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Abstract A simple observer design technique with paramedepgation is proposed
for bounded-input bounded-output non-linear systeinghis technique, no feedback is used
in the observer but parameter estimations are deresil as if they are observer inputs. The
proposed technique is successfully applied to spegorless dc servomotors and speed
sensorless induction motors with load torque adiyptaschemes. The observer is robust to
noise and parameter uncertainty. Excellent exparial and simulation results have been

obtained.

|. INTRODUCTION
To date, a number of adaptive observer designnigabs have been proposed for
control systems [1-15]. However, none of thesehods are easy to apply to a wide range of
non-linear systems. These proposed methods adeeitber for a specific non-linear system
or are very complicated to apply. In general, ¢hebservers have distinctly different
structures from the actual plant. Consider thatplepresented by (1)

x = f(x,0)+Bu } )

y =h(x)
where x, u andy are system state, input and output vectors respbgté is the parameter
vector to be estimatedf and h are non-linear system functions aBdis an input matrix.

Based upon (1), the structure of conventional ofeser(adaptive or non-adaptive) is usually
as shown in Figure 1. The adaptation block, whglshown within the broken lines, is

optional. As can be seen, the number of inputheocobserver is different to the number of



inputs to the plant since the observer uses otdygdiback. This structural difference imposes
serious restrictions on the selection of the olesegain matrix,L , and on the initial error [1-
13] for stability of the observer even when theuatsystem is stable. These restrictions are
subject to complicated mathematical rules for noadr systems [1-13]. If an adaptation
algorithm is also applied, the restrictions becomech more complicated and in some cases

may be impossible to determine.
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Figure 1: Conventional observer with an optional paramed@péation block.

An additional problem with conventional observessnoise sensitivity [1-13]. The
output measurementy, is integrated just once in the calculation f(at least for some

components of X) and therefore the observer may not filter the snemment noise

sufficiently [1-13].



For the reasons outlined previously, only a limitesnber of adaptive observer design
techniques have been successfully applied to speesorless induction motors. The most
promising ones are the Extended Kalman Filter (EKERB], the Extended Luenberger
Observer (ELO) [4-6], Model Reference Adaptive 8yst(MRAS) applications [7-10] and
Kubota’'s adaptive observer [11-13]. However, mafythese techniques are either too
complicated or too time-consuming for real-time laggtions, particularly for variable

operating conditions [1-13].

In this paper a simple technique, called thatural observer with parameter
adaptation is proposed to address the aforementipreblems. The proposed technique is
simple to implement and is applicable to most bedhithput bounded-output stable systems.
Additionally, very accurate estimations are obtdireven with very noisy measurements.
This paper presents application of the natural miesewith a load torque adaptation scheme,

to a speed sensorless dc servo and to inductioorroontrol.

[I. THE NATURAL OBSERVERCONCEPT
The proposed observer, shown in Figure 2 for sygtigms in exactly the same form

as the actual system model and has no externabdekdhence its dynamic behaviour is the
same as the natural behaviour of the actual sysiEmerefore it is called matural observer

Because the actual system is assumed to be boumgg&dbounded-output stable, such an
observer will also be bounded-input bounded-ougaitle. The basic principle for achieving
convergence with this observer is to control theseober by means of the estimated
parameters as if they are inputs. Whilst the patamadaptation is optional for conventional
observers, it is essential for natural observ@itse most important difference between natural
observers and conventional observers is that ladbservers do not use feedback directly,

the feedback being used only in the adaptationrititgo.
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Figure 2: Block diagram of a natural observer with adaptatio

To control the observer with parameter adaptatRil, Pl or just integral schemes
can be used so that suitably defined errors betwienactual system and the observer
approach zero. In order to keep the observersstatended the parameter estimations are
limited within predetermined ranges. Then, the ramd-input bounded-output stability
guarantees the boundedness of the observer stdtes finajority of cases for specified ranges
of parameter estimations. Suitable limits for éséimated parameters can be found from trial
and error methods using simulation techniques. theamore, limiting the rates of the
parameter estimations ensures smoother responseothék important advantage of the
natural observer structure is that whilst conver@ioobservers can yield large error peaks
during transient operation making the control diift, the natural observer’s transient error
remains relatively small as a result of its natusalucture and the adaptive parameter

estimation.



