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ABSTRACT

We are interested in this paper on the control
of an electromechanical system consisting of a
doubly-fed induction generator(DFIG), driven by a
prime mover that can supply or extract mechanical
power, eg., a flywheel inertia, and an induction
motor(IM). The stator of the induction machine is
connected to .the stator of the generator whose rotor
voltage 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.
We propose a passivity-based controller to regulate
the motor mechanical speed. Since this kind of
controllers achieve stabilization via energy balancing,
regulation of the power flow in the system is naturally
incorporated. Simulation results are presented to
llustrate the main points of our paper.

1. Introduction

The doubly-fed induction generator(DFIG) can
supply power at constant voltage and constant
frequency while the rotor speed varies. This
makes -it suitable for variable speed wind energy
applications. Additionally, when a bidirectional
AC-AC converter is used in the rotor circuit,
the speed range can be extended above
synchronous speed and power can be generated
both from the stator and the rotor. An
advantage of this type of DFIG drive is that the
rotor converter need only rated for a fraction of
the total output power, the fraction depending on
the allowable sub- and super-synchronous speed
range. A good introduction to the operational

characteristic of the DFIG connected to the grid
can be found in ™.

The possibility of a DFIG supplying an isolated load
has been indicated ™ in which some mention is
made of the steady state control problem. In “ g
system is presented in which the rotor is  supplied
from a battery via a PWM converter with
experimental results from a 250W prototype. A ‘control
system based on regulating the rms voltage is used
which results in large voltage deviations and very
slow recovery following load changes. See also (8163
where feedback linearization and sliding mode
principles are used for the design of motor speed
controllers. )

The present paper constitutes a first, if modest,
attempt to use energy principles to regulate the
dynamic operation of this bidirectional power flow
system. For, we propose a standard passivity-based
control(PBC)™ to regulate the motor mechanical speed.
Since PBC achieves stabilization via energy-balancing,
the task of regulating the power flow in the system is
naturally incorporated. In standard PBC we a priori
select the storage function to be assigned(typically
and then design‘ the

storage = function

quadratic in the increments)

controller  that renders the
nonincreasing. This approach, clearly reminiscent of
standard Lyapunov methods, has been very successful
to  control  physical described by
Euler-Lagrange equations of motion, which .is

thoroughly detailed in ©.

systems

- “This paper presents a isolation operation of DFIG

supplying an induction motor to control speed and
torque. System modeling and stability analysis are
performed with the passivity-based control(PBC)
scheme®. Also, performance of the proposed controller
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is verified through simulation studies.
2. System Configuration

DFIG has been used to convert mechanical
power into electrical power operating near the
synchronous speed with some advantages over
the synchronous or squirrel cage generators.
These advantages are the high overall efficiency
of the system and the low power of the
converter, which is in the rotor of the
machine.®™®  In the isolated operation, the
stator of the DFIG is connected to a load, in
this case an induction motor(IM), obtaining a
variable frequency/variable voltage(VVVF)
operation. Fig.l shows the configuration of this
system. If the DFIG is driven by a constant
speed prime mover, this generation scheme can
be used for example in several autonomous
generation plants. With the prime mover running
at constant speed, the performance of the

primary energy source can be optimized.
Joint System{JS)
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Fig. 1 Systern configuration with controller

The behavior of the joint system(]JS) can be
explained as follows : JS is an autonomous generation
system that can drive a rotating load with mechanical
speed W)y, and torque Ty, delivering an output power
to the load. JS is operated by the prime mover or a
gas turbine, depending on the type of isolated plant
considered. Prime mover maintains a constant
mechanical speed wj,= K, where K is chosen to

optimize global performance. A bank of batteries is
connected to the ]S rotor circuit via a converter,
delivering slip power which is a fraction of total
power.

3. 'Dynamic Equation of DFIG with IM

The joint systermn consists of a wound rotor

generator(DFIG) with a squirrel cage motor(IM),
which are connected at each stator windings. Ideal
symmetrical phases and sinusoidally distributed phase
windings are assumed. The permeability of the fully
laminated cores is assumed to be infinite, and
saturation, iron losses, end winding and slot effects
are neglected. Only linear magnetic materials are
considered, and it is further assumed that all
parameters are constant and known. The equivalent
circuit is shown in Fig.2 and the signal names are
described. Note that subscripts G and M mean

generator and motor, respectively.

