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Abstract—This paper focus on seeking optimum rotor flux vahaptimizes total energy control under
practical constraints of currents, voltages aneédpreeasurements. Improved flux optimization metisod
an important criteria to evaluate losses in indifiedd oriented control for induction machine d¥ss The
practical usefulness of our control models are watald and confirmed through experiments using an
induction machine (1.5kW/380V). Simulation and expental investigation tests are provided to
evaluate the consistency and performance of thegsex control model.

Keywords Induction Machines, Loss Optimization, Optimum»El&ield Oriented Control.

NOMENCLATURE

Uy, Ugq: dg-axis equivalent stator voltages

lsar 1sq : do-axis equivalent stator currents

lg» 1q :dg-axis equivalent rotor currents

Pogr Pug: dg-axis equivalent stator fluxes
By By dg-axis equivalent rotor fluxes

r,, I, : Stator and rotor resistances

s

@, , & : Synchronous and mechanical speeds
W, = W, — w: The slip angular speed

w1, - Mutual, stator and rotor inductances

P : Number of pole pairs

J : Inertia constant of the machine
m,, , M, : Motor and load torques

Kk : Viscous friction coefficient of machine and dba
I, :Iron loss resistance
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O : Leakage coefficient of the machine
.
r.I'

; : Rotor time constant

T

1. INTRODUCTION
Induction machines are extensively used imugtrial
applications due to their high performance, efficig and
simple control characteristics. They are also eiitra in new
electric generation ships, water pumps, electdodportation
systems (Abrahamsen, F., Blabjer, F., J.K. Pederdda
(1997); Faiz, J., Sharifian, M.B.B. (2006). Thepplecations
require different power levels ranging from a feaseveral
hundred horsepower. There are general purpose
minimization techniques which approaches are differ
depending on the induction machine drives appboesti
Clearly, by using the advances in power electroaius signal
processing (DSP) technologies, the control schermks
induction machines have been improved from simgddes or
auto-tuning control to field oriented and direatgiee controls
(Abourida, S., Belanger, J. (2009); Bazzi, A.M., ek,
P.T.(2009); El-Refaei, A., Mahmoud, S., Kennel,(R005);
Krause, P.C., Wasynczuk, O., Sudhoff, S.D. (19&ya
Reddy, Y.V., Vijayakumar, M., Brahmananda Reddy,
(2007); Vas, P. (1990)). The field oriented contiigl
successfully applied in real time control of indist
applications when dealing with high performanceuirtibn
machines drives (Bezanella, A. S., R. Reginetto(2R01);
Holtz, J. (2006); Inanc, N. (2007); Novotny, D.Wipo, T.A.
(1996); Singh, G.K. (2005); Wang, B., Chiasson &dBon,
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M. and Tolbert, L.M. (2007)).

Field oriented control implementation can achigebust
control performance in induction machines. Estingtthe
magnitude and phase of rotor flux is the key of ¢batrol
implementation (Abrahamsen, F., Blabjer, F., J.Edé&son,
J.K. (1997); Camblong, H., Martinez de Alegria, I.,
Rodriguez, M., Abad, G. (2006); Jemli, M., Boussdk, In this section, the dynamic mathematical modehdfiction
Gossa, M., Kamoun, M. B. A. (2000)). Direct methads machine is available in literature (Krause, P.Cale{1986);
sensing the rotor flux by using suitable hardwarmiad the Krishnan, R. (2001); Novotny, D.W., Lipo, T.A. (189 Vas,
machine have proved to be inaccurate and impractita P. (1990)). Parasitic effects such as hysteredidy eurrents
speed and torque variations (Geng, Y., Hua, G.,ngaag, and magnetic saturation are neglected. The stateesmodel
W. and Pengyi, G. (2004)). Indirect methods of Benshe of system equations related to indirect field cwencontrol
rotor flux employ a mathematical model of inductiormethod is described below. The three phase voltades
machine by measuring state variables of currerdiages machine drives in reference frame with synchronousl

and rotor position. The accuracy of this methodewels rotating speeda), are described by the following equations

experimental investigation tests show the perfoceasf the
proposed control model.

2. INDUCTION MACHINE MODEL AND CONTROL
FORMULATION

mainly on accuracy of time rotor constant variat{@hnang,
G. W., J. P. Hespanha, Morse, A. S., Netto, MCBtega, R.
(2001); Grouni, S., Ibtiouen, R., Kidouche and Mouhami
0. (2008); Marino, R., Tomei, P., Verrelli, C. M2008 );

Wang, B., Chiasson & Bodson, M. and Tolbert, L.M.

