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Abstract

One of the most challenging problems in AC drives applications
is the design of a simple plug-in adaptation scheme to estimate the
unknown rotor resistance and load torque for the industry-standard
indirect field oriented control. In this paper we give the first globally
convergent solution to this problem for forque control of current-fed
induction motors that does not rely on any excitation assumption.
Some results on speed regulation are also presented.
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1 Introduction

The industry standard in induction motor (IM) control is the so-called indi-
rect field-oriented control (IFOC), which provides asymptotic regulation of
the generated torque (or the rotor speed) and flux modulus around constant
references and does not require rotor flux sensors (or estimators) [8, 9, 12, 14].
The popularity of IFOC stems from its extreme simplicity and intuitive op-
eration that permits independent tuning of the flux and torque control loops.
[FOC relies on the assumption that the stator currents are available as control
inputs—an assumption that is often justified in practice by the use of high-
gain current control loops. A drawback of the standard IFOC scheme is that
it requires accurate knowledge of the rotor resistance, which may vary signif-
icantly with temperature, frequency and current amplitude. Even though it
has been shown in [6] that stability is preserved for very large errors in rotor
resistance estimation, this mismatch seriously affects the performance: it de-
grades the flux regulation, which may lead to saturation or under-excitation,
slows down the torque response and induces a steady-state error. It is fair
to say that, from the practitioners’ viewpoint, the development of a plug-in
scheme to incorporate adaptation to IFOC is one of the most relevant open
problems in IM control. For further detail on IFOC the reader is referred to
the books [5, 9, 11, 13].

A globally stable adaptive IFOC for the current-fed IM, with the only
assumption of the rotor resistance belonging to a discrete known (but arbi-
trarily large) set, was reported in [3]. Unfortunately, as shown in [4], the
proposed scheme is extremely complex and difficult to tune hampering its
application in most practical scenarios. In [2] a globally convergent adaptive
IFOC with unknown rotor resistance and load torque, but assuming measure-
ment of the motor torque, was reported. A theoretically interesting globally
stable output feedback adaptive design was reported in [10]. However, there
are several drawbacks to the proposed controller. First, it is much more com-
plicated than the basic IFOC and is difficult to implement and tune. Second,
the stability analysis relies on a critical persistency of excitation requirement
[15] that may be hard to verify in applications. Finally, the scheme is based
on feedback linearization that is in open contradiction with the physical oper-
ation of the system and, as it is based on exact cancellation of nonlinearities,
is a highly non-robust operation. In [13, 14] some analytical and experimen-
tal evidence of these facts are reported. See also [16] for some new results on



persistence of excitation-based parameter estimation of IM.

In this paper a plug-in adaptive IFOC for regulation of torque of IM
that estimates the rotor resistance is proposed. Global regulation of the
torque and the flux amplitude is guaranteed measuring only the rotor speed
and assuming that load torque is known. The proposed estimator is ex-
tremely simple, does mot require any persistence of excitation assumption
and achieves asymptotic convergence even in the case of zero rotor speed
and/or low torque. To remove the practically unreasonable assumption of
known load torque, we then add a load torque estimator and establish global
boundedness and convergence to a residual set of the torque regulation error.
Finally, it is also shown that a slight modification to the estimator can be used
for speed regulation with a PI controller. This leads to error equations that
exactly coincide with the globally convergent dynamics of torque regulation
when the output of the PI converges to a constant. This suggests that the
system is amenable to a singular perturbation-like stability analysis—that is,
unfortunately, still conspicuous by its absence.

The remainder of the paper is organized as follows. In Section 2 we
present the model of the current-fed IM and in Section 3 we recall the torque
regulation IFOC. Section 4 formulates the adaptive IFOC problem while Sec-
tion 5 contains the new plug-in rotor resistance estimator for the adaptive
implementation of the torque regulation IFOC with known load torque. In
Section 6 we add a load torque estimator to remove the assumption of known
load torque. In Section 7 the speed regulation IFOC is briefly presented and
some preliminary results of its adaptive implementation are given. Simula-
tion results that illustrate the transient performance and robustness of the
torque and speed adaptive IFOCs are presented in Section 8. Our work is
wrapped-up with concluding remarks and future work in Section 9.



2 Model of the Current-Fed Induction Motor

The induction motor in the fixed stator frame is described by the state equa-
tions [8, 9, 12]
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where Ay, = [A\o, \y]" is the rotor flux vector, iq = [iq, i)' is the stator

current vector, and v, = [vg, 0] is the vector of stator voltages. R, R, []

are stator and rotor resistances, Lg, L, [H] are the inductances of the stator

and rotor windings and Ly, [H] is the mutual inductance. o =1 — LL—Z > 0
is the total leakage factor of the motor, v, = L Ly D [kgm?] is the

Lso LsoL, T’
rotor inertia, w [rad/s| the rotor speed and np is the number of pole pairs.