The natural observer design is not restrictedygiesns in the form defined by (1),
which has been used to more clearly highlight tifeerénces between the observers of

Figures 1 and 2. For example, even for systertiseimore general form (2)

x = f (x,u,0) }

2
y =h(x) @

a natural observer may still be designed. Becd#lnsee is a wide range of possible non-
linearities, presentation of the application of ttaural observer in a general form is difficult.
Therefore, the following explanation is based ospaed sensorless dc servomotor and a

speed sensorless induction motor.

[ll. THE NATURAL OBSERVERAPPLICATIONS
A. Speed Sensorless DC Servomotor

Consider a second order dc servo motor model

w, | _| —f4/J K./J | N -T,./J N 0
|:i.a:|_|:_Kb/La -Ra/LJ[iJ [ 0 } []/Ljva 3)

wherew, , i, andv, are rotor speed, armature current and armatutagerespectivelyT,
is load torque,R, and L, are armature resistance and inductari¢g,and K, are the back
emf and torque constants, arigl and J are friction constant and inertia respectivelyncg
speed sensorless operation is assumedand T, are assumed to be inaccessible ands

assumed as the output.

A natural observer with load torque adaptation lbalesigned simply as

o |_[~f/3  KJI Ta] [-T/3| [0
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where @, , i and Tl are estimated speed, armature current and loagidorespectively.

a

This observer has the natural characteristics ofdiheservomotor, such as bounded-input

bounded-output stability, provided thi]; is within certain limits. Under the same input
voltage and load torque, both (3) and (4) apprdaehsame states regardless of the initial
conditions even though there is no output feedbac{d). Therefore, convergence of the
natural observer can be achieved with an appreplestd torque adaptation. Based on the
fact that the greater the load torque the gredterarmature current, a Pl or just integral
control scheme using the armature current errorbeadesigned to estimate the load torque.

To ensure the bounded-input bounded-output stalmfitthe natural observeffL Is limited

within a range defined by lower and upper limitg, andT,_,:
T =uli,-i,) limiting T, O[T,y Tou] (5)

where 1 <0 since (fa —-i,) >0 implies 'I:L <0. As a result, the convergence of the natural

observer (4) is achieved with the load torque aatapt scheme (5).

(4) and (5) do not require a specific control sohe Applying a PID control with

suitable PID gainsK,, K, andK,,

_a)r)+KP(a) _wr)+ J.Kl(a)ref _wr)dt (6)

ref

% (wref

where w,, is the reference speed, which is usually piecesasestant, desired eigenvalues of

the third order error dynamics can be obtainedesthe system is second order linear time-

invariant, disregarding the ternf, /J which is also assumed piecewise constant and

disappears in the third order error differentiab@ipn. Substitutingy, from (3), omitting



w,; andT /J, which can be regarded as part of the integrastemom, and using the observer

ref
states,, and @) instead ofi, and ), (6) becomes

K, a fi, . N N
Va = _KD Ttla + KD war + KP(wref _wr)+JKI (wref _wr)dt (7)

(4), (5) and (7) construct an observer based adamntrol scheme for the servo

motor, (3). A suitable gairy, and torque limitsT;,, andT,_,, are found from simulation.

This adaptive observer is very simple to apply giettls good results as will be seen

in Section V.

B. Speed Sensorless Induction Motor

An observer in exactly the same form as the adhgiction motor model without any
feedback has the natural characteristics of theahatotor,i.e. under the same conditions of
load torque and input voltage, the observer stateerges to the induction motor state. Such
an observer will be a naturabserver and its convergence will be as fast asothitne motor

in reaching its steady state, which is fast enofgghmost applications. To achieve the

convergence starting WitﬁL #T,, a new load torque estimation scheme is proposed.

