrialproductionandotherfields[1-2].
Atpresent,theexternalloopregulatorinthePMSM
controlsystemgenerallyadoptsproportionalintergral
(PI)algorithm,whichcanplayaregulatoryrole
withinacertainrange.However,whenthesystem
parameterschangeorthereareexternaldisturbances,
thelinearregulatorisdifficulttoguaranteethemotor
to obtain satisfactory performance.In orderto
improvetherobustnessoftheregulator,modern
controltheories including fuzzy control,neural
networkcontrolandslidingmodevariablestructure
controlaregraduallyappliedtothehighperformance
controlsystemofthemotor[3-8].Amongthem,the
slidingmodecontroliswidelyusedinthefieldof
motorcontrol due to its advantages of simple
algorithm,goodrobustnessandhighreliability[9-11].
However,theoutputofthetraditionalslidingmode

controllerisahigh-frequencypositiveandnegative
switchingvalue,whichbringsaboutthechattering
problemofthesystem.Howtoreducethechattering
becomesanimportantdirectionforthestudyof
slidingmodecontrol.Theexistingmethodsmainly
includehigh-orderslidingmodecontrolmethodsand
positivelateralizationmethodswithintheboundary
layer[12].Althoughtheabovemethodcanreducethe
chatteringtoacertainextent,therearestillsome
problems:the high-order sliding mode control
algorithmiscomplexandthechatteringphenomenon
stillexists.Afterthemethodofthepositivesideof
theboundarylayerisadopted,itisnolongerthetrue
senseofslidingmodularcontrol[13].
 Inrecentyears,withthedevelopmentofthe
theoryoffractionalcalculus,somescholarshave
proposedthefractionalslidingmodecontroltheory.
Combiningthefractionaltheory withthesliding
modecontroltheory,theuseofthefractional-order
system with slow decay overtime reducesthe
chattering.Inaddition,thevariabilityofintegraland
differentialorderisincreased,whichismorerobust
totheuncertaintyofthecontrolledobjectmodel,and
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can depict the system characteristics more
accurately[14].
 Precise acquisition of speed and position
information helps improve motor control
performance.Sensorlesscontroltechnologyreduces
systemcostsandimprovessystemreliability[15].In
Ref.[16],a model reference adaptive velocity
observer is designed for PMSM and good
identificationaccuracyisobtained.However,the
essenceofthismethodislinearcorrection,whichis
notsuitablefortheoccasionofparameterchangeor
interference.InRef.[17],anextendedKalmanfilter
is designed for rotor speed and rotor position
identification,whichhashighestimationprecision
andanti-interferenceability.However,theextended
Kalmanfilter algorithm has alarge amount of
calculation and parametertuningis difficult.In
Refs.[18-20],usinghigh-frequencysignalinjection
methodto estimaterotationalspeed,which has
higherobservationaccuracyanddoesnotrequire
precise motor parameters, but injected high-
frequency signals can easily affectthe dynamic
performanceofthesystem.Inthispaper,afractional
orderslidingmodeobserver(FOSMO)isdesigned,
whichisrobusttoparametervariationsandload
disturbance.Thevariableordergivestheobservera
unique performance.In order to enhance the
robustness ofthe system,improve the control
precisionandreducethecost,thefractionalorder
integralslidingmodecontrol(FOISMC)strategyfor
PMSM based on fractional order sliding mode
observerisproposed.Moreover,thesliding mode
loadobserverisusedtoobservetheloadtorquein
realtime,andtheobservedvalueistransmittedto
speed regulator to improve the capability of
accommodatingthechallengeofloaddisturbance.
Simulation results verify the correctness and
effectivenessoftheproposedmethod.

1 Basictheoryoffractionalcalculus
 Whenstudyingfractionalcalculus,aDα

tisgenerally
usedtorepresentthefractionalcalculusoperator,
whichisexpressedas

αDα
1 =

dα
dtα Re(α)>0,

1 Re(α)=0,

∫
t

α
(dt)-α Re(α)<0.