In many practical applications high—gain current loops (sometimes with

PI actions) of the form

L. .
v = (i3 — i)
are used to force i4, to track their corresponding references i’,, where € is
a small positive number. It is reasonable then to consider the singularly

perturbed reduced model obtained by setting ¢ — 0, that is

. RT RrLsr .
)\ab = _L_r>\ab + nijAab + Lr Lab
Dw = 17—11
n LST‘ .
T o= PL i, T Aap
0 -1

with the skew-symmetric matrix J := . The underlying assump-

1 0
tion of this model is that the stator currents are exactly equal to their ref-
erences, i.e., iq(t) = 13, (t). To further simplify the equations, we introduce

4



the (globally defined) change of coordinates

B cos(npf) sin(npld) | .
= LST[—sin(npe) cos(npf) tab:

v [l ) T,

with 6 = w. Hence, u and X are quantities expressed in a frame rotating with
the (electrical) speed of the rotor. In the new state coordinates, and with
the new control inputs u, we have the following bilinear model

L.
Dw=71—1p (3)
T = anuTJ)\, (4)

where, to simplify the notation, we have defined R := R,, L := L,.

Throughout the paper, we will assume that the behaviour of the (so-
called) current-fed induction motor is captured by the dynamical model (2)-
(4). As discussed in [7, 13] this apparently innocuous system can exhibit an
amazingly complex behaviour and poses a significant challenge for control
system design.

3 Indirect Field Oriented Torque Control

The classical IFOC for torque regulation is given as

J ﬁd
u=e’ {Lf_d}

np Ba
. R 74
Pd = — 75, (5)
np 53
where 8; > 0 and 7; > 0 are references for the flux and the torque amplitude,

respectively.

The remarkable stability properties of the torque regulation IFOC, which
does not require any measurement of the systems state, are summarized in
the proposition below. See [6] for its robustness analysis.



Proposition 1. Consider the IM model (2)-(4) in closed-loop with the torque
regulation IFOC (5). For all initial conditions (A(0),w(0), pa(0)) € R* we
have

lim 7(t) = 74, lim [A(t)| = B, (6)
t—r00 t—o0
where | - | is the Euclidean norm.

Proof. First, notice that

oo _ [COSpa —sinpg
sinpg cospg |’

and define the desired flux vector as

Ay = elPd { ﬁod } .

Notice that |\g| = B4 and A\ satisfies

}%Ad =aJls, A(0) = {%d] : (7)
where, to simplify the notation, we defined the key positive constant
= é;—é. (8)
The IFOC (5) can then be written as
u=(I+aJ). 9)
Defining the flux error e, := A — A\ and replacing (7) and (9) in (2) we get
i R
ex = —fem

which implies lim;_,, e)(t) = 0 and, consequently, lim;_,o. |A(t)| = Sa.
Now, using (9), the torque equation (4) becomes

T = nTPuTJ(Ad—i-e)\)
- ”TPAJ(J — o) + €
= nTPOé|)\d|2 + €t
= T4 + €¢, (10)
where € = "TPuTJ ey is an exponentially decaying term and we have used
the facts that J' = —J and J2 = —I. This concludes the proof. ([
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It is clear from the rotor dynamics (3) that, since 7(t) — 74, the torque
reference should be chosen equal to 77, to ensure speed remains bounded.?

4 Formulation of the Adaptive IFOC Torque
Regulation Problem

Consider the IM model (2)-(4) verifying the following assumptions.

Assumption 1. Rotor speed w is measurable, the parameters L and D are
known and the references are such that the constant defined in (8) verifies

a < 1. (11)
Assumption 2. The rotor resistance R is unknown, but two constants R,

and R,, that verify

R
—2>RM2RZRm>0,
(6%

are known.
Design a rotor resistance estimator
X = F(x,u,w, TL)
R= H(x,u,w, ), (12)

where y € R? is the estimator state such that the IM model (2)-(4) in closed-
loop with the adaptive torque regulation IFOC

Jpa | D
u-epd[LE}

np Ba
. R 14
Pd = — 75>
nPﬁd

ensures (6) for all (A(0),w(0), pa(0), x(0)) € R**.

