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Abstract: This paper deals with a robust control intended do
for permanent magnet synchronous motor. Two appresc v, =Rl , + d + pQCDq
are used: the first one a nonlinear input outpudtet t (1)

feedback linearizing control and second one is@ppsed [6))
nonlinear feedback control based on Lyapunov methott, =Rl +——+ pQ®d,
This second solution shows good robustness wiffent$o h the fl . . b
parameter variations, measurement errors and noise¥/Nere the flux expression are given by
Finally, simulation and experimental results areea to B
demonstrate the effectiveness and the good perfarenaf  ®a =Lals + P4
the proposed control. ® =L|

q q'q

Key words: Lyapunov function, permanents magne€onsideringl,and | are stats variables (1) can be
synchronous motors, robust nonlinear control. written as

1. Introduction. L
The PMSM is becoming more and more popular ilgl— = —&IUI +—1pQ + Vo
servo systems because of its high power densitela dt Ly

L, Ly 2
torque to inertia ratio and high efficiency [1]]RIso g R L o) Vv
the PMSM model is nonlinear coupled and subjected  * = -— 1 -—4 pQl, -—— L pQ+-4
parameter variation. The PMSM model is described byt L L L, L

a fifth-order nonlinear differential equation, whea

part of states are not easily measurable, and oft€he electromagnetic torque is given by

perturbed by an unknown load torque. Classical Pl

controller is a simple method used to control PMSM__ _ 3 [( ) ] 3
drives. However the main drawbacks of PI controller e =5 Plils =Lofalq + @il &)
are the sensitivity of performances to the system

parameter variations and inadequate rejection @fq the associated equation of motion is

external disturbances and load change.

Recently, several nonlinear control methods haee be

applied to control PMSM considering the nonlinead,, — =T, -T, - f Q (4)
PMSM dynamics, such as feedback linearization [3']: dt ) ]
back-stepping [4]. orm (2), (3) and (4), the state model is rewritisn

. . . 0
This paper deals with a development of a nonlinear= f,(x)+ g, (v, + g, (X, (5)

control of current based on Lyapunov Method.
Introducing sliding mode control conducts to effiti Y = h(x)
robustness against parameters variations, measueme

errors and noises. The asymptotic stability of the Where
overall system is theoretically proven.

, 3 +83,0% fy

2. Model machine £ ()= N N _| ¢ (©)
Its dynamic model expressed in the rotor refege (¥ =|  AXetaXXta  |=| T
frame is given by voltage equations: Ay XX 85X, + 8y X +ay,T, f,



v, = [x1 X,
a, Ld’a:LZ L p,aZl Lq’azz L, p’
O 3
=t _3p _3p
8o L, P aGl_E(Ld Lq) &) Ecbf
__f __ 1
Q3 = 7 N 3 A =1/, A =1/L

3. Input output feedback linearization control.
The outputs to be controlled are the motor sgeehd

the stator currerl;, i.e. the functionh(x) in (5) is
defined as

lq
hlx)= Q} (7)
The derivative of (7) is given by
Vo |_| L hl(x) \Z
gl ol ©

The systems has relative degree 1|f@nd 2
forQ,D(X) is the decoupling matrix defined by

Plx)= Ldidlxz A, (aszc‘)" aglxi)} ©
and
Lih(x) = 2, +ai%%, (10)
Lih, (%) = %, (%) + (85, + a3 ) f,(x)

rag,f(x)+a, Ti+a,a,T, (11)

SincdD(x) = A, (ag, + ayx,) # 0, thenD (x) is not

singular (machine with permanents magnets) and the |Q
MIMO system is input-output linearizable since the, ot
state feedback control given by reduces Input-Qutpu=>O-| P |-

map to:

oef( Tt ()]

Wherev = [Vl v2]T is the new input vector.

