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Abstract

Bandwidth limitation hinders the economical and broad application of induction motors
promised by speed sensorless drive. This paper proposes an integrated control and observer
design for speed sensorless control of induction motors with stator voltage and current mea-
surements. With a general observer structure, the backstepping-based robust control design
explicitly considers the errors of both the state estimation and tracking, and thus avoids the
commonly used time scale separation. The gain selection for the controller becomes easy and
straightforward. As a case study, the extended Kalman filter is used as a state estimator
in order to simplify the gain tuning process. Simulation results validate the effectiveness of
proposed method.
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1 Introduction

Speed regulation of induction motors is an old but inter-
esting problem. Techniques to achieve the speed regulation
have evolved from variable frequency control to vector con-
trol and its variants for instance direct/indirect field-oriented
state feedback control, speed-sensorless control [1,2], adap-
tive field-oriented control [1,3]. The vector control with full
state or the rotor speed measurements results in good perfor-
mance at expenses of extra sensors, and thus limits its appli-
cation in practice. Recent work is devoted to speed sensor-
less control algorithms, e.g. without the speed measurement.

Speed-sensorless control design problem is practically
meaningful and challenging, and thus attracts a lot of the-
oretical interests, e.g. [4,5]. Adaptive idea, where the
rotor speed is typically treated as an unknown parame-
ter to avoid nonlinearity in dynamics, was initially ex-
ploited and is still prevailing in the speed-sensorless mo-
tor drives [6—10]. Designs relying on the assumption of the
speed as a constant/slow-varying parameter suffer unsatis-
factory transient performance inherent to adaptation. Nu-
merous work tried to avoid the speed-as-parameter assump-
tion for instance high gain observer [2], sliding mode ob-
server [11-13], and extended kalman filter (EKF) [14] etc.,
but failed to address the drive performance aspect. As an ex-
ample, resorting to nonlinear observer design techniques en-
tails the system in certain normal forms, which turns out to
be difficult. Well-known high gain observer design assumes
observable form (OF). The induction motor model under any
frame is hardly put into OF due to the complexity of the state
transformation and difficulty to compute the inverse transfor-
mation. Various work circumvented the problem by consid-
ering open-loop flux observer, e.g. [2], thus lead to drives
with slow responses.

This paper proposes an integrated control and observer
design framework for speed sensorless control of induction
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motors with stator current measurements. With a general ob-
server structure, the backstepping-based robust control de-
sign explicitly considers all the state estimation and tracking
errors. The gain selection for the controller is straightfor-
ward. On the state estimation side, as a case study, an ex-
tended Kalman filter is designed to simplify the gain tuning
process. Simulation results are presented to show the fol-
lowing facts: 1) the proposed method can achieve high band-
width and high precision speed sensorless tracking control of
a typical induction motor under practical constraints (200Hz
control bandwidth for 20KHz sampling rate); 2) the gain se-
lection for the proposed method is systematic and simple; 3)
the proposed method can track various trajectories as long
as the state and control input constraints are considered. No
dependence of controller and/or observer on the trajectory is
found.

2 Preliminaries

2.1 The Induction Motor Model

With the assumption of linear magnetic circuits and bal-
anced operating conditions, the two-phase equivalent model
of an induction motor, represented in the fixed a—b reference
frame, can be written as follows [15],

w= 27?;,[]1\7/[ (raish — Prvisa) — 11/ J,
foa = M;T Gra + Zpéw Wry — Yisa + %usa,
bsh = A:LI? Grb — T;p[{\fw%a — Yisp + éusb, W
bra = —ILi:d?m — Npworp + %Misav
bry = _%d)rb + NpWorg + %Misb,

