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Induction Motor Control With Friction Compensation:
An Approach of Virtual-Desired-Variable Synthesis
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Abstract—1In this paper, the speed control problem of induction
motors suffering from substantial friction force is considered.
Here, a semi-current-fed model for induction motors and LuGre’s
dynamic model for friction force are used. To reflect practical
situations, rotor resistance, torque load, and friction parame-
ters are assumed to be unknown. In the design methodology, a
double-observer structure is applied to estimate the immeasurable
friction states. On the other hand, in light of the principles of
vector control and field orientation, a set of virtual desired variables
(VDVs) are introduced to synthesize the control law. Therefore,
using only measurable signals of rotor speed, stator voltage and
current, an asymptotic adaptive tracking controller is designed.
Numerical simulations and experiments are carried out to verify
the theoretical results and show satisfactory performance.

Index Terms—Adaptive control, friction force, induction motor,
semi-current-fed model.

I. INTRODUCTION

NDUCTION motors are highly reliable, rugged, easy to

maintain and are of low cost. Therefore, its usage in speed
and torque tracking control applications is expected to be quite
popular in the near future [1]-[3]. A well-known and efficient
method for the control of induction motors is called field
orientation control [4], [5]. On the other hand, an induction
motor driven by current control inverters which have high-gain
current loops can assume the stator currents to be the control
inputs. Under this assumption, an ideal current-fed model is
derived [6]-[9]. From this ideal condition, the dynamic model
of the induction motor can be reduced from a fifth order system
to a third order one. Based on the reduced-model, the control
design of induction motors is simplified. A typical research
topic in current-fed induction motor control is the design of
an output feedback approach [10], [11] to achieve speed and
flux regulation. This is achieved in spite of both unknown
time-varying rotor resistance and torque load. In this case,
a rotor flux observer and a rotor resistance estimator form a
complex bilinear estimation method. To cope with this, many
control schemes have been proposed in [12]-[15].
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For mechanical systems, different degrees of friction force
exist between two surfaces in contact. However in practical
applications, friction is a very complicated phenomenon that
relies on the physical properties of the contact surfaces, i.e.,
material properties and relative velocity. Therefore, a realistic
friction model is employed to represent the dynamic friction
existing in induction motors rather than only considering static
viscous friction. All these static and dynamic characteristics of
friction can be captured by the analytic LuGre model proposed
in [16]. This dynamic model turns out to be suitable for the
design of model-based friction compensation schemes without
loss of generality. Numerous adaptive friction compensation
schemes have been proposed [17]-[21].

In this paper, we propose a more practical semi-current-fed
model for induction motors. Here, we either assume the cur-
rent-loop maintains an upper bounded stator voltage and/or a
bounded integral of current tracking error. This assumption is
a relaxed version of the previous works on current-fed models
where an ideal current-loop control is needed. To make practical
considerations even more complete, the dynamic friction effect
is described by a LuGre model. An adaptive scheme addressed
in [17] is extended to handle nonuniform parametric variations
of the friction force. According to the semi-current-fed model
and the LuGre-based friction model, a nonlinear controller with
adaptive friction compensation is proposed to achieve speed
tracking. In the controller design, only the rotor speed, stator
voltage and current are considered measurable while both rotor
resistance and torque load are unknown. A set of virtual de-
sired variables (VDVs) are defined and utilized to synthesize
the adaptive controller. The VDV are determined in a straight-
forward manner based on the goal of achieving both a well
performed current regulator and exact field orientation. From
Lyapunov stability analysis, the proposed adaptive controller
is proven to achieve asymptotic speed tracking. In addition, if
flux tracking is achieved the condition of persistent excitation
(PE) is satisfied. From a robustness point of view, tracking errors
with respect to current error has a finite gain L stable relation-
ship. This is the robust performance induced by the synthesis
method. On the other hand, the adaptive mechanism imposed in
the scheme can afford to keep low sensitivity to the change of
parameter values. Hence, the variations such as rotor resistance
fluctuations due to temperature are well coped with.