(Krause, P.C., Wasynczuk, O., Sudhoff, S.D. (1986))

(2007)). The machine parameters may change during

operation which introduces inaccuracies in thenestiéd flux
(Bezanella, A. S., R. Reginetto, R. (2001)).

With an aim to improve performance of systems adnbf
induction machine, research has been conductecesmrml
advanced nonlinear controllers (Dhaoui, M., SHita(2010);
Faiz, J., Sharifian, M.B.B. (2006); Holtz, J. (2008Most of
these controls operate at constant flux norms (L&ui
(1995); Krishnan, R. (2001)). In this situationfi@éncy is
maximized only when the system operates at its naimi
torque (Ren, J.Q., li, Y.H., Xu, W., Wang, K. (2008a, C.
M., Hori, Y. (2001)). Away from this operating poithe
machine will dissipate a considerable part of thgdted
electrical power as core losses and it may ineffity store
too much energy in its coil inductances (Abrahamden
Blabjer, F., J.K. Pederson, J.K. (1997); Thanga, Raj
Srivastava, S.P., Agarwal, P. (2009)). However, niost
applications, induction machines do not operate that
nominal rate since the desired torque may chang@eror
may depend on system states such as position ocityel It
is then technically and economically interestingnieestigate
other modes of flux operation seeking to optimiystem
performance (Bazzi, A.M., Krein, P.T. (2009)). Awaof
these facts, some previous works have already tised
reference flux as an additional parameter seekinigdrease
machine efficiency or to maximize the deliveredqter in
minimum time (Bezanella, A. S., R. Reginetto, ROQ2);
Camblong, H., Martinez de Alegria, I., Rodriguez, Mbad,
G. (2006); Geng, Y., Hua, G., Huangang, W. and Rierig
(2004); Inanc, N. (2007)).

In this paper, a new loss optimization method ggested to
obtain an optimum rotor flux control for inductianachine
drives using indirect field oriented control withraptical
constraints of currents, voltages and position messents.
Implementation of indirect field oriented contrsl éffective
for induction machine drives based on flux optirtiza
method. The practical usefulness of our control e®dre

evaluated and confirmed through experiments using a

induction machine (1.5kW/380V). Simulation studierd

usd = szd + d%d + a)swsq (1)
i $sq
usq =rd sq + + WP, 2
—ri Y9
O=r,i4+ dtd +w,q, (3)
i ¢rq
O_rrqu + Wy Py (4)

The motor or electromagnetic torque and mecharsipakd
of induction machine can be expressed:

L .
my = pl_(wrdlsq _qulsd) (5)
da 1
—==(m, - m —Kkw 6
at J( M L ) (6)

where the speedpQ = a

In vector controlled system, rotor flux vector lwamy the real
component, which is constant in steady state (Hoaltz
(2006); Krishnan, R. (2001); Novotny, D.W., Lipo,AT
(1996); Vas, P. (1990)). The rotor currents arettemi as
fallows:

. 1 .
g :I_((”rd =l dsa) (7)

. 1 .

Irq zl_(qu _lmlsq) (8)
r

Substituting (7), (8) into (3) and (4), yields twapressions

of dynamic rotor flux components:

dgg , 1

9
dt ©

I
m —
D _T_Isd _a)slqorq =0

r
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d¢rq 1 Im . 20 S22 Qe (rd/s) Y (N.m)
dt +_¢rq __Isq W@y = 0 10) ., |
I, I, 100 ;;')‘ o |
Electromagnetic or motor torque is controlled objyg-axis .|/ . ‘\ﬂ
stator current. Witg), =0 i, =0, it yields: b t® T e
d i Dy, (wh), D, (wh) - L(A)
d ¢ )
Ghs - _ (11) = T
dt dt 0‘\;,;;;!*7 ﬂ AT
[ -10
— Im ; 2 ! t(s) ,ZU! t(s)
mM = p_wrdlsq (12) 0 05 1 15 2 0 05 1 15 2
I r 5 D,° (wh) ) ) s D D" (wh)y
4
Vo
T s
The equations (7) and (8) become: 05| 05
ol tes) t(s)
. lm . 0 05 1 15 2 o 05 1 T3 >
Irq = _l_lsq (13) Z(I)”(\\b) 1 DD pw
r o St -
1 e
- —
B =0 =l (14) ar
) {
w. = |m isq _ 1 isq (15) - -1 0 1 2(1)'5(“{7)00 05 1 15 2“5)
= Er—
° I, Qg T, 1y Fig.1. Simulation results of the rotor flux contrehriation in
Combining equations (9), (10) and (15), the follogyi indirect field oriented control of induction machin
references are obtained: 2
) AP = +r,|§1 (.2+.2)+ rrI§+ I3
. 1 dqg . e —|Ts 2 lsq Isq 2 re |
o=@ =) (16) g 0 n) (20)
m _ I’r|m I @
* d
o [, m, ) 1z
sq | 1 The solution of optimization problem can easily whthat
Pl @
. optimal flux depends only of differential flux futhian
_ |m Isq (Abrahamsen, F., Blabjer, F., J.K. Pederson, J197);
e (18) Bazzi, AM., Krein, P.T. (2009); Grouni, S., Ibtiew, R.,
roe Kidouche and M., Touhami O. (2010)). The objective