. T
Yy = [Zsam Zsb} )
where the subscripts 7 and s stand for the stator and the rotor,
respectively; the subscripts a and b denote the a and b axis,



respectively; w is the angular speed of the rotor, ¢ denotes
the current, and ¢ denotes the flux linkage; u is the stator
voltage input; 12, L, M, J, Tt, and n,, denote the resistance,
inductance, mutual inductance, rotor inertia, load torque, and
number of pole pairs, respectively. For compact notations,

following lumped parameters are introduced with @ = %,

_ M _ M2 _ _ MP’R.+L2R, _ R,
B=5i0=Ls— 1= "G = 5 tabfM,
n.
3nyM
2 JL,
parameterized as T7,(w) = Ty + Cyw with T an unknown
constant. With the following change of notations, 1 = w,
To2 = lsq, T3 = lgh, T4 = ¢ras T5 = (brbs U1 = Usa,
1 T
Uy = Ugh, b= —, a1 = p,ag = P, a3 = -, a5 = af,
ag = Ny, a7 =7, ag = @, ag = Ny, and a;g = oM, one
can rewrite the induction model (1) as

and p = . We assume that the load torque 77, can be

& = f(z,u) = g(x) + Bu,
y = Cu,

_a1($3$4 — l‘2.235) — ag — aszx
a5T4 + AgT1T5 — A7
g(x) = a5Ts5 — AeT1T4 — A7T3 )
—agT4 — G9X1T5 + G10T2 )
| —as8Ts5 + agx1T4 + a10T3
[0 0
b 0
01 0 0 O
B=|o b, c= [ } ,

0 0 0O 01 0 O
_O 0

with x = [z1, 29, ¥3, 74, 25]T and u = [uy, ug]T
2.2 Problem Formulation

General specifications for speed-sensorless electric drives
using vector control is to regulate two variables: the rotor
speed and the rotor flux magnitude [1,2] given by

T1
[xi + x%] : @)

More specifically, the problem considered in this work is:
Given the IM model (2), synthesize control inputs u; and us
such that z1 and 2% + 22 track wq(t) and 3, respectively.

3 Main Results: Observer Design

3.1 A General Observer
For the integrated design of observer and controller, a gen-

eral observer structure is first assumed as z; = f; + si;,1 <
1 < b, 1e.,

Ty = a1 (w34 — T285) — G2 — az®y + si1 (T2, T3)

Ty = as®y + ag®1ds — ards + buy + siz(T2, T3)

I3 = as®s — agd1ls — ards + bug + sig(T2,23) (4)
Ty = —as®q — agi1 &5 + ar0dz + sis (T2, T3)

Ts = —agds + ag@1&4 + a10l3 + sis(T2, T3)

For continuous case, such as Extended Kalman Filter (EKF)
and Luenberger observer:

511 (T2, T3) = l11 T2 + 11273
sip(Ta, T3) = lo1&2 + l22T3
5i3(T2, T3) = I3172 + l3273 )
si4(To,T3) = la1@2 + L4203
si5(T2,T3) = l51%2 + 5273,

where L is the matrix form of the observer gains I11, ...,
l52. For discontinuous case, such as sliding mode observer
(SMO):

si1(Z2, T3) = h115(Z2) + h125(T3)
Sig(i‘g,fg) = hng(irg) + hQQS(i‘g)
si3(Z2, T3) = h31S(Z2) + h32S5(Z3) (6)
S’L'4(i'2,{1,‘3) = h415((f2) + h425(i‘3)
8i5<.’f$2,$3) = h515(i‘2) + h525<.’1~?3)

Switching, however, induces chattering and thus continuous
approximations are often adopted instead: S(Zs) ~ la. FrT2
and S(Z3) =~ l3ersZ3. L can still be defined with effective
gains l26ff and lgeff.

Define estimation errors as £ = x — 2. Using prior in-
formation of the original system states, one can construct a
projection mapping to ensure the boundedness of state esti-
mates:

T = Projz, ()
7 = fi + sis @)
fi = fi(Z,a2).

