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Nonlinear Adaptive Speed Tracking Control
for Sensorless Permanent Magnet Step Motors

P. Tomei and C. M. Verrelli

Abstract— Assuming that only stator currents and voltages
are available for feedback, a nonlinear output feedback adaptive
speed tracking control strategy is proposed for a permanent
magnet step motor with unknown load torque. It relies on three
new theoretical results: the ”’s-alignment” and c-alignment”
procedures, in which the motor is forced to reach certain
known equilibrium points, and an output feedback controller
which guarantees uniform asymptotic speed tracking for every
initial condition belonging to an explicitly computed domain of
attraction. Global exponential convergence is achieved in the
case of known load torque. Numerical simulation results show
the effectiveness of the proposed solution.

I. INTRODUCTION

Due to their excellent serviceability and durability, high
efficiency and power density, as well as high torque to
inertia ratio and absence of external rotor excitation and rotor
windings, the permanent magnet motors are used in practical
applications such as printers, tape drives, hard drives in PCs,
process control systems, home appliances, and have been
gradually replacing DC motors in a wide range of drive
applications such as machine tools and industrial robots. The
high complexity in the control of these motors is the price
to pay for the above advantages. The speed or the position
tracking control of permanent magnet synchronous motors
requires the knowledge of rotor shaft position and speed
signals in order to control the stator current vector suitably
and then achieve an high-performance drive ([6], [9], [14],
[15]). Recently, a lot of attention has been paid and many
research efforts have been spent in developing the machine
drive system without rotational transducers: shaft sensors
present several drawbacks such as drive cost, machine size,
reliability and noise immunity as well as performance degra-
dation owing to the vibration or humidity. Various control
strategies for the permanent magnet synchronous machine
drives without rotational sensors have been investigated and
described by many authors ([1], [3], [4], [7], [12]).

In this paper we propose a novel nonlinear adaptive speed
tracking control strategy for a permanent magnet step motor,
on the basis of stator currents and voltages measurements
only: it relies on three new theoretical results (not based on
motor friction) which are summarized in three theorems. The
first two theoretical results, concerning the asymptotic prop-
erties of the “s-alignment” and “c-alignment” procedures,
are based on LaSalle theorem, while the third one presents
an output feedback controller which guarantees: i) global
exponential rotor speed tracking when the load torque is
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known; ii) uniform asymptotic rotor speed tracking for every
initial condition belonging to an explicitly computed region
of attraction when the load torque is unknown. Numerical
simulation results with reference to a six pole pairs per-
manent magnet step motor are included which illustrate the
effectiveness of the proposed solution.

II. DYNAMIC MODEL AND NONLINEAR
ADAPTIVE DESIGN

Assuming linear magnetic materials, symmetry of the
rotor and between the two phases, nonlinear flux density
distribution due to the air gap geometry only and negligible
magnetic hysteresis and Foucault currents, the dynamics
of a permanent magnet step motor with no saliency and
a sinusoidal flux density distribution in a fixed reference
frame attached to the stator are given by the well known
fourth-order model (see for instance [9] for its derivation
and modelling assumptions)

0 = w

o o= ~Ea B ) + iy cosor)] -
% = —%ia + kaw sin(ph) + % (1
% = —%ib — kaw cos(ph) + %

in which: 6 is the rotor angle, w is the rotor speed, (i4, %)
are the stator currents [(0,w,i,,1%5) constitute the state vari-
ables], (uq,up) are the stator voltages (which constitute the
control inputs) in a fixed reference attached to the stator;
the output to be controlled is the rotor speed w. The control
problem is called sensorless when only stator currents and
voltages are measured. The load torque T (¢) is typically a
step disturbance. The motor parameters are: viscous friction
coefficient F', number of pole pairs p, rotor moment of inertia
J, stator windings resistance R and inductance L, motor
torque constant ky;. While J, R, L, k) are strictly positive
parameters, F' is assumed to be non-negative, so that our
stability results are not based on friction. If we introduce, as
in [8], [13], [15], the Park’s transformation

(] = [l 2 ][]

the dynamics (1) expressed in terms of currents and voltages
in rotating (d, q) coordinates, become

6 = w
) F kv, Ty
O o= ——w
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In the following we will denote by w*(¢) the arbitrary smooth
bounded reference signal with bounded time derivatives
w*(t) and &*(t) for the rotor speed w(t) and by ij(t)
the smooth bounded reference signal with bounded time
derivative dlgit) for the current 44(¢), which is related to the
reference velocity w*(¢) to comply with voltage saturation
at high speed (field weakening, see [8]). Let us summarize
the first two results of this paper.

