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Abstract— Within this present paper, an optimization method Fig. 1 is used for numerical simulation and the related results
for the starting and braking times of the induction cage motor gre presented.
including magnetic saturation is proposed. This method allows
us to start or to brake the motor with a raised electromagnetic [l. INDUCTION MACHINE STATIC MODELING
torque and a limited current so as to enhance the starting or ) ) ) ) o )
braking times. This method uses Lagrange optimization to solve ~ Using the static model of induction machine in equivalent
a constrained problem that is: while keeping the current limited, T diagram [6] - [7]; the different impedances are defined as
get the maximum torque at each time. The principle of this fg|lows:

method is presented and the possibility to regulate the speed is ,, _ \/ﬁ : .
also proposed. At last, simulation results justify the fidelity of Zs = /R + (A.X,)*: stator impedance module;

this method. Z! = \/(Rs/s)? + (A.X])2: rotor impedance module brought
back to the stator.

It is considered that the magnetic losses are proportional to
the frequency, which makes it possible to write:
Zm = A/R2, + X2 magnetizing circuit impedance mod-
I. INTRODUCTION ule.

. - : : . Xs, X!, R,, and X,,,: the parameters of the motor.
N the field of driving at variable speed, the induction motay,*’ “" 7’ =™ m i
I (IM) is usually used, for its robustness and it’s relativel)/]hey are calculated for the rated frequenty,,. The mag

; : etic circuit saturation is function of the electro motion force,
low cost. But this motor has a problem at starting because tihg X0 = (1)
electromagnetic torque developed by the machine is relativel'lx v
weak compared to the called current [1] - [3].

Various modes of starting of IM were applied for variou

applications, that is to say by improving the electromagnet

Index Terms—Constrained Optimization, Induction Motor,
Saturation, Speed Regulation, Starting and Braking Times.

e multiplying factorA, with witch one varies the frequency
, compared to the,,.,,, is defined as followA = f/ f.om.
he equivalent impedance using T diagraiy), is defined by:

. - . =Z.+Z,.
torque with the detriment of an important current or th C}?h £+ 2
reverse. ' Zy-Zy,
The present paper is dedicated to the elaboration of an Z,= Z+ 7,

original technique to optimize properties of electromechani(‘..'fll1e e.m.fis defined by stator frequency, as follodis:= AF
devices and controlled systems taking in consideration forThe' ekpression of the electromagnet'ic torque: ' 1'

multiple requirements and restraining conditions. In particular,

we have designed a new method to minimize availability P, m.p_];?,%} m,p,EQ,%
time interval of induction motors at accelerated amplitude- °T 0, 2nf  2mfze @)
( T 7. f. 2

frequency start or brake and a given set of current Iimitatio%ith m: the number of phases; the pole-pairs number and

including magnetic saturation. the synchronous angular speetl; — 2=
In this paper, we present firstly, the static model of induction y g P or

motor including saturation of the iron curve; then we expose
the principle of the optimization method of the time start- Grid
ing/time braking based on the Lagrange optimization [1]. Sec-

ondly, the dynamic model of induction motor is presented as

well as the experimental measures to determine the magnetic
characteristic. Thirdly, we propose the cascade two-rectifier- AC/IAC |= Numerical
three levels NPC PWM inverter [4] - [5]. The references values Converter r 5 calculator
of frequency and ratio voltage of this converter are calculated
using our optimization method. Finally, the system shown in L]
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Il. STARTING OR BRAKING CURRENT LIMITATION WITH The resolution of the system of the equations (9)-(11) gives
TAKING INTO ACCOUNT SATURATION us four solutions, two real roots and two combined roots. The
A. Principle of the Method only roots to be considered are the real ones. The positive root
as solution during starting and the negative root as solution
uring braking. Those roots, solution of this system for each
(8] equency f value, are:E; ,,: and two values of the slip
’ optimal s,,¢, the positive value for starting and the negative
Fy =T, +M(I? = 12,) 4+ Xa(X,n —p(Ey))  (2) value for braking.
The optimal angular speed is defined as follows:

By applying the Lagrange method to solve our problem
there will be the function to optimize and two constraints [1

With T, = f(s, E1, X,,,): electromagnetic torque;

Gl(sa E17X7n) (12 - Ilzzm) - (@) - Iﬁm = 0 and Q’hopt — 27TfnomA(1 _ Sopt) (12)
Ga(E1, X)) = X,n — (Ey) = 0: two constraints; P
A1, Ao: Lagrange multipliers. o The optimum slips, at the beginning and the finishing

For each value of the frequency, one seeks to optimize the of the starting @, opr = 0 and Q. opr = Qy_pom), are:
electromagnetic torque with keeping statoric current close to  sopt = 1 andsept = Spom.-
the limiting currentrl;;,,. Moreover, the motor saturation is « The optimum slips, at the beginning and the finishing

included. of the braking @, opt = @y nom and Q, o, = 0), are:
For the first condition, the limit currenf(,,,) is defined as Sopt = —Snom andsep; = 1.
follows: Ij;, = k.I,0m (k is @ multiplying factor). The optimal starting or braking times is defined as follows:
For the second condition, saturation of the magnetic circuit Qoo 7
is added. The reactanck,, is a polynomial function of the topt = / Ay opt (13)
e.m.fE;: J0 Teopt =Ty
= ; WhereJ total inertia;
Xm = Za’El ©) T, = Q. _opi: torque resist.

r.ngm

For various values of the multiplying factés, the solution

With a, n: coefficients and degree of the polynomial. of the problem is given iTABLE |.
B. Application of the Method to Limit the Starting or Braking IV. EXPERIMENTAL MEASURES
Current The experimental results have been performed in motor

By applying the Lagrange algorithm for our problem, thérives at no load, in order to determine the evolution of the
system of five equations and five variables is obtained for ea@tagnetizing current with respects to the applied voltage per

frequencyf = Constant, as follows: phase and adjusted the synchronism speed value to take the
slip value null is to equivalent current rotor must be null,
dT, d the induction motor is entrained by the synchronous motor

(Xm —@(E1)) =0 (4) with same pole pairs. Then, from these data and the used the

d
+ M (I = i) + Ao
static equivalent model of the motor drives, one can establish

ds

dTe A d = ]fim)Jr)\Qi(Xm —(E1)) =0 (5) the evolution of the e.m.f; per phase and magnetizing
dE, dE, dE, impedanceX,, in function of magnetizing current,,. The
dT, d d obtained curves are drawn in Fig. 2.
A 212 )+ o (Xpm—p(E1) =0 (6
dX»m + 1dX7n( S lzm)+ QdX»rn( SD( 1)) ( )
=15, =0 Xp—@(E)=0 (7) TABLE
THE OBTAINED RESULT WITH OPTIMIZATION
Arranged the system (4)-(7), we obtained another system (9)-
(11) of three equations and three variables, with: OPTIMAL VALUE DEFERENT VALUE
OF MULTIPLYING FACTOR k
n 0.75 1.0 2.0
X! = Z B (8) Reactance of the | 2239 X A | 204X A | 1695 x A
3E1 im1 magnetizing circuit
AXm_opt ()
, , Slip sopt +0.014/A | £0.019/A | £0.038/A
5 o [—(B2)t 4 (R2, + X2, +2X,,X!)(Hz)2 Em.f 2AT2x A | 2577 X A | 2685 x A
(Rm + Xm) As X/2(R2 (W)l(/ + X )27‘) As Eopt — AELopt(V)
m T m Magnetizing current 11.04 12.58 15.84
R, X ()2 4 2R, X (B I (A)
+E1an((A*)2 - X7?) { )?,(1)4(?2) +R2Rm )?,‘gg‘s) =0 (9)[ Rotor currentl’(A) 17.93 24.99 5211
§ + T( m T Ay + X Am Rotor current frequency 0.71 0.95 1.94
AE1 i fﬂopt(HZ)
(=22 12, =0 (10) Ratio Eopt / fopt (V/HZ) 4.94 5.15 5.37
Zy Electromagnetic torque +42.48 +61.23 +134.54
Teiopt(N.m)
i Time startingtop: (s) 35.50 10.50 2.75
~Y aE{=0 (11) Time brakingtape (s) 175 3.63 .90