􀮠

􀮢

􀮡

􀪁
􀪁􀪁
􀪁
􀪁􀪁

(1)

 Fractional order calculus has the following
properties[20-21]:

 1)Whenα=0,αDα
tf(t)=f(t);Whenα=1,

αDα
tf(t)=df(t)/dt;
 2)Thecommutativelawisappliedtofractional
calculusandthen asuperpositionrelationshipis
expressedas

αDα
t[αDβ

tf(t)]=αDβ
t[αDα

tf(t)]=αDα+β
t f(t).

 Inthispaper,thefractionalcalculusoperatoris
implementedusingtheimproved Oustaloupfilter
algorithm[22];aDα

tisreplacedbythesymbolDαfor
convenience.

2 Designoffractional-orderintegral
slidingmodespeedregulator

 Inthispaper,surfacemountedPMSM (Ls=Ld=
Lq)istakenasthecontrolobject,hysteresisand
eddycurrentlossarenottakenintoaccount;the
saturationofthemotorcoreisignored;assuming
thatthespace magneticfieldissinusoidal.The
voltageequationinrotorsynchronousreferenceframe
(dq-frame)isexpressedas

ud =Rid+Lsdiddt-pωmLsiq,

uq =Riq+Lsdiqdt+pωmLsiq+pωmψf,

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁􀪁

(2)

whereudanduqarestatorvoltages,idandiqare
statorcurrents,Lsisstatorinductance,ωmisrotor
mechanicalangularvelocity,p andψf are polar
logarithm and permanent magnet flux linkage,
respectively.
 Thefieldorientedcontrolstrategyofid=0is
adopted,andtheequationofrotormechanicalmotion
isexpressedas

Jdωm

dt = 32pψfiq-TL-Bωm, (3)

whereJisthemomentofinertia,TListheload
torque,andBisthedampingfactor.

2.1 Designoffractionalorderintegralsliding
modesurface

 Thedesignobjectiveofthespeedregulatoristo
maketheactualspeedωmfollowthegivenspeedω*

m

quicklyandaccurately,andthespeederrorisdefined
as

e(t)=ω*
m -ωm. (4)

 Fractionalorderintegralslidingmode(FOISM)
surfaceisdesignedas

s=e(t)+c1D-ue(t), (5)
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wherec1>0istheintegralconstant;0<u<1isthe
fractionalorderslidingmodesurfaceorder.
 Intheslidingmodevariablestructurecontrol,the
systemstatepointhastwostagesofmovement:one
istheforwardmovementfromthearbitrarystateto
theslidingmodearea;theotheristheslidingmode
movementafterreachingthesliding modearea.
Sliding mode control does not guarantee the
robustnessofthefirststage.Inordertomakethe
systemgloballyrobust,thefractionalintegralsliding
modesurfaceisdesignedas

s=e(t)+c1D-ue(t)+h(t), (6)

whereh(t)=h(0)exp -t
n  ,n>0andndetermines

theconvergencerateofh(t);h(0)=-e(0)-c1×
0D-u

0 e(0),e(0)istheinitialvalueoftheerror,and
0D-u

0 e(0)isthefractionalintegralvalueattimet=0.
Whent=0,theinitialstateiss=0,thatis,the
initialstateofthesystemislocatedonthesliding
surface,whicheliminatesthearrivalprocessand
makesthesystemgloballyrobust.Inaddition,the
integralfunctioncanalsoeliminatethesteady-state
errorofthesystem.

