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Abstract

In recent years, sensorless modes of operation are becoming most convenient and standard solutions in the
areas of electric drives. This paper explains about sensorless speed control of induction motor with a
predictive current controller. The closed loop estimation system with at most robustness against any
parameter variations is used for the control approach. In this paper further a noval scheme implementing
Space Vector pulse width modulation is also proposed increasing overall stability. Here a Space Vector
Pulse width modulated VSI is used to feed the IM. The simulation results illustrate the performance of IM on
various conditions. The results are then compared with the conventional types verifying this scheme has
better performance than the others

Keywords—MRAS-Model reference adaptive scheme, Lyponauov stability scheme, IM- Induction Motor,

VSI-Voltage source inverter, SVPWM-Space vector pulse width modulation

Introduction

During the past decade, sensorless speed control of
induction machine has become a mature technology
for a wide speed range. Sensorless control of
Induction machine is now attracting wide attention,
both in the field of electrical drives and in the field
of dynamic control. The advantages of speed
sensorless AC drives are reduced hardware
complexity, lower cost, elimination of sensor cable,
better noise immunity, increased reliability, access
to both sides of the shaft, less maintenance
requirements and higher robustness. The use of
encoders increases the drive‘s price and affects the
reliability which is of utmost concern to many
operational situations.

Many research efforts have been made for rotor
speed estimation in the sensorless speed control.
They can be broadly classified into those based on
non-ideal phenomena such as rotor slot harmonics
and high frequency signal injection methods which
relies on the model of the induction motor. The
former require spectrum analysis which is time
consuming procedure and allow a narrow band of

speed control. The later methods are characterized
by their simplicity, but sensitive to parameter
variations. The role of stator resistance is important
and its value has to be known with good precision
for obtaining accurate speed estimation in the low
speed region. Any mismatch between actual and set
values of stator resistance within the model of speed
estimation may lead not only to substantial error in
speed estimation but also to instability.

Most of the research works described in the
literature for MRAS speed observers employs a
simple fixed gain linear P1 controller to estimate the
rotor speed due to their simple structure and
satisfactory performance over a wide range of
operation. However, these controllers may drop the
performance level due to the continuous variation in
the machine parameters and operating conditions in
addition to nonlinearities contributed by the
inverter. Little interest has been focused on
alternative technique for minimizing the speed
tuning signal to estimate the speed by MRAS.
Furthermore, majority of the study has been devoted
with sinusoidal PWM inverter fed induction
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machines rather than space vector pulse width
modulated (SVPWM) inverters, which have good
operating characteristics.

Mathematical Modeling Of Induction Machine
The IM cane be modeled by the continuous
equations in stationary reference frame (qds),

ivsq(l)
1]sd (2)

Zilsq = ~Visq + B ¢rq Bpwrdra +
jt o = ~Visa + ~bra — Boortra +
e =~ bt Py dra + lm lsq(3)
2tbra =~ bra + P drg + 1 Linisa(4)

. L’"p(quzsq $rqisa) 5)

T, =
L oy = B"wr+ S(T, = T,)(6)

dt
Rsand Rare the stator and rotor resistances

Lsand L.are the stator and rotor inductances

Lmis the mutual inductance

Isqr Isds @rg» @rd, Vsg, @Nd Vsqare the stator currents, the
rotor fluxes, and the stator voltages, respectively
wlS the rotor speed

Teis the electromagnetic torque

Tiis the load torque

J is the moment of inertia

Bnis the friction coefficient, and p is the pole pair
number.

The constants are defined as :
L, L% L,
T, 2,02 S Y E
R, LiL, oLgL, aL T,
The expressions of back EMF can be calculated

from the current and voltage signals as

— Rgigq — 0oLy pr Isq

- Rslsd - O-Ls

emq = vsq

€md = Vsa &isd
It is possible to obtain the back-EMF equations

from the magnetizing currents in the form

o d
emq:LmalqM
o d
emd:LmaldM
whereL'n= L%./L;, and the magnetizing currents

could be given by

. L .
M = L—qu + igq
m
. Ly . .
igM = —1q +i5q

m

Where irqand i are the rotor currents.