Based on the proposed control scheme, experiments are car-
ried out to demonstrate the effect of friction compensation. A
device with coarse surface is placed below the rotor shaft of the
induction motor. This mechanism can produce substantial fric-
tion force. Then three scenarios are considered—Case 1: Rotor
shaft without suffering friction force; Case 2: Rotor shaft suf-
fering friction force without friction compensation; and Case 3:
Rotor shaft suffering friction force with friction compensation.
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From the comparison of experimental results, the effect of fric-
tion compensation for Case 3 is nicely exhibited. This result is
analogous to numerical simulations.

The rest of the paper is organized as follows. In Section II,
we introduce the dynamic LuGre friction model, the semi-cur-
rent-fed model, and the control objective. In Section III, the de-
sign method of VDV-synthesis is addressed. In Section IV, the
adaptive controller and stability analysis are given. In Section V,
the simulation and experimental results are given to verify the
performance of the proposed controller. Finally, some conclu-
sions are made in Section VI.

II. PROBLEM FORMULATION

A. Dynamical Model of Induction Motors With Friction

Let (%sa,isb)s (Aras Arp), and w denote the components of
the stator current, rotor flux, and rotor speed, respectively. The
model of a three-phase induction motor is therefore represented
by a fifth-order model [5]

(R LARY, L Lafe,
lsa = o UL% lsa UL% ra
m 1
+ W)\rb + _I/sa (1)
oL, o
. (B IAR, | LuR.,
lsh = = O'L% tsh O'L% rb
L, 1
- —W)\ra + _‘/;b (2)
oL, o
LR, . R,
/\ra = L"‘ lsa — L—T)‘ra - "-))‘rb (3)
\ LmRr . Rr
/\rb - L—TLSb - L_T/\rb + W/\ra (4)
Jo=T—T —F 5)

where (Vy,, Vap) denote the stator voltages; Rs, R,., Ls, L., and
L,,, are the stator resistance, rotor resistance, stator inductance,
rotor inductance, and mutual inductance, respectively; param-
eter 0 = L, — L2, /L,;J, 1}, F are the mechanical inertia,
loading torque, and friction force, respectively; and 7 is a scalar
function representing the electromechanical coupling torque ex-
pressed as

anm

T =
L,

(Araisb - /\rbZ'sa) (6)

where n, = (pole pair) x (3/2). Furthermore, the varying fric-
tion force F' is characterized by the LuGre friction model [16]

F—Joz—i—m%—l—agw (7)
dz |w]

i vl B 8
at ¢ g(w)z ®

where z is the friction state that physically reflects the average
deflection of the bristles between two contact surfaces. The fric-
tion force parameters og, 01, and o2 are the stiffness of bris-
tles, damping coefficient, and viscous coefficient, respectively.
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Fig. 1.

Block diagram of current-fed induction motors.

Here, we assume that these three parameters are unknown pos-
itive constants. To describe the Stribeck effect, the parameteri-
zation of g(w) is assumed with the following form:

g(w)=Foc+ (Fs — Fc)ef(i)2 9)

where F¢ is the Coulomb friction value; F's is the value of the
stiction force; and wj is the Stribeck velocity. Notice that g(w)
is bounded and positive.

The dynamical model (1)—(6) expressed in a compact vector
form is

. LrRs LmRr . Rr Lr
ﬂi-i-( + >1+<wJ2—L—12>)\= V,

Lo, L, - L,
(10)
\ R'r LmR'r-
A_<wJ2_L_rIZ>A_ Lr i=0 (11)
Jo=T—-T - F (12)
Ly,
7=y, (13)
L,
where
oL, Gsa | Ara | Vsa
A= 7 st] A_|:)\rb:| Vs |:I/;b:|,