2.2 Designoftheregulator

 Letm=h(0),itcanbeobservedfromEq.(6)as

s=e(t)+c1D-ue(t)+mexp -t
n  , (7)

then

ṡ=ė(t)+c1D1-ue(t)-m
nexp -t

n  . (8)

 Selectingtheisokineticreachinglaw

ṡ=-εsgn(s),ε>0, (9)

andcombiningEqs.(3),(4),(8)and (9),the
outputofthespeedregulatorcanbededucedas

iq = 2J
3pψf

ω̇*
m +c1D1-ue(t)-m

nexp -t
n  +TL

J +

Bωm

J +εsgn(s) . (10)

 Inordertoweakenthehigh-frequencybuffeting
phenomenoninthetraditionalslidingmodecontrol
andmakethespeederrorconvergetothesliding
surfacequickly,weintroduceanewapproachlaw,
inversehyperbolicsinefunctionarsh (·).The
slidingmodeapproachlawisdesignedas

ṡ=-ηarsh(·), (11)

whereη>0istheslidingmodegain;arsh(·)isan
inverse hyperbolic sine function, which is an
approximatelinearfunctionneartheorigin,andcan
be used to smooth and limit amplitude while
acceleratingthestatetoapproachtheslidingmode
surfaceandreducesystemchattering.Thisfeatureis
notavailablewiththetraditionalsymbolfunction
sgn(·)orthesaturationfunctionsat(·).
 From Eqs.(10)and (11),theoutputofthe
regulatorwithinversehyperbolicsinefunctionis
expressedas

iq = 2J
3pψf

ω̇*
m +c1D1-ue(t)-m

nexp -t
n   +

T1

J +Bωm

J +ηarsh(s) . (12)

2.3 StabilityanalysisofFOISM-basedregulator

 To verifythestability ofthedesignedspeed
regulator,theLyapunovfunctionisconstructedas

V1 = 12s
2. (13)

 Accordingtothe Lyapunovstabilitytheorem,
whenV̇1=ṡs<0,thesystemsatisfiesthestability
condition.
 AccordingtoEqs.(7),(8),(12)and(13),we
canobtain

V̇1 =ṡs=s[D1-uDus]=

s[̇e(t)+c1D1-ue(t)+̇h(t)]=

sė(t)+c1D1-ue(t)-m
nexp -t

n    =
sω̇*

m -1J
3
2pnψfiq-TL-Bωm   +

c1D1-ue(t)-m
nexp -t

n   =
s[-ηarsh(s)]=-η|s|. (14)

 Whenη>0andV̇1<0,theLyapunovstability
theoryissatisfied,thereforethedesignedFOISM-
basedregulatorisstableanditsmovementcantend
toslidingmodesurfaceandfinallyreachthesliding
mode.

3 DesignofFOSMOmodeobserver
3.1 DesignofstatorcurrentandbackEMF

FOSMO

 ThecurrentstateequationofPMSMintwo-phase
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stationaryreferenceframe(αβ-frame)isexpressedas

dia

dt =-Rs

Ls
iα+1Ls

uα+1Lsψf
ωesinθ,

diβ

dt =-Rs

Ls
iβ+1Ls

uβ-1Lsψfωecosθ.

􀮠

􀮢

􀮡

􀪁
􀪁
􀪁􀪁

(15)

 Back electromotive fore (EMF)equation is
expressedas

Eα

Eβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 =

-ψfωesinθ
ψfωecosθ
􀭠
􀭡

􀪁
􀪁 􀭤
􀭥

􀪁
􀪁 . (16)

 ObservingEqs.(15)and (16),wecanseethat
thereisacouplingtermbetweenthestatorcurrent
equationandtheback EMFequation.Usingthe
functionshαandhβinsteadofthecouplingterm,the
currentandbackEMFobservationequationscanbe
obtainedas

d̂iα

dt
d̂iβ

dt

􀭠

􀭡

􀪁
􀪁
􀪁
􀪁􀪁

􀭤

􀭥

􀪁
􀪁
􀪁
􀪁􀪁 =-k1

îα

îβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +k2

hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +k2

uα

uβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 , (17)

Êα

Êβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 =-

hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 , (18)

where

k1 =Rs

Ls
,k2 = 1

Ls
,and

hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 = ψfωesinθ

-ψfωecosθ
􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 .

