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Abstract—This paper deals with speed-adaptive full-order
observer design for sensorless induction motor drives. The
conventional full-order observer has been extensively investigated
in the literature. Despite these efforts, the observer and its speed-
adaptation mechanism are still not fully understood, and the
tuning of the observer is often heuristic. Contrary to its reduced-
order variant, direct pole-placement design has not been available
for the full-order observer. This paper revisits the full-order
observer and presents a new closed-form observer design, where
the observer poles can be directly placed with simple design
parameters.

Index Terms—Estimation, induction machine, observer, sen-
sorless, stability.

I. INTRODUCTION

In sensorless induction machine drives, the control perfor-
mance highly depends on the quality of the state estimates
and thus on the design of the used observer. If the observer
is well-designed, its dynamics can be tuned according to the
desired control bandwidths and the noise characteristics of
the drive system. This approach can be used implementing a
reduced-order observer, since explicit pole-placement design
is available for it [1].

The reduced-order observer estimates the rotor-flux linkage
and the speed of the rotor. However, estimating also the
stator current might be preferable, if good quality current
measurement is not available. For this purpose, a full-order
observer could be used. Although the full-order observer
has been extensively investigated in the literature, explicit
placement of the observer poles has not yet been available.

The full-order observer is a nonlinear observer, which uses a
speed-adaptation loop to dynamically adapt the system matrix
of the electrical quantities. The stability of conventional full-
order observer designs were originally asserted with theories
from nonlinear control theory [2], [3]. However, these analyses
were made with incorrect assumptions, such as neglecting
the flux estimation error, and the complete stability was not
guaranteed [4], [5]. The stability issues of these pioneering
works have been later considered with various observer gain
proposals. The work in [6] proposes a completely stable
framework for the observer gains with three free design
parameters. The low-speed operation of this framework is
improved in [7] with alternative gain-scheduling design for
the free design parameters. Nevertheless, the link between
the design parameters and the observer poles still remained
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Fig. 1. Equivalent circuit of the induction motor in stator coordinates.

unclear, and the tuning of the speed adaptation loop was not
fully understood.

This paper proposes a new observer design for the full-
order observer, which decouples the flux-estimation dynamics
from the speed estimation. This decoupling is facilitated by
the use of a non skew-symmetric gain matrix. It is shown by
means of small-signal linearization that this design leads to
a simple closed-form observer characteristic polynomial with
complete stability, i.e. its local stability is guaranteed in the
whole feasible operation region.

II. MOTOR MODEL

The induction motor is modeled using the standard inverse-
I" model [8], whose equivalent circuit is shown in Fig. 1.
The stator current is represented by a column vector z5 =
[isd, isq}T, where igq and iyq are the d- and g-axis components,
respectively, and the superscript T marks the transpose. Other
vector quantities are represented similarly. The electrical rotor
speed is denoted by wy,. Furthermore, the identity matrix

I = [§9], the orthogonal rotation matrix J = [? '], and

the zero matrix 0 = [§ ] are used in the following equations.

The stator flux linkage 14 and the stator current %5 are used
as the state variables. This selection is motivated by simplified
gain matrices for the proposed full-order observer design. In
a coordinate system rotating at the angular speed ws, the state

equations are [9]

dp, .
= —Ws ; — Ligls S 1
dt_ wsdP, — Rsts +u (1a)
LU% — (ol — wnd )b, — Ly (BT + wid) iy +us (1)

where w, = wys — wy, is the slip angular frequency, us is the
stator voltage, « = Rg /Ly is the inverse rotor time constant,
and S = Ry/Ly + wypb, Where wy, = (1/Ly + 1/Ly)RR is
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Fig. 2. Speed-sensorless vector controlled induction motor drive.

the breakdown slip frequency. The rotor flux linkage and the
electromagnetic torque, respectively, are given by

"/)R = ws — Lots

T = b0 Jh,

(o)
(1d)

where per-unit (p.u.) quantities are assumed in the torque
equation.