(13)

Although Assumption 2 is quite reasonable in applications, Assumption
1 looks quite technical and deserves some clarification. In Subsection 1.4 of
the comprehensive book [11] it is first shown that the field-oriented version of
the IM model (1), with outputs w and the d-component of the flux, is exactly
left invertible. Then, in Subsection 2.1, the authors prove that, for constant

3This is, actually, only a theoretical requirement, since in all practical applications, the
presence of viscous friction ensures speed is bounded even if 74 # 77,
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desired outputs, the inverse dynamics controller destabilizes the system for
large load torques. Finally, in Subsection 5.1, they prove, that when applied
to the current-fed model (2)-(4), the reduced order tracking error dynamics
has an additional equilibrium—besides the origin—and this equilibrium is
unstable if « > 1. In other words, Assumption 1 pertains to the stability of
the open-loop, left-inverting control of the IM.*

5 A Globally Convergent Adaptive Torque
Regulation IFOC

In this section we provide a solution to the adaptive torque regulation IFOC
problem defined in Section 3 adding the following, admittedly unpractical,
assumption.

Assumption 3. The load torque 7, is known.

Proposition 2. Consider the IM model (2)-(4) verifying Assumptions 1-3 in
closed-loop with the adaptive torque regulation IFOC (13) with 7, > 0 and
the rotor resistance estimator

L) = —RA+ Ru (14)
z=" Efin\T(JJroJ)qu (&t]u) 2+ﬂ <;\TJU):| (15)
np np
Ry if S(z,w,;\,u) > Ry
R= S(z,w,j\,u) if Ry > S(z,w,j\,u) > R, (16)
R, if R, >S(zw, X,u),

where v > 0 is a tuning gain and we defined the switching function

. DL -
S(z,w, A\, u) i= 2z + y—wA" Ju. (17)
np

For all (A(0),w(0), pa(0), A(0), 2(0)) € R7, (6) holds.

Proof. Defining the flux observation error A := XA — A and using (2) and (14)
we get

LA = —RA+ Ru+ R\ — Ru

= —R(A—\) — R\ + Ru
= —RA+ R(u — \), (18)

4The authors are deeply grateful to the anonymous reviewer that pointed out this very
important fact.



where R := R — R is the parameter estimation error. Now, from (16) we get

0 if S(z,w, X,u) > R
S if Ry > S(z,w,\u) > Ry,
0 if R, >S(z,w, A\ u),

R

where S is computed from (17) as

. DL . DL d /-
S =i AT Ju 4w & </\Tju> ,
np np dt

(19)

with the first right hand term given by (15). The derivative of the speed is

defined by (3) and (4) as

"yt TL
w = DL)\ Ju ok

The term % (Xt]u) is computed as
d /- X “
= (A7) = ATJu+ AT g
dt
1o 1.\'
= (—ZR)\ + ERU) Ju

+ AT (eJﬁdJ { bu D R
npBq Tlpﬁd
R Ry
= —— R\ Ju—Au—-=5
I U unpﬁﬁ

1 ~~
= —ZR)\T (J +al)u,

where « is given by (8
Substituting (15), (
R,,—vyields
c Do )
=92 RdT(J + adyu+ 7 (M)
np
Lt

~ L ~
Nl ()\Tju> P ()\TJu + i) AT Ju
np np
DL 1 /\’\T

= [(;\TJU>2 — A Ju S\TJU} :

(20)

(21)

) A
20), and (21) into (19)—for the case Ry > S(z,w, A, u) >

(22)



Figure 1: Block diagram representation of the estimator error equations
(24).

Notice that the parameter v plays the role of adaptation gain in the proposed
estimator.
Defining the two-dimensional vector ¢ := u— X it is possible to write (22)
as ,
R= ’yngTJuuTJ;\.

Hence, developing Juu'.J and defining

- T 2 Jp o —a| _y;
B(pa) = Juu' J = pie’P 0 1 € pa (23)
the estimator error equations (18) and (22) can be written in the more fa-
miliar form

LA — —R\+6R
R = —y¢"B(pa)A. (24)

In Fig. 1 a block diagram representation of (24) is given. It clearly un-
derscores the close connection with the classical model reference adaptive
control error system [15, 1]. As is well-known [1] the operator in the feed-
back loop of Fig. 1 is passive. Unfortunately, the matrix B(ps)—although
positive semidefinite—is not constant. Hence, the operator corresponding to
the forward part cannot be shown to be passive without further assumptions
on pg. This hampers the application of the standard passivity argument to
prove the stability of the feedback system.

