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Abstract

The work deals with a wound rotor induction machaperating as a generator. A wind or
water turbine is normally mounted to its shaft. Theor winding is fed by a voltage source
inverter while the stator winding is connectedhe electric grid. Optimal operating points of
the system consisting of an induction generatonanidige source inverter are evaluated by a
stochastic search algorithm called differentialletion. The optimization objective is to find
operating points with the best efficiency of theteyn as a function of the shaft speeds and
delivered mechanical power. In order to perform dpéimization a magnetically nonlinear
two-axis induction machine model oriented with thagnetizing current vector is applied.
The same mathematical model of induction machirg the same optimization method is
used for determining the optimal operating poinfstte same machine operating as an
induction motor. The proposed method is approptiatee applied in the systems, where the
same induction machine feed by the voltage soumeerier is applied as a generator and also
as a motor. The magnetic nonlinear behaviour ofdieeussed induction machine, operating
as a generator and as a motor, is accounted fothéycurrent dependent flux linkage
characteristic. Voltage and current limits of thduction machine and voltage source inverter
are used as optimization bounds. The optimizatomearformed in the program package
Matlab.

Keywords: Induction machine, generator, Nonlinear wo-axis model, Optimization,
Differential evolution.
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Rs andR; are the stator and rotor resistanédg ¢4,
Wy, Yqare the stator and rotor flux linkages in the
Determining the optimal operating points of arand g-axes, while®, and ©, are the speeds of the

induction motor is a very frequent method, used alliation of stator d-B) and rotor y-3) reference

around the world. Another method, which is muchymes [1,2] with respect to thieq reference frame.
more unknown, deals with determination of optimal

operating points of induction generators. When wéhe relations among stator and rotor currents irdthe
have to deal with an induction machine feed by and g-axes, that are appear in Eq. (1) describing
voltage source inverter, it is useful andvoltage balances and magnetizing currents indthe
recommendable to operate in an optimal operatir@ldo—axesy andiyg are given by (2).
point in both regimes of the machine: motor regime L .

i lma =lsg +lg
and generator regime. )

1 Introduction

. . . . i =i +i
This work focuses on determining optimal operating 'mq = lsq g
points of an induction generator. In order to peTO The norm of magnetizing curreitis defined by (3).
the optimization an appropriate machine model and a
appropriate optimization tool are needed. In thisky i2=i2, +i2 (3)
a stochastic search algorithm called differential m
evolution is applied to perform optimization, whitee  Stator end rotor flux linkages, which are used1ij (
induction machine is represented by its two-axigre given by (4):
magnetically nonlinear model. For the same inductio

machine, operating as a motor and represented with Ve =Wt Lodg = Lijing * Lol
the_ same ma;hemat_lcal model, determmmg .of .the Wey =Wt Lodg = Lying + Losig
optimal operating points with the same optimization . . . (4)
method is performed. In this case the wound rotor Wg =Wn+ Loy = Lyl + Lol
induction motor operates with short circuited rotor Wiq =W * Lorirg = Liimg + Loring

windings. The results of determined optimal opetatin
points of an induction machine operating as @here ¥, is the flux linkage due to the main flui,
generator and as a motor are presented in this.work g the magnetizing inductance [3] whilg; andL,, are
the stator and rotor leakage inductances. The
magnetizing inductanceL,, is link between the

2 Induction machine model magnetizing currenit, and the flux linkage#,.
In the case of determining the optimal operatininipo By using (2) in (4) expressions (5) can be obtained
of an induction motor a magnetically nonlinear two— =L L

. . . . . wsd mlmd aslsd
axis induction machine model oriented with the roto o .
flux linkages vector is very often applied [1,2,354 wsq - I-m'mq + LUS'Sq 5
This orientation is not suitable to be used in tloeleh Wy =Ly + L)y =L, iy ()
of wound rotor induction machine operating as a oo e o
generator. Therefore, the two—axis induction maghin Y = (L + Lar)lmq — Ll
model oriented with the magnetizing current is . . S
applied. In the steady state operation all time derivatioés

flux linkages in (1) equal zero. When in such
A magnetically nonlinear two—axis induction machineonditions flux linkages in (1) are replaced by the
model is given by (1) describing voltage balanges iright hand side expressions in (5), equation (6) is
the stator and rotor winding in tlde andg—axes of an obtained.

arbitrary rotating reference frandeq: . )

