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Abstract

The paper deals with the design of nonlinear adaptive observers and parameter estimators in adaptive observer
canonical form. The closed loop system nonlinear adaptive control law is designed by the combined error adaptive control
approach. The nonlinear adaptive observer is designed in the adaptive observer canonical form. The parameter estimator
is Lyapunov stable. The proposed approach is applied to an inverted pendulum driven by salient-pole permanent magnet
synchronous motor. The closed loop adaptive system time responses are simulated for illustration.

Keywords: nonlinear adaptive observers, nonlinear adaptive systems, parameter estimators

Introduction presented in nonlinear observer canonical form
The nonlinear adaptive state observers with 1=An+F(y,u)0, x(0) =X, (1a)
unknown parameter estimator are generally used fory =Cny (1b)

adaptive closed loop system design. The input-outpuiyhere the matrix pair A G )is in single-output
signals and the system structure is the only available

information for state and parameters estimation. TheB'unovski canonical formpOR® is the unknown
nonlinear adaptive state observer design requires aparameter vector andr (y,u)dJR™. The filtered
appropriate nonlinear canonical form [1, 2, 6, 8] transformation for second order systems has the
being usually the adaptive observer canonical formfollowing form
(AOCF) [6]. The stringent necessary conditions for 0
transformation into AOCF limit the class of the Z(n)=n{ }9,
transformable nonlinear systems. The known m
approaches in this field require persistent excitation™ =Am +BF(y,u), m(0) =m, (2b)
of the system [1, 2, 6, 7] in order to achieve exactyhere mOR™, A=-b,/b,, B=[-b,/b,1]. It

estimation, but this conflicts with the closed loop transforms system (1) into the adaptive observer

system control goals. In that sense, the adapt'vecanonical form

closed loop system has to compensate the parameter _

estimation errors to achieve the desired performanceZ =Az+bwb, 2(0) =z, (3a)

or alternatively, an exact parameters estimatory = Cz. (3b)

without persistency of excitation has to be designed-The vector @ JR* reads @ =m+CF (y,u) and

Various methods considering closed loop adaptive . . .

control with nonlinear adaptive observers [3, 4, 5, bOR™. The adaptive nonlinear observer for the

13], based on classical methods for nonlinearSyStem (3) has the form

adaptive control [9, 10] deal with the problem. z2=AzZ+bwd+N(y-Y), 2(0) =2, (4a)
The paper presents an approach for closed loopy=Cz, (4b)

adaptive system design with nonlinear adaptive stat§, here the observer gain mati% makes the matrix

and parameter observers applied for nonlinearA =(A-NC) stable. The observer errd=z-2
adaptive control of a salient-pole permanent magneth ° _ '
as the dynamics

synchronous motors (PMSM) [11, 12] via a transfor- " - 0 N

mation into AOCF. The nonlinear adaptive tracking Z =A,Z +bo8 , Z(0) = Z,. (5)
control design is accomplished by the adaptive
combined error approach [14].

(2a)

The adaptive parameter estimation dynarrﬁcsis
designed via the direct Lyapunov method. A
Lyapunov function candidate

Problem Statement oo mr i~
Vo=z2 Pz+0'T 0

The original objective nonlinear system is firstly
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is defined, whose total time derivative assuming thatwhose time derivative reads

the parameters are constg@t=0) will be

V, =3 (ATP+PA,)Z+20  (0b"PZ-T%). (6)
The choice

b=CP™, (7
where P is the solution of the Lyapunov equation
AIP+PA,=-Q (8)
and parameter estimator dynamics

0=To'(y-9)=Tr,, 6(0)=8,, (©)

reduces the derivative (6) into
V,=-7"Q7-0"(0-Tt,).

Hence, the observer erra will be asymptotically
stable while the parameter error8 are only

V=-7"QZ-0"(0-Tt,)-ke* -0 (0 -T;7,).
If the gain matrixI" is chosen to be
- r; O

0 Yo
then the above derivative transforms to
V=-ke?-7"Qz-07(0-TI(t,+[r[ 0]")).
The unified parameter estimator dynamics is
0=T(t,+[t]0]"),
which reduces (20) to
V=-ke’-7"Qz.
The asymptotic stability of the combined error and
the state observer error follows from the LaSalle-

(20)

(21)

Lyapunov stable. The original system has to beygshizawa convergence theorem. The estinais
presented in second order nonlinear companion formysed in all the above dependencies instead of the

y-f(x)0=0,u, (10)

where x is the state vector and=[8",6,]" with

07 =[0,0,...0,,]. The task is to stabilize the

combined error

e:y_yr +>“(y_yr) :y_yd
with dynamics
e=f(x)0+0,u-V,, (11)

where y, is the reference trajectory and is a

unknown vectorx. In this way the elimination of the
tracking error is achieved when the observer error
X =X —X converges to zero. The transformation (2)
is parameter dependent, hence the exact estimation
of the original statex is possible only if0 =0, but

for second order nonlinear systems in nonlinear
companion form the following dependency holds
y=2z,+00=X,.

