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Abstract — The operation of speed controlled ac drives with- @ is the angular velocity of the rotor. The flux linkage equa-
out mechanical speed or position sensors requires the estima-tjons are

tion of internal state variables of the machine. The assessment

is based exclusively on measured terminal voltages and cur- Vg =lgig +1piy (2a)
rents. Low cost, medium performance sensorless drives can be
designed using simple algebraic speed estimators. High-per- Y, =lpig +liiy. (2b)

formance systems rely on dynamic models for the estimation
of the magnitude and spatial orientation of magnetic flux The electromagnetic torque is proportional to zhEm-

waves in the stator or in the rotor. Open loop estimators and o hent of the external product of two state variable space
closed loop observers differ with respect to accuracy, robust-

ness, and limits of applicability. The overview in this paper Vectors, e. gi¥ xig|z. This expression forms the link to the
uses signal flow graphs of complex space vector quantities to dynamics of the mechanical system,

give an insightful description of the physical and mathemati- do _

cal systems used in sensorless ac drive control. m g - W xigl, - T, (3)

wherety, is the normalized mechanical time constant, §nd
|. INTRODUCTION is the load torque. Note that time is normalizedwsgt, where

AC drives based on full digital control have reached th&5R 1S the rated gtator frequency. : o
status of a maturing technology in a broad range of applica- At least one, in the general case bqth machme_wmdmgs
tions ranging from low-cost to high-performance system 'ee_the common reference frame rotating, depending on the
Continuing research has concentrated on the elimination %tfmce ofa.
the speed sensor at the machine shaft without deterioratn® The complex signal flow diagram

the dynamic performance of the drive control system. SpeedThe machine equations depend on the respective space

motor drives where the mechanical speed of the rotor j§; cyrrent vector and the rotor flux vector as state variables
generally different from the speed of the revolving magneti¢ynyerts the machine equations to

field. The advantages of speed sensorless induction motor _
drives are lower cost, reduced size of the drive machine,rav%ﬂs: _jwkfarisJ,kir(l_ja,Tr) v ly (4a)
elimination of the sensor cable, and increased reliability. A
variety of different solutions for sensorless ac drives have qv
]

been proposed in the past few years. This paper reviews theit, g TV = —j(0k o) ¥, +lpis, (4b)
merits and limits based on a survey of the available litera-
ture. which follows from (1) and (2). The coefficients in (4) are
To =oldrg, rg=rs+kr., andk, =1n/lp, wherer, =1,/r, is
1. MAcCHINE DYNAMICS the rotor time constant, ard= 1 —Kkgk, is the total leakage
coefficient.

2.1 Basic equations

The graphic representation of dynamic systems by signal
flow diagrams is a well-established tool. Its extension to Yo
complex state variables, describing the sinusoidal distribu- (/5T r)
tion of the magnetic and electrical quantities around the
circular air gap of a rotating machine has been recently Us
proposed [1]. This technique offers the advantage of convey- :@
ing information on the dynamic behavior of a system of
considerable complexity in an easy-to-understand symbolic
notation.

The machine equations in terms of complex space vector 2k
guantities are

The graphic interpretation of (4) is the signal flow dia-

Us = TIsig "'d(;/lfs*'jwkws (1a)
Ozrrir"'d(;p;"'j(a’k_w)wr’ (1b)

. _ Fig.1: Complex signal flow diagram of the induction motor, state
wherewy is the angular velocity of the reference frame, andariables: stator current, rotor flux
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gram Fig. 1. This graph exhibits two fundamental structurestate variables are then observable.
one on the left-hand side which represents the stator wind-To reduce the influence of parameter mismatch and noise
ing, and one on the right-hand side representing the rotiar a acceptable level, the stator frequency must be raised
winding. Each winding is characterized by a first-order défrom zero to a minimum value. The unability to operate
lay element and a normalized time constdrte time con- below this level constitutes a basic limitation for sensorless
stant reappears as an imaginary factor in the internal feezbntrol.
back path of the respective winding structure, describing the
cross-coupling between orthogonal space vector componentsV/. DRrIVEs FOR MoDERATE DYNAMIC REQUIREMENTS
of the output to the input. The-multiplicatordetermines : .