(19)

 TheslidingsurfaceoftheFOSMOisdefinedas

s=
sα

sβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 =

λ1􀭴iα+λ2D-u􀭴iα

λ1􀭴iβ+λ2D-u􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 , (20)

wherêiα andîβ areobservedvaluesofthestator
currentinαβ-frame;iαandiβaretheactualcurrent

values;
􀭴iα=̂iα-iα

􀭴iβ=̂iβ-iβ ,􀭴iα and􀭴iβ aretheobservation

errorsofthestatorcurrent;D-uisthefractional
integraloperator;λ1∈R+,λ2∈R+,u∈(0,1].
 AccordingtoEqs.(19)and(20),takingthefirst-
orderderivativeofs,wecanobtain

ṡ=λ1
î
·

α -̇iα

î
·

β -̇iβ

􀭠

􀭡

􀪁
􀪁
􀪁

􀭤

􀭥

􀪁
􀪁
􀪁 +λ2D1-u

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 =λ1k2

hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +λ1k2

M
R
􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 -

λ1k1
􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +λ2D1-u

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 , (21)

whereM=-ψfωesinθ,R=ψfωecosθ.
 DefiningLyapunovfunctionas

V2 = 12s
Ts, (22)

anddifferentiatingEq.(22),thereis

V̇2 =ṡsT λ1k2
hα

hβ

􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 +λ1k2

M

R

􀭠

􀭡
􀪁
􀪁􀪁 􀭤

􀭥
􀪁
􀪁􀪁 -

λ1k1
􀭴iα

􀭴iβ

􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 +λ2D1-u

􀭴iα

􀭴iβ

􀭠

􀭡
􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁  . (23)

 Supposingthat

max|λ1k2M|<Mα<+∞,

max|λ1k2R|<Mβ<+∞,

thatis,sαmax|λ1k2M|<Mαsαsgn(sα),sβmax|λ1k2R|<
Mβsβsgn(sβ),thusEq.(23)canbeexpressedas

V̇<sT λ1k2
hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +

sgn(sα)Mα

sgn(sβ)Mβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 - λ1k1

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +λ2D1-u

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁  .

(24)

 Under the condition of Lyapunov stability,
accordingto Eq.(24),thestablefractionalorder
slidingmodecontrollawisdeducedas

hα

hβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 =k1

k2

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤
􀭥

􀪁
􀪁 - u0

λ1k2
sgn(sα)
sgn(sβ)
􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 -λ2D1-u

λ1k2

􀭴iα

􀭴iβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 ,

(25)

whereu0∈R+,sgn(s)isthesignfunction,described
as

sgn(s)=
1 s>0,
-1 s<0. (26)

 Toprovetheaccessibilityoftheslidingsurface,
assumingthatu0>max(Mα,Mβ),andsubstituting
Eq.(25)forEq.(24),wecanobtain

V̇≤
sα

sβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 -

u0sgn(sα)
u0sgn(sβ)
􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 +

sgn(sα)Mα

sgn(sβ)Mβ

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁  =

sαsgn(sα)(u0-Mα)+sβsgn(sβ)(u0-Mβ).(27)

 Then V̇ <0,thatis,theslidingsurfaceis
reachable,and the designed FOSMO observer
graduallyconverges.
 From Eq.(19),itcan beseenthatthesign
function is involved, therefore the chattering
phenomenon willbecaused.Correspondingly,a
powerfunctionisadoptedtoreducethechattering
problem,namely

fal(s,ε,δ)=
s

δ1-ε
, |s|≤δ,

sgn(s)|s|ε, |s|>δ, (28)

whereδ>0isthefilterfactor,0<ε<1isthenon-
linearfactor,andfal(·)isthelinearfunctionnear
theequilibrium point (origin), which has the
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characteristicsoflargegainandsmallerror.
 AccordingtoEqs.(25)and(28),thefractional-
orderslidingmodecontrollawusinganewpower
functioncanbededucedas

hα

hβ

􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 =k1

k2

􀭴iα

􀭴iβ

􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 - u0

λ1k2
fal(sα)

fal(sβ)
􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 -λ2D1-u

λ1k2

􀭴iα

􀭴iβ

􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁 .

(29)

 SubstitutingEq.(29)intoEqs.(18)and(19),the
observedvaluesofstatorcurrentandbackEMFcan
beobtained.

3.2 Estimationofspeedandrotorposition

 ForthesurfacemountedPMSM,theelectroma-
gneticangularvelocityωecanbedirectlycalculated
fromtheback-EMFobservations.Theexpressionis

ω̂e= Ê2
α +Ê2

β

ψf
. (30)

 Therotorpositioncanbeobtainedbytheinverse
tangentfunctionmethod,whichis

θe=-arctanÊα

Êβ
. (31)

4 Designofloadtorqueobserver
 Combined with the motor mechanical motion
Eq.(3),therotormechanicalangularvelocityωmand
loadtorqueTLaretakenasstatevariables;thestate
equationofPMSMisconstructedas

dωm

dt =3pψf2Jiq-TL

J -B
Jωm,

ṪL =0. (32)

 BasedonEq.(3),thesliding modeobservation
equationsforrotormechanicalangularvelocityand
loadtorqueareconstructedas

d̂ωm

dt =3pψf2Jiq-T̂L

J -B
Jω̂m+U,

ṪL =gU,

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (33)

whereU=ksat(̂ωm-ωm),sat(·)isthesaturation
function,kistheslidingmodegain,andgisthe
feedbackgain.SubtractingEq.(33)from Eq.(32)
givestheslidingmodeobservationerrorequationas

ė1 =-e2
J -B

Je1+U,

ė2 =gU,

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (34)

wheree1=ω̂m-ωmistheobservationerrorofthe
speed,e2=T̂L-TListheobservationerrorofthe

loadtorque.Theslidingsurfacefunctionisdefinedas

s=e1 -̂ωm-ωm. (35)

 Inordertomaketheslidingmodeoftheobserver

existandstable,theLyapunovfunctionV=12s
2is

constructed.Tosatisfyṡs≤0,thatis

ṡs=e1 ksat(e1)-e2
J -B

Je1  ≤0, (36)

wecandeducetherangeofslidingmodegainask≤

- Be1+e2
J . Afterthe sliding mode observer

enteringtheslidingmode,s=̇s=0,thatis,e1=̇e1=
0,Eq.(34)canbeexpressedas

U =e2
J
,

ė2 =gU.

􀮠

􀮢
􀮡

􀪁􀪁
􀪁􀪁 (37)

 Furthermore,wecansimplifyEq.(37)toobtain
theerrorstateequationofloadtorqueas

ė2-ge2
J =0. (38)

 Accordingtostabilitytheory,thestablecondition

ofthesystemis-g
J <0

,thatis,g<0.Selecting

loadobserverparametersreasonablycanensurethe
stabilityoftheobserverandestimatethevalueof
loadtorque.Thestructurediagramoftheloadtorque
observerisshowninFig.1.

Fig.1 Structurediagramofloadtorqueobserver

 Substitutingtheloadobservationsobtainedbythe
loadobserverintoEq.(12),thenEq.(12)canbe
rewrittenas

iq = 2J
3pψf

ω̇*
m +c1D1-ue(t)-m

nexp -t
n  +T̂L

J +

Bωm

J +ηarsh(s) . (39)

 FromEq.(39),itcanbeseenthattheobserved
loadtorqueisfedbacktothespeedregulator.When
theloadisdisturbed,theregulatorcanrespondto
thechangeoftheloadintimeandreducethe
influenceoftheload disturbanceonthecontrol
performance.
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5 Simulationandanalysis
 Inordertoverifytheeffectivenessoftheproposed
controlstrategy,thedesignedcontrolsystem has
beenimplementedinMatlab/Simulinkplatform.The
blockdiagram ofthecontrolsystemisshownin
Fig.2.

Fig.2 BlockdiagramofPMSMcontrolsystem

 TheparametersinthePMSM drivesystemare
listedinTable1.