To overcome the aforementioned obstacle and be able to carry out stan-
dard Lyapunov-like analysis it is necessary, as done in [6], to define coor-
dinates on which the steady-state behaviour of the system corresponds to
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constant equilibria and not periodic orbits. Towards this end, we define the
five-dimensional vector

z = col(Au, A Ju, ATu, AT Ju, R). (25)

Straightforward calculations yield

Li; = —Rxy + azszy + RBAT(1+ a?)
Liy = —Rxy— axsyy
Lis = —a53 + axszy + 1585(1 + a?)
Liy, = —x5x4 — axsxs
5 = ywe(rs — T2). (26)

We will, first, analyze the equilibria of (26). From (16) and Assumption
2 we have that

«

Now, from (26) we have the following equivalences

2 ] _ RA3(1+a?) l R ]

jflzjfgzo = |:

Ty R? + o222 | —axs
. . o .:1:3 . 2 1
I3—$4—O = |:x4:|_ﬁd|:—06:|7

where we ruled out the case x5 = 0 in the second equivalence. Now, since
Ty = —af% # 0, we have that

T5 =0 & 29 =124
R
<~ (1’5 — R)(ZEg, — E) =0,
where the second equivalence is obtained replacing the definitions of x5 and
x4 above. Invoking (27) we see that the only solution of this equation is
x5 = R. Consequently, the system (26) has a unique equilibrium at

T := col(B3, —af3, B3, —aBi, R).

To relate the problem of stabilization of this equilibrium with the control
objective notice first that xo = —%7’ and Ty = —%Td. On the other hand,

11



invoking (13), it is possible to establish the following chain of implications

el elR ]

: ]
@A:W[u Ju}[i;]

__ 1 Ba
M e IER Y
= [Al=Ba.

Consequently, the control objective is achieved if we can prove that lim; . (1(t), 22(t)) =
(%1, Z2) with all signals remaining bounded.
To proceed with the stability analysis it is convenient to shift the equilib-
rium of (26) to zero. For this purpose, we define the errors e := x — & and,
after some basic computations, get the error dynamics

Léy = —Rej+a(es + R)ey — a®Bies
Lés = —Rey —ales + R)ep — aﬁ§e5
Lé; = —(es+ R)(es — aey)
Léy, = —(es+ R)(ey + aes)
és = ~yles —afi)(es — e). (28)

The first observation is that, under Assumption 2, the origin of the system
(es, e4) is globally exponentially stable. Indeed, the derivative of the function

L
‘/1(637 64) = E(eg + 6421)7

verifies
2R,

Vi=—(es+ R)(e3 +ef) < -

Wi,
where we have used the fact that
es+ R=R> R,

Second, considering the function

L
Vo(er, ez) = 35(63 + €3),

we get '
Vo = —R(e} + €3) — afBies(aer + e3). (29)

12



Since e5 € L, by construction we conclude from the equation above that
e1, ey € Lo as well.
Now, define the signals

wp = €1 — eq

Wy = ey —ey (30)

Evaluating their time derivative along the error dynamics (28) yields

Lin = —(R—a’R)uy + a(l+ a®)R(w; + e4)
Liy = —(R+?R)wy — aR(wi + ey — e3)
+(e4 — aB33)es. (31)

Consider the function

whose derivative verifies

: R —a’R .
wWw = —Wu]f — (R + CMQR)’LU%
+wi€1 + wa€r
R —a’R 1 .
L e L e S 2 2
< 2<1+a2)w1 2(R+a R)ws
1 2 1
+ e e —€3, (32)
2(R — o?R) 2(R+ o?R)

where we defined the exponentially decaying signals

e1 = ales+ R)ey
€2 = ales + R)(aes — e3),

in the first identity and used the well-known bound 2ab < ka? + %62 for the
last inequality. Recalling that it has been established that e € L., e3 and ey
are exponentially converge to zero, we conclude that there exists a compact
invariant set Q = {e € R® : |le|]| < Cq, e3 = e, = 0}, on which (32) becomes
- R—a’R 1 o
W< —————w! — —(R+a’R)ws <0,
S A tany it Run s
hence invoking LaSalle’s invariance principle we conclude that all trajectories
converge to the limit set where W =0, i.e. w; = 0 = wy = 0. Consequently,

13



from (30) follows that on the limit set e; = e; = 0 and, using (28), e5 = 0.
Thus, lim;_, e(t) = 0.

To complete the proof let us compute the torque provided by the con-
troller (13) as in Section 3. Define the desired flux vector as

S\d = ejﬁd |: Bod } .