4.1 Back-emf based estimation

the angular velocity at which the respective winding rotates™_. . . :
Pioneering work in sensorless vector control was contrib-

against thewy -reference frame [1]. : :
Equations (3) and (2b) serve to derive the eIectromagneH(t:ed byJoetten[2]. His concept uses an estimated back emf

~ _ ) vector u; as the key signal from which the stator voltage
torqueTe = ki [¥y xis|z from the actual state variables. Thereference and an estimated rotor frequency signal are gener-

result is represented in the lower portion of the graph. 5404 10 this aim. the electromagnetic torque is expressed as

1. LIMITATIONS Te= -V, xi |, =k DV xig,. (8)
The system in Fig. 1 is now considered for the special
case of operation at very low stator frequenoy,- 0. The Referring to stator coordinates) = 0, the rotor current
following equation can be directly read from the signal flowector in this equation is substituted from (1b). It is further
diagram: assumed that the rotor flux magnitude changes only slowly.
~ Ih - The back-emf can be then approximated as
r (o - o)1,

wherey, andi are the Laplace transforms of the respective _
space vectors. which, after some cumputations, leads to

The feedback signal that acts from the rotor to the stator

Y, xi
in Fig. 1 is composed of two components. The signal can be w; =K1y | r2 52 5 (10)
expressed a¥p = ¥ (1- jwty), and its Laplace transform is Via® + ¥
obtained with reference to (5):
The rotor flux terms are replaced byusing (9):
~ 1-jort, ~ :
Vi = | . R C o
D= s+ (o o), 's: (6) or =k wg Hicls (11)

Ui2

As ws approaches zero, the feeding volj[age vea:th This equation determines the signal flow graph Fig. 2, in
approaches zero frequency when observed in the stationary. ) :

_ which u; is reconstructed with reference to (1a), (2) and (9)

reference framewyg = 0. As a consequence, all steady-state

signals tend to assume zero frequency, and the Laplace vari-

. di
able s— 0. Hence we have from (6) Uj = Ug —TIgig —alsd—Ts : (12)
lim W b = Ihkr B @) The rotor frequency estimator Fig. 2 forms part of the
s-0 ! Ty ° drive control system Fig. 3. The speed control loop is linear-

ized by 1P * for operation at field weakening. The torque
since the aforementioned two component¥gfcancel. The reference signdl * is limited in magnitude to prevent over-
right-hand side of (7) is independentcof indicating that, at |oad. This signal and the rotor flux magnitude determine the
zero stator frequency, variations of the mechanical angulagtor frequency referenag*. A slip controller generates the

velocity w the rotor exert no influence on the stator. ParticUstator frequency signal, which is used for field weakening
larly, they do not reflect on the stator current as the importapgntrol and field

measureable quantity for speed identification. Hence the mgrientation, and s
chanical speed of the rotor is not observablegt 0. in addition to de-
The situation is different when operating near zero stat@rmine the esti-
frequency. The aforementioned steady-state signals are npited speedv.
low frequency ac signals which get modified in phase angighe estimated
and magnitude when passing through thelelay element rotor frequency
on the right-hand side of Fig. 1. Hence, the cancellation @hters here after Us
the two components o¥y, is not perfect. Particularly at |ow pass filte-
higher speed is a voltage of substantial magnitude inducfflg to avoid sta-
from the rotor in the stator. Its influence on measurablility problems Fig. 2: Rotor frequency estimator based on
quantities at the machine terminals can be detected: the rofgy the back emf vectauj; N: numerator




dy .
T Trr ¥, = —jor' Y+Kkg Vs (13b)

where 1, = ol,/r,. The corresponding signal flow
graph on the right-hand side of Fig. 4 shows that the
stator flux vector is generated as the integral of
Us—rgis, Where

