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Abstract: This paper deal with the control of an isolated doubly-fed induction
generator, driven by a prime mover, whose stator is connected to the stator of
an induction motor with an inertia flywheel. The rotor voltage of the generator is
regulated by a bidirectional converter. The main interest of this configuration is
that it permits a bidirectional power flow between the motor, which may operate
in regenerative mode, and the generator. In a previous paper the authors proposed
a passivity-based controller to regulate the motor mechanical speed and the rotor
flux norm. Since this kind of controllers achieve stabilization via energy—balancing,
regulation of the energy flow in the system can be naturally incorporated. In this
work experimental results are presented. The performances of the proposed scheme
and a classical PI controller are compared. Copyright(© 2005 IFAC.
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1. INTRODUCTION

This paper considers the isolated operation of a
Doubly-Fed Induction Generator (DFIG) driven
by a prime mover, with its stator connected to
a load—which is in this case an Induction Mo-
tor (IM) with a flywheel inertia. Isolated gen-
erating units are economically attractive, hence
increasingly popular, in the new era of deregulated
markets. The possibility of a DFIG supplying an
isolated load has been indicated in Vicatos and
Tagopoulos (1989) and Bogalecka (1993) where

1 The authors would like to thank Enric Fossas and Miguel
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some mention is made of the steady—state control
problem. Mebarki and Lipczynsky (1995) propose
a system in which the rotor is supplied from a bat-
tery via a PWM converter, and show experimental
results from a 200 prototype. A control system
based on regulating the rms voltage of the DFIG
is used, which results in large voltage deviations
and very slow recovery following load changes.
DFIGs have also been studied in Caratozzolo
et al. (2002a,b), where feedback linearization and
sliding mode principles are used for the design
of motor speed controllers, and Peresada et al.
(2003) where a controller based on field-oriented
principles is proposed. In Battle et al. (2004) an
Interconnection and Damping Assignment PBC is



applied to a DFIG with a flywheel latched directly
to the transmission line.

A Standard Passivity-Based Controller (SPBC)
Ortega et al. (1998) was proposed in Becherif et al.
(2003), where some stability analysis and simula-
tions were given. Following the SPBC philosophy
the whole system is decomposed as the feedback
interconnection of passive mechanical and electri-
cal subsystems. The electrical subsystem is con-
trolled by an SPBC that regulates torque and
rotor flux amplitude of the IM, while tracking of
the mechanical rotor speed of the IM is ensured
with a standard PI. As explained in Ortega et al.
(1998) the SPBC is set up building a copy of the
system that achieves asymptotic inversion, hence
particular attention should be paid to the stable
invertibility properties of the system.

In this paper we present the practical implemen-
tation of the SPBC on a 200W prototype of a
DFIG interconnected with an IM which is avail-
able in the Institute of Robotics and Industrial
Informatics of the Polytechnic University of Cat-
alonia. Real time control of the setup is done via
RT-Linux. The experiments have shown that the
SPBC ensures good performance and is robust
with respect to machine parameters variations.
A classical PI controller that regulates the sta-
tor currents was also experimentally tested and
compared with the SPBC.

2. SYSTEM CONFIGURATION AND
MATHEMATICAL MODEL

The configuration of the system considered in
this paper is depicted in Fig. 1. It consists of a
wound rotor DFIG, a squirrel cage IM and an
external mechanical device that can supply or
extract mechanical power. The IM and the DFIG
are connected through their stator windings, while
the rotor voltage of the DFIG is regulated by a
bidirectional converter. The main interest of this
configuration is that it permits a bidirectional
power flow between the motor, which may operate
in regenerative mode, and the generator.
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Fig. 1. System configuration with speed controller.

Fig. 2 shows a power port viewpoint description of
the system. The DFIG is a three—port system with

IFlywheel

Inertia

conjugated power port variables? prime mover
torque and speed, (Tpg,ws), and the rotor and
stator voltages and currents, (v,q, irg), (VsG, isG),
respectively. On the other hand, the IM is a
two—port system with port variables motor load
torque and speed, (77ar,war), and stator voltages
and currents. The DFIG and the IM are coupled
through the stator interconnection:

VsG = UsM (1)
1sG = —lsM
i“vM wm
— + +
Vi LG DFIG Vau =Vs M Tim

ot ‘ + = ‘TLG

Fig. 2. Power port representation of the DFIG
with TM.

To obtain the mathematical model of the overall
system, ideal symmetrical phases with uniform
air-gap and sinusoidally distributed phase wind-
ings are assumed. The permeability of the fully
laminated cores is assumed to be infinite, and
saturation, iron losses, end winding and slot ef-
fects are neglected. Only linear magnetic materi-
als are considered. It is further assumed that all
parameters are constant and known. Under these
assumptions, the voltage balance equations for the
machines are

%.\SG + Rigisqg = vsa
.)\TG + R.girg = vra (2)
).\sM + RsMisM = UsMm

)\’I“M + RrMirM =0

where A\sa, Arg(Asir, Arar) are the two—dimensional
stator and rotor fluxes of the DFIG (IM, resp.),
L, Lrg, Ling (Lsyr, Lieas, Linas) are the stator,
rotor, and mutual inductances of the DFIG (IM,
resp.); Rsq, Rra (Rsy, Rrar) are the stator and
rotor resistances of the DFIG (IM, resp.).