The state observer is asymptotically stable and hence
y converges toy asymptotically, SOA)L» “yor

dynamics tuning positive constant. For that purpose a_ A

Lyapunov function candidate is defined as
_le +M52 +lﬁTrglﬁ
2v; 2

where § =1/9p with estimated and errors =& —8,

(12)

c

whose total time derivative considering (11) reads

. _ 0 |~x = A
V., =e(f (x)0 +epu—'yd)—M55—eTrgle. (13)
d
With the control
u=aou, (14)
u=y,-f (x)0 —ke, (15)

where k >0, and parameter estimator dynamics

§ = —y,sign(0, Jie (16)
0=r.f" (x)e=T, 1, (17)
the derivative (13) becomes

V,=-ke*-0"(0-T;t,). (18)

The unified Lyapunov function
parameter estimates is defined as

V=V, +V,, (19)

reducing the

Z,+00 =X, - X,.
Thus, it is guaranteed that — x, which completes
the nonlinear adaptive control design.

Application of the Approach

The approach is applied to a salient pole PMSM
driven inverted pendulum system. The PMSM in
rotating dgo coordinates, controlled in current mode,
has a state space system model

X1=X;
X,==0,X,—0,siny+0uu,+0,u,
where x,; is the mechanical angles, is the rotor
speed, u, ,u, are the control currenti;d,iq. The
model parameters are

n Ly-L
elzg, eZ:m_gl, 03:‘/§ p\me( d q),
J J 2 J

_‘/gnp\"pm
0,=,|2—erem.
2 J

wherem and| are the pendulum mass and length,
J — total moment of inertia,g - gravity

acceleration,n, — number of pole pairsy,, -

(22)
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magnets flux linkages magnituddy) — viscous where

friction coefficient and Ly, L, are the motor Va=V,~MX,-Y,).

inductances. The model (22) is firstly presented inThe above dependencies are used for dynamic

the nonlinear observer canonical form (1) simulation of the closed loop nonlinear adaptive

Ny =1,-0yy system with nonlinear adaptive state and parameter

B . observers.

Ny =—0,8INy+0 U, +0,u

via the transformation Simulation and System Time Responses

x(n) = L1 ) The dynamic simulation is carried out for Lenze
n, -0,y MDSKS071-03 PM synchronous servomotor with

Hence, the filters (2) will be parameters: nominal power —; B kW@, nominal

m, =x(m, -y) torque — T = 5M™m, nominal AC voltage -

m, =Am, —sin(y) Uy =330V, nominal current — (= 42, torque

m,y=Am;+ u,u, constant — k= 13WNm/A, stator resistance -

m,=Am, +u, R,=3.55Q, moment of inertia — J=6x10"

Then, the vectom takes the form kg.mz, inductances 4= 19.16H, Lq = 4.2mH,

~ M= s, e, M d number of pole pai 3The pendul
The system in nonlinear adaptive observer canonicaf'® NUMDEr Of pole pairs , & .sThe penduium

form (3) reads attached to the shaft is determined by the mass
22 4(M—y)0 +mP,+mP,+m,o, m= 05kg, link length E 05n, and the gravity
ZFbf(my)o+mP,+mPy+mp,) b, constant g 98Ims2. The closed loop nonlinear

y=z adaptive system with nonlinear state observer and
! parameter estimator responses are for initial

W|th nonlinear adaptlve state observer (4)

» - T "
2224 y)0 FmPamPyrmp,+ny ‘iond't'onST Xo =[02,0]", : [0.2,000@]",
Zz:bi(m1‘Y)91+m92+m93+m494)/b1+n2’y 2,=[0.01", m, =[0,0,0,0]", 6,=[0,0,0,0]",
y=12, 3, =0. The reference trajectory used is the state of a
observer error (5) second order linear system with double real pole
ZE-NZHZ4 (M- y)e + m292+m 9 +m e p, =—3. The observer gain matri¥ = [1002500"

sets a double pole 5fbr the observer dynamics.
The parameter estimates convergence gains are

= 00003, y, =50, y; =5, y,=10%, y,=1073.

ZEb M Y0 Fm P rmP+mH,) /b -n,Z,
and adaptive parameter estimator dynamics (9) Wlth
observer tuning function

T, = [m - y,m,,mg,m,]" (y-9).

