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Abstract

The two new state observers are proposed in this
papet to improve the performance and robustness of the
flatness-based control against the changeable parameter.
The hardware system of the PMSM control -is
implemented by using a small-scale PMSM of 6-pole, 1-
kW, and 3000 rpm in a laboratory, to validate the
proposed methodology. Simulation and experimental
validation reflect that the two new state observers are
better than the linear observer such as extended
Luenberger observer (ELO} method regarding
convergence for nonlinear systems and convergence

rapidity.
Keywords: Non-linear State cbserver (NOB), Extended

Luenberger Observer (ELO), surface-mounted PMSM
(SPMSM), Flatness-based control

1. Introduction

Recently, many nonlinear control systems have been
proposed to solve this problem, including flatness
control systems [1][2]. Flatness control is based on the
system model. So its performance largely depends on the
accuracy of model parameters such as the stator
resistance R, load torque Ti, etc. Two new parameter
estimation methods are proposed in this paper to address
this problem. And also, the comparison between a new
parameter estimation method and extended Luenberger
observer (ELO) method is going to considered
emphasizing the interest of the proposed parameter
estimation concerning convergence for nonlinear
systems and convergence rapidity.

2. Design of the robust flatness-based control
2.1 Mathematic Model of the PMSM/inverter
The classic rotor reference frame of the PMSM is

dt—d—L(V —Rij+a,-L, i) (1)

dt L, ¢

di, | ‘

I=?(vun.’q =By Ly -0y yy,) )

dwy

—==—(T,-B, w,-T, 3

e ) ©
This werk was supported I padt by the h ion with the Faculty of

Technical Educetion and the Thai-French Innovation Insmule King Mongkut's University of
Technology Nonh Bangkok, with the Universit'e de Lormraine, under Grant KMUTNB-61-
GOV-D-68.

with,
T =piy(Wn—Lg=Ly)ig) @
D, =pay, ) - (5)

vq and vy are the dg-axis voltages, iy and i, are the dg-
axis stator cuments, Ly and L; are the dg-axis
inductances, R and ¥, are the resistance (or system
losses) and permanent magnet flux linkage, respectively;
and @, Ww p, T, TL, B, J are electrical angular
frequency, mechanical angular frequency, number of
pole pairs, electromagnetic torque, load torque, viscosity,
and inertia, respectively.

2.2 Flatness Control Design

For the first is to analyze the flatness-based control
that is mentioned by [1][3], to utilize for PMSM control,
AsL,=L,=Lyis deﬁned for non-salient machme Flat
outputs y = [ig iy )", control variable i =[vy v, Iq] and
state variable x = [y i wy]" are assigned respectively.
Then, the state variables x can be written as x = [g())}
02(02) es)lT. From (1), (2), and (3), the control
variable & can be calculated from the flatmess output y
and its time derivatives (called inverse dynamics):

wp=Lg-iy+R iy =, - L L ='/’1(J’1,."’[s"’2)=" (6)
=L, ’q+R.v ’q+w L-ig+a, ¥, =y (00 )= V (7
y=(J -y, +Tp + By -} p-¥y =y3(ps ) =i, (8)

. The input reference of each module of the current
control is yiger, Where i =1, 2, (jger = {3 = 0, and yoper =
ijcom), and the input reference of the speed control is
y3rer = Wcom- The control law based on the second-order
control law is used by (9) for current loop and (10} for
the speed loop, to guarantee that the control of the
flatness output variable converges to their reference
trajectory.

{
" = Imer + Kulvirer - ¥i )+ Ky IG’,-REF _y;)df ®)
0
{
J"s = J3peF +K10)(,’]REF —)'3)+K2wj(ym”,"y]}ff (10)
0

where K;, Ky;, Ky, and K, are the controller parameters
defining as follows:




K= 20wy, Ky = 0/, Ko = 2603, Ko = 03

The tracking error (g; = yirer — ¥1) and (e; = Yarer —
y3) are defined that is o

ql-(s) =e12 +2§'1(2)l¢3I +£y|2 (11}

(12)

_ 2 2
qw(s) =e, +2§3w382 +

£, and {3, are the desired dominant damping ratio, and
and ¢ are natural frequency respectively.