Theorem 1 (’s-alignment” procedure): Let u., € RT
be a positive real scalar and suppose that no load torque
Ty, is applied to the motor. Then, the static linear controller

07 Up = TUes (3)

Ug -

substituted in model (1), guarantees boundedness of (w, i,,
ip) and

tlim cos(pd(t)) = tlim w(t) = tlim io(t) = 0
. . uCS
tlggo wlt) = R’

Proof: Denoting by i, = iy — “g= the stator current vector
b-component tracking error, the equilibrium points of the
closed loop system are (0,w,iq,%) = (fes,0,0,0) with

Ocs = 35 %7 (2 —1) 7~ Consider the function

U, = %(%wQ +ig? +Z§) - kML“R (sm(pe) - 2)

which is always positive. Its time derivative along the trajec-
tories of the closed loop system is
Ear- Bl ).
Since Us(t) < 0 [recall that F' > 0], by virtue of LaSalle
theorem [26.1, [5]], we can establish that every solution
is attracted into the largest invariant subset M of the set
U, = 0, consisting of the equilibrium points (6, w, %, 1) =
(fes,0,0,0).
Theorem 2 (”c-alignment” procedure): Let u.. € RT be

a positive real scalar and assume that: the motor is initially

"s-aligned”, i.e, cos(pf(to)) = w(to) = ia(to) =0, ip(to) =
5 (Ues € RT); no load torque Ty, is applied; the positive
real scalars ucs and u.. satisfy the condition

U, =

kytuee  (u2, +u2,)
_ CS cC . 4
»LR oz 0 @)
Then, the static linear controller
Ug = Uce, Up = 0 (5

substituted in model (1), guarantees boundedness of (w, i,,
1p) and lim;_, o cos(pd(t)) = 1.

Proof: Denoting by 7, = i — “g= the stator current vector
a-component tracking error, the equilibrium points of the

closed loop system are (0,w,0q,i5) = (fec,0,0,0) with

fee =0, % > p yeey (2p — 1)%. Consider the function
1 ~ knUee
U. = 3 (%w2 +42 + ibz) = ;)\g;% (cos(p@) - 2)

which is always positive. Its time derivative along the trajec-
tories of the closed loop system is
b= E ()

Since U,(t) < 0 [recall that F' > 0], by virtue of LaSalle
theorem [26.1, [S]], we can establish that every solution
is attracted into the largest invariant subset M, of the set
U, = 0, consisting of the equilibrium points (6, w, %4, 7) =
(0ec,0,0,0). Since U.(t) < 0, we have U.(t) < U.(to) for
all ¢ > to and in particular, if condition (4) is satisfied,
lim;_, oo cos(pf(t)) = 1.

Let us summarize the third result of this paper.

Theorem 3: Assume that cos(pf(tg)) = 1. Then, the sixth
order nonlinear output feedback adaptive controller

{ Ua (1) } _ [ cos[pb(t)]  — sin[pd(t)] ] [ ua(t) ]