The differential equations of magnetizing currents
can be given by

d 1. . 1.
dtl oM = T_rlqM —pw,igM +T_Tlsq
d 1

. . 1
EldM FrldM —pwrlqM+T—Tlsd

The differential equations of magnetizing currents
also can be obtained from the back EMF equations

d emq
dtl M = /L
i M= €ma
alaM ="

Thus from thrg above equations, it is possible to
compute the magnetizing currents using the
calculated back EMF. These two set of equations
presents two methods to obtain the magnetizing
currents. The first method uses the stator currents
and a component that include the rotor speed
information, while the second method calculates the
magnetizing currents directly from the back EMF.
The first method cannot be implemented without the
rotor speed information. The second method uses
only voltage and current signals. As a consequence,
an observer based on the sliding mode approach for
the magnetizing currents can be used, aiming to
obtain the rotor speed information ™.

Stability Analysis of Induction Machine

A. Stability Analysis

Three phase induction motor in stationary dq axis
reference frame with air gap flux and stator currents
as its states and neglecting core loss s
mathematically modeled as following!?":

digs (‘Rs R.L,,

. . Rr Wy
lags — :Bwrlqs + 0__lr/1da + FAqa

dt o - oL,
L1
—7
x o ds
digs s R.L, R, Wy
= —— |igs + Bwyigs + — A0 +— 4
dt (O‘ O’Lr qs ﬁ rtds O'lr qa o da
1
+=,
da LUL qSR LisR.-A
d L . . L d
dta = <_3Rs + SO_ZI ‘r) las +ﬁLlswrlqs - So_z :
r r
Llswrlqa + ﬁvds
dAgq LiL,R LisR,A
( ﬁ + Ism r) .qs_,BLlswrids_ Isr/tqa
dt oL, oL,

+ Llswrlda + Bvqs
wherevgs, Vgs, Ids, Igsrepresent dq stator voltages and
currents in stationary frame

R Senthil Kumar et al

www.ijetst.in

Page 2234




Adaand Agaare dgairgap fluxes

RnRs, L, Ls, Lir, Lis, Lm, and orstand for rotor and
stator resistances, self and leakage inductances,
magnetizing inductance, and rotor electrical speed,
respectively.

Besides, 6 = Ls(1 — Ly’ )/LsL represents the leakage
coefficient

B = (o — Lis/o) is a constant parameter.

|
n
Refereice 1
flux —
computer . N
idis
0

fig.1General structure of the sliding mode control of
induction machine based on Lyapunov theory

The error dynamics for the proposed observer are
obtained as
di LisL,R LisL,R
qa _ 75 IsHmfir ) 4 5 Is™=m -
@ (‘3RS+T> +(‘3Rs+ oL, )
Llsﬁrlqa _ Llsﬁrlqa
oL, oL,

_ Llswr/lda _ Llswr/lda

+ ﬁLlsarids -

5 LlsLmﬁr 75 LlsLmﬁr

=(—BR, + tas + | —BRs + i

dt < ﬁ N O'Lr las .B N O'Lr las
Ller}‘da _ Ller}‘da

oL, oL,

(4)

_ Llswrlqa _ Llswrlqa

+ .BLlsariqs -

Time derivatives of zgand zqare determined using (3)
and (4), as following:
dzy dlgq | Lisdigs

2t = ar T T Rslas = Relas = Lisfa

dZd _ (ﬁqa Llsdlqs R = ﬁ R L 6

E_ dt + _dt + s = Sll?S-_- lsfq ()
Because of residual flux, the initial values for zgand
Zqare generally unknown. So, mngand mngare
introduced as:

Ng =2Zq— 2q = Z4 g zzq_ZAq =Z~q @)

Substituting (5) and (7) into (3), the error dynamics
of dq currents are rewritten as:

dids __RS ﬁer a __RS Rer ~ ~

dt = o ~ oL, last| ¢ — oL, las — ﬁwrlqs
R, . R, ) £ @, .

+0'_lrlda + O__lr Zd - LlSldS - fo RSldet + ?Aqa

Wy - t .
+ 7 Zgq + 77q - Llslds _J- Rsldsd"L - fd
0

di R o R g
i —_ _ r=m ~ _ r=m ~ _ o~
praiadl W2 lgst| o oL, ) las Lo,y +

oLy
% Do + 22 (2 = LisTgs = Jy Relgsdt) + 2 Agq +

aly

T Y ~ t .
o (Zd +Nq — Llslqs - fo Rslqsdt) - fq (8)
Now we define fq and f; as

aly
w

~ t
+— (z“q + 1, — Rs f iqsdt> + kfqlgs
0
R N ~ ot @y (A N s ot
f, = U—er%(zq — R, fo lqsdt) + ?r(zd + 14 — R, fo ldsdt) +
kfqlqs(9)