It is evident that the control system is stable for the
positive value of Ky;, Ky, K, and K,,,. However, “based
on a cascade control structure and constant switching
Jrequency in power electronic inverters, the frequencies
of the system must meet the following rule: w; << @; <<
w, where w; is the cut off frequency of the speed control
loop, @, is the cut off frequency of the current control
loop and w; is the switching frequency” [2]. Finally, a
second-order is used by (13) to limit the transient current
and speed command, so that they are going to keep
smooth transition during the instantaneous variation that
is

Wper(s) forer (5) _ darer(8) _ 1

ocon(s) focon (5) " lycon(s) -( 5 ]2

@y

(13)

+£s+[
@y

& and ewy; where § = 2, 4 are the desired dominant
damping ratio and natural frequency respectively.

3. State Observer for Parameter Estimation

In this section discusses the implementation of three
state observer methods, including asymptotically stable
and exponentially stable. Refer to the inverse dynamics
equations (6), (7), and (8), the stator resistance R; and
external disturbance torque T}, are estimated by observer
methods that are proposed to compare and investigate
the best performance for estimating parameters.
However, v, (=R..iy) is defined in place of R, To
simplify the implementation and PMSM working in only
constant torque region (i;~0)}, (2) and (3) arc rewritten
that is

di 1
4 _=— Y — I A
E-—- Lq (vq 'I.’q wc Ls ld—ﬂ)e Wm) (14)
do | :
d;" =T(P'Wm'lq_3f'mm_TL) (15)

The proposed state observers are devoted to the
subclass of nonlinear systems, which can describe as
follows:

% 2[:%) _ (f(x,n_r)+g(x, i) -dJ

d 0 (16)

Y=x

where:

1) X € E™™ is the vector of the variable which is going
to be estimated, and ¥ € E" is the vector of measured
variable;

2) x € R" is the vector of the system state variable. Every
state variable is supposed to be measured (i.e., Y = x);

3) d € B™ is the vector of unknown parameters to
estimate. Variable 4 is supposed to very slowly
compared to state variables x;

4) f and g are nonlinear functions of x and u (the
command signal vector), respectively, of size B and
Rn‘m

Refer to (14) and (15), the first is to define state variable
x, unknown parameters d, f, and g, respectively that is x=
[y wm]” and d=[vg T]"

LL(vq—me-Ls-id—we-Sf’m)
fosw=| b a”)
_.(p"*’m'iq—B_f'wm)
L
2 |
gry=| b as)
s

1) Proposed observer I: Asymptotically stable

For the subclass of nonlinear systems verifying (16),
the proposed state observer / is defined through (19),
considering the estimation error ¢, = (¥ - x) and e, = (4 -

)

£ _|:f(x,u)+g(x,u)v(?—S| e,
(; —gr(x,u)-ex

with

S, is the positive-definite matrix of size ™™,
Proof. the derivative estimation error e, and e, are
written by (25), (26)

é.\' = g(x-“)'ed -8 -e,

(19).

@0

é; = —gT(x,u) e, (21)
Asymptotic stability of the estimation can demonstrate
with the classical Lyapunov approach. For this the
Lyapunov candidate function, V is considered as
follows:

v =%(e, e‘,)-(e’Jz 0

ed

22) ,

The derivative of function ¥ can express as
V=el -6 +el-¢é, (23)
By combining (20), (21), and (23), ¥ can be expressed as

V=el glxu)-e;—el S e +ef(~g(xu)-e) (24)
Finally,
V=-el.8 e <0 (25)

From (22) and (25), the asymptotic estimation stability
[4] can guarantee as long as S, is the positive-definite
matrix.