B. Semi-Current-Fed Model

In practical current-fed induction motors, high-gain PI cur-
rent loops regulate the stator currents. A concise block diagram
of a current-fed induction motor system is shown in Fig. 1. The
block diagram illustrates that the stator current i is forced to
track the reference signal i* = (i%,, %, ) by virtue of the PI con-
trol inputs

t

‘/sa = _Kap (isa - i:a) - Kai / (isa - [’:a) dt (14)
J0
t

Vb = _Kbp (isb - L:b) - Kbi/ (isb — L:b) dt  (15)
0

where the positive gains K, Kai, Kup, and Ky,; are properly
chosen such that the current loop has perfect performance.
Therefore, the dynamics of the stator currents (10) are ne-
glected and the reference signals of the stator are regarded
as the control inputs. In other words, i in (11) is replaced by
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Fig. 2. Concept of control design for semi-current-fed induction motor.

the control input i*. Finally, the reduced-order model of the
induction motor is expressed by (11) and (12).

However, due to current loop uncertainties and saturation
phenomenon induced by high-gain control, the assumption
of an ideal current loop in practical situations is not easily
satisfied. To cope with this problem, a semi-current-fed concept
is stated in the following assumptions.

A.1: By proper choice of PI gains in (14) and (15), the cur-
rent loops perform well such that V is bounded, i.e.,
V, € L.

Since (14) and (15) can be viewed as a stable filter
driven by V,, we have (i — i*) € L., according to
A 1. A stronger assumption is made as follows:

In addition to A.1, the current tracking errors are as-
sumed to be finite integrable functions, i.e., (i — i*) €
Lo N L.

In light of A.1 or A.2, we call this a semi-current-fed induc-
tion motor. This terminology arises from the fact that A.1 and
A 2 relax the typical ideal current-fed induction motor control
assumptions ig, = %5,,%p = f,. Therefore the speed control
design based on a semi-current-fed concept is closer to practical
situations.

Before the controller synthesis, the problem is formulated in
light of the following scenarios.

A2:

S.1 The voltages and currents of stator, along with the ve-
locity of rotor are measurable.

S.2 Moment of inertia J and load torque 7; are unknown
constants.

S.3 The parameters, L,,,L,, R;, are known constants
whereas R, is unknown.

S.4 The desired speed wg is a smooth and bounded

function.

III. CONTROLLER SYNTHESIS BY VIRTUAL
DESIRED VARIABLES

A. Mechanical Loop Control

The concept of control design for a semi-current-fed induc-
tion motor is shown in Fig. 2. First, let us consider the me-
chanical dynamics (12), which is rewritten in terms of the speed
tracking error

J<f1+BGJ:T—Tl—de—de—agz—i-ale (16)

g(w)

where B = 01 + 02 > 0and w = w — wy. Note that the
friction state z is not measurable and parameters o, o1 are un-
known. Therefore, we will attempt to reconstruct the friction
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state through the use of two observers [17]. Denote the states of
the two observers as 2y and Z;. We construct the observers as

d20 |(4)| R

— = — 1
7 g(w)zo—l-bo (17
d?, w| .

i bl I 18
dt v g(w) atu (18)

where (g, t; are compensation terms to be determined later.
From (8), the corresponding estimation errors

d,g() o |w| -
T g "
dgl |w| ~

=11z _ 2
dt g(w) Z1 — U (20)

where Zp = z — Zp and z; = z — z1. In light of this, (16) is
further written as

Jo+(B+k,)o=T-Ty+ |T; - Y8

. . lw| . .
+kow — a0(20 + 20) + Ulg(w) (1 + 21)
where Ty denotes the desired torque which produces the desired
speed; k,, is an adjustable damping ratio; Y = [1 wg wy] is a
regression matrix; and @ = [1; J B]T is a parameter vector.
The damping term k@ plays a dominant role on the transient
response for speed tracking. From (21), we choose

21

Ty = Y0 — ku@ + 6020 — M&lzl

g(w)

where @ is the estimated vector of 0; 59, and 4 are the estimated
values of o, and oy, respectively. Therefore the following error
dynamics is obtained:

(22)

Jo+ (B+k,)o=T-T;—Y0 — 00z

T -
9(w) 9(w)

with the estimation error @ = @ — 6. The update laws for 9, 0o,
and &1 will be properly chosen such that the terms containing
0, Zy, and z; are driven to zero. Therefore the rotor speed will
converge to the desired value at a desired rate based on a suitably
chosen k,, if T" approaches Ty. At this point, the speed tracking
control problem has been reformulated into the torque tracking
problem. In other words, the remainder of the control design is
to generate a torque 1" to track the desired torque 7; while all
internal signals are maintained bounded.

