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A new configuration and control of doubly fed
induction generator (UPQC-WG)

Jayanti N. G., Student Member, IEEE, Malabika Basu, Member, [EEE, Kevin Gaughan and Michael F. Conlon

School of Electrical Engineering Systems
Dublin Institute of Technology
Kevin Street, Dublin-8, Ireland

Abstract-The paper presents detailed simulation based analysis
and investigation on grid code compliance of a new
configuration of a 2 MW Doubly Fed Induction Generator. The
converters of DFIG are connected and controlled to function like
a Unified Power Quality Conditioner (UPQC). One of the
converters is connected in series with the stator terminals and
acts to maintain the stator voltage at a predetermined value. It
can also transfer power to or from the rotor side converter
through the common DC link. The other converter is connected
to the rotor like a conventional DFIG and is controlled to
maintain appropriate rotor currents to establish the operating
point based on the input mechanical torque and reactive power
set point at the grid connection. The generator performs
satisfactorily under steady state and grid fault condition both in
the super and sub synchronous speed range. The newly designed
machine is Irish grid code compliant.

1. INTRODUCTION

50% of wind generators installed worldwide are Doubly Fed
Induction Generators (DFIG) [1]. They are preferred over
fixed speed generators for several reasons such as efficient
energy capturing from wind, reduced stress on turbine and
decoupled control over real and reactive power output [2]-
[4]. A conventional DFIG consists of a wound rotor induction
machine and two back to back connected converters in
parallel to the grid, to transfer the power to and from the
rotor. The converters are generally rated in the range of 25 to
30 % of the rating of the machine. The converters are
sensitive to high voltage and currents that might be induced
during a grid side disturbance in this type of generator. The
new grid codes for wind which are effective in recent years
all over the world requires the wind generators to remain
connected to the grid and assist to achieve fault ride through.
This requirement poses the greatest challenge to the DFIG
type of generators since protection of the converters under
such situation is very crucial. Unless special protection
measures are taken, operation of the generator under low grid
voltage condition can cause damage to the converter system
of the DFIG [5]-[8]. Typically a crow bar circuit is connected
at the rotor converter to create the short circuit to protect the
rotor side converter from over current and over voltages
during grid side fault. The generator works like a fixed speed
machine and the grid side converter is operated like a
STATCOM in VAR control mode to assist fault ride through
[9]. Different type of converter protection and fault current
limiters are discussed in [6]-[8].

In this paper, a new configuration and control of DFIG
converters is presented. The grid side converter of the DFIG
is connected in series with the stator terminals and controlled
to work like a Dynamic Voltage Restorer (DVR) during grid
side faults. The rotor side converter is connected in shunt like
a conventional DFIG. The structure and control of the
converters is similar to that of a Unified Power Quality
Conditioner (UPQC) [10],[11], hence the new generator is
referred as UPQC integrated Wind Generator (UPQC-WG).
Similar structure of DFIG has bee reported in [7] and [8]. In
[8] there are two converters connected to the grid side of the
generator. One of the converters is connected in shunt like a
conventional DFIG. The other converter is connected in
series with the grid and stator and put into action only during
grid side fault to reduce the fault currents. Under steady state
condition, the structure and control of the generator is same
as any conventional DFIG. In [7], the series converter is
utilized to do the power transfer and stator voltage regulation.
The structure in [7] is the same as reported here, but the
control of DC link voltage and hence the power transfer and
stator voltage regulation are done by controlling the
individual phase voltages. The work has not been reported in
detail and it is important to consider a standard network with
a voltage sag profile corresponding to any standard grid code
for investigating the generator performance.

II. STRUCTURE AND CONTROL OF UPQC-WG
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Fig. 1. Power system with UPQC-WG
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A. Structure of UPQC-WG

The Structure of UPQC-WG is shown in Fig. 1. The
structure is similar to a DFIG except the grid side converter is
connected in series with the stator before it is connected to
the grid through a connection transformer. The rotor side
converter controls the real and reactive power output to the
grid according to the maximum power tracking curve
designed for the generator. The grid side converter has two
responsibilities. During the steady state operation, it injects
appropriate voltage in-phase with the grid and the stator
voltage in order to transfer appropriate power from the rotor
to the grid through the DC link capacitor, thereby maintaining
a constant DC link voltage. During a grid side fault,
depending on the severity of the voltage sag, the grid side
converter injects an appropriate voltage to compensate for
any balanced or unbalanced sag and establishes a stable
operating point for the generator. Under any severe voltage
sag condition, when the DC link voltage tends to rise above
1.25 pu, the DC link voltage control is made ineffective and a
chopper circuit is connected in parallel to the DC link
capacitor to clamp the voltage at 1.25 pu.

