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Abstract

Variable speed and constant frequency (VSCF) generators are widely used in industry (e.g. embedded applica-
tions and renewable energy systems). Doubly-fed induction generators (DFIG) allow a such operation. Moreover,
this kind of machines can be driven by a low power converter in comparison to the power provided to the grid.
But n t gr , nt ntr r n n r rt m nt nqu nu v t g wt n mp r

tant amount of nonlinear load and with a small passive filter. The aim of this paper is to present a new design
methodology based on the inversion of the dynamical model of the system. It also uses an original representation

t tm nm uv nt rut. T u, rr ntr r n n v t
simulation.
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The doubly fed induction generator (DFIG), also known as single doubly-fed machine (SDFM) [4], is widespread
n t e renewa e ener s stems as t e w n m s an s nown as a var a e s ee an constant re uenc

F enerator. e are ntereste ere n a DFI Su n an autonomous r suc as an a rcra t ower

str ut on s stem PD . e u stan a one enerator we stu s s own n . . n t s structure re uenc es

and voltage magnitudes depend on two main parameters: speed Q and number of pole pairs p of the DFIG. A
permanent magnet synchronous machine (PMSM) maintain stand-alone operation. A PWM rectifier is used for
convertin three hase ac in ut (from PM M) into D which su lies ower to an inverter connected to the rotor
windings of the DFIG.

The control of this generator was already treated in [5]. In this previous case the stator voltages are very
sensitive to the current harmonics generated by a nonlinear load. This is why a filtering is necessary to maintain
a low voltage disturbance [6]. The innovating aspect of the presented work concerns the design of a controller
carrying out an active filtering for an autonomous grid through the DFIG, as it is already done with synchronous
machines [1] [2] but also with a DFIG connected to the utility grid [3]. Thus the size and the weight of the passive
filter components can be minimized: these two quantities are particularly significant criteria in embedded systems
like aircraft applications. For this study, we use a vector dynamical equivalent circuit representation of the machine
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Figure 1: Full stand-alone doubly-fed induction generator

and its load. These elements are presented in Section II. Then, we detail the successive levels of our controller:
initially, regulation of the rotor currents, then the control of the stator voltages. In both cases, we use the dynamic
equations of the DHG to highlight the suitable state feedbacks that allow decoupling of dq axes. This controller
is tested in simulation to validate the two focused objectives: obtaining a constant frequency and magnitude of
the voltage grid (IV.A-for a linear load and IV.B-for a nonlinear load). The latter objective implies that the DHG
works as an active filter. The results for a nonlinear load are compared with that obtained with a classical control
strategy without active filtering. As exposed in section IV, active filtering has a significant effect on the voltages
an currents mpose n t e rotor w n ngs o t eD . na y t e n uence o t e va ue o t e pass ve ter
ca ac tors s stu e .

2 System modelling

2.1 Dynamical equivalent circuits
e propose n t s sect on two vector ynam ca equ va ent c rcu ts o t e DFI g. an t e oa g.

The behaviour of the DFIG can be described by the following equations in an unspecified dq frame

dq Rs dq + dt+ ( J l

VDQ = RriDQ + ±DQ + r*2 *bDQ

where fluxes are

q Lcsi qMi q (2)

{'MDQ -Midq + Lc;riDQ(2
e re at ons p etween t e stator an rotor rame ang es $s $r an t e mec an ca angu ar pos t on o t e

rotor 0 is

(s=(r+Po (3
All the parameters introduced in (1 2 3) are defined as follows

* R5 and Rr are stator and rotor resistances

* L., and L,r are stator and rotor inductances

* M is the mutual inductance between stator and rotor windings
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Figure 2: Equivalent circuit of the DFIG

* p is the number of pole pairs of the DFIG

en a nam ca e u va ent c rcu t o t e DFI can e er ve rom t ese e uat ons see
ro ose c rcu t as een esta s e n t e xe stator rame an ea a e n uctance s ocate to t e rotor s
w t _ M2 . e ac e.m. . r w c can e seen at t e rotor s e s e ne as o ows

es cQ

e'r Q ( -V cr ,r)

a)
nonlinear
load b)

-is(t)

(parallel capacitors)

Figure 3: Three-phase nonlinear load with parallel capacitors (a) and its dynamical equivalent circuit (b)

A dynamical equivalent circuit of the load with parallel capacitors is proposed in Fig. 3. Notice that this
equivalent circuit is also established in the DHG stator frame. Thus it is possible to connect directly these two
dynamical equivalent circuits. However, it is useful to transform this global model in order to work with constant
quantities in our controller (using PI regulators). The transformation needed is a simple rotation which is translated
n t e ynam ca equ va ent c rcu t y t e e ects presente n g.