The projection mapping of a scalar is defined in [16] as

0 if T = Timaz and e; >0
PTOjEi,(.i) =40 if T = Timin and e; <0 3
o, otherwise
When applied to a vector 7, the project map-
ping is component-wise, i.e., Projz(e) =
[Projz, (1), ..., Projz.(e5)]T. It can be shown that
for any adaptation function 7, the projection mapping used

in (8) guarantees
(P1)

35\ S Qw = {/.’I}\ * Timin S 55 S ximaw} . (9)

A slowly varying load torque can be treated by augment-
ing the state x with as which will be adapted in the observer
design. In addition, other slowly changing quantities, R, as
a7 ag a1p, can also be treated as unknown parameters 6 and
extended for adaptation within the same design framework.

3.2 Observer Design

As a case study, the EKF is designed to simplify the gain
tuning process as the Kalman gains are automatically ad-
justed along the state trajectory. With sampling rate of the
filter as T and forward difference method, the system dy-
namics (2) can be discretized as

xp =Tsf (Tp—1,uk—1) + Th—1 = f'(@p—1,uk—1) (10)



Linearization of the dynamics,

—as —Q1T5 A1T4 a1T3 —Qa1T2
agTs —ary 0 as a1y
of
A= — = |—agxy 0 —a7 —agri as
ox
—agls aio 0 —as —Qagx1
a9y 0 aig agry —as
(11)
Thus
Ay =TA+T (12)
Predict:
Predicted state estimate
A~ ! [ A
Tt = " (Ep—1jk—1, Ukjp—1) (13)

Predicted covariance estimate

Pyji—1 = Ak—1Pi_1ji—1 451 + Qi1 (14)

Update:
Measurement residual

U = 2 — Cppp—1 (15)
Residual covariance
Sk = CkPyu—1CL + R (16)
Near-optimal Kalman gain
Ky = Pyp1CL St (17)
Updated state estimate
e = -1 + Kilk (18)
Updated covariance estimate
Py = (I — Ki.Cy) Pyji—1- (19)
For general observer form

_ By

L
T

(20)

4 Main Results: Integrated Control Design

We consider the control design for the simplified case
where a system suffers from uncertainties d. For the induc-
tion motor case, uncertain nonlinearities could be result from
the state estimation errors. The following practical assump-
tion thus is required to establish stability results.

Assumption 4.1 Uncertain nonlinearities are bounded, i.e.,
cfeQdé{J: ||J|\§5d}, 1)

where d = d— dy, and 64 is also a known bounding function.

With (P1) in (9), the state observer can guarantee the
bounded state estimation error. The following assumption
can be made for the control design,

Assumption 4.2 The bounds of state estimation errors are
known, i.e.,

z S Q"Z é {55 : i’min S z S j771az} (22)

=, _ =, 5 T 5 —
where Tmin - [xlmin7~-~7x5min] and Tmazx -

[Z1maz, - T5maz)” are known.

The control design consists of four steps. Step 1 is the
speed control loop with electromagnetic torque as an virtual
control; step 2 is a robust torque control loop which regu-
lates the electromagnetic torque from the speed loop in the
first step; step 3 is the flux tracking loop which regulates the
magnetic flux magnitude for efficient operation; step 4 de-
livers the required virtual control from step 3 using a similar
robust control design. State estimation errors are explicitly
taken into account within all control design steps as bounded
model uncertainties. The controller and observer structure
are illustrated in Fig. 1 with notations to be introduced in the
following design steps.

Y Speed | U1 Pary Torque U3 Control
’»7 control control | Yaspftransformati
3 <
(2 Clarke
?, Flux control v: Flux control
% A > 3 .
=( . transformatio
outer loop inner loop
oy
= o %
+
e U
B . .
State 4 ) Induction
estimator{ee= Motor

Fig. 1: Controller and observer structure.

4.1 Step 1-Speed Loop Control Design

Define the speed tracking error z; = #; —wy, and compute
its time derivative

z1=—azz + a1($3i4 — ,’L‘Qi‘5) + siq (.’fﬁg, j3) 23)
— ol)d — asWwq — &2.