B. Control of UPQC-WG

The wound rotor induction machine is modeled with
classical dynamic machine equations in vector form given in
(1)-(10) [12]. The real and reactive power can be calculated
by (11) & (12).

10} 1 dy
o = Ryl +— - 1
o, Vas + o, dt ( )
. w 1 dyy
vy =Ry ——y, +——= 2
ds stds o, l//qs o, dt ( )
N % WA WL 3)
qr riqr o, W ar o, dt
' . @ — ' 1 dl//;
vy, =R, — L +——4 4
dr rtdr { o, }:”qr o, dt ( )
l//qs :Xlsiq:"’_Xn( + t']r) (5)
V ds :leidv+X ( + L,ir) (6)
Vir = Xiplyy + X iy +1;,) ()
l// _Xlrldr+X (lds+lélr) (8)
Te = st qs ‘//qslds (9)
1

N :_H(Te_Tm) (10)
Ps :vdsid.s +Vqslqs (11)
Qs :vq:ids _Vd:lq: (12)

o is the speed of the reference frame. Here a synchronous
reference frame is considered. ® ,, is the base speed (2*pi*f,
and =50Hz). o, is the rotor speed. The terms with subscript
‘r’ are rotor parameters, ‘m’ are mutual parameters and
subscript with ‘s’ are stator parameters. The real power

transferred to the grid by a UPQC-WG can be given as
summation of power generated in the stator circuit and rotor
circuit as given in (13). The rotor power which is slip
dependent is generated during super-synchronous operation
and absorbed during sub-synchronous operation.

P rid =P

g siator —SHp* P, (13)

rotor

The rotor side converter control is represented in the block
diagram in Fig. 2. The d-q control is developed based on
stator flux orientation of the voltage and current vectors
which results in decoupled control of stator side real and
reactive power. More details on the stator flux orientation and
the stator flux angle estimation can be found in [3]. The
transformations applied on the machine equations yield direct
relation between electromagnetic torque and q-axis rotor
current as shown in (14). (14) is derived from (1), (5) and (9).
(15) is derived from (1), (6) and (12) . The stator resistance is
neglected while deriving these two equations.

T = Xmi(;r v i
¢ X+ X)) " 0,

(14)
v @
qs
Wy X .,
= ———m 15
QS * Xm+Xls Xm+Xls @ ( )

The electromagnetic torque demand based on the
measured rotor speed is looked up with a maximum power
tracking curve. The quadrature axis rotor voltage is calculated
in such a way that the quadrature axis rotor current
establishes the electromagnetic torque in the stator. And
similarly the transformations applied yield direct relation
between d axis rotor current and reactive power on the grid
side of the generator as shown in (15). A unity power factor
condition is imposed through proper adjustment of d axis
rotor voltage. The feed forward voltage terms (Vqer & Vrr )
as given in equation (16) and (17) are added to assist PI
controllers in calculating d and q rotor voltages.

Vi | [ = K, @
qFF—"Yqr a, Ir "m AXZS‘*‘AX;,, dr A,;S+)(;n qsa)
(16)
-, X2
VdFF:Rri&r {—J Xlr+Xm e i,r a7
23 ‘Xls+Xm !
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Fig 2. Control of rotor side converter

The grid side converter is controlled to transfer appropriate
power to and from the DC link capacitor. The DC link model
can be seen in Fig. 3. The variation in the DC link voltage is
the direct measure of the real power transfer to or from the
rotor. Therefore, the DC link voltage is calculated like shown
in Fig. 3 with the help of AC side power difference between
the two converters. A PI controller is applied to calculate the
appropriate voltage (Viy1) to be injected to keep the DC link
voltage constant hence transfer the appropriate power during
steady state operation. The output of the PI controller is
limited to 25% of the nominal value of the voltage,
considering 25% speed variation from synchronous speed.
The injected voltage (Viyj apc) of the grid side converter is a
combination of feed-forward terms (Vier—Vopositives Vnegative, and
V.ero) and the output of the PI controller (Viy;;). Under steady
state operation, the feed-forward term is nil. The voltage
output of the PI controller is injected in-phase with the
positive sequence voltage of the grid. The stator voltage is the
vector sum of the grid and the injected voltage. It has to be
noted that during the steady state operation, depending on the
speed of the rotor, the stator voltage can be lower or higher
than 1 pu.