III. FLuX OBSERVERS

The reduced-order observer is briefly presented for com-
parison, followed by a description of the proposed full-order
observer design. Fig. 2 shows a block diagram of a general
sensorless vector controlled induction motor drive, in which
the flux observer is either the reduced or the full-order ob-
server.

A. Reduced-Order Observer

If good-quality measurement of the stator current g is
available, a reduced-order flux observer can be applied [10].
Using (la), the reduced-order observer can be formulated as

[1]

d(;is = waJ{[)S — Ryt +us + Ke (2a)
Vg =P, — Lois (2b)

where K is a 2 x 2 observer gain matrix. The correction vector
is obtained from (1b),

dis o T\ R Y
é + Lo (BL+ @) i — (o — & d)gh, — us (20)

where Wy, is the speed estimate and w, = ws — Wy, is the slip
estimate. The speed is estimated by integrating the component
of the correction vector e orthogonal to the rotor flux estimate,
ie., [11]

e=1"L,

Ay,
T Te (3a)
where the gain vector is
bl
ki = a1 (3b)
[l

and a, is the speed-estimation bandwidth.!

As special cases, K = 0 yields the voltage model and
K I yields the current model. A general inherently
sensorless stabilizing gain, allowing arbitrary pole placement
for the linearized estimation-error dynamics, is available [1].
Here, its special case is used

A AT

_ blaI +wwmd) Yrepr

N N I

where the positive design parameter b defines the decay rate
of the estimation error.

It is be noted that the time derivative of the stator current
in (2c) is integrated both in (2a) and (3a), and, therefore, no
derivative terms remain in the state estimates. Furthermore,
the terms containing estimated speed or slip in the correction
vector e cancel out with the observer gain matrix (4). This can

be verified, e.g., by substituting the rotor flux estimate from
(2b) in (2¢), i.e.

“4)

e= Lgd—t' — (oI — &) thg + [(Rs + R + ws Lo Jis — ug
. (%)

and since KJ1p = 0 the speed estimate wy, is cancels out

in (2a).

B. Full-Order Observer

Next, the full-order flux observer is considered,

dis = —wJth, — Ris + us + K yis (6a)
(,% = (o — omd)p, — Lo (BI + @) i + us + Kiig

(6b)

P =, — Lois (6¢)

where 7~ZS =1y — 25 is the estimation error of the stator current.
The proposed observer gains K and K are defined as

Ky =al,K — R
K; = Lo[(os — B)I — @ J]

(6d)
(6e)

'In estimated rotor-flux coordinates, the speed estimator in (3a) is equiv-
alently expressed as dwm /dt = ao (ws — RRisq/vf)R — @Wm ), where isq
is the imaginary component of the stator current in the estimated rotor-flux
coordinates, and 1R is the magnitude of the rotor flux [1].



where K is the observer gain matrix defined in (4) and «; is
a positive parameter defining decay rate of the stator current
estimation error. These gains together make it possible to
decouple the flux-estimation error dynamics from the speed
estimate, as will be shown later.

The speed is estimated using a proportional-integral (PI)
-type adaptation law as

A& ¢ [ dig <
= e
dt ok ( dt + O“%)

(61)

where kg is the gain vector defined in (3b).

IV. ANALYSIS

The estimation error dynamics of the two observers are
analyzed by means of small-signal linearization. The small-
signal deviation of the stator current about an operating point
is denoted by Ais = 75 — 159, Where g is the operating-point
current. Other small-signal and operating-point quantities are
marked similarly. For simplicity, the inverter is assumed ideal
and the parameter errors are omitted.

A. Reduced-Order Observer

The motor model (1) and the observer (2) are linearized,
leading to [1]

dAdp, y
dzpb = — [ws()J + Ky (aI - WmOJ)] A’djs
+ KoJpoAim (7a)
A ~, ~
d d‘:m = kEO (aI — wmoJ) A'l,bs + 0o Al (7b)

where Ady, = Awy, — Ady,. The operating point observer
gain K and the gain vector kzo are, respectively,

b(ad + wmod) '/JRoi/’go

K, = (8a)
T
PYrod
kL, =a (8b)
O gl

Since KyJ1pry = 02,1 holds for the observer gain, the flux
and torque estimation dynamics are decoupled from the speed
estimate as well as from the speed input. The speed estimate
wm appearing in the observer gain (4) introduces no coupling
in the linearized model since the operating-point estimation
errors are zero under the assumption of accurate parameter
estimates.

