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Stabilisation of Double Excited Induction Machine
Osed in WECS in Two Modes of Operation
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ABSTRACT .

The stability of the DEIM used in WECS in two modes of operation
is completely investigated. In the first mode a veltage fed inverter
is proposed in the rotor circuit, while a current fed inverter is
proposed in the second mode. To maintain the DEIM stable from S=-1tol.
A control strategy is proposed by varying the magnitude and phase angle
of the applied rotor voltage. Also the effect of some machine parameters
on the DEIM stability is investigated.

INTRODUCTION

The double excited induction machine (DEIM) is an induction mach-
ine fed from the stator with voltage at power frequency, and from the
rotor with veltage at slip frequency. It is characterised by higher
torque capability at smaller frame size and within wide range of opera-
ting speeds. It was proved in a previous research [1] that by adjusting
the rotor veltage magnitude and phase angle, the DEIM could operate as
a generator at subsynchromous speeds. These characteristics renders the
DEIM attractive for use in wind energy conversion schemes (WECS). How~
ever, the: drawback of such machine is its inherent instability due to
the presence of negative damping torque. Previous work [2] showed that
using a constant-curreat source inverter ian the rotor circuit renders
the DEIM stable within slip range from §=-1. to S=+|. However the time
response showed.that on the application-of a step-load torque, the
oscillation decayed slowly since only rhe mechanical damping of the
motor acts on the system. They propeosed a current controller to assure
stable operation and accelerate the decay of oscillation.

Srabilising the DEIM with voltage source inverter in the rotor
civcuit was tried before [3,4] by changing the machine parameters,
however this method was not effective for wide speed ranges. Stabilis~
ing the DEIM using a linear speed feedback system was suggested by Ohi

{51 which is doubtfull since the negative damping torque is mot a linear
function of speed.
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In this paper the dynamic behaviour of the DEIM in two modes of opera- \\
tion, with voltage source inverter (VSI) and then with current source inver-
ter C5I, is complately investigated. In the first mode, the rotor circuit is
connected to a line commutated voltage source inverter which supply the rotor
with voltage at slip frequency. The inverrter could be operated also as a
rectifier if slip energy recovery scheme is to be applied.

In the second mode of operation, the rotor circuit is connected to a
constant current inverter whose current is Fixed to the rated current of the
induction machine. Another value of rotor current is assumed and the stabil-
ity results are compared.

A novel method for stabilising the DEIM with a voltage source iaverter
without changing the machine [:.rameters is also proposed.

DYNAMIC BEHAVIOUR OF DEIM

1. DEIM with voltage source inverter:

a~ Non-linear model

For the synchronously rotating reference frame, d-q, the terminal
relations of the machine are given by:

Vds Rg + LgP ~uy Lg My P “U My l1ds

Vgs Y Ls Rg + LgP g M, Mo P liigs (
Var | © Mo P ~Suy M, Rr +LyP Sy Lp iIgr

Vor Swy M, M, P SWy Ly Rp+LeBl| Igr

ke - ) -t -

The equation of motion for the machine is

J duy Ky
Te = 2 dc T e @y + Ty (2)
and
Te = I.3npMg (Tgg I4r = Igs Igqr) - .
The nonlinear equations (1-3) are solved numerically using Rung—KucN
{4] method. The results revealed the unscable operation of the DEIM on apply- .
ing a step load torque at S=0.3. The rotor speed deviations versus time .,

vhen applying a torque to the machine is shown in Fig. (1).

b- Linearized dynamic model and transfer function:

In order to derive a method to stabilize the DEIM with VSI, the non-
linear state Eqs.(1-3) are linearized by applying the small signal Taylor
expansion around a steady stace operating point represented by a subscripe o.

The linearized equation become:
AVgg = (Rg + LgP) Al4g ~Kg AIqq +MoE Algy - Xg ALgy (4)

AVgg = Xg 8Igg + (Rg +LgP) B8Igg + Xy ALy +MoP 8Ig. (s)
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MoP 8Igg ~Molwg = Wyg) AIgg + (Rp +LcP) algr

Lrlwg -~wng) 8Igr + (Mg Iqgo +Lr Iqra) Mg
Mo (Wg ~thyo) Algg +Mg P 8Igg +Ly(tg Wpe) Algr

(Rp +LcP) AIqr"(Mo Idso *Lr Idro) &ty

1.5 np Mo(Iqso 8I4r + Igro Algs ~ Idso 8Igr ~ Iqro 41ds)

£.53

(6)

(7

(8)
(9

For the synchronously rotating reference frame the voltage components

are given by:

[

Vis

Vas

Vdr

Vqr

vsm

0
. Vem cos (8p +0)
~Veq sin (g +@)

where : 8y is the torque angle.