A. Rectifier Model

A switching functionG;; is defined for each power switch
N e ] (Fig. 4). It represents the ideal commutation orders and takes
SR o6 iU S LB ] the values 1 when the switch is closed (on) and 0 when it is
- “xh_;? _____ __________ opened (off):
P [ 1 Gy isclosed
20 20 40 Gij = { 0 G isopened (16)

Ls)
i €{1,2,3} n° of the leg;
Fig. 2. E.m.fE; and X,, function to magnetizing current,, . j € {1,2} n° of the switch in the leg.
As ideal power switches are considered, the switches of a
same leg are in complementary states:
V. DYNAMIC MODEL OF THEINDUCTION MOTOR G+ Gip = 1, Vi € {1,2,3) 17)
In Park frame associated to the stator, the dynamic modelror poth three-phase converters, modulation functions can
of the IM taking into account the saturation is given by [1]ye gefined from the switching functions:
[9] and [10]: c
11

m 1 0 -1
m:{ 13] _ {0 X _J. o (18)
Vds R.s _wr'gs 0 _W'V'Lm 1lds ma3 G31
Vgs | |wil R wrLm 0 las | 4
| =R - tdo e relation between the rectifier output-input voltages an
0 R 0 R 0 ; The relation between th tif tput-input voltag d
0 0  —R. 0 R, iqo currents is defined as below:
(14)
Y] 0 L + L/ i%ﬁ Ll 140%q0 di ,VN@tl :thc (19)
s m ™ i moie :icis lrect = M INet1
0 4 Li, 0% Lm + Ly, "2 digs
] m i m m g, dt
0. 0 4+ L,+ L;nfi—“ L;, “40%a0 37% B. Modeling and Control of Three-Level NPC Source Voltage
0 0, L idqiqo b+ Ly + L 7?170 d{io Inverter
’ ’ Fig. 5 describes a three-level inverter structure.
With: w, = pQ,;
Ly = ¢(io) = 35— bjid; i 7
d m L ; — . ((J—1 recl
Ly =t = L g(ip) = 37, jbyis Y. S

io = /i3, + 12, current magnetizing module;

R, R, stator and rotor resistor;

by = X/ (27 friom) @and ¥, = X /(27 from): leakage induc-

tances;

L., = X,/ (27 from): inductance of magnetizing circuit.
The expression of the electromagnetic torque:
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Fig. 4. Rectifier converter with ideals switches.

Te = ime(Zdqus - Zqolds) (15)

VI. CONVERTERMODELING

The AC/AC converter (Fig. 1) consists of the cascade |
two levels rectifier and three levels NPC PWM inverter (Fic
3).

i 1,

rect

- g

Rectifier Inverter N

Fig. 3. Cascade two level rectifier-three level NPC PWM inverter. Fig. 5. The simple output voltage of the first arm, far=9, » = 0.8.



The simple output voltages are:

al 2 -1 -1 Fb Fb,
V| = -1 2 <1l Q| - (F | b (20) a
Vo -1 -1 2 FY Fb,

F},: connection functions of the upper half arm;
F?,: connection functions of the lower half arm;
Where:k = 1,2, 3.

. . . . . Fig. 7. The fundamental and the harmonics magnitude accordirfgr
C. Triangulo-Sinusoidal Strategy using Two Carriers m =0,

To use the characteristic that a three-level VSI is equivalent

to two two-level VSI [4], [5]; and improve the spectrum

characteristic of the inverter output, we propose to use twe ideal converter, in the first step. The stator current using

bipolar carriers Up1, Upo) shifted each one from the otherstatic/dynamic model of the IM and the related expended plot

by half carrier periodl},. The algorithm of this strategy canare shown in Figs. 9 and 10. On the other hand, Fig. 11 gives

be summarized in two steps: the optimal electromagnetic torque and the resist torque. Fig.