Introduce a virtue control vy, and define the discrep-
ancy between v; and the estimated electromagnetic torque
a1($3j4 — l‘giﬁs) as follows

zo = a1(T3d4 — T2ds5) — V1. (24)
Thus the speed tracking error can be rewritten as
21 = —a3z1+v1+ 22+ 501 (T2, Ty) —wqg —azwqg —az. (25)
The virtual control v; is split into two parts
V1 = V1ig + V1s, (26)
where v, is the feedforward model compensation given by
V1 = —811(Z2, Z3) + Wq + aswq + ag, 27)
and v, is the feedback stabilization control
vis = —k1s121- (28)
Thus (25) can be rewritten as follows

21 =—kiz1+ 22, ki =az+kis. (29)



Overall the virtual control v, is given by
v1 = —kis121 — $i1(Z2, T3) + Wa + azwa + G2, (30)
and its derivative is computed as follows

01 =k1s1k121 + g + azwq + a2
+ (liiar + lirloy + liolsy) T2
+ (li2ar + l11log + lial32) T3
— (li1as — lisaedy) T4 — (lizas + l11a621) Ts
— (li1aexs — li2a624) T1 — k15122,
(€29
which will be used in the second step.
4.2 Step 2-Robust Torque Control Design
According to (24), (31), and (4), we have

o = vy + g + da, (32)

where v9 = ag1bu; + agebus with asy = —a125,a90 =
ali‘4, and

Yo = — (a7 + ag) v1 — ara6d (aﬁ + ig)
— ara9®y (E5x3 + T422)
+ ara19 (Zoxs — T3x2) + a1x3siy (To, T3)
— a1x25i5 (T2, T3) — k1s1k121 — Wq — a3wq
— g — (liar + liilor + li2l31) 22
— (li2ar + li1log + li2l32) T3 + k15122

dy =ayas (F524 — T4its) — arapy (Tads + T5ds)

(33)

~ ~2 ~92 ~ ~
— a1a6T1 (174 + 175) + (liias — li2a621) T4
+ (Ligas + li1a631) T5
+ (lnasws — lizasrs) T1,
where cig denotes the disturbance due to state estimation er-
rors. One can try to estimate it which may result in improved
system performance or reject it using the prior knowledge of

its bounds. We here treat it as a bounded disturbance. The
control vy is rewritten as follows

Vg = V2q + V2s, (34)
where the feedforward model compensation term is
Vg =~ —dy — 21, (35)

and the feedback stabilization term vo4 consists of the nom-
inal stabilization term vo41 and the robust control term va 49

Vas = V2s1 + V252,
Vas1 = —Kos122, (36)
ko = a7 + ag + kos1.

Thus (32) can be rearranged as follows
Zo = —ko2za + Vago + do — 21. (37

Given Assumption 4.2, d~2 is bounded. Thus there exists
V952 such that the following conditions hold

o 22(v2s2 +da) < €9,
o 2oU250 <0,

where €, is a design parameter and can be arbitrarily small.
One example of vo4o that satisfies above conditions can be
taken as follows

1
g9 = ——h? 38
V252 e 2725 (33)

where hy = d4, and &4, is the bound of ds.

Remark 4.3 The aforementioned control vy and vy ensures
that all signals are bounded. We define a positive definite
function

1 1
Vg = Ez% + 523 (39)

and have its time derivative

Vio = — k122 4 2129 + 224
= — k2% — k922 + 25(vasa + d)
< - klzf — kgzg + €

< =XV + 6.

(40)

Hence, Vs is bounded above by
Vo < exp(—Aat)Vi2(0) + %[1 —exp(—At)], (41)
2

where Ay = 2min(ky, ko).