@ 1is the phase angle between the applied rotor voltage and the sca-
tor reference voltageé.

ssions

Perturba

AVgs
&Vqs
aVar

AVqr

(10)

tion about che operating point resulc in the following expere-

AVom

0

=

2, W = BBy

transf

AT, -

Substicuting: Eq.(1!) inco Eqs. (4=9) and after manipulationm, the

~Vemo 8in(8pq +@)A0p + AV, cos (Bg, + @)

~Vimo cos(Bpq +@)48y - AV sin (&g, + @)

(11

er function, &up/AT[, of the DEIM is obtained. it was found that the
order of characteristic equation of this system is of the 10fR degree. Neg-
lecting the stator resistance, which is practical for large machines where

Rg <<_Lg, the order of transfer function and the characterstic equation will
be Teduced greatly, then

The transfer function is :

np(Cy) P3 + C3 P2 + C3 P)

Mom

Hy P4 + Hy P3 » Hy P2 + H P+,

(12)
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where,

2
C| = (ug - Ly Lg) /L§

C, = ~2Rg C, ' -

C, = R€.+ s? ¢

3 1
B, =C,J
H3 - C2 J + CI Kd
Hy = CyJ + C, Kg = np? My (€, E| - C; D))
H) = Cy Ky~ np? M, (C, E, - Cg D,)
H_ = ap? My (C, Dy - C, Ey)

C, = Igso * M5 Igro/ls

Cc = Iggo + Mp Idro’?s

5
D, = -Ay A,
D, = By Ay + R_ A, —'SAZ Ay
Dy = -SAy B ~ B, R_
E| =4, A
By =By Ay - Ay R - SA; A,
Ey = SA; By = B R_

The characteristic equation is given by :

4 3 2
qu +H3P +H2P +Hlp+ﬂ°.o (13)

The solution of Eq.{13) is obtained using Mewton-Raphson method. The
roots of the characterisctic equation are calculated for che slip range
-18855+1.

The DEIM is known to be unstable within most of its operating range
due to the presence of negative damping torques. To maintain the DEIM
stable within the whole range of slips considered, a control scrategy is
proposed by varying the magnitude Vp and phase angle "@" of the applied .
rotor voltage. The effect of varying Vy and "@" on the scabilicy of che
DEIM at positive slip.is shown in tables I .to III,-where the-stahle points
of operation are shown as small circles.
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Table IIX
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Tables I-III show the effect of rotor voltage magnitude and phase angle on
the stable operating points of DEIM.

From Tables I- 111, it iz deduced that the DEIM with VSI in the rotor
circuit could be stabilized at each slip by applying a voltage of certain
magnitude and phase angle which differs at different values of slip. It is .
also noted that as V increases the range of angles within which the DEIM
operates stably becomes wider except at S=0.!. It is also noted that as
the speed decreases the range of stable operation is shifted by about 10°
vwhile the range itself is constant. Thus it can be concluded that with -
suitable choice of V. and @, scable operation can be obtained.

For scable operation, the variation of active power generated or
consumed as a percentage of rated machine power "P,", with the phase angle
@ for different magnitudes of applied rotor voltages at subsynchronous
speeds is shown in Figs. 1 to 3. From Fig. (2.a) it is noted that at _“\~'-'“\‘
Vp=.05 Vg the machine operates as a motor at all slips. In Fig. {2.b) at
Ve =0.1 Vg, and §>0.15 the machine operates as a stable double excited N“&
induction motor, while for lower slips it operates as a stable double
excited induction generator.

In Fig. (3), at V. =0.2 Vg, and § > 0.2 the machine operates as a
scable double excited induction motor while for § $0.2 it operates as a
stable double excited induction generator as has been shown before [1]
which is reflecting on increasing the efficiency of converting wird energy
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to electrical power. It is also noted that as the speed decreases the power
umed to operate the DEIM stably increases. While at each speed the power

fgsumed decreases as the phase angle of the rotor voltage increases.
For negative slips tables IV to VI show the mode of variation of stable

operating points with V. and §.
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Tables IVto VI show the effect of rotor voltage magnitude and phase angle
or :table operating points of DEIM for negative slips.

It is noted from rables IV to VI that increasing V. has a negligible
effect on the stability range at super-synchronous speeds. Also it can be moted
that for speeds less than 1.5 synchronous speed, the stable range of @ for
each slip is different, while at higher speeds this range is slightly affected.

For stable operation at supersynchronous speeds, the variation of Py with
@ for different magnitudes of V. is shown in Figs. (4-6). It can be noted that:

a) As @ increases the consumed power increases reaching a maximum value and
then falls.

b) As V. increases the power conaumed increases i.e. the machine operacion

is going towards motorimg, 1.e. it is not possible to obtain stable gend
tion with V. > 0.1.

.,

»

EFFECT QOF DEIM_PARAMETERS

The effect of increasing the rotor resistance on P, at sub-and super -
synchronous speeda is deduced from Fig. (7). It can be noted that as the rotor
resistance Ry increases, P, moves towards generating mode, i.e. stable genera-
tion mode can be obtained for Ry > twice the original value.