us we o ta n a g o a ynam ca equ va ent c rcu t n a re erence rame n e to t e gr vo tages as s own

n
n t s e u va ent c rcu t t ree new sources are ntro uce :

)j(wuLcr

jLCSwg92
jCuggws

PQ (Mit + 7Lcrir))
(5)

where w9 is the grid angular frequency.
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II c.,

fL Lv LfC

VL~~~~~~~~~~f

f>
x l=ej'. xf2 xfl =ein. xp-

Figure 4: Transformation by rotation of reactive components (from fI reference frame to f2 reference frame)

Inverter DFIG model Parallel capacitor Load

Figure 5: Global dynamical equivalent circuit in a grid synchronous frame

2.2 State-space model

X= (ir-, ,w, Vs)t
I UVr

an t emo e w c sesta s e eow e en sont emec anca s ee Q'

hx K(Qte mn)x +La u +2lo
y = M.x

where the matrices K(Q. wg), Li, L2 andM are defined as follows

o a state s ace mo e can e eas
Therefore we define a com lex state vector

erve rom t e nam ca e uvaent c rcu t resente n
a control in ut u a disturbance in ut and an out ut y

(6)

(7)

k11(Q wg)
K(Q.wg) = 21

3

M=-( 0 0 1 )

kii (Q. Li) -

k21(Q) Lcs
k31 = rn

Rr+m2R8+j(pQ_W )
aLer

k12 (Q) =
k22 (G9)
k32 =-

mRs+jpMQ
aLc,r

=Les _rgg
1
CX

k13 = mLcr
1

k23 Lcs

k33 (W ) -jCw

1 In our application, we suppose that the power of the mechanical drive is very large with regard to electrical power of the generator. Thus.
the speed Q can be seen like a DFIG parameter and not like a state variable.
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3 DFIG control

3.1 Principle
e su estt e useo a erarc ca contro er w t rsto a an nnerre u aton oo o t erotorcurrentr.

en an externa oo a ows us to contro t e stator vo ta es o t e DFI .e. o t e r vo ta es . en a stator
vo ta e oo outer oo s es ne to ee constantt ema n tu eo t e r vo ta es. us t e statorvo ta es

are controlled via the rotor current reference noted iref which is su osed e ual to i as lon as the inner loo is
fast enough to follow the reference.

3.2 Inner rotor current loop
In order to impose the dynamics of the rotor current ir the control of the rotor impedance voltage VRL iS

required. Thus it is possible to drive the rotor voltage according to

(8)Vr VRL +Hr + mre

where and e are the estimated value of e§ and e respectively, defined as follows

Cr ji(g Lcricas
t e ns

$PQ (M? +o7Lcrirneas
(9)

where ,, is also estimated. While Zi and ir are measured, a very simple estimator is proposed

m eas-A _r
eas

Notice that the meas superscript means that the quantity is measured.
Then v is the output of a PI controller dedicated to the regulation of ir as we can see in Fig. 6.

Figure 6: Inner rotor current loop

3.3 Controlled DFIG model
Now considerin that the rotor current is controlled the d namical e uivalent circuit resented in Fi . 5 is

replaced by the one in Fig. 7.
In this figure, we are able to distinguish two state variables linked two the reactive components LCS and C.

Notice that it is not necessary to control the magnetizing current because this state variable is strongly coupled to
the stator voltage (stator resistance neglected: v. = ed.
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Active filtering applied to a doubly-fed induction generator supplying nonlinear loads on isolated grid

ure: ontro e DFR mo e

3.4 Stator voltage control

t t s e o t e nam ca e uvaentcrcut resente n . astatorvo ta e oo s es ne . nt e

same wa that for the rotor current loo the d namics of the stator volta e is controlled b the ca acitor current
ic. Thus, it is necessary to generate a rotor current reference equal to

iref =1- ( -4+ +C + imeas) (11)

where
V
meas

JLcsawg (12)
7CXO iC )9 meas

Notice that the magnetizing current estimator is quite approximative but as we can see in the following section
the simulation results are nevertheless satisfying. Moreover, it is very simple to realize and it is a great advantage
for real-time implementation. Then, the ic term is the output of the grid voltage PI controller as we can see in

g. . ot ce t at, a t e compensat on terms n ( ) are g ven w t out error, a s mp e proport ona corrector s

enough. In practical cases, a PI regulator allows a more robust control of the grid voltage.

r t ting t rm mp n ti n i m

A +4s2 ^1,u2~<'
corrector V(.) Mt5 .onj0

P( ) -ts2
KSjnchronous frame corrector)