4.3 Step 3-Flux Outer Loop Control Design

Flux tracking control is designed using backstepping. De-
fine the flux modules tracking error

2 = &5+ 35 — Y, (42)
and compute its time derivative
Z3 = 2a10 (v2d4 + 23%5) + Y3, (43)
where

3 = — 2ag (.f?i + .fig) — 2aq9 (fgi‘g; + i‘3i‘5)

+ 21 Fody + 249F3iy + 2s1Fods + 2s0F3ds — P

Note that 13 depends on accessible signals. Introduce a vir-
tual control v3, and a state z4 to denote the discrepancy be-
tween vz and 2a10(z284 + T385), i.€.,

24 = 20,10(%2@4 + $3f5) — V3. 44)

Similar to vy, the virtual control v3 is rewritten as

V3 = VU3q + U3s, 45)

where the feedforward model compensation is v, = —3

and the feedback stabilization term v3s = —ks3s123. Thus we
have

23 = —k3z3 + 24, k3 = k3s1. (46)

4.4 Step 4-Flux Inner Loop Control Design
The derivative of the virtue control discrepancy is

2y = vg + 2y + d, (47)



where

Yy = 2a10as (25 + 33) — 2a10a7 (2284 + £385)
+2a10 (lo1@224 + l22¥384 + I31T2%5 + l327315)
+ 2 (lands + I5125) (— (a7 + l21) T2 — l22%3)
+ 2 (lyag + l5285) (—l31Z2 — (a7 + l32) T3)
+ 2 (I @2 + ly2Z3 + a1od2 — 2a824)
X (—agZy — agl1%s + a1o®2)
+ 2 (la1 @2 + lao@3 + aro2 — 2a824) (la1T2 + l42T3)
+ 2 (I51 %2 + 5223 + a103 — 2agds)
X (—agds + ag@124 + a10d3)
+ 2 (5182 + l52@3 + a10d3 — 2as25) (I5172 + l5203)
+ ks (—kszs + 24) — P
dy = (2asl4124 — 2aglaoda®r + 2asl5125 — 2a6l50851) Ta
+ (2141062124 + 251068135 + 2lapas®y + 2l52a585) Ts

+2(la12a + l5125) asZrxs — 2 (laoda + I5225) agT124.
Note J4 is the disturbance due to state estimation errors, and

v4 = ag1buy + agebus,

as = 2a1024, (48)
a42 = 2a10Ts.
Design control input as
V4 = V4q + V4s, 49)
where the feedforward model compensation is
V4a = —thg — 23, (50)

and the feedback stabilization control term consists of the
nominal stabilization term v44; and the robust control term

V452,
V4s = V4s1 T V4s2,
51
V4s1 = —ka24. D
Thus R
24 = —kazg + Vaso + dy — 23. (52)

From the assumption of the boundedness of state estima-
tion error, there exists a v449 such that

o 24(vas2 +ds) < ey,

o Z4Us52 <0,
where €4 is a design parameter which can be arbitrarily
small. One example of v4,2 that satisfying above conditions

1s:
1

s2 = ——hj2, 53
V452 1o 174 (53)
where hy = d4, and &4, is the bound of dy.
Remark 4.4 The control input can be determined by
. N 7—1
ur| _ 1 [—a135  a1ds V2q + U2s (54)
uz| b |2010%4 2a108s5 Viq + V45|

For control input voltage to has unique solution, we have

a1dy
2a1025

—a13s

2 A2
2a10%4 = —2a1a19 (x4 + xS) # 0,

(55)

which means flux modulus estimate should not be zero.

4.5 Stability Analysis

Remark 4.5 Control vs and v4 guarantees the boundedness
of z3 and z4. Similar to the Remark 4.3, taking a Lyapunov
function candidate

1 1
Voa = 5232, + 522 (56)
and computing its time derivative, one can derive
Vit < exp(—Ast)Vas(0) + <1[1 — exp(=Aat)],  (57)

A4

with Ay = 2min(ks, k). This implies the boundedness of
23 and zy. If further assuming z3 and z4 dynamics are only
subject to parametric uncertainties (i.e., dy = 0), the zero
solution of z3 and z4 dynamics is asymptotically stable, i.e.,
23,24 — 0, ast — oo.