B. VDV-Synthesis

Although the following method is somewhat similar to the
well-known backstepping control [22], the highly coupled non-
linearity of induction motors makes the typical backstepping
methodology not straightforward. To cope with this problem,
the concept of virtual desired variables (VDVs) is introduced.

The VDV-synthesis is carried out for the semi-current fed

model
\ Rr LmRr-*
A—(sz—L—T:[g)A: L,,, 1.

(24)
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According to the principle of vector control, our goal is to design
i* and a virtual desired flux A; independently such that the elec-
trical subsystem can generate the desired torque 7. According
to the torque (13), we synthesize

1, = "lmpTy,,

Ly

Therefore, once i and A converge correspondingly to i* and
A4, T converges to T;. Based on the semi-current-fed concept,
the convergence of i to i* depends on whether the current loop
controller satisfies the assumptions A.1 or A.2. Consequently,
the objective of torque tracking is reformulated into designing i*
and A4 such that A — A; while satisfying (25). In light of vector
control analysis, we note that the optimal torque is obtained if
the magnitude of rotor flux is kept constant. As a result, we will
attempt to design i* such that A — A4, whereas Ay and i* are
subject to the following conditions.

C.1 Flux A4 is kept constant by letting || A4]| = ¢, where ¢

is a given constant.

C.2 Flux Ay and current i* satisfy (25).

The condition C.1 implies that the virtual desired flux in the
stator frame is Ay = (ccos(p(t)) csin(p(t))), where p(t) de-
notes the angle, to be determined later, with respect to the stator
frame.

(25)

C. Realization of VDV-Synthesis

Since the rotor flux is immeasurable, the direct constructive
approach is not trivial. Compared to observer-based method-
ology, an alternative approach is used here. We investigate (10)
and (11), and obtain

Bi+A=1 (26)
where 7 is a first-order filter defined as
L,Rs, L,
= — —V..
T T
Integrating (26), the flux signals satisfy
A=n—-p0i+A 27)

where A is an unknown integration constant vector dependent
on initial conditipns. From (27), the recpnstructed flux signals
are expressed as A = p— (3i+ A, where A is an estimated signal
of A and is to be determined by the adaptive mechanism. The
remaining VDV-synthesis algorithm is given in the following.
Stepl Replace the original flux tracking problem with the
tracking of reconstructed flux. Define the tracking error
of reconstructed flux, error of estimated rotor resis-
tance, and error ofAestirnateg integration constant, ac-
cordingly as A :A)\ — A, R- = R, — R.,and A =
A — A, where R, is the estimated rotor resistance.
From (11), we obtain

A=A+A-y
Rr N 2 Lm
= ——1I A
<wJ2 17 2) (A+A)+ 7

T

RTi—}-A—Xd

ks

R, LRy \ <« - N
= <wJ2—L—Ig— I k>\>)\+RT¢T+wJ2A

N Lm 5
-B+ 7 Rr1+£)\_§

(28)
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where i = i — i**B=B-— B (B is the estimated
signal of B = %A); kx > 0;¢ is an auxiliary signal
determined later; and

T

R, LR, - &
= Jo——L, | A kxA—B
3\ <w 2 L 2) d+ 7 A

R’I‘A LmA.* A \
+L_TA+LTRT1 +A-X+¢
L,,. 1 1 - L,, =

.= 1" — —XAi+ —A+ kA

L, I, L, L,

Since all the signals in £, are available, we set £, =0
to determine i*. From definition of A4, we obtain
o r

1 = =
LR,

(('—W)Jw\d-l—]g—z&—c)

1 . -
_L_(A — A1) — kA (29)
where the relation Ay = p(t)J2Ag (cf., C.1) has been
used.
Step2 Substitute (29) into (25) (i.e., satisfying C.2). Then
along with C.1, the angle p(t) is determined

. _ 1 ~ Td Lm . ~T 1 AT

P T

+(A+s=B)TIA) . (0)

Therefore, i* can be rewritten in terms of T

- 1 1
1 ZL—m(I2+C—21/1J2>)\d
L . 2 - 1 .
+—— B -A—-¢)—kxA— —A (31
meRT( A
where

¥ = (Likad + A) "I,
T, 1
+L, <—d +

np

(A +¢— B)TJQ,\d) .

r

Hence, A4 and i* have been defined.