Where, K¢y and Ky, are positive gains.
Ro = Rsdr R = RiRs

R=RRs—R
t t R

lgs= J. idsdt i |q5: J- iqsdt , Ro = Rsa)r —Ro (10)
0 0

_ Ryzg R w R w
fo= - —era — Lr—alds + ?r(zq + nq) —7’"1,15 - ?rLlSIqS +
kegl
ralas
f= erd—ilds—&(z+ )+R_w1 RIS
q Ly Lyo o \Zqg T1q 5 las T lasigs

kfdlds (11)
Substituting (11) to (8) and using 10), the observer

o g H H
where the error quantities are shown as X; ;i.e. x-X error f:an be expressed in the matrix form as
. following:
-7 T - ax <
Zg = Ada + Lisl dS+J- Rsldsdt d_tl — Ale + WlTe
0
t ~ ~
= =~ ] X, = [Tas Tgs]"
_ Aga+ Lis j 1T LU . s s
Zq- Aqa+ Lis qs+0 Rsigsdt (5) G=[R @ RR R, 7,7 fia ]
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—RsLy+RyLin+RrLis—krq —RsLy+RyLm+RrLis—ksq
A, =diag oLy ’ oLy
[ —ids_lds _Iqs R, 0 0 wr]
w. w. —_— —
WT = m "z 45 Lo o Lo g
1 _iqs_Iqs Ids RT —r
_45_"as as 0 0
W21 Wzz Lo o
o Lo o T
_L‘mids + Ada + Zg
Wi =
L.o
w —Lpigs + Aga + 24
21
ch{
- —Pigs0 + Agq + Zg + Mg — Lisigs
12 ‘ pu
_ Bidso—Ada—24—Nd—Lislds,
Wa2 = . (12)

B Controller Design
Developed electromagnetic torque and air gap flux
are estimated based on the measured and estimated
dq air gap fluxes and stator currents, as following:
2 =2+
-~ Pra . A

= 37 (Ada lgs — Aqalds) (13)
whereP is the number of pole pairs.
The error between estimated and reference

torque is defined as following:

3P . L

7 (Adalqs - /‘lqalds) - Tref (14)

Multiplying the above equation by 3P/2 yields to:

er = (/idaiqs - iqaids) - ?m;—rd (15)

Consequently, the following torque error dynamics
is obtained:

er =

de;
dt
/i N
. qa . da N
= :qus _7 Vgs + ~Plas + _ﬁRsidsiqs
LlsLm S oA ~ 2 L ﬁ i Lls&)\riqaiqs
+ LT—O_erdSlqs + ﬁLlswrlqs Lo lqs - e
Rs .3 Reriqsida , 4 Wy a
- ? lqs/lda - T + ﬁwrlds/lda - ?lda/lda
Rr ~ s oA . LlsLmRriqsids ~ -
+ O__Lrlqa;{da + ﬁRslqslds - O'—Lr + .BLlswrlés
+ Ller/lqa i — Lls&)\rldaids &i A Rerids/lqa
Lo * o g ®Taa oL,
. & Wy A Rr A
+ Bwrlqs;{qa - ?Aqaﬂqa - O'Lr /‘ldalqa
2 dT,
ref (16)
3P dt

The error between the estimated and desired flux is
expressed by

e =7 (ﬂ — Aer)(17)

Where Are £ |s the reference flux

With similar procedure, the flux error dynamics can
be obtained as

dex _
dat L
(ﬁlda)vds + (ﬁlqa)vqs ,BR ldslda Us mR lds)lda
~ A L = L L
ﬁLlswrlqslda - Lr_l:‘.erda - ﬁRslqslqa + ;i:l erqsﬂqa -
~ . A Lis 5 4 da
BLlswrlds/lqa - Lr_l;RrAzz]a - Aref d_r:f (18)

The input voltages, vgsand vgsare determined based
on the following feedback linearization equation:

Vds] I,qus % Bigs — ga1 + Gaz
A 9q1

e Bhww Bl
g1, Jq1 are calculated from equations (16) and (18),
as following:
Ja1=
_ﬂﬁsidsiqs +

| a9

LisRrAqq i

Liskm 5 ~ ~ 2
Lo erdslqs + ﬂLlswrlqs Lyo qs

Lis®rAqalgs  Rs RrlmigsAda .3 Wr 32
= - ; lqsldu - oLy + Bwrldslda - ?Ada +
B oa LisLmRrigsids ~ :2 LisRrAqq .
ﬂRslqslds - oLy + BLiswyigs + Lyo las —
Llsa’ridaids Rerids/Alqa PR Wy 2o
E— ldslqa t— Bwrigshga — — Aga —
T
2 dTref
+ ceq (20
3P dt 1ér (20)
Oq1=
lsLm Lls
BR ldsldu +—— Rr dslda + ,BLlswrlquda R /1
LlsLmerqs/lqa Lis EY)
BRlgsAgq + I — BB i Aga — 1 gR 2,