un(t) sinfpf(t)]  coslph(t)] | | gl
coslph(t)] = ]f;’ [ia(t) = ialto) = p2(8)] +1
¢1(t) = ]L%ia(t)+uaL(t)7 ei(to) = 0
sinfpf(0)] =~ (i)~ in(t0) — pa(0)]
balt) =~ <t>+””L(”, o) = 0
wilt) = L[=¢alt) = Kia) —i5®)]  ©
ug(t) = L[quq(t)f 2(1)]
{id(t) _ [ cos[pf(t)] smp@t ][ o(t) ]
iq(t) —sin[pd(t)] cos[pd(t)] (t)
balt) = ~igtt) + pateyig(r) ~ LAY
Galt) = —iglt) —p(t)ialt) — L)
F ., d saty (@ — w*)
T |70 O R T gy @
-(éz(t) - w(t)*) + TLT(t) + d&*(t)}
i) = é ?w*(t)—kwsatn(dj(t)—w*(t))
+TLJ(t) + w*(t)]
ioft) = —f(>+’% (1) sinfp(e)] + 22
FE(ia(t) — Talt)) + PO (1) — (1)
W) = —%%b(t)—%%(t) cospo(1)] + 20
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—kTM cos[pd(t)](ip(t) — ip(t))

. 292F + \Jvy + \J?rF?
At rEAZT?

(ia(t) =

— sin[ph(?)

ia(t)) + 2 cosfp(1)] (1)
_%b(t))]

which depends on: the available signals 1., iy, the reference
signals w*, i the known positive machine parameters J,
K, p, R, L and the known non-negative machine parameter
F; the positive control parameters K;, k., k, K.; the
positive control parameters vy, )\, r satisfying the conditions
(T, e RT)

A2etTv 4 ot
v —— =+ 8pe—1
peln’T2 LA
b < L+ K,
€

r > (JSICM4T2€_4T”]?E)_1(2’)/2L4) @)

substltuted in model (1), guarantees boundedness of (w14,
Qb @, g 1 TL) and uniform local asymptotlc stabtltty of the

closed loop system equilibrium point (w—w*, iqg—1}, iq— iy

i za, ip— zb, w—w, Tr,— TL) = 0 with domain of attraction

B = {5 = [517527-"757}71 € §R7 : ||[£47§5a€6;§7]T” < Q}

L min{s1,pe }q
QkMP 2 ) 2 »
pefser (2] mos{n () })

6 2 2
g = B+K,—p, |12( 4 + DUELLICE 4 h?) 4 by

Rt >

where 9 =

and (s1,s2) € Rt are the minimum and the maximum

eigenvalues of the symmetric matrix P = [pij] S,

, 1<4,5<4

P11 =po2 =5, P33 = 5, Pag = (# + %) P34 = — 355,
P12 = P13 = P14 = p23 = pas = 0.

Proof: Assume that cos(pf(to)) = 1. Then, according to
the stator currents dynamics in (1),

cos(pd(t)) = _kLiT\i [la(f) —ia(to) — ‘Pl(t)} +1
b)) = a0+ 5D i) = 0
sin(pd(t)) = —]f—f; [zb(t) —ip(to) — @2(t)}

e = —am+ D s = o
Introducing the tracking and the estimation errors: &(t) =
w(t) —w*(t); ew(t) = @) — w(t); ig(t) = ialt) —ig(t);
iq(t) = iq(t) = i5(t); ia(t) = ia(t) — 1a(t); in(t) = ip(t) —
iw(t); Tp(t) = T, — Tp(t) — Flw(t) — w(t)], from (2) and
(6) we obtain the closed loop system dynamics

. k- T
o = 77(w+ o) — kosat, (w+ew)+7Miqf7L
4 R
Z'd = (L + Kl) pewzq (8)
4 R
ig = (L +Kl>zq+pewzd+ L
%a = (12 + Ke) ew sin(ph) — piiy,
%b = (L + K, )zb + Tew cos(pb) + i,
292 +rFAJ? |k k ~
6, = %}7)\2{72 ol ~= sin(ph)iq — TM cos(pf)ip
Ty,
—= 9
+ 7 ©))
= F - J'-Y kM . ~
T, = —=T —_— = 0
L Tl S | 7 S

—kTM cos(p@)%b] .