Notice that \5\d| = B4 and \g satisfies

A OKR ~ A
Ai= I Ma(0) = [%d] : (33)
The control law (13) can then be written as
u=(I+al):. (34)

Defining the flux error e := A — Ay and replacing (33) and (34) in (2) we get

) R o o =
€\ = —ZSA - zJ)\d R.

Since R = R — R = es converges to zero then lim, . e)(t) = 0 and
limy o0 |A(2)]| = Ba.
Following (10) and using (34), the torque (4) becomes

n ~ n ~
T = —PUTJ()\d + 63)\) = —POZ|>\d|2 + e =Tq+ €,
L L
which completes the proof. Qoo

6 A Globally Stable Adaptive Torque Regu-
lation IFOC with Load Torque Estimator

The main limitation of the adaptive IFOC of Proposition 2 is, of course, the
assumption that the load torque 77 is known. In this section we propose a
load torque estimator that ensures boundedness of all solutions and conver-
gence of the error signals to a residual ball, whose radius is proportional to
the rotor resistance estimation error.
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Proposition 3. Consider the IM model (2)-(4) verifying Assumptions 1 and
2 in closed-loop with the adaptive torque regulation IFOC (13) with 75 > 0
and the rotor resistance and load torque estimator

LA =—RA\+ Ru (35)
: D . . X 2 L7 .
i =y | L RoAT(J+al)ut (ATJU) +E (ATJU)} (36)
np np
X = —ki — knTP;\TJu (37)
RM if S(é,w,jx,u) > RM
R=1< S(Zw A \u) if Ry >S(Zw,\u) >R, (38)
R, if R, >S5Sz w \u),
71 = x — kDuw, (39)

where v,k > 0 are tuning gains and

~

DL -
S(2,w, A\ u) =2+ ’yn—w)\TJu. (40)
P

The following properties are true or all initial conditions (A(0), w(0), pa(0), A(0), 2(0), x(0)) €
R8.

(i) All solutions are bounded.

(ii) Dgﬁne the L. norm of the rotor resistance estimation error § :=
|R(t) — Rl|o. Then,”

tli)m |7(t) — 1a| < O(0)
lim [A(D)] = 6] < O).

Proof. Similarly to the proof of Proposition 2 consider the model of the
observation errors. The flux observation error A is the same as in (18)

L= —R\+ R(u—\).
Now, from (38) we get

0 if S(Z,w, X,u) > Ry
S if Ry > S(2, u) > R, (41)
)

R W, \,
0 if R > S(2w,

u

)

Where O(-) is the uniform big O symbol.
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where S is computed from (40) as

DL DL d
S=Z+ V—w)\TJu +fy—w p (ATJU)

with the first right hand term given by (36). Using (20) and (21), from
(41)—for the case Ry > S(2,w, \,u) > R,,—we get

K D ~ 4 ~ 2
R= fy—Rw)\T(J +al)u + 7 <)\TJu>

L . Ltyp
-I—Vj (/\TJU> -y (/\TJu—i— - ) A Ju

P
1 -4
—y—w (ER)\T (J + al) u)

=7 KS\TJu>2 — A\ Ju S\TJU] + 'yL—P ()\TJU>

where the load torque estimation error 7, := 7;, — 7y, satisfies
T = —k7p — knTPS\TJu — kDw
~ np n
= — k7, + kTuTJA k LP u' I\ + kT
= —k7 — kf)\TJu

Define the six-dimensional vector

LTL

z = col(\ ', N Ju N u, A Ju, R, —)
np
Straightforward calculations yield
L.’l")l = —RQTl + axsry + Rﬁg(l + CMQ)
Li’g = —RZEQ — AT
Liii’g = —T5T3+ axrsxr4 + $5ﬁ§(1 + a2)
L[l")4 = —T5T4 — AT5T3
i’5 = ’7I4(ZL’4 — X9 + .T6),
./,t'G = —k(l’4 — T2 + .%'6). (42)

Similarly to the case of known 77, we conclude that the system (42) has
a unique equilibrium at

T = col(ﬁﬁ, —aﬁﬁ, 527 —ozﬂfl, R,0).

16



To proceed with the stability analysis it is convenient to shift the equilibrium
of (42) to zero and consider the model of errors e := x — = and, after some
basic computations, get the error dynamics

Lé; = —Rej+a(es + R)es — a®Bies
Lé; = —Rey —ales + R)ey — afies
Lés = —(es+ R)(es3 — aey)
Léy = —(es+ R)(eq + aes)
és = (eq —aB3)(es —es +eg),
ég = —k(eq —ea+ eq). (43)

Comparing (43) with (28) we notice that the only modification that the load
torque estimator has introduced is the addition in é5 of the signal eg, whose
dynamics is given in (43).