S |
speed contr. Is = 0.7|s(ws —k ¥y ) (14)
w*
o o | |
B ‘: The normalized time constant of the integrator is
s M unity.
_T The key quantity of this control concept is the
active stator curreritp computed as
. . . . . . . _ iS° US - . .
Fig. 3: Drive control system using thig estimator of Fig. 4 isp = Us = lgq COSV + % sny (15)

The stator voltage referenog*(F) is computed in field from the measured stator current and the phase_arcg‘ldﬂe
coordinates (superscrip}. Its magnitude depends on and stator voltage reference v_eclny* = ug*el?. The active stator _
v * according to the programmed volts-per-hertz charactegyrrent expresses torque in the base speed range and hence is
istic of the machinew* controls the phase angle betweerfépresented by the output of the speed controller. Speed
ug and u;, while u; = ju; defines the imaginary axis of the estimation is based on th_e stator frequ_ency sigralnd the
rotating reference frame. active stator current, which is proportional to the rotor fre-

The dynamic performance of this sensorless drive systet#€Nncywr. An inner loop controls the active stator current,
is moderate, owing to a low-pass filtef in the feedback having its reference signal limited to prevent overload and
path of the speed loop. The filter eliminates the residuitll-out. Fig. 4 shows that the externglrs compensation
ripple content of the estimated slip. Torque rise time is arou@minates the internal resistive voltage drop. This makes the
40 ms. Dynamic control is satisfactory above 3 ... 5 % dfajectory of the stator flux vector independent of the stator

rated speed. current and the load. It provides a favorable dynamic behav-
iour of the machine and eliminates the need for the usual
4.2 Constant volts-per-hertz control acceleration limiter in the speed reference channel. The torque

Low-cost sensorless drives have simple control structureise time is around 10 ms, [3], which matches the dynamic
suited for general purpose applications. Although being baspdrformance of a thyristor converter controlled dc drive.
on the simple volts-per-hertz characteristic of the machine, o _
improved dynamic performance is achieved by an adequdte® Speed estimation based on space harmonics
design of the superimposed control structure as shown inSecondary effects of the machine magnetics offer a poten-
Fig. 4, [3]. tiality for speed estimatiorZinger et al.[4] exploit rotor

The machine dynamics are represented here in termsS§¢t harmonics in the airgap field, which modulate the stator
the state variable® and Y. The system equations are deflux linkage with a frequency proportional to the rotor speed.
rived from (1) and (2) in the stationary reference framelhe corresponding components of the induced voltage are

wy = 0, as s_eparated from the r(_asis_tive voltage drop by sensing at spe-
cially placed stator winding taps.
av 1 On condition that the number of rotor slots is not a multi-
dr ~ Us~ls GTS(‘/'S ~ke¥r) (13a) ple of three, which is true for most machines, the desired slot

harmonic signals can be separated from the much larger

fundamental emf by taking the sum of
ispcontroller the three phase voltages in a wye con-
nected winding. This eliminates all
nontriplen voltage components, includ-
ing the fundamental, while the slot har-
monic voltages add up. Their frequen-
cy is a multiple of the mechanical ro-
tor speed. Harmonic components other
than the slot harmonics are suppressed
by an adaptive bandpass filter, the cent-
er frequency of which is made to track
machine | the slot harmonic frequency using a
phase locked loopP_L). The speed

_ _ _ _ signal is obtained from the output of
Fig. 4: Sensorless drive for moderate dynamic performgsabscript Rrated value) the PLL

speed controller

ve
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By integrating the fundamental emf voltages measured at _
the stator winding taps, the airgap flux vector is estimated fux  1d]
and made the basis of a field oriented control system. Owing command
to the low number of rotor slots, the speed resolution gets
poor at low speed. This entails moderate speed control dy- e 1q
namics. However, the steady-state accuracy at higher speed  command
IS very good.