Stepl determination of the intermediate signalé.{, Vo) 12, in turn, shows the variation of the angular speed. Note
that the different results using dynamic and static models of

{ Veepk 2 Upt = Vin = E/2 IM are almost the same.
Vrefk < Up1 = Vi1 =0

In the second step, the cascade of rectifier-inverter is intro-
and: _ duced. The references values, Fig. 13, (frequency and voltage
Vres 2 Upo = Vio =0 tion) of th t btained by using th d

Vieon < Ung = Vio = —E/2 ration) of the converter are obtained by using the propose

. _f P _ optimization algorithm. In this part, the possibility of speed
Step2 determination of the signdly, and the switch control regulation is devoted. The stator current and voltage and the

order By, related expended plot are show in Figs. 14, 15 and 16. Fig.
Vie=E/2= By =1, Bi=1 17 shows the optimal electromagnetic torque and the resist
Vie=—FE/2= By =0, By =0 torque. The angular speed of the IM is plotted in Fig. 18. Fig.
Vie=0= By =1, Bpa=0 19, in turn, shows the active and reactive powers.

Where: For a possible confrontation of the results, the direct starting

of the IM is operated without optimization. Fig. 20 shows the

Viz = Vi1 + Vo stator current and the angular speed. The electromagnetic and
Biz = B2 and k=1,23. the resist torque are plotted in Fig. 21.
Bra = Bra

Fig. 6 shows the simple output voltage of the first arm, for
m = 9.

Fig. 7 shows the variations of the amplitude of the fun-
damental and the harmonics magnitude of the simple output
voltage of a phase according to the modulation faetofor
m = 9.

VIl. RESULTS ANDINTERPRETATION

. ! i
In the first step, the AC/AC converter is supposed ideal. o 2 4

Fig. 8 shows the variation off,,, and V,,, according to

time. These variations are obtained by using the proposed

S . . . . Fig. 8. Optimal frequency and voltage of stator.
optimization algorithm. The IM is connected to the grid via 9 P quency g
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Fig. 6. The simple output voltage of the first arm, far= 9, r = 0.8. Fig. 9. Stator current.
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Fig. 11. Optimal electromagnetic and resist torque: 1- using static model; .
2- using dynamic model. Fig. 15. Zoom of optimal voltage and current of stator.
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Fig. 12. Optimal rotor speed: 1- using static model; 2- using dynamic modeglig. 16. Zoom of optimal voltage and current of stator.
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Fig. 13. Optimal reference frequency and voltage for the converter. Fig. 17. Optimal electromagnetic torque and resist torque.
VIII. CONCLUSION remain constants during starting;

The optimization method exposed in this work, for starting * the ratio o,/ fo,: is constant, therefore flux is constant;

or braking of an induction cage motor including magnetic * the ratioVo,:/ fo,: not constant for those lows values of
saturation has the following advantages: frequency because the voltage drops to the stator.

« reduction of the starting or braking times;

. the machine starts or brakes with a high electromagnetic IX. MACHINE PARAMETERS

torque; e Nominal voltage:V,,,,, = 220V;
« the call of the stator current is limited and constant then ¢ Nominal current:l .., = 294,
the losses can be reduced; e Electromagnetic torquefy ., = 51.6N.m;

« the frequency and the amplitude of the rotoric currents e Stator resistorR, = 0.402(;
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Fig. 18. Optimal rotor speed.
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Fig. 19. Stator active and reactive powers.
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Fig. 20. Rotor speed and stator current.
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Fig. 21. Electromagnetic torque and resist torque.

e Rotor resistance brought back to the stafr:= 0.196;

e Stator reactanceX, = 0.725¢;

e Rotor reactance brought back to the stat®f: = 1.02;

e Magnetizing resistance?,, = 1.5¢2;
e Nominal slip: s,, = 2.6%;

e Number of phasesn = 3;

e Number of pole pairsp = 1;

e Total inertia: J = 1kg.m?;

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9

—

(10]

Note: The values of the various parameters are given to the

rated frequency 050H z.
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