The (power preserving) interconnection (1) in-
duces an order reduction in the system. To elim-
inate the redundant coordinates, preserving the
structure needed for application of SPBC, we de-
fine

)\SGM = )\SG - >\5M

which upon replacement in (2), and after some
simple manipulations, yields:

)\—i—Riz{%]er (3)

2 The qualifier “conjugated power” is used to stress the
fact that the product of the port variables has the units of
power.



where
)\TG irG
A= |Asem |, = |G |,
>\TM LM

the resistance matrix is
R = diag{ Rral2, (Rsq + Rsnm)I2, Rryla }.
To complete the model of the electrical subsystem,

we recall the following relation between the fluxes
and currents

A= L(0)i, (4)

where the inductance matrix takes in this case the
form

Lycls Ly,ce 'nclc 0
L(@) = LmGeJnGBG (LSG + L.SZW)I2 _LmMeJnNIGNI
0 —Lopare”ImM0M Loyl

where ng,nys denote the number of pole pairs,
0c,0n the mechanical rotor positions (with re-
spect to the stator) and, to simplify the notation,
it is introduced:

| ¢ _10-=1| _ 4T
i=lo) o]
Je | cos(z) —sin(z) |, gt
© = [sin(m) cos(z) | (™)
It is recalled that, due to physical considerations,
R>0and L(#) =L"(6) > 0.

A state-space model of the (6-th order) electrical
subsystem is finally obtained replacing (4) in (3)
as

SedtRLO A= [(ue 0
The mechanical dynamics is obtained from New-
ton’s second law and is given by

St Il + B =1 — 71, (7)

where J,, = diag{Jg, Ja} > 0 is the mechanical
inertia matrix, B,, = diag{Bg, Ba} > 0 con-
tains the damping coefficients, 77, = [Trq, 7o) "
are the external torques, that are assumed con-
stant in the sequel. The generated torques are
calculated as usual from

__ [;ﬂ N s )

From (4), this alternative expression is obtained
10 +

= - L(0)i.
T 5 691 (0)i
For later reference we observe that
TM = M /.\;FMJ)\T-M. (9)

R’I"M

Remark 1. It has been shown in Battle et al.
(2004) that the zero dynamics of the DFIG with
respect to the output ¢4 is unstable. On the other
hand, some preliminary calculations (see Becherif
(2004)) of the DFIG coupled to the IM reveal that
the zero dynamics with respect to the outputs 7,.5s
and |\, /| is unstable in a neighborhood of the line

TrM:*aéMp\rML a > 0.

Since SPBC relies on the assumption of stable
invertibility, we will operate the system away from
this region.

Remark 2. An input-output representation of the
electrical subsystem of the DFIG interconnected
to the IM is presented in Fig. 3. It is easy
to show that the mapping (v.¢,TrLg, —TLMm) —

5 N . .
( )(ZTGa —wa,wpr) 18 passive.

3. PROPOSED SPBC

We recall briefly here the SPBC presented in
Becherif et al. (2003). As usual in SPBC of elec-
tromechanical systems it has the nested loop con-
trol configuration depicted in Fig. 3, with Cjy
the inner-loop torque tracking SPBC and C,,; the
outer-loop PI speed controller. The reader is re-
ferred to Ortega et al. (1998) for motivation and
additional details on this control configuration.
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Fig. 3. Nested-loop control configuration.

To derive the torque tracking SPBC a “copy” of
the electrical subsystem, but evaluated along some
desired trajectories, is constructed as

[{)2] vy =AY+ RL™H(O)N?

rd = M
d =
Ry

M) I (10)
where Tf\l/f is the desired motor torque—to be gen-
erated by the speed PI loop—and A\ is a signal to
be defined later and such that |A%,,| is constant
and equal to some desired value. Compare with
(6), (9). Equations (10) define the, so—called, im-
plicit representation of the controller the explicit
expression, which may be found in Becherif et al.
(2003), is omitted for brevity.

Combining (10) with (6) yields the error equation
for the fluxes



A+ RL™Y(O)A = 0.

Consider now the storage function

where A = X\ — \4.

The derivative of (12) along the trajectories of
(11) yield

Hi=-\TL7'A <0, (13)
which ensures A(t) — 0, exponentially. The stabil-

ity analysis is completed with some signal chasing
and may be found in Becherif et al. (2003).

4. EXPERIMENTAL VALIDATION

In this section the proposed SPBC and a PI con-
troller around stator currents are tested experi-
mentally. The experimentations were done in a
200W DFIG interconnected with an IM, whose
parameters are shown in Table 1. The setup is
controlled using a computer working under RT-
Linux operating system, see Fig. 4.