Ys2

Figure 8: Stator voltage controller

The controller tuning is presented in the Fig. 9.
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Active filtering applied to a doubly-fed induction generator supplying nonlinear loads on isolated grid

meas 1 .__ _... imeas

'~~~~~~~~~rd rq

U)~~~~~~~~~~~~~~.
.. ..

c,0.5 0

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Time (s) Time (s)

600 50
ref ef
Vsd sq

Time vmeas > vmea
400 -sd 0 sq

CD~~~~~~~~~~~~~~~~~~~~~~~~~~U

0 0

>'200 -r50

0 -100

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Time (s) Time (s)

ure ontro er tun n

4 Simulation results

imu ation parameters

In the following simulations a 4kW - 50Hz doubly fed induction machine is used in order to create a 230V -

50Hz autonomous grid. All the parameters are defined in TABLE 1.

Table 1: Simulation parameters
DFIMS arameters a ues

Numbers of pole pairs 2
Rated power of the two DFHMS 4kW
Stator resistances 1.154Q
otor res stances . Q

Stator cyclic inductances 2.0171H
otor c c c n uctances

Stator/Rotor mutual inductances 1.986H
Coefficient of dis ersion 0.031
Linear load parameters
es stance Q

Inductance L 1mH
Filterin ca acitor C 1,uF

su in a inear oad

The checking of the correct working of our controller is carried out with a linear load through two tests:

* a test at variable speed with a fixed load (Fig. 10): from -50% to +33% of the synchronous speed.

* a test at constant speed with a variable load (impact of load - Fig. 11): from 50% to 100% of the rated load.
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Active filtering applied to a doubly-fed induction generator supplying nonlinear loads on isolated grid

an

°0

-500
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

550

°-0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
50 _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

EL _ytnstchronousasteed
1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 10: Variable speed and constant frequency operation

@ Constant speed: 750rpm400

-400
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 11: DFIG behaviour with a variation of load
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Active filtering applied to a doubly-fed induction generator supplying nonlinear loads on isolated grid

Notice that the relationship between stator rotor and mechanical power is also verified with a variable speed
simulation. With a constant linear load the voltage controlled DFIG provides constant power to the grid. Thus the
rotor power is proportional to the slip ratio s - 9(P as we can see in Fig. 12.

Wg

2000
Statorpower P.

1500 - -_ X_Rotor power Pr -

Pr< (Hyposynchronous)
1000 .. .. .. _

r5<0 (Hypersynchronous)
500

0 ~~~~~~~~~~~~~~~~(Sno ronous s ee)

-500
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.91

Temps (s)

2000

ers n ,u
1800 ope ration...........- .. .. ..

1600 Synchronous speed (p=2)

1400 _H_______________ _ ypo

1200 F

me (s)

Figure 12: Powers in the DFIG

4.3 DFIG supplying a nonlinear load
e can see n . t at ue to t e act o act ve ter n r vo ta es are

s n cantamounto non near oa o t erate oa

a) Without active filtering
500

CD -500
0.96 0.97 0.98 0.99 1

' 1 0

-10

0.96 0.97 0.98 0.99 1

100

100
0.96 0.97 0.98 0.99 1

50

C50
0.96 0.97 0.98 0.99 1

Time (s)

b) With active filtering
500

C9 500
0.96 0.97 0.98 0.99
10

'-1 0
0.96 0.97 0.98 0.99

200

200
0.96 0.97 0.98 0.99
50

C50
0.96 0.97 0.98 0.99

Time (s)

Figure 13: Active filtering operation (a - without and b - with active filtering)

However the active filtering requires high rotor voltages which can exceed the maximum value provided by
the inverter or become excessive for electrical insulators. This negative impact can be compensated by increasing
the values of the passive filter capacitors. Several simulations have been computed with the same load but with
different capacitors values: the maximum rotor currents and voltages are shown versus the capacitors value (Fig.
14).

The problem leads to a trade-off between the size of capacitors and the DC link voltage required by the active
filtering (which have large consequences on all the elements of the generator presented in Fig. 1).
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Active filtering applied to a doubly-fed induction generator supplying

75

145 -
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Capacitor value (gF)

34-

ez330
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Figure 14: Capacitor choice consequences

0 C SO S

n t a er aDFI mo e an anew F contro er ave een ro ose oranautonomous r .

controller allows supplying linear and nonlinear loads by sinusoidal voltages with only small parallel capacitors.
Obtaining an efficient active filtering depends on several parameters such as the rotor impedance of the DFIG and
the PWM frequency which can reduce the rotor current bandwidth. But the efficiency of this method is proved if
the s stem arameters are com atible with the load d namics. Moreover we are able with the ro osed control
strategy to select the harmonics we want to compensate (e.g. 5th, 7th, I1th).
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