12)

(13)

A A kll(ld ol d_ref)
{yj ) {Vj ) kzl(Q -Q )"‘ kzz(b_bref)

A bloc diagram of control nonlinear input-output is
shown in fig.1

Fig. 1. Bloc diagram of PMSM control (FLIOC)
scheme

The drawback of (12) is that it requires exact
knowledge of the motor parameters and any variation
in the parameters or the load torque will detetethae
controller performances. In order to overcome this
problem feedback nonlinear control based on
Lyapunov theory is proposed.

4. Robust nonlinear feedback control based on

L yapunov method
The suggested PMSM control scheme is shown in Fig.
2.  We can see that only one PI speed contrdler i
used and the currents are feedback-controlled in
association with a sliding mode controller. We aso
note the placement of the estimator block which

evaluates the feedback functiohh and f, given by

(6).

The robust
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Fig. 2. Bloc diagram of nonlinear feedback control
based on Lyapunov method system.



To determine the control feedback, starting wité thon exact knowledge of these functidnsone can
equation (2) represented as follow expect that in a real situation. Our objective ds t

dl, - determine a new control law robust to parameter
—L = AV, + fl . .

variations and measurement noise. Globally, we can
dl (14) write
—L= AV, +f

q-q 2 ~

dt f o= f+Af (21)
Where

WherefAi is the true nonlinear feedback function
(NLFF), f,is the effective NLFF andf; is the NLFF
variation around; . TheAf, can be generated from all of

To prove the stability of system considering théhe parameters and variables as indicated above. We
candidate Lyapunov function [2]: assume that all of th&f,are bounded as

follows:|Af,| < 3 where theBare known bounds.

Knowledge of the is not difficulties obtain, since
The time derivative is given by one can use a sufficiently large number to sattséy
constrainfAf,| < 3 .

v =_(Id __Idffef)(ld - dJef)+(Iq __IqJef)(Iq - ! ‘Lfef) (_16) TheAf, can be generated from the all of the parameters
Taking in to account of (14) in (16) yields we dhta and variations as indicated above

f1 = allxl + a12X1X2
f2 = a'21)(2 + a22X1X2 + a23x3

V= 05(1y =1y o F+ 051, ~ 1o o (15)

V=g =g e AV + =T ) Substitution of (21) into (14) yields:
+ (I q - I q_ref )(Aqvq + 1:2 - I qfref) (17) d|
=d = v, + f, +Af

Selecting the control law as dt aVa T Iy 1 22)

1 : di .
Vg :/1_(_ f+1 d_ref — Kl(l "l d_ref )) d_tq =/1qvq + f, +Af,

i (18)

1 .
v, :_(_ b+l - K2(|q S )) Select the control law as

q
WhereK,, K,are positive gains and inserting them 1/ . . _
(17), we found: Vi =E (_ fl+|d7ref_K1(|d _Idfref)_Kllslg(lld _Idfref))
(23)

V= _Kl(l 0 " la_rer )2 - Kz(l a " Vo rer )2 <0 (19) Y :j;(_ fZ + ‘Lref—Kz(Iq _Iq_ref)_K22Sig‘1q _Iq_ref)j

If K,, K, are chosen, the time negativity of derivative

of Lyapunov functiorV is satisfied, and control systemWhere Ki2p, K >0and i=12.

will be stabilized. , . ) _
The Lyapunov function relativity to (22) is definbg

We concluded that

V= 05(ly =1y o F+ 051, ~ 1o o (24)
Ilm(ld _Id ref):o
toe (20) We have
Iim(lq_lq_ref)zo _
e V= (I d "l rer )(Afl - Kllsigr(l d "l rer ))
4.1 Robust Feedback nonlinear control + (Iq S )(Afz _ Kzzsigr(lq S ))+V <0 (25)

The nonlinear functionkinvolved in the state-space
model (14) are strongly affected by the convention s _—
effects of PMS motors, such temperature, satur,atio?yherev IS given .by (17). Hence thAfi variations
skin effects and the noise measurements. Since & be absorbed if we take

control law developed in the preceding sectioragehl



Kyy > |Of))