IV. ADAPTIVE MECHANISM AND STABILITY ANALYSIS

In this section, we define the update laws for all parameter
estimations and carry out the stability analysis for the overall
system. Based on the control law (31), the error dynamics (23)
and (28) are further expressed as

2 Lm D /e Y . e 7 7
Jo+ (B+k)o="""PGTI,A+iTT,A +iTJ.A) — Y6
el el
00Z0 — 0020 + 01 zZ1+ o1 21
g(w) g(w)
(32)
< Rr LmRT Y -
A = <wJ2 - L_TIz — L,. k‘)\12> A + quﬁr
A N Lm 5
+wJsA - B+ L—er—c (33)

where (13) and (25) have been used. In the following, we show
that the tracking errors @ and A are convergent once update
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~ 5 ‘( > >< A'(:’ p
w, *+ 1012 ) I/ \ VDV Calculation Part T~ |«
1) Rotor Flux > oA +B—A—
; _ ; %blfflﬁ((l’“w)z{f"‘m S) —
Adaptive Mechanical Construction | 3 L Aa) -k
Loop Controller -
Fric A VDV-synthesized Controller
ricuon V i i*
Mechanism * _ T . .
PWM - 20 - Vi ==K, (i, —i,)-K, _E(’.w — iy, )di _—
Encoder Inverter :- 3¢ < V, = _Kis,, (iy, — i) — K, _[:(f\/- —ig)dl g
>3 7|V Vo "EPICurrent Controller i
3 > 2 ¢
Fig. 3. Structure of the adaptive controller.

laws for f%r, @, A, B, 09, and 1 are suitably chosen. Consider
a Lyapunov function candidate as

1 1 - ~
V= sadot + anTrglo
1 /-T~ . . .. .
+5 (A A+ A2+ ATT7A + BT B
T SRV T
+95' 0 45 6) + goeR + o E ()

where « is an arbitrary positive constant; and v;,Ts =
Y, T3 = I'T, Ty = '}, 5,7, are positive definite adap-
tation gains. Using (32) and (33), the derivative of (34) with
respect to time leads to

V= —a(B+ k)& — 22 (14 Lky)A A

5|

~ b ~T
+ R (7T R AN 8,)

+AT (r;l,& 4 Lty gy

s

+—wJ§X)4—BT(Pg1§-—X)

0 bt Y Lm .
+af (I‘Zlﬂ - &JYT) +A <a 7 lp 0J3i— c)

sz)21>

L : 8 5
+ 7 it (an,0JaAg + RyA)

ks

+ oy (’}/5_10;'0 - Oé(:JZAZ()) + o1 <’}/6_1(;71 + aw

— 0020(04(:) + L())

4+ > <M U — >_
0121 aw L1 go

g(w) g(w)

To achieve a negative V, the update law of R, is chosen as

»_]o if Ry = Ryand A" ¢, <0
71;\T¢,,, otherwise

where R denotes a lower bound of the unknown rotor resis-
tance R,.. The update law for the estimation R, satisfies

(35)