Consider the positive definite function

1 9 9 1 2 "Yz rF
Vo= (@) el v (Gt

—Le Ty (10)

J

whose time derivative along the trajectories of subsystem (9)
satisfies

. R S, A -
< | = z
vV < <L + K5> (za + zb) + J%TL

2

y 2
J?TL 473 (in
On the other hand, subsystem (9) may be rewritten as
& = Ax+ B(t)z+ H(t)x
1
z = D(t):v—Fjw (12)
F AJy
b = —— —D(t
v Tt A P
with z = [Ea,ib}T, 2 = ey, w = Ty, and, for all t > tg
(Tp > 0), [|A]l = 7 + K. || B(t )II :t%MT, D@ < 33
BT (t) + BT (t)H ( I < =F " BT(r)B(r)dr =

kM;T”. System (12) complies with the hypotheses of

Lemma 1 reported in the Appendix by setting T' =
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T, and, consequently, the point (%a,gb,ew,TL) =0
is locally exponentially stable with domain of attraction
A =<{¢C e R |¢| < op. From the second and

third equations in (8), according to Lemma IIL.1 in [11],
(i4,1,) tend exponentially to zero for any initial condi-
tion [iq(to), (o), €w(to), T (to)]T in A. Recalling the first
equation in (8), we can establish that, since, for any initial
condition [i4(to),%p(t0), ew(to), Tr(to)]” in A, (ig,ew, T1)
tend exponentially to zero, w is bounded and tends uni-
formly asymptotically to zero for any initial condition
[ia(to),ib(t0), ew(to), TL(to)]T in A and for any saturation
value k: in particular, the origin is a uniformly locally
asymptotically stable equilibrium point for system (8), (9)
with domain of attraction B.

Remark 1: If Ty, (t) is known, we may set

J | F T
Lk _ - *7]{“} Ak L .ok
iy T i (@ w)+—J +w
: F . km T, . . v ~
S A A Y L L R
by = ——it— I E'*,k (*, *)
q = qu pwiq Lw ot Jw ol —w
T*
+—JL+¢a* (13)

in which T (t) is the output of a stable, unitary gain, linear
filter whose input is the actual step load torque T7,(t), so that
TE (t) is bounded and available for feedback. The closed loop
system becomes

H = —j@—kw(@+ew)+7Miq—%

z R ~

iy = — (L + Ki> iqg — Peuiq

: R km

g = —<L+K>zq+pewzd+ L (14)
. F .Y Pt kM':

ey = —jew—i—x Plgld — Pldlq — qu

where T}, ¢ =Ty, — T} is an exponentially decaying signal.
Consider the positive definite function

1/ = 1
v, — 5(13 +z§) + A (15)
whose time derivative is given by
. R o F
V.oo— (L n Ki> (13 +z(21> - ek (16)
"l:heNIast three equations in (14) may be rewritten as (r =
[idviq]T’ z = ew)
& = Az + B(t)z
. F
o= 5 + D(t)x (17

R
. = -+ —K; —pe =
with A = [ L g S|, Bl) =
) pew _f_Kz
g D) = [ ti by ] If
Py v L () = [ Rig —%ia— 3¢ ] If we

choose dft ) so that there exist two p0s1t1ve reals T, k such
that, for all t > #, :+T§ BT(1)B(r)dr > kI, system
(17) complies with the hypotheses of Lemma 2 in the
Appendix by setting A = A, B = B, g = F ,D =D,
T = T, and the point (ig,i,,e,) = 0 is umformly globally
asymptotically stable and exponentially stable in compact
sets. Recalling the first equation in (14), we can establish
that, since (zq, e.) and Ty converge exponentially to zero,
@ tends exponentially to zero for any initial condition.
Remark 2: In practice, as confirmed by experiments in [1],
the most of the possible bias errors introduced by current
sensors and voltage actuators can be removed by using the
alignment procedures and the fact that, even in the presence
of voltage actuator bias errors, the alignment procedures
guarantee the convergence to zero of the quantities ¢; and

P2 in (6).
ITI. SIMULATION RESULTS

A. Nonlinear control strategy

On the basis of the three theorems stated in Section 2,
we propose the following nonlinear speed tracking control
strategy: ”s-alignment” procedure (3) [0 < t < t4]; "c-
alignment” procedure (5) [ts <t < t.]; adaptive controller
(6) [t >t