The proposed scheme can be used with various idutiotor models. In this paper,

the following 8" order model in aq reference frame rotating with an angular speedypfs

used:
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where v, =v,+]jv, is the applied stator voltagej, =i, +ji, is stator current,
W, =y, + Y, is rotor flux, w, is rotor speed in electricead/s T, is load torque, L, , L
and M are rotor, stator and mutual inductances respagtivr, =L, /R, is rotor time
constant,R, and R are stator and rotor resistances respectively,(L L, - M ?)/(L.L,) is
the leakage constant,, is the number of pole pairg, is inertia, f; is friction constant and

o

the superscript * "denotes the conjugate operator. The system snaetv, andv,, and the

system outputs arg andi,. The motor shaft speed is required for speedrabnHowever,

because speed sensorless operation is considstedated speed will be used for control

purposes.

Assuming that the load torque is to be estimadedatural observer for the induction

motor is given by the same form as (8) with estedajuantities accompanied by hats
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A load torque estimation scheme is proposed u#iegactive power error as the

correction term. Since there is no feedback imttaral observer, (9), it is clear that the

observer's power1,3, converges to a higher value than the inductiotori®opower, P, in the
steady-state if the power consuming direction @& tbrque is selected as positive and the

estimated load torque is higher than the actugjuear Based on this fact, a PID estimation
scheme can be developed usigg= P-P as the correcting term. However, the power

consuming direction of the torque can change durperation, for example, when the speed is
reversed. Therefore, changing the sign of the gdliins is crucial for the success of the

adaptation scheme. The signs of the gains arengdletsl according to the error dynamicsspf

which are controlled b}Tl. The sign offL in the error differential equation @&, determines

the sign of the gains. To establish such an eliffarential equation, derivatives ef, are taken

until T, appears

e =P-P=v, (i, —iy)+v, (0, —i,) (10)

& =Vl +V,i, +...(otherterms)..

M . NN (11)
where “..” denotes all the other terms not includidg . These terms are disregarded
because'lcL appears only in the derivative @f . Then

.« M " ~ \n
& = "L ] (le/lq -V Wy )TL +... (12)
. M " A\
& + €, ta,e, =d - (deq V¥4 )TL (13)

oL, J
where a,and a, are arbitrary positive constants for the desireavergence ratef, and ¢,

are the observer rotor flux estimationg, and v, are input voltages, and..”” and d

summarise all the other terms not includi'rﬁg. Assumingd and (vdz[/q —qu[/d) change



slowly, a PID scheme will force, to converge to zero. If the load torque estimﬁteis not

limited, it may reach unacceptable values that nayse unstable oscillations. Therefo‘fg,

is kept to within the predetermined range,,,T,

max *

Yith the same inputs as the actual
system, even ifT L Is incorrect, the speed estimation error will nedch excessive values if

'I:L is kept within the predetermined limits. Additadly, a rate limiter can be used to prevent

rapid changes in the estimated torque thereby emstinat the state and torque estimates
converge smoothly to the actual values. This adept scheme, which works with the

natural observer (9), can be summarised as follows:

T =Kol +Kpeo +K, [eodt  limiting T, O[T, T (14)

sign(K ) = sign(K ) = sign(K, ) = signlv,, — V& ) (15)
When the gains are changing in value or sign, ikegral value in (14) is re-initiated to find
the same‘I:L value with the new sign in order to prevent digosanty. Denoting this integral

as &, the re-initiation is performed as follows:

& :%((KB—Kg)ep+(K;—K;)eP+K|‘E_) (16)

wt

where superscripts *” and denote the values just before and just afterréhmitiation

process respectively. Similarly, Wh§:[1 strays outside of its predetermined limits, thegral

value is re-initiated so that (14) gives the Iirujii’faL value.

In PID schemes, the proportional gain and paitylthe derivative gain are usually
selected to be very small, or they may even betechit The proposed adaptation scheme is
still feasible even if the derivative term is oradt Successful adaptation is not, however,

guaranteed when the derivative term is omittedoalgih both simulations and experiments
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have resulted in successful estimations. Thenali@) (14)-(16) describe a full order speed

sensorless induction motor observer with load teradaptation as shown in Figure 3.
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Figure 3: Natural observer for induction motor with loaddqoe adaptation.