DFIG M

Fig. 2 Equivalent circuit of the DFIG with IM

The standard two phase of an ng pole pairs DFIG

with uniform air-gap can be formulated :

Aot Reig=vg 1)

Aot Rl =0, (2)
and my, for IM :

At Ryt y=7v (3)

Aoyt Ryt g =0. (4)

After connecting stator windings together, the current
and voltage constraints are given

V™ Vs Z‘sG:——isM' (5)
Applying (5) to (2) and (4), the following system
equations are calculated

ot N P
S, A+ Ri —[ 03]—Mu ©
where, flux . vector is defined by
Az[’irG’{SGM/lrM]T:[ArGAsG_AsM'{rM]Tarld

current  vector by i=li,c igiml’. The
inductance matrix can transform current to flux with
the relationship A = L(6)z,

L,l, L, =% 0
LmGe]nMC (LtLgdl, —L mMe]nmeu
0 ~L e "0 L,

and resistance matrix is described by
R=diag{R ,c[, (R o+ R gl , Rl 5}

LSG'LrG’LmG are

. The mput

vector is defined hy #=7? ..
the stator, rotor, and mutual inductances for DFIG and
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L gLy Ly for IM, respectively. R . R ¢ are
stator and rotor resistances for DFIG and R asn R u
for IM, respectively. € ¢ is the rotor position with

respect to stator for DFIG and €@y for IM. Some
matrices and their properties are summarized as

O S

% _ [cos(®) —sin(®)_, -
e’ = [sin(ﬁ) coé(ﬁ) ]-—(e 0T

JeP=¢'], 9)
The mechanical dynamics are given
2 iJn0,+ Byw,=1—17, (10)

where, generated torques are calculated from
differentiating the system energy function with respect

to mechanical positions 6=[68¢ 04 7
r = [TG] 426 "Ly

T u
— ) : —Ingbe. T Inybu:
= “3‘19(L Gl rce i~ L put e )
r . —ngb.
= '—LmGZrGe e
T Inuby:
_LlisGe Ly

T I ub
SMASGMIQ sGM_LmMe i rM) .

n -
R::{ A Z:M]/1 M

= ——RSG

Mechanical inertia matrix is J»=diag{J ¢, Ju}, and
B, =diag{B; B},

J 6,8 ¢ are mechanical inertia and damping coefficient

damping coefficient matrix

for DFIG; J m, B i are mechanical inertia and damping
coefficient for IM. Mechanical rotor speeds are denoted

by @p=lwgwyl”

4. Nested-loop PBC for speed—torque tracking

A feedback decomposition approach[5] for the
design of a torque tracking PBC is adopted here.
In this section we solve the speed tracking
problem posed above by adding an outer-loop
controller to this torque tracking PBC. This
leads to the nested-loop(i.q. cascaded) scheme
depicted in >Fig.4, where C i is the inner-loop
torque tracking PBC and Co is an outer-loop
speed controller, which generates the desired
torque. Co may be taken as PI controller. Now
we derive the torque tracking PBC from the
perspective  of systems  ‘'inversion’’. The
derivation is easier to understand if the flux

vector is used in the calculations instead of the
current vector. The proposed PBC is a ‘‘copy’’
of the electrical dynamics of the motor (6) with
an additional damping injection term introduced
to get strict passivity. In the implicit form, this
yields

M= A RL YA+ Ko, )L O 11)
d Ry ATy d
— A » ™M
“w=Tr, " 7 (12)

where A= A—A? and superscript d means the

desired value. Notice that the damping injection
K(w,,) is independent on 6.

Cot d

Controller
(Mechanicat)

ﬂ

C//

L

Fig. 3 Nested-loop control configuration

Let us now analyze the stability of the closed-loop.
The error equation for the fluxes is obtained from (6)

d (11) as .
2+ (R+ K)C(6) 2= 0. 13)

We will show now that it is also possible to prove
convergence, even without the damping injection. To
this end, consider the storage function

1 -
H= 5 ATRT1A=0 (14)
whose derivative satisfies
H=— 21TL "Y®A< —oH (15)

a>( for some . Hence, A—(0 exponentially fast. It is
easy to see that the closed-loop equations define an
output strictly passive with storage function H.
Global convergence of ¢ to zero is established with
=L Y ORA.
To illustrate the second difficuity in the stability

analysis of the nested-loop scheme, let us turn out

attention to the torque tracking error Ty=ty— T‘fw.