B. Control performance

We tested the proposed control strategy (3), (5), (6) (ts =
0.3 s, t. = 0.6 s) by simulations with control parameters (the
values are in ST units) u.s = ue. = 24, k,, = 100, K, = 100,
K; =20, v =J/9, A\ = 02, Kk = 9 for a permanent
magnet step motor with sinusoidal flux distribution, whose
parameters are: F' = 0 Kgm?s™!, p = 6, J = 0.01 Kgm?,
R = 3 Ohm, L = 0.006 H, kqy = 2 NmA~!l. All
initial conditions of the motor and the controller (6) are
set to zero excepting 0(0) = 30 deg., i, (t.) = iq(t.) and
iy(t.) = ip(t.). The reference for current i4 was set to zero,
while the reference for speed was generated by using ramp
functions which were filtered using the third order linear
filter H(s) = (& +1)7 (5 +22 +1)  (@0=300
rad/s). The necessary first and second order derivatives were
obtained from the state space realization of the filter. The
load torque (2 Nm, the rated value) is applied at £ = 0.63
s. The reference for speed along with the applied torque are
reported in Fig. 1. Figure 2, which shows the time histories
of the electrical angle [pf#] and the rotor speed for ¢ < ¢,
illustrates the fast response of the alignment procedures,
while Fig. 3 shows the time history of rotor speed tracking
error for ¢t > t. and the (a,b) components of stator current
and stator voltage vectors.

IV. CONCLUSIONS

On the basis of stator currents and voltages measurements
only, an innovative nonlinear adaptive speed tracking control
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Fig. 1.

Rotor speed reference signal and applied load torque.
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Fig. 2. Electrical angle and rotor speed.

strategy has been proposed for a permanent magnet step
motor, relying on the new theoretical results (not based on
motor friction) stated in Theorems 1-3. Numerical simulation
results illustrate the closed loop performances and show the
effectiveness of the proposed solution.

APPENDIX

Lemma 1: Consider the system

T = fi(t,x,z,w) =A{)x+ B{t)z+ CtH)w+ H(t)x
5 = f.(t,z,w)=D(t)r+ E(t)w (18)
w = fult,z,w)=F(t)x + G(t)w

where z(t) € R", z(t) € R, w(t) € R™, f.(-,z,z,w)
is locally Lipschitz continuous, f,(t,x,w), f.,(t,z,w) are
continuous and B(t) is continuous and differentiable with
respect to time for all ¢ > ty. Assume that, for all ¢ > ¢,
1) A(t), B(t), C(t), D(t), E(t), F(t), G(t) are bounded,
with [[A(t)|| < A, |B(H)]] < Bas, IC(#)]| < Cwmr,
D@ < Dass |E@ < Enrs
2) there exist two positive reals T, k € RT, such that the
persistency of excitation condition

t+T
/ BY(1)B(r)dr > kI (19)
t
is satisfied;
3) there exists a smooth proper function V (z, z, w, t) and
suitable positive reals ai,as,a3,a4,a5.p. € R, such

yyyyyyyyyyyyyyyyyyyyyy

aaaaaaaaaaa

5]
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Fig. 3. Rotor speed tracking error and (a, b) components of stator current
and stator voltage vectors.

that
2 2 2
Viz,z,w,t) > ai(l[z]|” + [|z]]" + [[w]”)
2 2 2
V(w,z,w,t) < aa(l[z]|” + [|2]]" + [[w]”)
. 2 2
Vo< —azlzl]” — aallw]]” + asljwl[||2]|
+%k26*4THz||2 (20)
and
ageﬂ 4 2 2 2
ay > Dk + 8pe(By Exy + BaCly)
pe < e

12(B3,D?, + B2, A%, + B2,) + B2,
where T', k are defined in (19);
4) there exists a suitable positive real ag € R+ such that

IBT (1) + BT H (1) < as|].

Then the origin of system (18) is locally exponentially stable
with an explicitly computable domain of attraction.