To analyze the stability of the entire closed-loop system,
we first define a Lyapunov function candidate

‘/s = ‘/32 + Vs4- (58)

Theorem 4.6 Given Assumption 4.2, the closed-loop system
(2) with a state estimator (4) and the control u (54) has
bounded states, and the Lyapunov function candidate Vy in
(58) is bounded by

Ve < exp(=A)Vi(0) + S [L - exp(=M)],  (59)

with A = 2min(k‘1, kQ, kg, k4)

Proof: Given the Lyapunov function candidate V; and As-
sumption 4.2, we have

Vs = —klzf — k‘gzg — k‘32’§ — k'4ZZ

+ 29(vas2 + Ciz) + 24(vas2 + CZ4)
< 7]{312% — kzZ% — kgzg — k4zf + €2 + €4
S _A‘/s + €,

(60)

N

which implies (59) and the boundedness of all states. This
completes the proof.

5 Simulation Results

In this section, we present simulation results for the pro-
posed speed sensorless control algorithm which includes the
EKF as an state observer. The goal is to demonstrate the
following:

1) the proposed method can achieve high bandwidth
(200Hz) and high precision speed sensorless tracking con-
trol of a typical induction motor under practical implemen-
tation constraints (20KHz sampling rate and 400V input sat-
uration) with only stator voltage and current measurements;

2) the gain selection for the proposed method is straight-
forward;

3) the proposed method can track various trajectories as
long as the state and control input constraints are consid-
ered. No dependence of controller and/or observer on the
trajectory is found.

The simulation is implemented in Matlab with sampling
rate of 20KHz and the following induction motor parame-
ters [2] Ry = 2.3Q, R, = 4.95Q, L,, = 0.523H, Ly =



0.538H, L, = 0.5396H, J = 0.02kg.m?, b1 = 0.001,
np = 2,and Ty = 0.50.

To achieve the control bandwidth of 200Hz, the control
gains are selected as k1 = ky = k3 = k4 = 1200, and
no further gain tuning is necessary. As a result, there is no
fundamental limitation on the achievable control bandwidth,
as long as the control input is not severely saturated before
the observer, which is independent from the controller, con-
verges. The desired flux modulus is ¢4 = 0.5 for all cases.

The initial condition for the states are = =
[wa(0),2,2,0.5,0.5]7, where wy(0) is the desired speed at
t = 0. The control inputs has a saturation limit of 400V'.
The observer has initial estimation errors of 10 percent.
For implementation of EKF, the current measurements are
assumed to have noises of 2mA and the process noises are
all assumed to be 0.001 x T%.

We tested the proposed observer-controller by tracking
different trajectories. Fig. 2 shows the high-bandwidth
tracking of 200Hz sinusoidal trajectory. After the short tran-
sient for the observer to converge, the controller tracks the
speed reference signal closely. Fig. 3 shows the simulations
result of tracking a step reference speed signal, which is first
filtered by a second order critically damped transfer func-
tion with 200Hz natural frequency. The tracking transient
shows small settling time close to 1/200 second. Fig. 4 fur-
ther demonstrates the excellent tracking performance for a
ramp up and down speed reference trajectory. The controller
performs consistently well for all tested trajectories, and the
closed-loop system performance appears to be independent
of the reference trajectory.
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Fig. 2: Tracking of 200Hz sinusoidal trajectory.
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6 Conclusion and Future Work

In this paper, we proposed an integrated control and ob-
server design framework for speed sensorless control of in-
duction motors with only current measurements. With a gen-
eral observer structure, the backstepping-based robust con-
trol design explicitly considers all the state estimation and
tracking errors. Simulation results shown that the proposed
method leads to high bandwidth and high precision speed
sensorless tracking control of a typical induction motor un-
der practical implementation constraints, in contrast to the
severe bandwidth and performance limitations inherent to
previous methods. Ongoing work includes experimental ver-
ification of the proposed method.
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