After some simple operation from (10) and (12) we get

Ty = ;A; ].T'M]A mT AHT""ftM
’.T'w 1S o6 nl
= nu= Rt B AT ()
M
where we have used gy =— 71.7/‘4/ R,y In the

torque control problem we assumed that the external
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reference T% and its derivative T-'}Iu were bounded,
and convergence of t—(0 was proved as follows.
First, A% and A% are bounded by construction.
Then, we have shown above that exponentially
convergence T:M—’O, consequently also T 0 and
A, is bounded. From here we conclude that
Tu—0. In speed control 7% and its derivative 7%

are generated by outer-loop PI controller, so they can
be taken to be bounded.

4.1 Explicit controller form

An explicit realization is obtained by
"Inversion of” (12)
i Y 1 TdM 5 d
A = =L (R T T B8O A,
B "M
dm — B *
A 0 = [ 0(0) (17N
which can actually be solved as
d .y — Jo B *(t)
A e [ 9 ]
. R %
7 Mﬂgt(t) (18)

The stator and rotor currents of IM can be calculated

with A% ,

d
P | Yo TM g d
Vo = TRy A=, BB )
e]n,,,&,, Z'd
iy = I (I,+L 2 82D,
mM "y
= —i4 (20

where B.(8 is kept as a constant such that
B.H =0

Next, integral operation of stator current of DFIG
results in the difference between DFIG and IM stator
fluxes ‘

AastM: AZC_A(ZM:_(R SG+RSM)f Z.Z,Gdt' (21)

It is possible to get i% and A% with already

. -d -d d
obtained Loy, s, and A sGM,

f

e

) .
- “

Fig. 4 The explicit form of passivity-based controller.
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d - e .
i = _L"y;—("icm_(l' ot L )it

+ L, e”.) (22)
Ag=L %+ L ,ce o059, (23)

Finally, the control input voltage can be constructed
v, o= At Reile+K 7. (24)
The explicit form of passivity-based controller for

torque tracking and outer-loop PI controller for speed
tracking is shown in Fig. 3.

5. Simulation Results

Simulation studies are performed utilizing

MATLAB/SIMULINK". During transient state,
the desired motor current can be high if we use
(21), in order to reduce its value (only in
transient state) this equation has been changed
S LA Rt Ry y _
In " sGM s+o sG, where O is a constant
(=10 in this simulation) which is decreased
during few iteration in order to get pure
integrator.

Firstly, the voltage input at DFIG rotor side is
shown in Fig. 5, which is within reasonable
range. The DFIG is maintained at constant speed
1000rpm by primer mover system, which is
modeled by PI speed controller in simulation
program. Secondly, the currents and fluxes of
DFIG and IM are shown in Fig. 6 and Fig. 7
respectively. Rotor flux magnitude of motor is
chosen as 0.04Wb and it is well regulated as
shown in Fig. 7(c). Finally, the speed and torque
responses are shown in Fig. 8. Rotor speed
reference for IM is 1500rpm and load torque is
applied at 1.6 sec with 1 Nm.

BO e o o e e e e e o B e

Fig. 5 Input voltage at DFIG rotor winding

6. Conclusion

The speed-torque tracking controller for

induction motor powered by DFIG has been



presented, The joint system obtains energy from
a primary mechanical source. The DFIG allows
to transform this energy but also to control the
torque and speed of the induction motor making
use of the rotor voltage of DFIG as control
variable. Compared with scalar control and
feedback linearization control, the proposed
passivity ~based control algorithm shows

successful  control  performance  which is

supported with simulation results. For other
application of DFIG, such as wind turbine
system, speed control of generator is required to
capture maximum mechanical energy.
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Fig. 6 Currents at (a) DFIG rotor winding, (b) DFIG stator
winding, and (¢) IM rotor winding.
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Fig. 7 Fluxes at (a) DFIG rotor winding, (b} DFIG stator
connected with IM stator winding, and (c) IM rotor winding.

Fig. 8 Mechanical responses : (a) Generated torques, (b) rotor
speeds, and (c) rotor positions of DFIG and IM, respectively.