As shown in the proof of Proposition 2 the origin of the system (e3,ey)
is globally exponentially stable and the function e; € L, by construction.
Now, from (29) we can get the bound

: R 1

Vo < _EV2 + E@2(1 +a?)Byles |,
from which we conclude that ey, e5 € L. Moreover, the bound of the steady
state depends on the L.-norm of e5. Finally, from the last equation of (43)

we conclude that eg € L., which means that all errors are bounded. OO

Therefore, we conclude that the torque and flux amplitude regulation
errors enter asymptotically a neighborhood of zero whose radius decreases
proportionally to the £, norm of the rotor resistance estimation error. At
first glance this seems to be a rather weak property that is, however, not
the case. Indeed, by construction, the resistance estimation error lives in the
prior knowledge interval [R,,, Ry|, see (27). This implies that the quality
of the regulation is improved with better knowledge of the rotor resistance,
and in the ideal case, when this parameter is exactly known, we achieve
convergence to zero of the errors.

7 Preliminary Results on Adaptive Speed Reg-
ulation IFOC

As is well-known [5, 9, 11, 13] IFOC can also be used to control rotor speed,
instead of torque. This is achieved simply replacing 74 in (5) by the output

17



of a PI control loop around the rotor speed error, that is,

Tg = — (kp + %) @ (44)

where we defined the speed error @ := w —wy, with wy € R the desired speed,
pi= % and kp, k; > 0 are arbitrary tuning gains.

Similarly to the torque regulation IFOC its speed regulation version en-
sures global convergence, as indicated in the proposition below.

Proposition 4. Consider the IM model (2)-(4) in closed-loop with the
speed regulation IFOC (5), (44). For all initial conditions of the PI and
all (A(0),w(0), pg(0)) € R* we have that all signals remain bounded and

lim w(t) =wg, lim [\(t)] = fBa. (45)
t—o0 t—o0

Proof. First, notice that the only modification to the torque regulation IFOC

(5) is in the definition of 7;. Therefore, we still have the property (10), that

is T = 75 + €, with € converging to zero exponentially fast. Replacing the

expression above in (3), (4) we get

Do =15— 71 + €.

The proof is completed replacing (44) above and invoking well-known prop-
erties of linear systems. (|

It is shown in [6] that stability of the speed regulation IFOC is pre-
served even for large variations of the rotor resistance. However, as is well-
known [12, 13], performance is degraded when this parameter is unknown—
motivating the inclusion of a resistance estimator. In this section we propose
a slight modification to the estimator of Proposition 2 and the addition of a
(fast) filter to the PI controller (44) of the form

Rl w

with kr > 0 a large number, to generate an adaptive speed regulation IFOC.
If the filter ]leF is chosen sufficiently fast the difference between the filtered
and the unfiltered signal is negligible, although its practical implementation
may generate some numerical problems. As will become clear below, the rea-
son for its inclusion stems from the need to compute—without differentiation
nor measurement of acceleration—the signal 7,; for the adaptive implemen-
tation.
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We consider the adaptive IFOC (13) with 7, defined by the (filtered)
speed PI (46), the estimator (14), (16), (17) and

Z=r [%RMS\T(J—}-QI)U-}- </A\T(]u>2—|—ﬂ <5\TJu>}

np

D - ;.
+ y—w ' e’P
np

L2 -

47
"pﬁde , ( )

where « is given by (8) and (46), v > 0 and the tuning gains kp, kp and k;
are selected such that the polynomial
3 2 ke ki
(5(8) =S +k7FS +58+5 (48)
is Hurwitz.

We will now proceed to show that, modulo the definition of «, the result-
ing closed-loop dynamics ezactly coincide with the dynamics of the torque
regulation IFOC. More precisely, « given in (8), is a constant parameter in
the latter, while in speed regulation it is a function proportional to the out-
put of the (filtered) PI (46). As discussed below, this difference significantly
complicates the stability analysis.

First, notice that we have only added to the estimator of Proposition 2
the last right hand term of (47), which equals zero if 7, is constant. For
the speed regulation case of interest, this term can be computed—without

differentiation—via
. D Er\| -
= — kp + — )
K L? + kr ( P )] “

Repeating verbatim the calculations in the proof of Proposition 2 we see that
in the computation of @ in (21) a term depending on 7; appears. To recover
the desired form of the parameter error dynamics (22) the the last right
hand term of (47) must be added to 2. Notice that the flux observer, and
consequently its error dynamics (18), remains also unchanged. Hence, the
estimator error equations are given by (24). Moreover, the dynamics of the
(partial) state vector (25) is given by (26).
Now, define 7 := 7 — 75 and write the rotor dynamics (3) as

Do =r1y+7%—1L.
Replacing (46) above and grouping terms we have

24k
D@:P + Fp(~

(p)
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Recalling that 77, is constant and §(s) is Hurwitz, from (49) we see that, if
torque requlation is achieved, that is, if

lim [(1) — 7(0)] = 0.
then (45) holds.