Table1 ParametersofPMSM

Parameters Values

DCbusvoltageUdc 300V
RatedtorqueTN 3N·m
Numberofpolesp 2
PhaseresistanceRs 2.875Ω
Rotorfluxψf 0.175Wb

StatorinductanceLs 0.0085H
MotorinertiaJ 0.0008kg·m2

FrictioncoefficientB 0.001N·m·s

 1)Speedregulatorsimulationcomparison
 The PI-based regulatorand theinteger-order
integral sliding mode regulator (IOISM-based
regulator)areconstructed,respectively,andthen
comparedwiththeFOISM-basedregulatordesigned.
In simulation,the parameters of the PI-based
regulatorarekp=11andki=0.1;theparametersof
theIOISM-basedregulatorarec1=475,n=22,η=9
andu =1;the parameterofthe FOISM-based
regulatorisu=0.8.
 2)Speedobserversimulationcomparison
 Themodelreferenceadaptiveobserver(MRAS)
andtheintegerorderslidingmodeobserver(SMO)
areconstructed,respectively,andthencompared
with the FOSMO designed.In simulation,the
parametersoftheFOSMOareλ1=0.0035,λ2=1.2,
ε=0.38,β=0.01,u0=11000andu=0.5.
 3)Loadobserversimulationcomparison
 Aloadtorqueobserverusingthedirectcalculation
method (DCM-basedobserver)isconstructedand

comparedwiththeslidingmodeloadobserver(SMO-
basedobserver)proposed.Theparametersofthe
SMO-basedobserverarek=-1500andg=-0.8.

5.1 Comparisonofspeedregulatorperformance

 FortheFOISMsurfacedesigned,thesimulation
parametersaboveareusedtoobtainthesimulation
curveoftheslidingsurfacefunctions,asshownin
Fig.3.

Fig.3 Simulationcurveofslidingsurfacefunctions

 Sincee(t)=ω*
m-ωmisapositivevalueduringthe

start-upstage,sos=e(t)+c1D-ue(t)+h(t)shows
anupwardtrendinFig.3.Meanwhile,becauseh(t)
issetinthefunctionofs,theinitialvalueofsis0,
thatis,theinitialstateofthesystemisonthesliding
surface.Whentheactualspeedistrackedongiven
speed,thespeederrore(t)=0.Sincetheintegral
termD-uexistsinthefunctionofs,thevalueof
functionsisstabilizednearaconstantvalue.
 Forthepurposeofvalidatingtherobustnessofthe
FOISM-based regulator to load disturbance,a
comparativesimulationexperimentwasconductedfor
themotorwithloadstart(1N·m),givenspeedof
1000r/min,and increased load to rated load
(3N·m)at0.1s.Fig.4 showsthe dynamic
responsecomparison curvesforthethree speed
regulators.

Fig.4 Rotorspeedresponse
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 ItcanbeseenfromFig.4thatcomparedwiththe
systemsusingPI-basedregulatorandIOISM-based
regulator,thesystemusingFOISM-basedregulator
possessesbettertransientresponsecharacteristics,
thatis,ithassmallerovershootaswellasadjusting
time.Afterincreasingtheloadtotheratedvalueat
0.1s,thesystemusingtheFOISM-basedregulator
showsbetterrobustnessagainstloaddisturbance,
namely,lowerspeeddropandfasterloadrecovery.

5.2 Comparisonofspeedobservationmethods

 Inordertotestandprovetheestimationaccuracy
ofthe FOSMO,a comparative experiment was
carriedoutwiththestar-tuploadof1N·mandthe
ratedloadof3N·mat0.1s.Fig.5andFig.7
illustratethecomparisonofthespeedandrotor
position estimations of the three observers,
respectively.Fig.6andFig.8haveexpressedthe
speed estimation error and the rotor position
estimationerror,respectively.