There are a number of techniques with torque asitom [12-18] for speed sensorless
operations but they differ significantly from theehnique presented here. The observer (9) with
(14)-(16) is similar to that described in [17], bime methods used for speed and torque
estimation are different. The speed estimatiohrtiegies in [17] and in Kubota’s method [11-
13] always need some error (correction) term ireotd follow speed changes. This results in
the estimations always lagging the actual valuesthe technique proposed in this paper the
speed estimation follows the speed changes sinealtesty unless a sudden change occurs in the
load torque. Simulation and experimental resuitgehshown that even during sudden load
torque changes the estimations converge at adgest it is shown in [16] and [19] that some
terms act altogether as if to produce a load toegtienation, however, the technique proposed

here is considered to be simpler and more efficient
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IV. EXPERIMENTAL AND SIMULATION RESULTS
A. Simulation Results For Speed Sensorless D@®ertor

The dc servo model (3) forR, =32Q, L,=86mH, K, = 0017NnyA,
K, = 0060Vs/rad, f, =0.00012Nm[&/rad andJ =30x10°kgnt has been simulated with
the adaptive observer (4)-(5) and control (7), gsi, = 001vs®/rad, K, = 04Vs/rad,
K; =4V/(rad [s) and x#=-0.0003Nm/As. The speed referencey, , is 100rad/s for
0<t<2s andt = 4s whilst it is —100rad/s for 2s<t <4s. The control voltagey,, is
limited betweenv_ =-15/ and v, =15V, for which the feasible torque limits at
¥100rad/s can be calculated as 0036Nm. Therefore, as a reasonable choitfg, is
limited betweenT_,, =—-004Nm and T, = 004Nm. The actual load torqu& = 00INm

for 0<t<5s and T, = 003Nm for t=5s. Thus, this simulation includes both speed

reversal and sudden load changes as shown in Biguaad 5.

Figure 4 shows the speed and current togethertivtin estimations. As is shown in
the figure, convergence is achieved quickly andediéer the error remains at zero even when

the speed is reversed. As shown in Figure 5, whenload torque changes suddenly, a
transient error occurs followed by tﬁ:@ estimate tracking the actual torque quickly after
change. The load torque estimaf@, tracks the actual torque quickly after the charage
shown in Figure 5. The control signal,, tends to exceed its limits only at the instanitemw

the speed reference is reversed. The new scheop®gad here is therefore a successful

means of speed sensorless control of a servonas@hown by the simulation results.
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B. Experimental Results For Speed Sensorless tioaud otor

The proposed natural observer (9), with the pregdsad torque adaptation scheme, has
been implemented using a TMS320C30 DSP and ruarallel with a field oriented controlled
induction motor. Kubota’'s speed adaptive obsdi/d; which is one of the most popular speed
sensorless induction motor observers, has also baplemented using the DSP and the
experimental results have been compared. The x&Pim parallel with a commercial AC drive
system that has been modified in order to isolaespeed feedback to the controller so that the
drive runs as a sensorless system. The actual speseasured for comparison purposes. The
motor used in the experiments is a 3-phase, 4-pet®nnected squirrel-cage induction motor.
The rated values are B@, 1450pm, 440V, 11A and 5.5kW. The parameters used in the
natural observer areR, =1000Q, R = 0847Q, L,=0.13893H, L, =0.13126H and
M =0.13126H . In the experiments, an approximate inductionaneuivalent circuit is
used with the iron loss equivalent resistanRe~=7658Q , placed in parallel with the stator
voltage source. That is, the current through tks&stance is calculated from the applied

stator voltage and is then subtracted from the aredsstator current and the resultant current

is then used in the observer.

The experimental data has been acquired usingitaldstorage oscilloscope, which
provides filtered plots. The experimental plote @resented over 82eriods to ensure
clarity. The DSP programs run and communicate \hth drive using0.5ms time steps.
However, at this fast scan rate the drive can gmwnly two measurement signal outputs.
Therefore, the drive is used as a current conttolleltage source inverter. The current
references are given to the drive by the DSP withcens scan rate and the voltage references

are given to the DSP by the drive wiltbms time steps.
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The torque current is limited withir 20A until the estimated speed enters a band of
¥ 30rad/s around the reference speed when current is tlikeiced tor 2A. Torque limits are
F 85Nm for the estimators. The magnetising current esfee is kept constant &i72A . Initial
conditions are all zero for the observers, estichtdegue and speed. In Kubota’s technique, the

gain matrix is selected to be zero, which is thinogd choice.