As indicated in (ii) of Proposition 4 the vector x defined in (25) is only
a partial state vector for the closed-loop dynamics to which we need to add
the states coming from the PI (46). These new states are fed-back, through
the signal o, to the x dynamics yielding a highly complicated interconnected
system. For instance, the definition of its steady-state behavior—that in
torque regulation IFOC are easily definable constant equilibria—in this case
is hard to elucidate.

8 Simulation Results

In this section we first show simulations of the IM model (2)-(4) in closed-
loop with the adaptive torque regulation IFOC of Proposition 2. Then,
to relax the assumption of knowledge of the load torque 77, the controller
of Proposition 3 is simulated. Finally, simulations for the adaptive speed
regulation IFOC discussed in Section 7 are given.

We have simulated the model of a 0.5[K'W] IM available in the Laborato-
rie de Genie Electrique de Paris, for which experimental results are reported
in [2]. The IM model parameters are given as R = 2.76[Q2], L = 0.42[H],
D = 0.06 [kgm?], np = 2. All simulations start from the initial speed
w(0) = 0 and without load torque 7, = 0 and, at time ¢ = 1[sec|, the
load torque is stepped-up to 7, = 2[Nm]. Notice that we have chosen a
worst-case simulation scenario for the rotor resistance estimator. Indeed, for
toque regulation the control u is frozen for 0 < ¢ < 1 providing no excitation
in this time interval for the estimator, with a similar situation happening for
all other controllers.

8.1 Torque regulation with known load torque

Figures 2-5 correspond to the adaptive torque regulation IFOC of Proposition
2, that is, assuming 77, is known. The references are set to 83 =1, 74 = 71,
which correspond to o = 0.42 and the a priori estimated interval for R was
taken as R,, = 1 and

R
Ry =5 < — =13.04
(07
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In Figs. 2 and 3 different initial conditions and a fixed adaptation gain
~v = 100 are considered. As expected from the discussion above the rotor
resistance estimation goes “in the right direction” only after ¢ = 1[sec|—a
pattern that is repeated in all simulations. To show the tracking ability of
the estimator, in Figs. 4 and 5 we present the case when the resistance is
changed from its nominal value R = 2.76[€2] for 0 < t < 10 to 0.5R for
10 <t < 20 and 1.5R for t > 20. Fig. 4 shows the behaviour for different
adaptation gains v. As expected, convergence time decreases with increasing
adaptation gain, at the price of a larger overshoot. Fig. 5 explores the
robustness properties of the scheme when we use wrong estimates of L and
D, denoted L and ﬁ, respectively. We see from Fig. 5 that the algorithm is
particularly sensitive to underestimation of L.

8.2 Torque regulation with load torque estimator

To test in simulation the performance of the adaptive IFOC with the load
torque estimator of Proposition 3 the same simulation scenario of Fig. 4 was
repeated—with different estimator adaptation gains k. The results, presented
in Fig. 6, show that transient performance degradation of the adaptive IFOC
due to the replacement of the exact knowledge of 7, by its estimate is hardly
perceptible.

8.3 Speed regulation

In Figs. 7 and 8 the simulation results for the adaptive speed regulation IFOC
discussed in Section 7, with different desired constant speeds and various PI
tuning gains, are given. In Fig. 7 we fix the desired speed to wy = 0.4[rpm)|
and select the PI controller gains kp, k;, and kr in (46) to make the polyno-
mial (48) equal to (p+ a)? for different positive constants a. As expected, as
we move the poles further to the left, the speed of response increases. In Fig.
8 we fix a = 50 and show the behaviour for different values of the desired
speed wy. In all cases the rotor resistance is consistently estimated and the
desired speed and rotor flux norm regulations are satisfactorily achieved.