. 2} Proposed observer IT: Exponentially stable

The proposed non-linear state observer I/ is defined as




X f(x,u)+g(x,u)-t§—Sz-e_,
2= . T (26)
d Kp'e.t"'Ki'e.r_g (x,u)-e
with
S;_ is the positive-definite matrix of size B""™.
P is the positive-definite matrix of size %™™
And,
K, =-P.g"! X,
P g (x,u) on
K;=K,-S,

Progf: it is similar to the proposed observer I. The
dcrivativc of Lyapunov function V can express as

'8, -e, el K, -glx,u)-e

V= e sg(xu)-ey— e 28)

-el K, Syee tel Koo —el -gT(xu) e,

Then, by introducing K, g(x,u) = -P and K,'S,, it results
V= ] I | R PR (29)
=(e, el . -a-
R . e,

a defines as. the maximum exponential time constant.
From (22) and (29), the estimation exponentially
stability [5] can be ensured as long as 8; and P are the
positive-definite matrices. The tuning of the S, and P
matrices based on the assumption that the dynamics of
the state vector error e, have to be highly faster than the
dynamics of the parameter vector error ;. This choice
involves the design of the matrix S, with the eigenvalues
real parts are higher than those of P,

4. Simulation and Experimental Validate

Fig. 1 Test laboratory setup of 1he PMSM dnve
Table 1 PMSM/Inverter specification and parameters

Meaning Symbol Value
Rated Power Pooied 1 kW
Rated Speed Mrgted 3000 mpm
Torque Rated Trared 3 Nm
Number of Poles pair p 3
Resistance (Motor + Inverter) Ry 10.1 22
Stator inductance I=L=L, 35.31 mH
Magnetic flux !Fm 02214 Wb
Equivalent incrtia J 0.0022 kg.m®
Viscous friction coefficient B 35x 107

Nm.s/rad

Table 2 Speed/current regulation parameters

Meaning Symbol Value
Dawping ratio | & . lpu
Natural frequency 1 Wy 3200 Rad.s”
Damping ratio 2 & 1 pu.
Natural frequency 2 W2 320 Rad.s"
Damping ratio 3 (2] 1 pu.
Natural frequency 3 @43 32 Rad.s!
Damping ratio 4 [ 1 pu.
Natural frequency 4 [ 32 Rad.s?

The main PMSM parameters are presented in Table
1, and the flatness controller parameters are defined in
Table 2. The laboratory setup shows in Fig. 4.
4.1 Performance of State Variables Estimation
1 T T T,
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Fig. 2 Simulation and experimental results of TL estimation,
(a) Simulation. (b) Experimental

Fig. 2(a) and 2(b) show the simulation and experimental
results respectively of 7y estimation by using the
exponentially stable. The simulation and preliminary
results indicate that both of them are coincident. The
results reflect that when the external disturbance torque
is suddenly taken from 0 Nm to 2 Nm, it can be correctly
estimated by the exponentially stable, and the
converging time is less than 0.04 s.
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Fig. 3 Test laboratory setup of the PMSM drive

4.2 Performance of Transient Stator Current
Vector
The experimental results during the load torque step
are shown in Fig. 3. The oscilloscope waveforms show
the speed measurement n, the g-axis current #;, the d-axis

current iy, estimated torque load 7i.q, i, phase currents
i, i, and the trajectories of the transient stator current
vector. The results reflect that the proposed control
algorithm shows good stability and optimum response of
the speed/torque regulations.

5. Conclusion

This paper has presented a new observer method to
estimate the parameters including the load torgue
disturbance T; and inductance series resistance of motor
wiring as well as switching losses of semiconductor v,
Both the simulations and experiments show the interest
of the exponentially stable methodology with better
performances compared with ELO, especially for
strongly nonlinear systems as shown in Fig.3. So within
this paper, the exponentially stable was chosen to
estimate parameters for flatness control. And also, the
proposed modeling approach and the estimation by the
proposed state observer can easily be adapted to other
machine control. A laboratory setup was developed
using a PMSM drive to practically illustrate the benefits
of the proposed controller. The results have shown the
ability of the proposed approach to reject the effect of
the uncertainty disturbance torque that including
parameters variation as shown in Fig.8. Thereby, the
proposed control design provides practitioners with an
alternative and effective method to build a robust
flatness controller.
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