Saturation by the fundamental flux wave of the stator core
also produces triplen harmonic stator emf components. This
effect was studied b¥reindler et al.for sensorless speed
control. Their paper [5] presents preliminary results.

machine

Fig. 6: Signal flow at rotor field orientation

5.2 Model reference adaptive system
The model reference approach (MRAS) makes use of the
V. HicH PERFORMANCE DRIVES redundancy of two machine models of different structures
51 Rotor field orientation that estimate the same state variable on the basis of different

A fast current control system is usually employed to forceets of input variables. The stator model in the upper portion
the stator mmf distribution to any desired location and inte®f Fig. 7 serves as a reference model. Its equation is derived
sity in space, independent of the machine dynamics. THethe stationary reference framey = 0, from (1a) and (2)
dynamic order then reduces, the system being now characteri- _
zed by a single complex equation which is obtained from v, =I(Us_rsis_6|scgs) dr. (18)

(1b) and (2). Referring to synchronous coordinad@gs+ ws, T

we have Its output is the estimated rotor flux vector

v The rotor model equation is obtained from (1b) and (2)
r

gy tVr = “iorn ¥y +lpis, (16) with reference to the stationary reference frame:
: , d¥; _ :
wherewy is the angular frequency of the induced rotor volt- T Wﬂllr = jotr Y, +lpis. (29)

ages. Fig. 5 shows that
the stator current acts as The model generates the rotor flux estimate from the meas-
the forcing function. It ured stator current and from a tuning sigaal The tuning
is commanded by the signal is obtained through a Pl controller from an error signal
complex reference signal e, which represents the angular difference between the two
is* of the current control estimated flux vectors. As the error sigeajets minimized,
loop. the tuning signal approaches the estimated speedhe

For dynamically de- rotor model as the adjustable model then produces the same
coupled control, all rotor flux vector as the reference model.
space vectors are refer-  Accuracy and drift problems that are inherent to the open
red to in a field oriented integration in the reference model at low speed are alleviated
_ _ _ dg-coordinate system. by using a delay element instead of an integrator in the stator
Fig. 5: Induction motor signal flow — Rotor field orientation model Fig. 7. This makes the integration ineffective in the
graph: forced stator currents. The defines the real axis be frequenc below 1 d . he additi ;
dotted lines represent zero signals . . q _ y range be ,OW f gn necessﬂqtes the addition o
at rotor field orientation. aligned with the rotor an equivalent bandwidth limiter for the adjustable rotor model.

flux vector. The imagi- Below the cut-off frequency t{ = 1 Hz, speed estimation

nary rotor flux componernitq is then zero by definition, and becomes necessarily inaccurate. Even so, reversal of speed
all dotted signals in Fig. 5 assume zero values. The balance
at the summing point in Fig. 5 defines the condition for rotor
field orientation stator model

Ihig =0y 7t ¥q, (17)

which can be satisfied by chosing, appropriately. The
signal flow diagram of the motor then assumes the familiar
structure Fig. 6, permitting decoupled control of the machine g
torque.

Control by rotor field orientation requires on-line identi-
fication of the rotor flux vector since the rotor state variables
cannot be directly measured in a squirrel cage machine. In a rotor model |

speed sensorless system, the speed signal as well must be
obtained by estimation techniques. Fig. 7: Model reference adaptive system for speed estimation
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v field <—| = stator . and its phase angle
r coordinates mains

speed contr.
*

0] I/
A '

&= [ wdz +tan~*( @y 7y ). (21)

Equations (20) and (21) are derived from (17) and from the
steady-state solutiogg = ¥4/l of (19) in field coordinates.

It is a particular feature of this approach that, provided the
same value of, is used in the rotor model and in the control
o functions (20) and (21) of the speed control system Fig. 8,
accurate orientation of the injected current vector is achieved
even if value ofr, differs from the actual rotor time constant
Fig. 8: Speed and current controller for MRAS estimator; of the machine. If the tuning controller in Flg 7 maintains
CRPWAM: current regulated pulsewidth modulator nearly zero error, the rotor model exactly replicates that
dynamic relationship between the stator current vector and

through zero during a fast transient process is possible. Hoe rotor flux vector which exists in the actual motor [6].

ever, if the drive is operated at zero stator frequency f6fOWeVver, the accuracy of speed estimation, reflected in the

more than a few seconds, the estimated flux goes astray dagdback signabo to the speed controller, does depend on

speed control is lost. the error int,. Parameter mismatch of the reference model is
The speed control system is shown in Fig. 8. The spe@fother source of inaccuracy.