~ 4~ ~T ~ 4 A ~T
B (37 R + X 8,) = —RorT (R = A ) 0

since R, > Ry. The projection-type update law adopted here is
tokeep R,, which is present in the denominator of (29), bounded

away from zero. The other update laws for A, B, 9, 09, and 6
are

A Lm ~ . Y
A=T, (O‘ 7 " 5315 4 wJEA) (36)
B=-T3\ (37)
6=—or,Y" (38)
G0 = —Y5awZo (39
01 = Y6Qw [l Z1. (40)
(w)
Accordingly, the observer compensation terms are defined by
g = —aw 41
L1 = Ma&) 42)
g(w)
where the auxiliary signal ¢ is given as
Lpyyny .
¢ = 2Emlp 3Ty, (43)
As a result, we arrive with the following equation:
. R, T
V= —a(B+k)a? - -1+ Lk)A A
Ly, w w|
+ I 1T[anp.]2)\d R, 1] [;\} — O'Ong
lw|
—01——21. 44)
(W)

The overall structure of the control law and the update laws for
control parameters is illustrated in Fig. 3. The main results for
the adaptive speed controller are summarized in the following.
Theorem 1: Consider a semi-current-fed induction motor
with friction force variation characterized by (7)—(8). Here, we
use the control law (31); dual observers (17), (18), (41), (42);
desired torque (22); auxiliary signal (43); and the parameter
update laws (35)—(40). If the control gains k,,ky,c, and «
are suitably chosen, the closed-loop control system has the
following properties.
a) If A.1is satisfied, all signals in the closed-loop system are
bounded. Furthermore, the tracking errors @ and A with
respect to the current error i is finite-gain Ly stable, i.e.,
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Fig. 4. Experimental setup.

Jy I()IPdr < ex + e fy [{(r)]Pdr for b = [ AT]*
and some positive constants €1, €. ~
b) If A.2is satisfied, then the tracking errors w and A asymp-
totically converge to zero as t — o0.
Proof: See the Appendix. ]
Here we notice that the result of the theorem still holds even
though the persistent excitation (PE) condition for internal sig-
nals is not satisfied. However, in this case, A does not coverage
to Ay as t — oo. Nevertheless, asymptotical speed tracking is
achieved. o
Since the rotor flux tracking error (A—A4) equals to (A+A),
we need A — 0 to achieve A — Ay as ¢t — oo. In traditional
adaptive approaches [22], [23], zero parameter errors are ob-
tained only if the PE condition is satisfied, thus the equation
shown at the bottom of this page. If W (¢) satisfies the PE con-
dition, i.e., there exist two positive constants v and p such that

t+v
/ W(rWT(r)dr > pl >0, Vt>0
t

then asymptotic flux tracking will be achieved, that is,

The optimal torque is generated if ||A|| is kept constant.
Therefore, the optimal torque property will be sustained if PE
condition is satisfied.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the performance of the control scheme will
be verified by numerical simulations and experiments. For
comparison, numerical simulation results are put next to asso-
ciated experiments results. The experimental setup is shown
in Fig. 4. Here we emphasize that a mechanism with rough
surface is added below the rotor shaft to produce a frictional
force. The specifications and parameters of the induction
motor are listed in Table I. For the friction model, parameters
F. = 0.285,F, = 0.335, and w, = 0.01 [3], [17], [21]. The
induction motor is driven by a PC-based DSP controller. The
software uses MATLAB Simulink Toolbox with Real Time
Workshop Toolbox. Thoroughly considering all possible com-
binations, we breakdown scenarios based on speed command
type and friction effect. In Table II, we list the friction effect
scenarios. The overall execution time interval is set as 10 s for
both simulations and experiments.
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TABLE 1
SPECIFICATION AND PARAMETERS OF THE INDUCTION MOTOR

Rated Specification

Pole Pair 3
Power 0.4 kW
Voltage 120 V
Current 34A
Speed 1500 rpm
Parameters
R 2.85Q
R, 4.0Q
L, 0.19667 H
L 0.19667 H
L, 0.1886 H
J 0.001 kg —
TABLE II

THREE CASES OF THE PROPOSED SCHEME

Friction Force Friction Compensation

Case 1 Not Applied Not Applied
Case 2 Applied Not Applied
Case 3 Applied Applied

Step-Type Command: Consider a smooth step-type speed
command as [30,0,—30,0] rad/s (dotted lines in Fig. 5)
varied accordingly at time [0, 3, 5, 8] s. The control pa-
rameters are chosen as: k, = 0500,k; = 350,a =
0.045,k, = 1.5,kx = 0.2, and ¢ = 0.41. Update
gains are set as I'y = 5.5,y = diag{0.8,0.8},T'3 =
diag{0.2,0.2},T'y = diag{0.1,6e7,0.0046}. When fric-
tion compensation is activated, the update gains are set as:
T, = diag{0.1,6e~7,0.02},T5 = 10,Ts = 0.82.