The behavior of the system, under different load
conditions and speed references, is tested applying
a non-measured load torque to the IM. The latter
is estimated using a speed observer based on IM
rotor position measurement.

Since the asymptotic stability of the electrical
subsystem Y. is proven we can consider that in the

steady state 7y — TI‘\i/I(exponentially). Then,we

have in the steady state the following:

Jarbn =7 — Toar — B (14)
—_———

TML

Hence, a linear load torque observer is designed
(with I, l5 are design parameters):

Omar = (T8 = Faer) [T + 1 (@mar — winadL5)

Farr = l2(Omar — Winar) (16)

Table 1. Parameters of DFIG and IM

[ Rs() [ R (] Ls (mH)ILy (nH) L (mH)[ J(Nm?/rad)

DFIG][ 0.365[0.559 [ 0.938 [0.938

[ 12.975 [4.358 x 109

l
[
I

IM o5 Jo02 [ 12 [ 1.2 9.00

[ 1.1 x1073]

4.1 SPBC

Figure 5 presents the response of the system to
changes in the IM reference speed and load torque.

It has to be noticed that the IM rated torque is
0.7Nm, hence the applied load torque is two times
bigger than the nominal value.

The IM speed tracks very well the reference,
i.e. low overshoot and no steady state error are
observed. Also, the speed observer exhibits a very
good tracking behavior.

Figure 6 shows the associated currents and their
references over some time periods. Steady state
errors are observed in the stator currents tracking,
this is because the goal of the designed SPBC is
to track the IM speed and to keep internal signals
bounded.

B
g
< is0f ] T T T T T T
E
S 1000 1
)
S 500 i i i i i
i 60 65 70 75 80 85 90
= an0of T T T T T ]
& amof i
4 N ~ A\
g 1000, | I I i | 1]
60 65 70 75 80 85 90
06— T T T T T T
E 04 d
Z L 4
S 02 A A M A
M | | | | | |
60 65 70 75 80 85 90

Typg (N-m)
o
]
‘7
%
s
i

|
S
T

£ 60 65 70 75 8 8 %
-~ Iﬂ 1500 [ T T T T T T T
>3
£ 1000 §
°d§ 500 1 | | | 1 1
60 65 70 75 8 8 %

®

™
T, (N-m)
S oo

=i

Fig. 5. (a) Motor speed and its reference. (b)
Generator speed. (c) Generator torque. (d)
Motor desired torque.(e) Real and estimated
IM speed. (f) Estimated IM load torque.
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Fig. 7. (a) Regulated Motor speed and it’s ref-
erence. (b) Generator speed.(c) Generator 4.3 Robustness tests
torque. (d) Motor desired torque.(e) wmar,
Ot (£) Tarr- In order to test the performance of the imple-

mented controllers in the presence of parameter
variations, changes in the DFIG and IM rotor and
stator resistances are emulated. All the resistances
of the two machines are suddenly decreased by
40% when the “Switch” signal value goes from 0
to 1 (see Figure 9).

For each stator current a PI controller was de-
signed. Figures 7 and 8 show the obtained results.
It is clearly shown that the system behavior is
much degraded in comparison with the SPBC.
Even though there is no IM speed error in steady
state, the speed does not track its reference dur-

ing transients, and there is a speed error when Figure 9 presents the obtained results for the
a load torque is applied. This is mainly due to SPBC showing that it is quite insensitive to large
the saturation of the desired IM torque at a value change in machines resistance. Similar behavior

four times its nominal value. Consequently, the may be observed for the PI in Figure 10.
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Quantitative comparison of SPBC and PI

In Table 2 we compare the behavior of the pro-
posed SPBC and PI algorithms, in the face of step
changes in motor load torque, using the following
performance indices (where n is the length of the
sampled data and T is the sampling time):

. 12

® Cupy = n%“ Z?:1 [war (i) — ‘*‘JRefM(Z)]2 ;

i eisG’a = % Z?:] [lSGa(l) - ’LgGa(Z)] ;

e Peak magnitude of isgq;

e Payg, = %Z;;l [rq(i)wa(i)], e.g., average
instantaneous power absorbed by the DFIG;

o Payg, = LS [rm(@)war ()], e.g., average
instantaneous absorbed power by the IM.
Table 2Comparison table of experimen-

tal results

| | SPBC | PI
7r,m [Nom] |05 —1.45—0.5]0.5— 1.15— 0.5
settling time
of WrerM 0.4s 0.4s
settling time
of wys 0.1s 2s
wg [rpm)] 1500 1500
ew,, X 10° 2.9 38.6
€i g, X 10° 3.7 0.25
Magnitude
of isgq [A]l~ 5 10
Pavg,, [W] 4.7 9
Pavg,, [W] 58.9 177.9

Even though the load changes are smaller for the
PI, the SPBC exhibits far better behavior in all,
but the current tracking, indices.
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