estimated is supplied by the model reference adaptive sys- Good dynamic performance of the system is reported by

tem Fig. 7. The speed controller generates a rotor frequene§hauderabove 2 Hz stator frequen¢g].

signalcwy, which controls the stator current magnitude

S
\a
Do

(V

5.3 Feedforward Control of Stator Voltages
In the approach oDkuyama et al[7], the stator voltage
reference in field coordinatess* (F), is basically gen-
erated as a feedforward signal. The components of
field <—|— stator  mains this signal are derived from (4a) under the assumption
coordinates 7 of steady-state conditiond/dr = 0, from which¥q =
Ih isq follows, and using the approximatien= ws:

. "4 j -
's:i °l+a)r27r2 ’ (20)

rsidi—wsolsig

I g controller

Isd |r3i31+a)slsi;j Us

@ Is o Thed-axis currentisg is replaced by its reference
g valueisg*. The resulting feedforward signals are rep-
. Z S resented by the framed equations in Fig. 9. The sig-
| M nals depend on machine parameters, which creates
3~ the need for error compensation by a superimposed
ki=1/k TeYd 0 control loop. Anigg controller ensures primarily the
k2=1h/7%%d0 error correction olusg*, thus governing the machine
_ ‘ _ flux. The signalisg*, which represents the torque ref-
Fig. 9: Feedforward control of stator voltages, rotor flux orientation erence, is obtained as the output of the speed control-
ler. The speed estimate is composed of the stator
frequencyws and the estimated the rotor frequency
@, the latter is proportional to the torque building
currentisq Since the torque increases when the velo-
city of the revolving field is increasedys and hence
the field angled can be derived from thigqcontroller.
Although the system so far described is equipped
with controllers for both stator current components,
isq andisqg the internal cross-coupling between the
input variables and the output variables of the ma-
chine is not eliminated under dynamic conditions.
This means that the desired decoupled machine struc-
ture of Fig. 5 is not realized. The reason is thatgthe
axis current gets only indirectly controlled through

speed controller I 5 controller

* *

| rsisgtoslsidy

ki =1/k 16 %d o

control system machine acceleration or deceleration of the rotating reference
frame.
Fig. 10: Compensation channels (thick linesAaand B) for the speed To demonstrate this, the dynamic behavior of the

sensorless control system Fig. 9 machine is modelled by studying the signal flow graph
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Fig. 1 for small deviations from the state of correct fielédpeed and rotor flux, respectively, generate the current refer-
orientation. The reduced flow graph Fig. 10 shows that trence vectorig® = igd* + jisq" in field coordinates. This
d-axis rotor flux is then constant, denoted ¥%go, while signal is transformed into stator coordinates and handled by
nonzerog-axis rotor flux indicates a deviation. It is nowa set of fast current controllers. Possible misalignment of the
assumed that the mechanical speethanges. A decrease ofreference frame is detected as the difference of the measured
w, for instance, increases; and hence produces negativeg-axis current from its reference valug®. This error signal
d¥%4/d1. Simultaneously, the componenk~wV¥,q o 0f theg-  feeds aPI controller, the output of which is the estimated
axis back-emf, which acts on the stator winding through thmechanical speed. It is added to an estimat®, of the
machine coefficienk/r5 7 in Fig. 10, is increased. Then rotor frequency, computed from the reference valigs
rises, delayed bys,, and restored¥/dt to zero after some and¥%*. Integration ofws provides the field anglé.

time. Before that¥yq has assumed a nonzero value, and field A

orientation is lost.

A similar effect occurs on a changew#$* which instanta- B
neously affectsl¥q/dr, while this disturbance is cancelled
only after a delay ofg/ by the feedforward adjustment of
Usq throughaws.