Proof: As in [10], consider the class of radially unbounded
functions

Wz, z,w,t) = V(z, z,w,t) + p||Qz — BTz|> 21

where Q(t) is generated by the filter dQ(t)/dt = —Q(t) +
BT(t)B(t), with Q(to) = e~TkI. By virtue of assumption
2, Qt+T)>e T [T BT(1)B(r)dr > e~ TkI > 0.
Since ||B(t)|| < Ba, it is straightforward to deduce that

By I >Q(t) > ke "I (22)
In view of hypothesis 3,
W(z,zwt) > ar(al + 12l + w]?)
+pe)|Qz — BTz’
Wz, zwt) < ag(lal®+ 12° + w]?)
+pe]|Qz — BTz|. (23)

By computing the time derivative of W (x, z, w, t), by virtue
of assumption 3, we have

W < —ag|lal® — asllw|® + as||w]||| 2]
+2p(Qz — BTx)T[QE — BTC]w
+2p(Qz — BTx)T[QDm —Qz— BT Ax

—BTz — BTHa] + %@k?e—“HzH?

6810



so that by adding and subtracting 2p(Qz — BTx)TBTx in

the right hand side of the previous inequality, we obtain
W< —aglz))” - agflwll* + as||wl]|z]

~2p.]|Qz — B"x||” + 2p.(Qz — B"2)" [QE

—BTClw + 2p.(Qz — BT2)" [QD — BT A

—BTz — 2p.(Qz — BT:E)T[BT

—l—BTH]x + %k2e_4T||z||2.

By hypothesis 1, there exist two positive reals ay,as €
R+, such that a; > |QD— BTA—BT|” and a5 >
IQE — BTC ||2 By completing the squares and rearranging
terms, we obtain

(24)

; Pe —
W< —[as = pe(dar + B3| llo)* = er2e T2
2.4T
s = B~ dpeas o - 5@z - B’
~2p.(Qz — BTx) (BT + BTH]z (25)

By virtue of assumptions 3 and 4, there exist three positive
scalars 71,72, a6 € T such that
W<

2
— 7w

—rille]? - BT

~% @z - BT
+2pea]|(Qz — B )|l |12l z]- (26)
By completing the squares we obtain

W< 2 Pepzo—at 2

8
Pe 2
2 Q= — BTa”

2
—[r1 = 4pea 2| al

—ralw|* - @7)
Let ¢ = [x,2z,w,Qz — BT2]T and (s, = [, z,w]; since
(23) and (27) imply (s > 0)

e < maxdazped gz

s(t—to)
min{as, pe} ’

YVt >t
for any initial condition ((tg) € R"T?PT™ such that
IC(to)|| < b/ Ridarbelrs Ty virue of (22) and (23),

max{az,pe }pe
we can finally establish that for all ¢ > ¢

as + 2p. B2, max{1, B? s(t—
(o) < 2 E 2B Bk g 2ottt

for any initial condition (; (o) belonging to the open ball

A = Cs(to) € RVTPH™ ¢ (ko) |

1 min{ay, pe}ri

2a¢ De (ag + 2p. B2, max{1, B2 })

Lemma 2: Consider the system

fet,x,2) =
— fZ<t7 g;) —

jj =

Atz + B(t)z

—g9z+ D(t)x (28)

where z(t) € R, z2(t) € R?, fi(t,x,2), f.(t,x) are
continuous, g is a non-negative scalar and B(t) is continuous
and differentiable with respect to time for all £ > ¢y. Assume
that, for all ¢ > ¢,

1) A(¢), B(t), D(t) are, with ||A(t)|] < A, [|B()] <
By, \|D(t)|| < Dj)s; and B( t) is bounded, with
1B < Bus

2) there exist two positive reals T, k € R*, such that the
persistency of excitation condition

t+T
/ BT (7)B(r)dr > kI (29)
t

is satisfied;
3) there exists a smooth proper function V(z,z,t) and
suitable positive reals aj,as,a3 € T, such that

2 2 2 2
ar([lz]|” + [I2[1°) < V(z, 2,t) < aa(flz]” + [12]]7)

V < —asl|z||. (30)

Then the origin of system (28) is globally exponentially
stable.

Proof: Arguments similar to those adopted in the proof of
Lemma 1 can be used.
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