Ug =Rig = Osl,slg = Oslil

. d : s
Ug S1aR+— e ~ Ol Ug = Rig +OLuel g + Oclinl g

Uy =-Rig +OrLar|sq +Ring — O, (Ly + Lor )l g
y | Q) U,a=0,L,lg ~Rig+0,(Ly+L, )l +Rin
Ug =igR "'awrd ~O Y ©)

. q _ In the next step the—axis can be aligned vyith the
Ug =igR +aqu +O,¢,4 magnetizing current vector which leads to (7):

I, =1
Imq

. d :
usq = Iqus +a‘/lsq + Os‘//sd

& @)

WhereUg, Us, Urg, Urq aNdigy, isq iras Irq are the stator
and rotor voltages and currents in theandg—axes,
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and voltage equation (6) can be simplified to (8). this way no separate probability distribution hadé
used which makes the scheme completely self-

Ug | _olla|, o |0 : Iy organizing [6,7].
PRI

> > 5 Determining the optimal operating

|:Urd } =R {'m} -R {'w}, O, (L + Ly, ){ 0 } + points of an induction generator by
U 0 I I differential evolution

generator connected to the electric grid. A sowfce
power in the form of wind or water turbine is notipa
8 mounted to generator shaft. The rotor winding of
(8) : ;
_ . . generator is fed by the second source of powehen t
The electromagnetic torqu& can be in this case form of a voltage source inverter while its stator
expressed by (9). winding is connected to the electric grid.

T=pL.l.1 9 WOUND ROTOR
e~ Pplmlimlg ©) INDUCTION GENERATOR

{—Iw} Fig. 2 schematically shows a wound rotor induction
s

The two-axis model of a wound rotor induction
machine given by (8) and (9) is suitable to be Used
determining optimal operating points by the TURBINE
differential evolution in the generator and motol
regime.

VOLTAGE SOURCE
INVERTER

3 Magnetically nonlinear characteristic
Fig. 2 Induction generator on the grid

In order to achieve better agreement between the
measured and calculated results, the magneticaptimal operating points of the induction generator
nonlinear induction machine characteristig}(I,) are determined by the differential evolution as a
shown in Fig 1 can be accounted for in the modgl (8function of mechanical power and rotor speed, which

(9) by the magnetizing inductantg= %/l m. are given in several points. In each operatin_gtpthiem
o) currents Iy and Ig; have to be determined by

£ T ‘ 1 T ‘ T

differential evolution considering voltage and emtr
limits of the voltage source inverter and motor. The
: : goal of optimization is to determine currehfsandlg,
--------- that assure the best efficiency, which is defingd b

--------- o] (10)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, P P
T T e e e S M generator = Stafor — S (10)
,,,,,,,,,,, Prsert  Frec ¥R
7 wherePs is generated electric power on the stator (11),

i [A]

: . . I P, is electri wer deliver he rotor from th
Fig. 1 Magnetically nonlinear characteristic ¢ Is electric power delivered to the rotor from the

voltage source inverter (12) whild, is the
mechanical power delivered to the generator shaft.
4 Differential evolution R=Uala FUqlg (1)
Differential evolution is a method for mathematical B =Uyglg TUglg (12)
optimization of multidimensional functions and

belongs to the class of Evolution strategy optinsizer The schematic course of optimization for generator
Differential evolution finds the global minimum af Operating regime is presented on Fig.3.
multidimensional, multimodal (i.e. exhibiting morerp. ontimization was performed for a four pole, éhre
than one minimum) function (mathematics) with g00)hase |aboratory induction machine with the data
probability. P=3kW, U=380V, U,=85.5/, I=7.5A, 1,=23A,
The crucial idea behind differential evolution is aR~=1.97&2, R=2.91Q, L~2.338H, L,=2.33H,
scheme for generating trial parameter vector$.=0.223, T,=15Nmandn,=1328nin™.

Differential evolution adds the weighted difference

between two population vectors to a third vectar. |
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For known variable®,,. @ U, a&q
1) Currents, ard, have to be
determined by differential evolution!

2.) Uy =Rlg —O.Llg

U
3.) Ug =4UZ-UZ

U
4.) wm:Usq_Rslsc!_esLaslsd

es

U
5) I, (fromW¥_ () characteristic)

U
6. L, =‘f’—m

U
7) er = egrid - es

8) Urder(Im_Isd)_erLarlsq
9) U,q==RlIg+0, ((Ly+ Ly ) ln+ Ly lg)
(Equations for considering voltage andrent limits

of machine and voltage source inverter!)