Both undesired perturbations are eliminated by the addi-
tion of a signal proportional todis¢/dr to the stator frequen-
cy input of the machine controller. This compensation is

Z

isq v

markedA in Fig. 9 and Fig. 10. Y _ *
The mechanism of maintaining field orientation needs — /T <=l—
further explanation. In the dynamic structure Fig. 1, the J

signal — pr ¥, which essentially contributes to the back-emfig. 12: Rotor flux estimator for the structure Fig. 10

vector, influences upon the stator current derivative. A mis-

alignment between the reference frame and the rotor flux The estimation of the rotor flux vect® is based on the

vector produces a nonzelyq value, giving rise to a back- stator model. From (1a) and (2) we obtain the equation

emf component that changirg Since the feedforward con-

trol of usd* is determined by (22a) on the assumption of dy, 3 : ,dig O

existing field alignment, this deviation will invoke a correct- ag *VrEn %s ~Isls TIsTs g o

ing signal from theisg controller. The signal is made to

influence, through a gain constakt upon the quadrature Which is solved in stator coordinates using measured values

voltageusq* (channelB in Fig. 9 and Fig. 10) and hence onof the terminal currents and voltages. Fig. 12 shows the

isqas well, causing thigq controller to accelerate or deceler-signal flow scheme. The drift problems of an open integra-

ate the reference frame to reestablish accurate field alignmein at low frequency are by-passed by a band-limited inte-
Torque rise time of this scheme is reported around 15 n@ration of the high-frequency components, while replacing

speed accuracy is within 1% above 3% rated speed and the inaccurate estimation & at stator frequencies below

(23)

12 rpm at 45 rpm [5]. 1/11 by the reference valg* in a smooth transition. Hence
_ _ Y. = Y~ at lower frequencies, which means that the flux
5.4 Estimation of rotor flux and torque current controller is virtually deactivated. However, its last output

A sensorless rotor flux orientation scheme based on tRgynalig is maintained during low speed operation, and so
stator model is described htani[8]. The upper portion of s the rotor flux magnitude. Nevertheless, field orientation
Fig. 11 shows the classical structure in which controllers fQﬁay be lost at very low stator frequency. Closed loop rotor

flux control is resumed as soon as the speed increases again.
field == stator Note that thag-axis current is directly taken as the current

flux controller coordinates mains
Y i component in quadrature with the estimated rotor flux vec-
Cﬂ) ' tor. It carries the original information on the field angle at
- higher speed. Thegcontroller then adjusts the estimated
o speed, and in consequence the field angle at which the stator

current is injected by the inverter control.

At 18 rpm, speed accuracy is reported to be withi@
rpm. Torque accuracy at 18 rpm is ab#u@.03 pu. at 0.1 pu.
reference torque, improving significantly as the torque in-
creases. Minimum parameter sensitivity existsjat 1, [8].

Y
estimator

5.4 Stator flux orientation
An alternative approach in sensorless control is the orien-
@, N @) v tation of the synchronous reference frame to the stator flux
' vector. Employing fast stator current control makes the stator
Fig. 11: Speed sensorless control based on diggastimation, current vector the forcing function, and a complex first-order
rotor field orientation system results in which the stator flux vector is a state varia-




. _ds_ d0. 10V M
wg = T_dréan Hvgy B (27)

from which
~ o _ 1 d%
“sTy2 #}/’s"df

is obtained. The stator flux vectd is generated by open

integration. Fig. 15 shows the signal flow schematic. Drift
and accuracy problems are minimized by employing a fast
signalprocessor, selfcalibrating A/D converters of high sam-

Fig. 13: Induction motor signal flow graph, forced stator curentfling rates, and automated parameter initialization [10].

state variables: stator current, stator flux. The dotted lines repres@rhooth operation is achieved at 30 rpm with rated load torque.
zero signals at stator field orientation.