Fig. (8) gives the variation of the maximum power genrated at different
values of rotor resistance, with the slip. It is noted cthat as R, increases
the DEIM operares as a generator stably at higher speeds. However the maximum
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F

"-"—-‘fcwet generated at a particular slip decreases as Ry increases. Fig.(9). shows
the phase angle @ at which maximum power is generated at each slip. From
Figs.(8) and {9) the value of R; and ¥ for maximum power generaction at each
slip is deduced.

The effect of increasing the rotor reactance X on the active power
consumed or genrated by the DEIM at its stable operating points is shown in
Fig.(10). By comparing this condition with the case at normal machine para~
meters, it.is deduced that the active power consumed decreases as X_ incre-
ases. For instance, it is noted that at S$=-1 as X, increases to 1.25 of its
normal value the consumed power decreases to one half of its value at normal
machine parametars. It is also noted that the DEIM scill operates as a motor
at supersynchronous speeds and that the stability range was not affected by
increasing X;. Thus it is deduced that if rhe DEIM has to be operated as a
variable speed drive, increasing its rotor reactance decreases the active
power coasumption,

2. The DEIM with Current Source Inverter (CSI):

A current source inverter CSI, a d.c. link, and a1 recrified are conne-
cted to the rotor circuit of the DEIM. The firing angle of inverter, is varied
with speed variation to achieve constant rotor current. To study the stabil-
ity of this scheme, the terminal machine equations {[-3} are solved first in
the steady state for two values of constant rocor current, namely 0.75 and
1.0 of rated current. The steady state solution at different rotor current
phase angles is obtained giving the inicial operating points.

The non-linear Eqs.(!-3) are then linearized by applying the small
signal Taylor expansion around che.steady state operating points. The linear-
' ized equationsbecome:
AV4g = (Rg +LgP) Algg ~Xg 8lgg +MgP Algy - % Algr (15}
&Vgs = Xg algg +(Rg +LgP) Algg + Xy Algp +MoP Algy (15)

But since the machien is connected to the infinite bus bar, thus

Weg = Vg = O

//d?constam: current inveter configuration
Igr = Ip cos § {16a)

&
" Igr = Iy sing (16b)
Algr = =I.p sin §5 24 (173}
algr = Ip cos §G 486 (17v)

The electrical torque equation is thus :
ATe = 1.5 np Mg I{(Tago cos 8 -Igge sin 8p) a8+ sin Gy ALy

+ cos §4 8Igg] (18)
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The mechanical torque is given by :

AT, = 4T - (TP%+ Ry P)-ﬁ—g aw —

Rearanging Eqs.{14 to 19} and after manipulation, the transfer function
AW, /8Ty, of the DEIM with CSI is derived as follows:

buy, /ATy = np(A3 P3 + Az P2 + Al Pl/c.ca (20)

where the characteristie Eq. c.c. is:

4 3 2
coe = (AP + (AT + AR P =(Teap? Mo Ey - A, K - JA)P2

3
- (Tpnp? Mo By ~ AR P - (Ip npZ My E ) (z1)

where,
= RZ + X%
s 8

2R L
25 s
3" Ls

= Idso cos 60 -1
p = Cap < I X Xy
CAy + I R, M,
=CA3+IrLSMO

-
¥

sin §
qso o

2
3

M o om G

Solving the c.c. Eq.(2!) shows that the DEIM with CSI is stable with-

in rhe slip range -1$ 5 & 1 at rotor current phase angle § ranging from
180° to 359°. To deduce the difference between the stable operating points
at sub synchronous speeds, the power consumed or generated as a ratio of
the tated machine power "P," is plotted as a function of & in Fig. (11).
It is noted that the DBRIM with CSI operates as a generaror at subsynchronous
speed for phase angles ranging from 280° to 355% and § 3 0.7, which is wider
than in the case of DEIM with VSI and, as the speed decreases the generated
power also decreases.

Fig.{12) shows P, with § at super synchronous speeds. It is noted
that power is generated at & > 270° and as the speed increases the genera-
ted power increases and may reach 1.4 of the machine rared power at S =-1.

CONCLUSIONS
This paper presents a novel method for stabilizing the QEIM in two~‘w.-‘"\‘
modes of operation; and it was found that by properly controlling, the =

magnitude and phase angle of the applied rotor voltage, a stable operation
can be obtained for slip variation between -1, I.

Also the variation of active power generated or coasumed with the
phase angle for different magnitudes of applied rotor voltage was invest—
igacted. It has been shown that the increase of roror voltage V. increases
the stability range, but it also increases the power consumption. So a
proper choice of V. and @ to give lower power consumption and stable
operation can be obtained readily from the tables given in this paper.
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The effect of some important parameters on the DEIM showed that:

~ The DEIM could be operated stably, as generator, at super—and even at
sub~synchronous speeds by varying R..

2- Increasing X, decreases the input power needed to operate the DEIM
stably with negative slip.

List of Symbols
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resistance
self reactance
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mutual inductance
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Prat
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rotor current phase angle in degrees
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voltage

current
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d/dc

rotor angular velocity rad/sec.
supply angular velocity rad/sec.

‘slip

Suffixes
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rotor
d-axis
q-axis
maximum value
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