U
RER 7 T Re
(\Values for optimization)!
U
11.) Obijective function values —
(IF
number of iterations < max.number of iterations
THEN
returntostep 1
ELSE
end of optimization)

10.)

max

Fig. 3 Schematic course of optimization for germrat

regime working

6 Determining the optimal
points of an induction
differential evolution

operating

motor by
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are determined by the differential evolution as a
function of mechanical torquel ) and rotor speed
(n), which are given in several points. In the steady
state operation of the motor the mechanical toaqnee
electric torque are equal. The mechanical load is
normally mounted to the motor shaft. The stator
winding of the motor is fed by a voltage source
inverter while the rotor windings are short cireuwit
(Fig. 4). In each operating point the curreigisandlg,
have to be determined by differential evolution
considering voltage and current limits of the vgéa
source inverter and motor. The goal of optimizai®n
to determine currentby and |y that assure the best
efficiency. Efficiency of the motor is defined bi3).

WOUND ROTOR
INDUCTION MOTOR

MECHANICAL
LOAD

ELECTRIC
GRID
VOLTAGE SOURCE
INVERTER

(ROTOR WINDING
ARE CONECTED TOGETHER)

Fig. 4 Induction motor on the grid
P

Mrotor = ?mec

S

(13)

In Eq. (13) isPs the electric power delivered from the
voltage source inverter (11), whil® is the
mechanical power on the motor shaft, defined by the
demanded torqué& and rotor speed (14).

2rm
60

The number of revolutions per minute is denotea.by

P =Tw=T, (14)

The optimization was performed for the laboratory
induction machine, presented in the previous sectio

7 Results

The results of optimization described in the prasio
sections are presented in the next two subsecfidnes.
first subsection presents results for the induction
generator while the second subsection presentiigesu
for the induction motor. The results of optimizatio
for generator are presented as a function of
mechanical power and rotor spedi{,«) while the
results of optimization for motor are presentedaas
function of electric torque and rotor speéd ¢).

7.1 Results for generator

For determining the optimal operating points of thén all operating points given by the rotor speednd
motor the same mathematical model of inductiomechanical power delivered to the generator shaft
machine as for generator is applied. The model B, optimal set of stator currents; and lg is

given by Eq. (8) and Eq. (9). Optimal operatingnt®i
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magnetically nonlinear characteristic of the indwuet at different constants speeds. Fig. 8 shows theesam
machine and current and voltage limits of the maehi characteristics given as function of rotor speed at
and voltage source inverter. The stator terminalifferent constant Py The three—dimensional
voltages are given by the grid and have constaptesentation of induction generator efficiency
amplitude. The currentsy and |, which ensure the characteristic is shown in Fig 9. It is actually
best efficiency are set by the voltage source tever composed from results shown in Fig. 7 and Fig. 8.
that supplies rotor windings.

7 (Prmec)
Fig. 5 show values fol,, Iy and lg for constant " - T
mechanical powerR,=3000W) and different rotor —31#23;3
speeds determined by the optimizatibyis the stator —m Iigﬂi
current vector length, given by (15) — 23;3
— ran/s
—a
— 2 2 rad/s
=12 +12 (15) =
346 rad/s
— 349 radfs
— 352 radfs
— 355 radfs
-
0 , , Isfay, .'Isd(mj, .'sq(‘caj , , 264 1adre
: : 365 radfis
— 371 radfs
— 374 rad/s
| | — 377 rad/s
—5— 380 radfs

0.76 | | | | | I I
2000 2500 3000 3500 4000 4500 5000 5500 BOOO
Prec (W]

Fig. 7 Characteristicg (P ) given for different
constant rotor speeds

I8 (A}, Iset[A], lsq[A]

0.84

1 | 1 1 | 1 1 083
10 310 320 330 340 350 360 370 380
il [racs] 082
Fig. 5 Optimization determindd, | andlg, for 0.81
different rotor speeds &,,,.=3000W « 08
073l
Fig. 6 shows values fo#, | L, andT, for constant FE
mechanical powerR=3000W) and different rotor

speeds determined by the optimization. Ll

310 320 330 340 380 36O 30 380
o [racks]