From (7b), the linearized speed-estimation dynamics in the
Laplace domain are

Abp,
Wm(s) % ©)
Awn(s) s+ a,
Furthermore, the observer characteristic polynomial is
Dyo(5) = (5% 4+ bs 4+ w?) (s + o) (10)

The parameter b in (4) is recommended to be scheduled as
[12]

b= 2(o|ws| + @ a1

where (o, is the desired damping ratio at high speeds. Due to
the additional term « in (11), the flux estimation poles placed
at s = 0 and s = —a« at zero stator frequency ws = 0. Placing
both poles at s = 0 would result in an unstable system and
unnecessary complications for the magnetization and starting
of the motor.

B. Full-Order Observer

The estimation-error dynamics are obtained by applying (1)
and (6), which after linearization become

A, - .
d d;/)b = —wsoJAY, — o L, KAt (12a)
U% = (oI — wimod) A, — 5 Ly Adg — Tpp Al
(12b)
A Am Ais ~
d d‘: — LkT, (ddtz n oziAzS) (12¢)

From (12), the linearized stator flux and current estimation
error dynamics in the Laplace domain are

At (5) = —(sT+ wod) i Lo Ko Aig(s)
(oI — Winod) At (5) — Jthro Al (s)
Lo(s+ o)
Substituting (13b) in (13a) reveals that the flux estimation-
error dynamics are decoupled from the speed-estimate since
KoJrg =021.
Furthermore, by substituting (12b) in (12c), the linearized

speed-estimation dynamics become equivalent to the reduced-
order observer in (7b) and (9), i.e.

(13a)

Adg(s) = (13b)

Adm(s)
Awn(s) 14

S+ ao
If a speed estimate is needed, e.g., for speed control, the
integral state of the PI adaptation law in (6f) may be used.
The dynamics of the integral state w,,; are governed by

Ad]mi(s) _ Qg Qj
Awn(s)  s+a,s+a
From (12), the observer characteristic polynomial is com-
puted

15)

Q;
S+ o

These poles are stable for positive design parameters b, cy;, and
0. With a; = 0 the flux-estimation poles correspond to the
pure voltage model, while «; approaching infinity tends the
poles towards the poles of the reduced-order observer in (10).

Dio(s) = (52 +bs + w520> (s+ai)?(s+ao) (16)

V. RESULTS

The two observer designs are studied by means of experi-
ments. A 2.2-kW 50-Hz 400-V four-pole induction motor is
selected as an example motor. Table I gives the parameters
and rated values of the motor. Fig. 2 shows the block diagram
of the used speed-sensorless vector control algorithm, where
conventional PI controllers are used for the speed and current
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Fig. 3. Experimental result: Middle-speed operation for (a) reduced-order observer and (b) full-order observer. The speed reference is changed stepwise:
0 — 0.5 p.u. — 0. Rated load torque (0.66 p.u.) in the positive and negative direction is applied stepwise at £ = 1 s and ¢t = 2 s, respectively.

TABLE I
DATA OF THE 2.2-KW FOUR-POLE INDUCTION MOTOR

Rated values

Voltage (line-to-neutral, peak value)  4/2/3-400 V 1 pu.
Current (peak value) V25 A 1 pu.
Frequency 50 Hz 1 pu.
Speed 1430 r/min 0.95 p.u.
Torque 14.6 Nm 0.66 p.u.
Parameters
Stator resistance Rg 3.7 Q 0.080 p.u.
Rotor resistance Ry 2.1 Q 0.045 p.u.
Leakage inductance L. 21 mH 0.143 p.u.
Magnetizing inductance Lyg 224 mH 1.524 p.u.
Total inertia Jy, 0.0155 kgm2 67.1 p.u.

control. The reference calculation algorithm includes a field-
weakening method, which is based on [13].