9 Discussion and Future Extensions
D1 The main difficulty of the task addressed in this paper is the constraint

that the IFOC structure should be preserved and it is only allowed to add
a rotor resistance estimator to track the variations of this parameter. This
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constraint is consistent with industrial practice where a long successful ex-
perience with a given controller, on one hand, discourages practitioners from
major modifications to it while, on the other hand, has led them to iden-
tify the major culprit of the scheme—in the case of IFOC its sensitivity to
variations of the rotor resistance, which happens in normal operation of the
IM. Schemes that involve major departures from IFOC, usually requiring
high-order complicated implementations, have proven to be only of academic
interest. The same remark applies, of course, to controllers relying on the
injection of high-gain, e.g., sliding mode or high-gain observer-based, whose
noise amplification characteristics makes them unsuitable for motor applica-
tions.

D2 The constraint (11) of Assumption 1 expressed in terms of the motor
parameters and the controller references is

Td np

63 < I
Given the usual order of magnitudes of these quantities this inequality is
satisfied for a large class of IM—particularly in the cases where there is some
freedom in the choice of 8. In any case, we are investigating modifications
of the proposed scheme to remove this constraint and enlarge the realm of
application of our scheme. Another issue of concern is the sensitivity of the

scheme, observed in simulations, to uncertainty on the rotor inductance—in
particular, to its underestimation.

D3 As shown in the proof of Proposition 2 the assumption a < 1 is required,
on one hand, to ensure uniqueness of the equilibrium. On the other hand,
from (31) we see that the dynamics of the coordinate w; becomes unstable
at the equilibrium R=Rifa>1. Hence, this is a critical structural con-
dition that is not a consequence of the analytical tools used in the paper.
Simulation results have shown that, for some initial conditions, trajectories
grow unbounded if & > 1. See also the discussion at the end of Section 4.

D4 Unfortunately, the stability analysis of the adaptive speed regulation
[FOC discussed in Section 7 is incomplete. The fact that the dynamics of
this scheme exactly coincides with the globally convergent dynamics of torque
regulation when the output of the PI, i.e., 7,4, converges to a constant, sug-
gests that the system is amenable to a singular perturbation-like stability
analysis that we are currently investigating.

D5 The IM model (2)-(4) coincides, up to the presence of the term A in

22



the first equation and the load torque 7;, with the celebrated non-holonomic
integrator of Brockett for which a vast amount of research has been de-
voted. Interesting connections, extensions and simplifications between the
time-varying controllers used for this system and the IFOC of Section 2 are
explored in [7].
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Figure 2: Simulation results of the adaptive forgue regulation IFOC of
Proposition 2 with v = 100, A(0) = (1,0), A(0) = (0,1) and different initial
conditions for z. 1. (blue line) z(0) = 0; 2. (red line) 2(0) = 3; 3. (black

line) z(0) = 5.
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Figure 3: Simulation results of the adaptive torque regulation IFOC of
Proposition 2 with v = 100, z(O)A: 2 and different initial conditions for A and

. 1. (blue line) A(0) = (1,0), A(0) = (0, —1); 2. (red line) A(0) = (0.5,0),
A(0) = (0,0.2); 3. (black line) A(0) = (0,1), A(0) = (—1,3).
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Figure 4: Simulation results of the adaptive forgue regulation IFOC of
Proposition 2 with z(0) = 2, A\(0) = (0,0), A(0) = (1,0) step changes in R
and different adaptation gains. 1. (blue line) v = 30; 2. (red line) v = 100;

3. (black line) v = 300.
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Simulation results of the adaptive torque regulation IFOC of

~

Proposition 2 with v = 50, 2(0) = 2, A(0) = (0,0), A\(0) = (0, 1) step changes
in R and wrong estimates of D and L. 1. (blue line) D =0.7D, L = L; 2.
(red line) D =0.9D, L = 1.2L; 3. (black line) D =1.2D, L = 0.95L.
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Figure 6: Simulation results of the adaptive torque regulation IFOC with
the load torque estimator (35)-(37) with v = 200, z(0) = 2, A(0) = (0,0),

5\(0) = (0,1) step changes in R and different adaptation gains k.
line) k =1; 2. (red line) &k = 10; 3. (black line) k£ = 100.
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Figure 7: Simulation results of the adaptive speed regulation IFOC dis-
cussed in Section 7 with v = 200, z(0) = 2, A(0) = (0,0), A(0) = (0, 1),
wg = 0.4 and different values of a. 1. (blue line) a = 10; 2. (red line)

a =30; 3. (black line) a = 100.
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Figure 8: Simulation results of the adaptive speed regulation IFOC dis-

~

cussed in Section 7 with v = 200, z(0) = 2, A(0) = (0,0), A(0) = (0,1),

a = 50, and different desired speeds.
wg = 0.5; 3. (black line) wy = —0.8.

1. (blue line) wy = 0; 2. (red line)
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