During a balanced/unbalanced grid voltage sag condition,
feed-forward terms (difference between reference voltage and
positive sequence, negative sequence and zero sequence
terms) are added to the grid voltage to establish pre-fault
condition at the stator terminals. During a severe voltage sag,
the DC link control and the stator terminal voltage control
simultaneously can act contradictory to each other because of
different control objectives. The DC link voltage control may
fail due to excessive dumping of real power by grid side
converter, depending on the severity of the fault. To prevent
this, an additional chopper circuit comes in to action to
bypass the additional real power. The chopper is put in to
action as soon as the average value of the DC link voltage
reaches the threshold value (1.25 pu), and the DC link voltage
is clamped at that value. Since the upper and lower limit of
the PI controller to control the DC link voltage is fixed at
25% of the nominal voltage, the overall voltage controller
always maintains the stator voltage at least at 75% of the
nominal voltage value at any condition. Simulation model of

the system shown in Fig. 1 has been developed in
SimPowerSystem toolbox of MATLAB Simulink.

Control of < VdCrmax
Chopper circuit <

—>
I:)rotor_VSI +
Pgrid_VSI » -
—> /_ VinJ
Vdc,z o 7 +
Vde>| - e >+
pos,|-2]
neg,
—p +
Vsa,b,c ero Vneg » »
a,b,c vV - Vinj ab,c
zero -

Fig. 3. Control of grid side converter

Average modeling technique of converters is followed in the
model where actual switching of converters are not
represented. The machine and the network parameters are
given in the Appendix. The details on maximum power
tracking curve can be found in [13]. Balanced and unbalanced
faults of varying severity are created in the model by
grounding the midpoint of one of the transmission lines
though appropriate fault impedance.

III. RESULTS

The performance of UPQC-WG during steady state
operating condition and during occurrence of balanced and
unbalanced faults are discussed in this section.

A. Steady state performance

The steady state operation of the UPQC-WG under super
synchronous and sub synchronous speed range can be seen in
Fig. 4. The generator is initialized at synchronous speed at 0
second. At 2 second a mechanical torque set point of —0.83 pu
is fed to the generator. According to the maximum power
tracking curve the operating point of 1.2 pu speed of rotor
feeding 1 pu power to the grid is established. The grid power
(-1pu) is the combination of rotor (-0.17) and stator power (-
0.83). At 30 second a mechanical torque set point of —0.36
corresponding to a rotor speed of 0.8 pu is provided in the
model. -0.29 pu real power is transferred to the grid, which is
a combination of stator (-0.36) and rotor (0.07) power. The
variation of the stator terminal voltage can be seen in the third
plot of Fig. 4. For a 20% speed variation around synchronous
speed, the stator terminal voltage varies between 0.84 pu to
1.23 pu. Also the grid current during speed variation from
super synchronous to sub synchronous speed can be observed
in the last plot of Fig. 4. The grid side converter which is
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connected in series must be rated appropriately to handle this
current.

Rotor speed
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Fig. 4 Super and sub synchronous operation of UPQC-WG

B. Performance under grid side faults

The performance of UPQC-WG under balanced and
unbalanced grid side faults is presented here. The machine is
operating at a mechanical torque of —0.83pu, 1.2 pu rotor
speed and delivering 1 pu power to the grid. A three phase
fault is created at 30 second by grounding the midpoint on
one of the transmission lines through fault impedance such
that a balanced voltage sag to 15% (85% voltage dip) is
created at low voltage side of the grid connection transformer.
The sag profile created is in accordance with the Irish Grid
code requirements [14]. The fault is cleared at 30.625
second. The grid side converter controls the stator terminal
voltage to remain at 75% of the nominal value. The electrical
and mechanical torque mismatch is avoided since the pre-
fault torque condition is re-established by the stator. The
generator continues to work in the same fashion as pre-fault
condition. The grid voltage, the stator voltage and the
electrical torque can be seen in Fig. 5. Since the stator
terminal voltage and the electrical torque conditions are re-
established, the rotor current does not increase above the
converter capacity on occurrence of the fault and hence the

rotor converter does not have to be disconnected under fault
condition. The grid side converter acts to restore the stator
terminal voltage.