Ares d"ef +cye; (21)
Substltutlng (20) and (21) into (19), we get

det Rerqulda Dy »
dr o lqslda oLy + ;Bwrldslda P A da
Wy 3 3 ﬁr 7 3 Rs . 7 ﬁeridszqa
7 Raakaa + 75 Aqadaa + 3 lashoa + T +
R = ~

~ 3 Tﬂ.da e Wr 32 Wy 3 >
Bwrlqslqa - _Ulqa - 7’1qa - ?Aqalqa —CGér —
9a2(22)
dej
—4 = —c,e;(23)

dt

From (22), (5) and (7) the following equation is
derived

det R: 2 Reriqs/ida ~ . & 61‘ 2
E = - ? lqs)‘da - T + ﬁwrldslda - F/LZia
W - t
- ?rlda (Zd +Na — LisTas — f Rsldsdt>
0
+ Rs i
—I1
A o ds”tqa 3 X
R, A R.L,i A
r’tda (Zq Lls - R lqsdt) rt“mtds’tqa
oL, oL,
t
- —Aqa <2q + 1 = Lisigs — f Rsiqsdt>
0
wr
/'12
g 1¢

erqa . t i
+ LT_O' Zg — Llslds - , Rsldsdt

+ ﬂariqsiqa —Ger —Ydaz (24)
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The torque and flux model are augmented into the

following state model:

W = AZXZ + Wz 9
X, =[er e’
0=I[R, @& RR R,
A, = diag[—cy, —c,]

Z42q Tla Tql

_Lmlqslda + quda - AdaLlslqs

W31 = oL,
+ Lmids/lqa - 2d/1qa + AqaLlsids
oL,

Wiz R R R R
_ BiasAaa0 = Aaq = Zakaa — Nalaa + Aaalislas
= ) - g ) )

BigsAqao — /Lzm — Zglqa — NgAqa + Aqalisiys

. . 0
Wag = _iqslda + ids/lqa
o
Way = Iqslda + Ids/lqa
S o S

Wag = Idslda :Iqs/lqa (25)

Sliding Mode Control of Induction Machine
Sliding mode control is an important robust control
approach. For the class of systems to which it
applies, sliding mode controller design provides a
systematic approach to the problem of maintaining
stability and consistent performance in the face of
modeling imprecision. On the other hand, by
allowing the tradeoffs between modeling and
performance to be quantified in a simple fashion, it
can illuminate the whole design process.

Modeling inaccuracies can have strong adverse
effects on nonlinear control systems.One of the
most important approaches to dealing with model
uncertainty are robust control. The typical structure
of a robust controller is composed of a nominal part,
similar to a feedback control law, and additional
terms aimed at dealing with model uncertainty.

The most important task is to design a switched
control that will drive the plant state to the
switching surface and maintain it on the surface
upon interception. A Lyapunov approach is used to
characterize this task.

Lyapunov method is usually used to determine the
stability properties of an equilibrium point without
solving the state equation. Let V(x) be a
continuously differentiable scalar function defined

in a domain D that contains the origin. A function
V(x) is said to be positive definite if V(0)=0 and
V(x)>0 for x. It is said to be negative definite if
V(0)=0 and V(x)>0 for x. Lyapunov method is to
assure that the function is positive definite when it
IS negative and function is negative definite if it is
positive. In that way the stability is assured.

A generalized Lyapunov function, that characterizes
the motion of the state trajectory to the sliding
surface, is defined in terms of the surface. For each
chosen switched control structure, one chooses the
“gains” so that the derivative of this Lyapunov
function is negative definite, thus guaranteeing
motion of the state trajectory to the surface. After
proper design of the surface, a switched controller is
constructed so that the tangent vectors of the state
trajectory point towards the surface such that the
state is driven to and maintained on the sliding
surface. Such controllers result in discontinuous
closed-loop systems.