(28)
z

ble. The machine equation is obtained from (16) and (2), 7
dy . o ., di . .

which defines the signal flow graph Fig. 13. This structure is
less straightforward than its equivalent at rotor flux orienta-
tion, Fig. 5. The condition for stator flux orientatidfyg= 0,

can be read from the balance at the upper summing point in
Fig. 13

"_‘S >

condition (26)

e 99y = 0,1, (Ve - olsiag ) (25) ¢ -
SH rdr ¥ H_ rir\"sd ~0lsl«d ) Fig. 15: Speed and rotor frequency estimator for control of the
system Fig. 14;N: Numerator

taking into account that the dotted lines represent signals of
zero magnitude at stator flux orientation. The dynamic struc- VI. ADAPTIVE OBSERVERS

ture is then Slmpllfled as shown in the shaded area of F|g 14The accuracy of the open |00p estimation models descri-
bed in the previous chapter reduces as the mechanical speed
reduces. The limit of acceptable performance depends on
how precisely the model parameters can be matched to the
corresponding parameters in the actual machine. It is partic-
ularly at lower speeds that parameter deviations have signif-
icant influence on the steady-state and dynamic performance
of the drive system.

The robustness against parameter mismatch and signal
noise can be improved by employing closed loop observers
for the estimation of the state variables, and possibly of the

torque command machine

Ws
Fig. 14: Machine control at stator flux orientation using an external @/rcrr )
dynamic decoupler i
u S
. DA D=0
The torque command has now an undesired influence on _
the stator flux.Xu et al [9] propose a decoupling arrange- .
ment, shown in the left of Fig. 14, to eliminate the cross- mggg‘lne
coupling between thg-axis current and the stator flux. The
decoupling signal depends on the rotor frequency, which is is |
estimated based on (25): I
' diSq . error |
N ls ' or tlg compensator
Oy = > . (26)
Tr l'//sd _O-ISISd

€
. . . . g x|
Fig. 14 shows that the internal influence gfis cancelled by « K | @

the external decoupling signal. Fig. 16: Full order nonlinear
The angular mechanical velocity can be expressed as Observer speed adaptation |
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system parameters. a compensating influence on the machine model, while its
_ average value controls an algorithm for speed identification.
6.1 Full order nonlinear observer The robustness of the sliding mode approach ensures zero er-

A full order observer can be constructed from the maching, of the estimated stator current. The-Hpproach is used
equations (4). The stationary coordinate system is chosggy pole placement in observer design to minimize the rotor
wi = 0, from which the machine model in the upper frame ifjx error in the presence of parameter deviations. The prac-

Fig. 16 results. tical implementation requires a fast signalprocessor. The au-

Adding an error compensator to the model establishes thg,rs have operated the system at 0.036 p.u. minimum speed.
observer. The error between the model current and the ma-

chine current igj = fs —is It is used to generate corrective6.3 Extended Kalman filter

inputs to the dynamic subsystems of the stator and the rotor,Kalman filtering techniques can be based on the complete

which yields the observer equations from (4): machine model, which is the same as shown in the upper
frame in Fig. 16. The machine is modelled as a 5th-order

. '%H - oty it (1= jwr)V system, introducing the mechanical speed as an additional
o gr " 'sT Ao s r6Tr JOT) state variable. Since the model is nonlinear, the extended
1 R Kalman algorithm must be applied. It linearizes the nonlinar

+Ku5 ~Gr(w)es (29a) model in the actual operating point. The corrective inputs to

the dynamic subsystems of the stator, the rotor, and the

v, _ _ i mechanipal mpdgl are derived such. thgt a quadratic error
TrTT+'/’r = —j(wg —®) 7, ¥, +Ihis —G(®) & (29b)  function is minimized. The error function is evaluated on the

basis of predicted state variables, taking into account the
Kubota et al.[11] select the complex gain factoBc) Noise in the measured signals and in the model parameter

such that the two complex eigenvalues of the observEgviations. The statistical approach reduces the error sensi-
Al 20bs = K - A1.2 mach WhereA1 » mach are the machine tivity, permitting also the use of models of lower order than

eigenvalues, ankl> 1 is a real constant. The valuekafcales the machine.
the observer by pole placement to be dynamically faster than

the machine. Given the nonlinearity of the system, the result- [ oo compensator
ing complex gain&g(w) andG,(w) in Fig. 16 depend on the !s_
the estimated angular mechanical spegdi].