3. POWER LOSSES ANALYSIS IN CONTROLLED function of optimization is given by solving:
VECTOR INDUCTION MACHINE
T

Power losses in controlled vector induction machineges, J :j (M2 (), @ @), dg )dt, OT0,T] (21)
including electrical, magnetically losses and medate ° dt
losses may be computed and founded_ (Bernal, Fé?radz_e\, The optimum flux function is given by:
A.G., Faure, R. (2000)). The expression of elecagnetic
total power expressed in the rotatifgd, q) reference frame @ =f(m,) (22)

is quoted in many previously published papers (BerA.F.,
Cerrada et al. (2000); Leidhold, R., Garcia, G.Jla/aM.1.
(2002)) and can be given by:

Pe:d{isdd'wﬂ d'sq]—l[d“*dwd% %]

Optimum operation point, corresponding to minimwssl is
obtained by differentiating (22):

@™ = By|my| (23)

dt  *tdt) I dt dt where
o ), | : : (19)
+rs(|32d + ng)_rr (Irzd + |r2q)+|ﬂ L(‘(qordlsq - qorqlsd) I 2|" +r I 2 %
r B= Lﬂg (24)
ro+r
_2r|r|m (irqisq+irdisd) ( ) C)p
r The optimal control is then found to be:

The total electrical power loss is written as:
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r d(aopt 1 decoupling flux and electromagnetic torque; q dkix is
u, ==t —’+—(ar°pt (25) maintained null and d-axis flux is constant. Theep and
|m dt T, torque responses are presented in both transiehsiady

_ o state. The variation curves of power loss have shaw
To validate the proposed optimization control, somgeduced copper loss.

numerical results of simulation are shown:

In Fig.1, the behavior of the drive is shown untitav load The importance of our control is that we took immcount

and speed conditions. It shows numerical resultdiéll  core loss during optimization process. In the stestdte, this
oriented control of respectively the nominal andimpm gpproach method gives a good performance and the
fluxes operating in both transient and steady stte speed implementation becomes more effective. The corspari
and torque follows their references. The graph showetween loss optimization in Fig.1 and Fig.2 shae

successfully flux decoupling. Imposing an optimufoxf improved response with iron and core losses passiet
reference we have obtained an improvement conts$ | yariations.

optimization and have plotted the circular locusflakes.

The stator current waveform has shown a fast nise t 35| gss optimization modeling functid@d — f(isq’w)
response.

Loss optimization is presented by introducing thechanical
3.1 Loss optimization modeling functidg, = f (i) phenomena (Kioskeridis, I., Margaris, N. (1996)vil.et.

(1995); Ren, J.Q., li., Y.H., Xu, W., Wang, K. (&)}
The loss optimization is given by using the objezfiunction  Copper and iron losses are:
linking two components of stator current for a cepposs

minimization. The expression of power losses isegiby AP = (.2 .2) rr. ., Iria)2 o o8
(Grouni, S., Ibtiouen, R., Kidouche, M., Touhami,(@010): vEsNsa Tlgg)* r+r lsq = r+r lsa (28)
r Cc r Cc
o dig . diSq [, ) The expression of stator current that gives theérmim loss
AR =d i at *lg at - o Drglsq at the steady state is given by:
r

r (26)
rsrr + rSrC + rrrc

|2 . .
+|r +—™M i2 +i2 |, = | (29)
( s | T J( sd sq) sd \/Iéwz _rs(rr +rc) sq

rer

In steady state, the stator current expressionratmam

power loss is The simulation results in Fig.3 show a fast timaxds
Wi is:

response. The analysis of dynamic speed responsteady

N state follows perfectly the reference speed butsfieed rise
i =14 I i @27) time became slow because of the physical mechanical
sd rlr sq friction. It shows a good response of stator currévie can
st also be noticed that even by including the mectafiiction
2 Qe e P ) were still reduce losses.
[E e —— 40 1 Q. e
100 20 j 00 — s @0 mM(N.m)
i o |t 153 ”
% 08 1 5 2 0y 08 1 15 2 1M 0
Faz (wh), By (wh) &, (wh)
2 1 a0 1 [u]
0.5 l tig) (s
! DD 05 1 14 2 -Z\DD o n0'5 1 1.5 2
0 1 1d3q(wb) mdﬁr &' (wh)
o 05 1 0
y (3 y By (wh) o8 | il _— — — —-
o [1E:] 1 14 2 13 o h-{l.ﬁ o 0.4 1 -
L (&) 'y, By () /\/_,_/; as
20 1 — 0 ]
10 "/f ( ) "
e t(s t ()
—_ -0.8 05
o 05 {// ?m(A) ns 15 2 IE-I‘M°,P?£“(p.u)1 15 2
o
" 7 b ® : _
-20 3 o —_ s
] 05 1 15 2 o 05 1 15 B 10 1 /,/
a a5
Fig.2. Simulation results of nominal and optimunmtoro flux 10‘\J\mwmmmm }fﬂ
variation control ’ (o) L
In Fig.2, numerical results are presented underd loa o os 1 15 = %8s 1 18 2

application 5 N.m with optimum flux. In order, t@rmfirm
the proposed control, we are tak_mg into accoumadins of mechanical phenomena and considering iron loss
motor parameters. The adaptation on line of roésistance The parameters F.and F. changes with temperature and
is applied which reflects the losses in drives apen. The P R Ts r 9 P

control of flux is successfully obtained betweene ththe implementation are effective for load control.

Fig.3. Simulated results of speed and torque cbritrduding
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The proposed system control drives will be validatey Trbon '
using experiments set-up. o
5 EXPERIMENTAL RESULTS :
f

The proposed drive set-up is implemented with a KMb |
induction machine. It has been used to clarify phactical

operation and performance of the optimization aantr
However, to validate the control of power lossessteady

state, the measured tests are obtained with a 5eXternal

load. L R T W Iatms A tie LW
Fig.4 shows the measured responses of speed agdetor

control under 5 N.m variation load. The responsespded Fig.4. Experimental responses of speed and eleafgnatic torque

changes from zero to :_L225 rpm_at .the time 0.2 Bho.a.gh control. Scale: Time t(s) 0.2 s/div. Speed (rpm{ B0m/div
the parameters are varied to a significant extéetfransient and Torque (N.m) 5 N.m/div

responses remain much closed together. The propiraes
system therefore has a good robustness. The mdasugeie
response behavior in transient and steady stateneegs
obtained. In Fig.5, the measured response of pataker loss
minimization is obtained at optimum flux controlriaion in
steady state conditions. This response presesasisiactory

of control variation. In Fig.6, the measured reg@oof total
power losses is obtained at rotor flux control &aon.

The experimental results obtained demonstrate ad goo
dynamic of the drive for both transient and stestdye.

Again, the comparison of these responses presemte).5 “
and Fig.6 of total power loss optimization are iowwd for e g
|OW |Oad. i F 1 T U W T.00% A& Ll # Goov
4. CONCLUSION Fig.5. Experimental steady state response of lpsisnization with

optimum rotor flux control. Scale: Time t(s) 1s/diad power

We have presented in this paper a new loss optiiniza loss S00W/div

method in controlled vector induction machine wifitimum
rotor flux control taking into account parametessiation. It
has been implemented in practical real time. Theshod has
successfully demonstrated the control drive withiropm
rotor flux control using only the stator currentsjtages and
velocity measurements. Experimental and simulatesults
are presented. It is noted that the proposed methbbigves a
good performance and minimizes the total power logs |
induction machine drives. SRt e R Ok e g
To get in depth in this area, one can analyze puwiskh L o
modulation PWM signals quantification and optimize
efficiency.

Tl Ranp

§ i
T S ——————

Wi 1AW Moo e A& Lh1 F OO0V

Fig.6. Experimental steady state response of lpsisnization with
APPENDIX rotor flux control. Scale: Time t(s) 1s/div and power loss

The induction machine used for test is 380/220¢eakphase, 500W/div
50 Hz, 1.5 kW, 3.64A(Y) 6.314), four-pole, 1420 r/min,
motor with the following parameters in the per ghateady
state equivalent circuit:

r< 4.89), r,= 3.80%82, I= 274 mH, = 274 mH, = 258 mH,
J=0.031 kg.rh k= 0.008 Nm.s/rd.
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