The control algorithms were implemented on a dSPACE
MicroLabBox prototyping unit. For monitoring purposes, the
rotor speed was measured using a resolver. Sampling was
synchronized to the PWM, and double sampling was used.
The switching frequency was set to 4 kHz. Constant motor
parameters were used and saturation of the inductances was
not considered. The inverter nonlinearities were compensated
for with a current feedforward method [14]. Furthermore,
both observers were implemented in the estimated rotor flux
coordinates, as detailed in Appendix A.

In both cases, the bandwidth of the speed controller is oy =
27 -4 rad/s and the bandwidth of the current controller is o, =
27 - 150 rad/s. For the observer parameters, a speed-estimation

bandwidth «, = 27-40 rad/s is used, and the estimation decay
rate parameter is scheduled as b = 2 |wmo| + @, where the
desired damping ratio at high speeds is selected as (., = 0.2
[12]. For the full-order observer the integral state cwy,; of the
speed speed estimate used in the speed controller. Furthermore,
a; = 2w - 600 rad/s is used.

Fig. 3 shows an experimental result in the medium speed
region for the reduced-order observer and the full-order order
observer with the proposed gain selection. The speed reference
is stepped from zero to 0.5 p.u. at ¢ = 0.5 s. The rated load
torque is applied stepwise at t = 1 s and ¢ = 2 s in the positive
and negative directions, respectively. As expected based on the
analysis, the results do not show significant difference between
the two observers.

Fig. 4 shows an experimental result of operation in the field-
weakening region. The speed reference is stepped to 2 p.u. at
t = 0.5 s. No load torque is applied. The observers function
very similarly, but a small difference can be noticed during the
fast transient around ¢ = 0.75 s, as could be expected based
on the analysis.

Fig. 5 shows an experimental result of low-speed reversals
under rated load torque. This is a challenging test sequence
for speed-sensorless control since all operating modes, i.e.
motoring, plugging and regenerating, are visited. Sustained
operation at zero stator frequency under load torque is a
fundamental limitation for sensorless induction motor drives
[15]. The duration that the drive can remain in this operating
point without losing stability depends not only on the design
of the observer but also on the accuracy of the parameter
estimates and the compensation of the inverter nonlinearities.
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Performance could be improved with, e.g., stator resistance
adaptation and accounting for the saturation of the inductances

(11, [7].
VI. CONCLUSION

This paper revisited the full-order observer for induction
motor. A new observer design is proposed, which decouples
the flux estimation dynamics from the speed estimate. A
closed-form analytical expression for the complete full-order
observer estimation-error dynamics is derived, including the
effect of the speed-adaptation.
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APPENDIX A
IMPLEMENTATION IN ESTIMATED ROTOR-FLUX
COORDINATES

If the rotor flux linkage is needed in sensorless control,
implementation of the observer may be more natural by
selecting the rotor flux and the stator current as the state
variables. With this selection, the full-order observer becomes

ds .
Lad—: = —(RoI+ wsL,J)is
+ (oI — &) YR + us + Kiig (17a)
d . . -
% = Rpis — (ol + & J)pg + Ky (17b)

The following observer gains result in the identical observer
dynamics as (6) with the proposed observer gains in (6d):

K|, =LK — K; — R (18a)
K! = Ly(7I —.J) — R,1 (18b)

where v = o; — a.

In estimated rotor flux coordinates ¥r = [i)r,0]T holds.
Therefore, the observer in (17) can be written in component
form as

dig R
Lg‘ thd — OL’l/)R — Raisd —+ WsLnisq
+ tsa + Lo (Yisa — @misq) (192)
dig .
L, (Zitq = —OmUR — Rciisq — Wy ?aisd
+ usq + Lo (Visq + Omisa) (19b)
di) ' .
% = —a)r + Rrisqa + (k1o — 7) Loisa
- (WS - ajm)LOzsq (19¢)
Ws = W + Rrisq + ka0 Lotsa — YLolsq (19d)

&R - Lozsd
where k1 = ba/(a® + @2) and ky = bon/(a? + &2).
Implementation in the estimated rotor-flux coordinates for the
reduced-order observer is shown in [1].