The unified parameter estimator dynamics (21) with 8
adaptive control tuning function ,X\Z
~ . T 6
1. =[-% 7 siny,uu, e . i
takes the form I
6,=7,((M, ~y)V-ex,), )
ézzYz(mzﬁy_ esiny) , nyl .
05=y3(My Y+ euu,), ,
é4=y4m4?, 0 1 2 3 t[s]

5= —vs5gn(6, )u.e.
The complete adaptive control law fog © 19

U, =y, +X,0, +siny0, - ke

u,= EAS('yd +%,0, +siny0, — ke),
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Figure 1. Adaptive system and state observer
responses

Figure 1 shows the closed loop adaptive system
trajectory tracking and the adaptive state observel
responses. The time evolution of the parameters ani
their estimates is given on figure 2. The torque
creating current, and the currents in the abc frame
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Figure 2. Parameter observer dynamics
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Figure 3. Control currents dynamics

are displayed on figure 3. The time response of the

electromagnetic torque is depicted on figure 4. The

closed loop adaptive system tracking and combined
errors are shown on figure 5. The control current
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Figure 4. Electromagnetic torque
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Figure 5. Tracking and combined errors
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u, =i, is asymptotically stabilized at zero, because[2] Besancon, G., “"Remarks on Nonlinear Adaptive

Observer Design"Systems & Control Lettery/ol. 41,
the PMSM operates at lower than the rated speed 4, 2000, pg_ 257)1—280. @

oy =356 rad/s . The parameter estimates are only[3] Kanellakopoulos, I., Kokotovic, P., Middleton, R.,
Lyapunov stable while the state observer and the “Observer-based Adaptive Control of Nonlinear
combined error are asymptotically stable. The Systems Under Matching Conditions"American
estimation of the true parameters depends on the _ Control Conferencel990, pp. 549-555. _
clorence wjectory_exciaton capabiiy. The IMKSEAChuSS, L Kosie, M ko, B
convergence of the e.StimateS to the true _paramet_ers Nonlinear Control”, American Contrc?l Conferenpce
is guaranteed only if the reference trajectory is 1992, pp. 1337-1342.

persistently ~exciting. The convergence of the [5]krstic, M., Kanellakopoulos, 1., Kokotovic, P.,
combined error depends on the tuning paramekers “Nonlinear and Adaptive Control DesignJphn Wiley
and L. All the responses are for=k 1&and A = 15 and Sons In¢.1995.

With these values the tracking of the reference[6] Marino, R., “Adaptive Observers for Single Output
trajectory by the closed loop adaptive system is done Nonlinear Systems”EEE Transactions on Automatic

with the prescribed overdamped performance _ Control Vol. 35 No. 9, 1990, pp. 1054-1058. ,
specifications. [7] Marino, R., Tomei, P., “Adaptive Observers with

Arbitrary Exponential Rate of Convergence for
. Nonlinear Systems”|[EEE Transactions on Automatic

Conclusions Control, Vol. 40, No. 7, 1995, pp. 1300-1304.

The paper deals with the adaptive control of a[8] Marino, R., Tomei, P., “Global Adaptive Observers for
salient-pole PMSM driven inverted pendulum with Nonlinear Systems via Filtered Transformations”,
adaptive state and parameter observers. The task IEEE Transactions on Automatic Contr¥ol. 37, No.
solved is tracking of a reference trajectory. The 8,1992, pp.1239-1245. ) _ _
nonlinear adaptive tracking control is accomplished [9] Mishkov, R., Darmonski, S., “Adaptive Nonlinear

. : Trajectory Tracking Control for DC Motor Driven
by the adaptive combined error approach. The Inverted Pendulum”, International Conference

adaptive parameter observer is designed via the A omatics and Informatics' 12011, pp. B-67-B-70.
direct Lyapunov method and ensures Lyapunoviig] mishkov, R., Darmonski, S., “Adaptive Tuning
stability of the parameter errors only. The nonlinear  Functions System Design for Inverted Pendulum’,
adaptive state observer is designed into nonlinear International Conference Engineering, Technologies
adaptive observer canonical form and provides and Systems Tech$@911, Vol. 16, book 1, pp. 329—
asymptotically stable state tracking even with a  334.

Lyapunov stable parameter estimator. The closed1l] Mishkov, R., Petrov, V., “Advanced Control
loop nonlinear adaptive tracking control system with ~ Nonlinear State Space Models of Permanent Magnet
integrated nonlinear adaptive state and parameter iy?chrotnous d'}”?tors 't.'”t,erggtl'%”al %O'ygrence
observers achieves the prescribed overdampe(ﬂ12 utomatics and Informatics’ 1 PP 1R=13.

. L . ] Mishkov, R., Petrov, V., “Strictly Orientated State
tracking performance specifications by asymptoti- Space Models of Permanent-magnet Synchronous

cally stable state tracking and Lyapunov stable Motors for Feedback Linearization Control”,

parameter estimation. International Conference Engineering, Technologies
and Systems TechSys 20¥bl. 16, book 1, 2011, pp.
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