1.3 T T T

Fig. 8 Characteristicg(c) given for different constant

2 =
= <
5 E Prrec
320 340 360 380 n{Pmec, &)
o [rad/s] o [rad/s]
L T
0.2 7 n?(m) 7 20 T ?(m) T 0.52
T £ nes 0.1
£ ' ' ' o 0a2
- t t i =
: : : o8t 0s
i e 0 : : : & ns]
320 340 360 380 320 340 360 380 it
o [rad/s] o [radis] 07a 073
07s
Fig. 6: Optimization determine#, I, L., andT,, for oz e
different rotor speeds &,,,=3000W 078 |
5000 0.77

5000

4000 3000 320

. . . . Pmec [W] a [racs|
Figs. 7 and 8 show two—dimensional presentations u:

efficiency characteristics for discussed induction Fig. 9 Efficiency characteristig (Pyec, &)
generator. They are given in Fig. 7 as functiofPgf
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Fig. 10 shows the rotor voltage vector length @€y Pr (Pmec, o) —
function of Py and «, while Fig. 11 shows rotor T
current vector length (17) as a function B andu

_ 2 2 S
U, ={Uy +Urq (16) —_———
I,— — “,—2(1 + Irzq (17) § N

T
Rotor wvoltage vector length 300

* gm0

— 3000 Prmec [W]
Ofrad's] 400 2000

Fig. 12 Electric power delivered to the rotor as a
function of Py andw

Fs (Prec, @)

4. s oL

000« e

ks _ : 2500
EDBDDD oo — 400 i JUREE
Pm‘l:SEJI'WJ o Hm rotor speed [racs] S 3000
) ) %3000 R -
Fig. 10 Rotor voltage as a functionRy. andw & I
a0 . [
5000 4500
Ir (Pmec, @) 20 400
. 380
. = 2000
22 "
15 aracls] 1 =
20 | W0 gom 2L Pmec W]
| 17
18 . .
T 16 Fig. 13 Generated electric power on the stator as a
=16 - function of Py andw
14 |
14
2l s 7.2 Results for motor
b o T o W In all operating points given by the rotor speednd
- 330

mechanical torqué .. demanded on the motor shaft,
optimal set of stator currentg andly, is determined
by the optimization considering magnetically
nonlinear characteristic of the induction machine a
current and voltage limits of the machine and \gdta

i , , source inverter. Due to the short circuited rotor
Fig. 12 shows the eIectng power delivered to tbtgrr windings the rotor voltages are equal zero. The
from the voltage source inverter (12) as a functbn renty andlg, which ensure the best efficiency are
Pmec anda while Fig. 13 shows the generated electriget py the voltage source inverter that suppliatost
power on the stator (11) as a functionRyf,. andw windings.

From the results presented, it is obviously cléeatt Fig. 14 shows the stator current vector length @5
for every operating point of the generator (deler function of T, andn, while Fig. 15 shows the stator
mechanical power to the rotor shéfte. and given yoltage vector length (18) as a function of fheand
rotor speeda) there exist such values of inputn, The three—dimensional presentation of induction
parameters Y, , I,), that induction generator is motor efficiency characteristic is shown in Fig 16.

operating with maximal efficiency.
U, =,UZ +U2 (18)

aon o 30 360
Prrec W] 2600 o [radis]

Fig. 11 Rotor current as a function®f. andw
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Fig. 14 Stator current as a functionTefandn
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Fig. 15 Stator voltage as a functionTafandn
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The results obtained for the motor are similarhiose
obtained for the generator. For every operatingntpoi
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8 Conclusion

This work shows that optimization method like
differential evolution can be used as a tool for
determining optimal operating points of an inductio
machine only when an appropriate magnetically
nonlinear machine model is applied. The proposed
method can be applied especially in the systems,
where the same induction machine feed by the veltag
source inverter is applied as a generator andads®
motor [4]. In this case, the same mathematical hode
of induction machine operating as a generator aral a
motor can be used.

In the previous section only one kind of optimirati

is presented — determining operation points of
induction machine with the best efficiency. Witheth
same mathematical model of induction machine and
with the same optimization tool, optimal operating
points of induction machine with respect to theeoth
optimization objectives can be determined: minimal
losses of the system, maximal mechanical or etectri
power, maximal torque, etc.

The future work will be focused on confirmation of

results presented in this work by measurements
performed on the laboratory wound rotor induction
machine.
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of the motor (demanded mechanical torque on tr%‘“-

motor shafflT and demanded rotor speedthere exist
such values of input parametels; (1), that induction

motor is operating with maximal efficiency.
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