Let a single input nonlinear system be defined as
XM= (x, )+ b(x, t ) u(t)(26)

Here, x (t) is the state vector, u(t) is the control
input (in our case braking torque or pressure on the
pedal) and x is the output state of the interest (in our
case, wheel slip). The other states in the state vector
are the higher order derivatives of x up to the (n-
1)th order. The superscript n on x(t) shows the order
of differentiation. f(x,t) and b(x ,t) are generally
nonlinear functions of time and states. The function
f(x) is not exactly known, but the extent of the
imprecision on f(x) is upper bounded by a known,
continuous function of x ; similarly, the control gain
b(x) is not exactly known, but is of known sign and
is bounded by known, continuous functions of x .
The control problem is to get the state x to track a
specific time-varying state X4 in the presence of
model imprecision on f(x) and b(x). A time varying
surface s(t) is defined in the state space R™ by
equating the variable s(x; t) , defined below, to zero.
seat) = (L468)" 20 @7)

Here, d is a strict positive constant, taken to be the
bandwidth of the system, and X(t) = x(t) —
x4 (t)is the error in the output state where xq4(t) is
the desired state. The problem of tracking the n-
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dimensional vector x4(t ) can be replaced by a first-
order stabilization problem in s. s(x;t) verifying
(4.2) is referred to as a sliding surface, and the
system’s behavior once on the surface is called
sliding mode.

X
finite-time
reaching phase

fig. 2 Graphical Interpretation of equation 26

sliding mode

exponential convergence

Xq(®

s=0

An ideal sliding mode exists only when the state
trajectory x(t) of the controlled plant agrees with the
desired trajectory at every t > t; for some t;. The
representative point then oscillates within a
neighborhood of the switching surface. This
oscillation, called chattering, is illustrated on Fig. 3.

X
s=0

fig.3 Chattering as a result of imperfect control
switching.

Space Vector Pulse Width Modulation

SVPWAM is the best computational PWM technique
for a three phase voltage source inverter because of
it provides less THD & better PF. SVPWM works
on the principle that when upper transistor is
switched ON; corresponding lower transistor is
switched OFF. The ON and OFF state of the upper
switches (S1, S3, S5) evaluates the output voltages.
Switching states and corresponding phase and line
voltages are shown in table 1.

In SVPWM the overall power factor & THD has
improved as compared to SPWM. Analysis of the
output line current Ic in MATLAB Simulink for
THD &Power Factor is shown in table 2. It should
be noted that power factor reading is overall power

factor of the system analyzed by power factor
analyzer.

Table 1 switching states and corresponding Phase
and Line voltages

Switching states Phase voltages | Line voltages

a b C Va Vb Vc Vab Vbc Vca
0 0 0 0 0 0 0 0 0

1 0 0 2/3 [ -13 |-113 |1 0 -1
1 1 0 3 |13 |-23 |0 1 -1
0 1 0 -1/3 (23 | -13 |1 1 0

0 1 1 -22/3 |13 |13 |1 0 1

0 0 1 -1/3 [ -3 [2/3 |0 -1 1

1 0 1 U3 |-213 |13 |1 -1 0

1 1 1 0 0 0 0 0 0

Table 2 Modulation index and corresponding total
harmonic distortion with overall power factor.

Modulation Index | THD for Current Overall PF
(%)
0.5 129.62
0.7 40.71 0.871
0.9 3.42
140
120
100
THD &0
(%)
40
20
0
05 0.7 0.9

Modulation Index

fig. 4 Modulation Index Vs THD in SVPWM

Simulation Results

The developed adaption mechanism has better
performance in a wide range of speed compared
with that of PI controller, for which performance
deteriorates at low speed. The speed estimation by
the rotor flux MRAS with sliding mode observer
has ensured very good accuracy in both transient
and steady state for all ranges of speed control.
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e A -

fig. 6 Speed at 980 rad/sec and torque at 1.003 Nm
using SVPWM

)
o

fig. 7 Output voltage of the Rectifier and the three
phase voltage after transformation using SVPWM

fig. 8 SVPWM generator output pulses

£ B 8 B 8 o
—

fig.9 overall stability of the system employing
SVPWM technique

Fig.10 speed and torque output using SPWM
technique

W

fig. 110utput voltage of the Rectifier and the three
phase voltage after transformation using SVPWM

Conclusion

SVPWM is the best computational PWM technique
for a three phase voltage source inverter because of
it provides less THD & better PF. SVPMW has
greater flexibility to reduce switching losses. The
same experiment can be extended by implementing
multi-phase inverter. From the stability analysis of
the setup, the overall stability of the system is
improved and follows the circular trajectory. And
the speed of the system is stabled at 9B0RPM with a
torque of 1.003 Nm. The modulation method is
carrier-based SVPWM providing unbalanced two-
phase output voltages. The simulation results have
illustrated the performance of machines both
motoring and generating modes. It is found that in
case of the motoring mode, the unbalanced voltage
SVPWM offers the better machine performance
over the balanced voltage SVPWM in terms of
torque (T,) and speed (N,).
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