(26) 250 60 ; ; ; ;

Kz, >[AF Q) Chd B i I e iy
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These inequalities are satisfied sikge>0and < L) MR
iy E2 M | r—»— |

|Afi| < [ <K, . Finally, we can write 4 - :’f”i”’

. . ° H_ZO,,,,, [ |
V,<V <0 (27) = = Coa
L | | | |
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Insuring the negativity of Lyapunov function. Hence

using Lyapunov theorem [2], we conclude that D A ;
’2 | | | 2
E 0 | | | | E
Ilm(ld_ldfref)zo [P S O I -
o @) = ] g
|Im(|q—|q7ref)=0 §.40777:774‘ ,T,,‘p,, §
Lo . @ \ | | | @
The design of these robust controllers, resultmognf WL e
(27), is given in Fig.3. © Time (s) ) Time (s)
____________ Fig.4. Simulation results of feedback linearizing
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Fig. 3. Design of a robust controller.
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5. Simulation results
Two schemes have been implemented: 1) a feedback s
linearizing input output Control (FLIOC) and 2) the

proposed nonlinear feedback control based on
Lyapunov Method scheme (NLFC). To the end of more
significant comparison between the two schemes, the§ STt
tests have been conduced to analyze and compare the
performance of the PMSM in terms of accuracy, % o2 o4 os 06 1 0 o2 o4 06 08 1

()

0

urrent Id

-20 Biriiriniaink it
|

Stator current la (A)

dynamic performance and load disturbance rejection. © fme ) © me®

The parameters of the PMSM used in the simulatidrig.5. Simulation results of Nonlinear feedback
are given as: rated voltage V=511 V, number of pole Control Based on Lyapunov Method : a)
p=3, armature resistance Rs=Q,45tator inductances motor speed b) motor torque c) stator
Ld= 0.0066H, Lg=0.0058H, viscous damping current Id d) stator current la (A)

fm=0.00038N.m.s/rad, moment of inertia JIm=0.0016 .. -
kg.m2, rotor fluxdf =0.1546 wb, rated torque Tn =10 N
N.m. |
Figs. 4 and 5 shows the PMSM response to square-g ™[~~~ ~
wave speed reference 200 rad/s, using the FLIOC ands |
NLFC. The NLFC PMSM drive speed trajectory is §
characterized by zero steady-state error and ety f
dynamic response. The comparison between the
FLIOC and NLFC speed transients, reported in Fgs. Po e e om0z o
and 7, highlights the better performance of thg;, 5 comparison between FLIOC (tr.2) and
proposed control. The considerations indicated abov NLFC (tr.3) speed transient evolutions
are confirmed by the following test imposing a 5-Hz ’

sinusoidal reference speed of 10rad/s peak vahe. T

comparison between the actuel speed profiles,&ig.

shows a better dynamic response of FLL scheme.
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Tme @ Fig. 9. Comparison between FLIOC (tr.2) and
Fig. 7. Zoom of FLIOC (tr.2) and NLFC (tr.3) speed NLFC (tr.3) speed transient evolutions with
transient. (tr.1 reference speed). parameter uncertainty and measurement
noises.

6. Experimental theal system

The basic structure of the laboratory setup isategi

in Fig. 10. The DC motor is used as a load. The PIMS

stator is fed by a converter controlled directlytbg

DS1103 board. The dSPACE DS1103 PPC is plugged

in the host PC. The encoder is used for the measure
L l mechanical speed. The sensors used for the currents

%5 oo oei oo oo oi o1 o o1 o oo and voltages measure are respectively LA-25NP and

&V-25P. The Interface to provide galvanic isolatton

Fig. 8. Comparison between FLIOC (tr.2) and NLF ,
(tr93) speed F()avolutions to the applica(tion) of thme all signals connected to the DS1103 PPC controller.