Fig.5 Estimatedspeed

Fig.6 Errorofestimatedspeed

 Fig.5showsspeedtrackingcomparisoncurvesof
thethreeobservers.Comparedwiththeothertwo
observers,theFOSMOcanmoreaccuratelyfollow
theactualspeedbothinthecaseofloadstart-upand
increasetotheratedload.Moreover,Fig.6also
showsthattheestimatedspeederroroftheFOSMO

fluctuatesslightlyatthe momentofsuddenload
change,butdecreasesquicklyunderthecontrollaw,
andtheobservedspeedtrackstheactualspeedfast
andaccurately.Figs.7and8intuitivelydemonstrate
thattheFOSMOhashigherestimationaccuracyand
strongerrobustnesstoloaddisturbancethanthe
others.

Fig.7 Estimatedrotorposition

Fig.8 Errorofestimatedrotorposition

5.3 Comparison of load torque
identificationmethods

 Toverifytheperformanceofthedesignedload
observer,firstthemotorisloaded (1N·m)to
start,thenloadedtotheratedload(3N·m)at
0.1s,finallysuddenlyreducedto2N·mat0.2s.
Thetrackingperformanceoftwoloadobserversas
wellastheinfluenceofloadobserversonspeed
responsearecomparied.Fig.9showsthecurvesof
twoloadobserversforactualload.Fig.10showsthe
influenceofloadobserveronspeedresponse.
 FromFig.9,itcanbeobservedthatthesliding
modeloadobserverproposedtrackstheactualload
torquequicklyandaccurately,whichisfasterthan
thedirectcalculationmethod.Meanwhile,itcanbe
seen from Fig.10 that when there is load
disturbance,thesystemadoptingtheslidingmode
loadobserverhaslessfluctuationspeedandcan
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restoretoreferencespeedfaster.Itcanbefoundthat
thesliding modeloadobservercanovercomethe
influenceofloaddisturbanceeffectivelyaswellas
improvetherobustnessofthesystemsignificantly.

Fig.9 Estimatedloadtorque

Fig.10 Speedresponsewith/withoutloadobserver

6 Conclusion
 TheFOISM-basedregulatordesignedinthispaper
hasbetterdynamicperformanceandimprovesthe
system'simmunitytodisturbanceseffectively.The
proposedFOSMO hashigherobservationaccuracy
andfasterresponsethantheIOSMO and MRAS
observers.Moreover,italsohasthecapabilityof
accommodatingthechallengeofload disturbance
superiortotheothertwoobservers.Inviewofthe
loaddisturbancein PMSMO controlsystem,the
designedSMO-basedloadobservertrackstheactual
loadtorquequicklyandaccurately.Byintroducing
theobservedloadtorqueintothespeedregulator,the
influenceoftheloaddisturbancehasbeenovercome
effectively,therebyimprovingtherobustnessand
reliabilityofthesystem.
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基于分数阶滑模观测器的PMSM分数阶积分滑模控制

缪仲翠,张文宾,韩天亮,余现飞

(兰州交通大学 自动化与电气工程学院,甘肃 兰州730070)

摘 要: 针对永磁同步电机(Permanentmagnetsynchronousmotor,PMSM)运行过程中内部参数变化和外

部负载扰动影响控制性能的问题,提出了一种基于分数阶滑模观测器的PMSM 分数阶积分滑模控制

(Fractionalorderintegralslidingmodecontrol,FOISMC)策略。基于FOISMC技术,设计了分数阶积分滑模

转速调节器,给出了能保证系统全局鲁棒性的全程积分滑模面设计方法。基于分数阶理论和滑模控制理论

构造了分数阶滑模观测器,实现了对速度和转子位置角的高精度估计。利用滑模负载观测器对负载转矩进

行了实时观测,并将观测到的负载转矩传递到转速控制器中,提高了系统抗负载扰动的能力。仿真实验验证

了所提方法的可行性和有效性。

关键词: 分数阶微积分;滑模控制器;滑模观测器;无传感器控制;负载观测器;永磁同步电机
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modecontrolforPMSMbasedonfractionalorderslidingmodeobserver.JournalofMeasurement
Science and Instrumentation, 2019, 10 (4): 389-397. [doi: 10.3969/j.issn.1674-
8042.2019.04.011]
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