The simulation and experiment results of step-type command
for Case 1, Case 2, Case 3, and tracking error of Case 3 are
shown in Fig. 5(a)-(d), respectively. For Case 3, the stator
voltage, current for one phase and the estimated rotor resistance
R, are shown in Fig. 6(a)—(c), respectively.

Speed Tracking: Consider tracking of speed wy = 30 +
10sin 27t rad/s. The control parameters are chosen as: k, =
700, k; = 350, = 0.05,k, = 1.5,k = 0.2, and ¢ = 0.41.
Update gains are set as I'y = 5.5,y = diag{0.8,0.8},T'5 =
diag{0.2,0.2},Ty = diag{0.1,6e~7",0.000 92}. When friction
compensation is activated, the update gains are set as: I'y =
diag{0.1,6¢=7,0.02},T's = 2,T's = 0.82.

The simulation and experiment results of speed tracking for
Case 1, Case 2, Case 3, and tracking error of Case 3 are shown
in Fig. 7(a)—(d), respectively. For Case 3, the stator voltage,

aLp,ny T
0 Tpl J2

T () —
W-(t)= 4, T

—aY —aZ %aél

—I, 0 0 0
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Fig. 5. Simulation and experimental results of step-type command for:
(a) Case 1, (b) Case 2, (c) Case 3, and (d) tracking error of Case 3.
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Fig. 6. Simulation and experimental results for Case 3: (a) stator voltage for
one phase, (b) stator current for one phase, and (c) estimated rotor resistance.
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Fig. 7. Simulation and experimental results of speed tracking for: (a) Case 1,

(b) Case 2, (c) Case 3, and (d) tracking error of Case 3.

current for one phase and the estimated rotor resistance R, are
shown in Fig. 8(a)—(c), respectively.
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Fig. 8. Simulation and experimental results for Case 3: (a) stator voltage for
one phase, (b) stator current for one phase, and (c) estimated rotor resistance.
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Fig. 9. Simulation and experimental results of regulation command with
abrupt load variation for: (a) Case 1, (b) Case 2, (c) Case 3, and (d) tracking
error of Case 3.

Regulation Command With Abrupt Load Variation: Con-
sider speed regulation with abrupt load variation. An extra
load 1.8 N'm is added at { = 4 s and removed at ¢ = 8 s.
The control parameters are chosen as: k, = 450,k =
350, = 0.055,k, = 1.5,ky = 0.2, and ¢ = 0.41. Up-
date gains are set as I'y = 5.5,y = diag{0.8,0.8},T'3 =
diag{0.2,0.2},T'y = diag{0.1,6e~7,0.0046}. When fric-
tion compensation is activated, the update gains are set as:
T, = diag{0.1,6e~7,0.02},T'5 = 10, T = 0.82.

The simulation and experiment results of regulation with
abrupt load variation for Case 1, Case 2, Case 3, and tracking
error of Case 3 are shown in Fig. 9(a)—(d), respectively. For
Case 3, the stator voltage,A current for one phase and the
estimated rotor resistance R, are shown in Fig. 10(a)—(c),
respectively.

Remark 1: To emphasize that our approach is robust from
a practical point of view, we illustrate a PI controller (a Semi-
Drive system default PI)-based IM system with speed regulation
objectives for Case 1 and Case 2 friction scenarios. When load
is abruptly changed, we can see that performance in Fig. 11 is
worse than that of Fig. 9.
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Fig. 11. Experimental results for Case 1 and Case 2 using PI controller.