The signalw is also required to adapt the rotor structure
of the observer to the mechanical speed of the machine. The
signal is obtained through a PI controller, primarily from the
current errorej. More specifically, the tern¥, x gj|, repre-
sents the torque error. It is computed to include also the sigh
of the deviation between the estimated speed and the actua
speed. Minimum speed is reported as 0.034 p.u. or 50 rpm. o

v
=

Tr 1_0-
=+ —
kd Ts o

~

to stator Is /\ torotor

>

Fig. 18: Reduced order nonlinear observer; the MRAS block con-

Gs(a“))|= G- tains the structure Fig. 7.

Hennebergeret al. [13] have reported an experimental
verification of this method using machine models of 4th and
3rd order. This relaxes the extensive computation require-
ments to some extent; the implementation, though, requires

Fig. 17: Sliding mode compensator. The compensator is interfacl@ating-point signalprocessor hardware.
with the machine model Fig. 16 to form a sliding mode observer
6.4 Reduced order nonlinear observer

6.2 Sliding mode observer Hori et al. [14] use a nonlinear observer of reduced dy-

The effective gains of the error compensator can be ipamic order for the identification of the rotor flux vector.
creased by using a sliding mode controller to tune the ob- The model, shown in the right-hand side frame in Fig. 18,
server for speed adaptation and for rotor flux estimatiorS @ complex first order system based on the rotor equation
This method is proposed I8angwongwanicandDoki [12]. (8). It receives the measured stator current vector as an input
Fig. 17 shows the dynamic structure of the error compens¥gnal. The error compensator, shown left, generates an ad-
tor. It is interfaced with the machine model the same way &éional model input
the error compensator in Fig. 16. _

In the compensator, the current error ve@is used to DTr dis . O r 1-0 Dis O
define the sliding hyperplane. The estimation error is then  ; _ g () S dz  Ozg o O B
forced to zero by a high-frequency nonlinear switching con- S ' 0 Tr K, : 00
troller. The switched waveform can be directly used to exert g olg a"s +o Ujor Y

| &S

identific.
algorithm

error compensator

(30)
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which can be interpreted as a stator current component thiate t, and the low speed limit of stable operation. The data

reduces the influence of model parameter errors. The fielihs been taken from the cited references; it should be con-
transformation anglé as obtained from the reduced ordersidered approximate, since the individual test und evaluation

observer is independent of rotor resistance variations [14]conditions may differ. The steady-state speed accuracy at the
The complex gairG,(w) ensures fast dynamic response ofower speed limit depends on the accurate setting of the
the observer by pole placement. The reduced order obersemedel parameters and hence varies with parameter drift.

er employs a model reference adaptive system as in Fig. 5 as

a subsystem for the estimation of the rotor speed. The esti- VIIL. SUMMARY

mated speed is used as a model input. : . .
P P Controlled ac drives without mechanical sensors for speed

or motor shaft position have the attraction of lower cost and
VII. CompaRIsON higher reliability. A variety of sensorless controlled ac drive
Controlled induction motor drives without speed sens@chemes are available for practical application. Speed esti-
extract information on the mechanical shaft speed from measators are used for moderate dynamic requirements. High-
ured stator voltages and currents at the motor terminals. Therformance vector control requires a flux vector estimator
majority of speed identification methods rely on the approxn addition. The robustness of a sensorless ac drive can be
imated fundamental model of the machine. The use of thmproved by adequate control structures and by parameter
stator equation, particularly the integration of the stator voltdentification techniques. Depending on the respective ap-
age vector, is common for all methods. Its solution is fairlproach, sensorless control can be achieved over a base speed
accurate when the switched stator voltage waveform is meaange of 1:100 to 1:150 at very good dynamic performance.
ured at high bandwidth, and when the parameters that detBreference for industrial application will certainly be given
mine the contributions of the resistive and the leakage voli algorithms that can be implemented in standard microcon-
age components are well known. As the influence of thesmller hardware.
parameters dominates the estimation at lower speed, the
steady-state accuracy of speed sensorless operation tends to IX. REFERENCES
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