sinusoidal reference speed. (Crest value 10 rad/s,

Miarspeed (acts)

frequency SHz - DS1103 dSPACE G?rid

To test robustness of feedback control. The sinmrat | <= Yester: PowerPe S0 ™3
involves the following operating sequences: [ G e R Y] conerter
The PMSM started with a constant acceleration afts— > | EEEREEiEl B Ae
0.1s, the speed was maintained to10 rad/s, while th ﬁ :
motor is loaded with a constant torque of 5 Nm at ‘ Stator volage &
starting. Then the motor is loaded with a constant ‘—) b v
torque of 10 Nm at t=0.4s. at t=0.7s, the speangé E

form 10 rad/s to O rad/s with same constant load

torque. Maintaining a reference current Id to Z&€owv Connector Panel CP1103 ‘

sets of simulation tests are carried out. ool

The first set is carried out with stator resistanaeing P G o)

a mismatch of 100% at t=0.5s using the control law,
given by (12) the results of this test set are show F19.10 Structure of the laboratory setup
Fig. 9 (tr.2). It is clear that when consideringtst

resistance uncertainty, a very large steady stae e -1 Reference profilesand machine parameters
occurred in motor speed. To test the speed tracking, we applied two kinds of

Finally the motor having af, (NLFF) mismatch of :pgggsrg‘ﬁtre;é:;slélrgégﬁ fg;tgge(rli%%M ;?tztrw:fg ¢
300% at t=0.5s and in the presence of noise dpeed was maintained to 100(rd/s). After that, a
simulated using the proposed control (23). Thelt®sureversal speed test was applied to the loaded mechi
are shown in Fig. 9 (tr.3). The control shows betteyt 21 s, where the speed changed to -100 (rdkg), Fi
speed response even in the presence of paramater The load is 1 mN. In the second, a sinusoidal
uncertainty and measurement noises. speed reference of magnitude 100 rad/s with frezyuen
0.05 Hz. The machine was loaded at 1 mN. (see Figs.
11la and 11b).
The machine parameters are given as follows:
Rs=11Q; Ld=0.995 H; Lg=0.885H; p=2;J=0.025SI,
f=0.0001SI;0f=0.15wb
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Fig. 11 Speed references versus time

6.2 Experimental results

Fig. 12 and 14 present the speed response vemsgls tiy

according to the profiles described above.

The actual speed converges to the reference speed

quickly with zero steady-state error and almoshouit
any overshoot/undershoot in real-time.

Figs. 13 and 15 show, respectively, the statorephas

current and the quadratic current Iq versus tinrendu
the test.

emSpeed (10/s)y

=

M -b-t-d- -

0~ p— ] 4

- Real speed
__ Referencspeed

0r (rd/sé

Speed Err

=

Fig. 12 Speed response versus time and speed e
versus time
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Fig. 13 Stator phase current versus time and Iq

current versus time
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Fig. 14 Speed response versus time and speed error
versus time
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Fig. 15 Stator phase current versus time and Iq
current versus time

Figs. 10 and 12 show speed and stator current
response versus time; we observe that with the
proposed control a good tracking speed end
currents were achieved.

7. Conclusion
This paper present tow control schemes for the

MS motor. Firstly an input-output linearizing
control is developed. Secondly a feedback
nonlinear control based on Lyapunov method is
proposed in order to reduce the effects of the
parametric variations and measurement noise.

The theoretical study of the proposed control
technique (NLFC) has been discussed, and the
simulation results of the overall system have been
presented to prove the effectiveness of this cbntro
strategy. Control robustness is achieved by a
sliding-mode controller in order to reduce the
effects of parametric variations, uncertainties and
measurement noise.

The control stability is verified via Lyapunov
stability analysis. From the simulation and
experimental results for the proposed scheme,
very well performances for both high and low
speed are achieved. The proposed control is robust
to parameter changes.
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