VI. CONCLUSION

In this paper, we consider the speed tracking control with fric-
tion compensation for an induction motor. The induction motor
is modeled by a semi-current-fed model whereas the frictional
force is represented by a LuGre’s dynamic model. Then an adap-
tive controller is designed by VDV-synthesis. From the numer-
ical simulations and experimental results, we can see that when
considering friction compensation, the performance is greatly
improved. The satisfactory overshoot, transient behavior, and
steady-state error are even better than the case when no friction
force is applied. The proposed scheme can be further applied to
the full fifth-order model of induction motors although the con-
troller will become more complicated.

APPENDIX

Before proving Theorem 1, the following Lemma 1 is
introduced.
Lemma 1: The friction state is bounded if the rotor speed is
bounded.
Proof: Considering the friction dynamics (8), we choose
V. = %22. Then
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<kl (505 1)

Since V. is negative for |z| > g(w), it is concluded that z is
bounded. [ |
Proof of Theorem 1:
Part (a): Since og, 01 are positive constants and the friction
characteristic function g(w) is chosen to be a positive function,
(44) leads to the following inequality:

V < —|h[|* + k[lill|n] (45)

where ¢ = min(a(B + k), (R./L.)(1 + Ly,ky)), and
k = (Lm/Ly)sup, ||[[anpJ2Aq R.I:]|] < oo. Here the norm
of matrix (L,,/L,)[an,J2As R.I,] depends on ¢, (which is
the magnitude of virtual desired flux) and electrical parameters
Ly, Ly, R,.. Therefore k is bounded above by a constant.
Consequently, if ||h|| > (k||i]|/6¢), then

V < —(1 - 8)ellh|]? - se|[blf* + K l][h]
< —(1 - §)e|n? (46)

where 0 < § < 1. Since i € Lo, we conclude that V' is upper
bounded. Hence the error signals w, A € Lo; observer errors
20,21 € Leo; and all parametric errors R, A, B, 0,009,071 €
L. Since Ay, R;, A, B, 0, 00,01 are constant, the parameter
estimates A, R, A, B, 0,659,051 € L. Similarly, w is bounded
since naturally wy is a bounded desired speed. According to
Lemma 1, the bounded Zo, z1 induce that the observer states
20, 21 are bounded. Dueto A = A+ A and A, A € L, the rotor
flux A is therefore bounded. Therefore, the following remains to
investigate the boundedness of signals i* and p(¢). Consider the
dynamics of the stator current (10) rewritten as

. L’I“RS LmRr . Rr
ﬂl—{— < Lm + L,,, >1:— <wJ2—L—T12>A
L,

+ I V.
From assumption A.1 and the fact w, A,V € L, the right-
hand side of (47) is bounded. The dynamics (47) can be taken as
a stable filter driven by the terms on the right-hand side. Hence,
i € Lo.. Considering (44) and the facts

(47)

aLmnp ~3T (22027’1,2 ~ L2 Rr;f ~
I\, < P ~2 m T
L, s 4L2
Ly Ry v ~Tx 2Ry
- <
I A< RA A+ 4L%11

we are able to rewrite V' as

. acZnZ 5
V<-—-al|B+k,— I w

T

R, <Tx L2 R, 0
= 70+ Lk = LA A+ 252
L2 R, .
_ T marT 1.2
= —h" QR+ " | (48)

where

e ac?n?
Q=diag a | B+ ks, — I )

R,
Zo (1 Lk — L,,)IQ} .

T
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Note that Q is positive definite by choosing k&, ky, ¢, and «
properly. Integrating on both sides of (48) leads to

ot L2 R t "
/ hTQhdr < V(0) -V (t) + == / il|%dr
0 2L Jo
L?nRr ! 2
<V(0)+ 212 i||“dr (49)
and thus completes the proof of (a). ]

Part (b): From assumption A.2, we have ie Ls. In light
of the result of Part (a), we have h € Ly by (49). In addi-
tion, the fact h € L, is concluded since all signals on the
right-hand sides of (32) and (33) are bounded. According to
h,h € L,,h € L; and applying Barbalat’s lemma [23], we
have lim;_, o h(¢). In other words, @ and A asymptotically con-
verges to zero as t — o0o. |
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