In the speed reversal test the speed referertogdted every8s between80rrrad/s
and -80rrrad/s without a reference model. The estimated torgskeipe is limited to within
F10Nnys. The torque adaptation gains dfe =0, K, = 0.01and K, = 05 for (14)-(15).
Proportional and integral gains for Kubota’'s speelptation scheme [11] are selected as
005rad/(VAS?) and6rad/(VAS’) respectively which, following a number of triaigve been

shown to give optimal results. Figure 6 and FigtrEhow the experimental results for speed
reversal tests and illustrate that the proposedrsehyields better results than Kubota's. The
estimated and actual speeds with Kubota’'s methadate as the speed is changing, particularly
around zero speed. The proposed scheme also pihes results (less oscillation and ripple) in
both transient and steady states. No load isegppt the motor in this test but, because of
Coulomb friction, there exists a small constanter for each direction of rotation as can be

seen in Figure 7.
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Figure 7. Load torque estimation with the proposed schemg,af@ (14)-(16), in speed
reversal test.

16



During sudden loading and unloading tests the spe@stence is kept constant at

80rrrad/s. To improve response, the torque estimation lieté for the positive slope is
increased to+40Nmys whilst the negative slope limit is maintained a40Nnmy/s. The
integral gain of the torque estimator is also iasesl toK, =1 in order to obtain a quicker

response. The torque current limits used in tleipus test are not sufficient to drive this
load at the reference speed hence the torque tdim@ts are enlarged ta-10A, 4s after
start up. There is no load at start up, but a ladpproximately20Nm is suddenly applied
after the settled speed is achieved and afterpgbedshas settled again, the load is suddenly
removed. Results are shown in Figure 8 and Fi§uréhe speed and estimated speed responses
for the two schemes are almost the same at sudddimyj, however the proposed scheme results
in a much improved response (shorter rise time faner oscillations) at sudden unloading.
This results from the fact that the proposed scheameuse different rate limits at load torque
increase and decrease. The increase in the mardidhe proposed scheme is due to the
increase in the integral gain of the torque estimaf his can be improved if required using the
previous gains at start up. Figure 10 comparessgieed errors resulting from Kubota’s
method and from the proposed method and confirnesitiprovements in performance

resulting from the proposed scheme.
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Natural observer with load torque adaptation usictive power error, (9) and (14)-(16).
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Natural observer with load torque adaptation usiciiye power error, (9) and (14)-(16).

V. CONCLUSIONS

The natural observer design technique and adaptaljjorithms have been shown to be
very simple and successful. Excellent performdocelc servo and induction motor observers
for speed sensorless operation has been demodstesteé verified by simulation and

experiments.

Natural observers have a number of advantagestbeeconventional observers. In
particular, since in the natural observer convecgen achieved using parameter adaptation,
the convergence problems of the adaptation algoritmd observer are simplified. Also,
since the feedback signal is used only in the adi@pt scheme, the measurement noise is
filtered by the adaptation scheme. It is also irgo@t to note that the natural observer further
filters the noise without causing any delay. Asesult, natural observers are therefore less
sensitive to noise compared to the conventionaémess using feedback. For complicated

non-linear systems, conventional observers arellysiesigned using some approximation of
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the system equations. Under certain conditionsekample when the states are changing
quickly, they may not follow the actual system. wéwer, natural observers are designed in
the same form as the actual system and therefdleevfthe actual states very closely even
when the states are changing very quickly. In tamdi it is possible to smooth the

convergence of the natural observers by applyinglitue and rate limiters to the parameter

estimations.

Application of the proposed natural observer ah@pgation methods to a wide range of

bounded-input bounded-output non-linear systenido@itonsidered in future papers.
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