Grid Voltage

-1
295 30 305 AN

5 |
39.5 30 305 3N 315

Electrical torque

Time(sec)

Fig. 5. Grid side, stator voltages and electrical torque during a
3-phase fault, under super-synchronous operation

Under such situation, the chopper connected along with the
DC link comes into action to clamp the DC voltage at the
threshold value as soon as the average of DC link voltage
reaches it and the DC link voltage control from the grid side
converter becomes ineffective. Here a DC voltage threshold
value of 1.25 pu is set for the chopper control. The power
flow, the rotor current and the DC link voltage can be seen in
Fig. 6. The power delivered to the grid is proportional to the
voltage retained at the grid. The fault ride through achieved
by the generator can be well appreciated with Fig. 5 and 6.

Grid Power

i i
05 k1]
Time{ses)

%5 EY

315

Fig. 6. Grid, stator and rotor power, rotor current and DC
link voltage during three phase fault, under super-
synchronous operation
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The same fault condition is repeated in the interval of 40-
40.625 second for a sub synchronous speed of operation. The
machine is operating at mechanical torque of —0.45pu and
rotor speed of 0.89, delivering 0.4 pu power to the grid. The
grid voltage, the stator voltage and the electrical torque can
be seen in Fig. 7.

Grid Voltage

Vipu)

V{pu)

Te{pu)

4056 a1
Time(sec)

Fig. 7. Grid side, stator voltages and electrical torque during a
3-phase fault, under sub-synchronous operation

The power flow, the rotor current and the DC link voltage can
be seen in Fig. 8.

Grid Power

0. | \ \
39.5 40 405 41 415
Time(sec)
Fig. 8. Grid, stator and rotor power, rotor current and DC
link voltage during three phase fault, under sub-synchronous

operation

An unbalanced grid side fault (Line-Line-Ground) is created
at 30 second and cleared at 30.625 second when machine
operates at —0.83 mechanical torque and 1.2 pu rotor speed

and delivering 1pu power to the grid. The grid voltage profile,
stator terminal voltage and power flow can be seen in fig. 9.
With the sequence analysis based controller explained in
section II, a balanced condition is established at the stator
terminals by injecting appropriate positive, negative and zero
sequence voltages. The stator terminal voltage is maintained
at 75% of the nominal value under fault condition.

Grid Voltage

3 |||nH il “|I il l || ||]|||II|I\ ||-||\‘\|-|||-.\Il-||\l‘\||-|||‘|||||wI\H|‘||-.w\|:|||-.\‘|l-|
=] P

= -MII-lHIIII-I‘\ il mf ‘ l' I i .|||‘|\| Ill-\”-I'IHIIH-l\‘nl-ll\‘|||-|‘|‘|II-|H|||||\

-29.5 ‘ ‘ 30 305 31 ‘ 315
Stator Terminal Voltage
Z
=

: I i i
39.5 30 305 31 315

Time(sec)

Fig. 9. Grid side, stator voltages and power flow during a L-
L-G fault, under super-synchronous operation

IV. CONCLUSIONS

A new configuration and control for a Doubly Fed Induction
Generator, UPQC-WG is proposed and the performance
under normal operating condition and severe grid side fault
condition is presented in the paper. The model is validated for
the specified voltage profile under the Irish grid code. The
grid side converter is controlled to restore the stator terminal
voltage during grid side fault and hence reduces the fault
current. Therefore, disconnection of the rotor side converter
will not be necessary during any severe grid side fault. The
results obtained from the simulation are promising.

APPENDIX

System parameters

Base value considered are V,,.=690V, Sy, e=2MW

Machine parameters (in pu)
Stator resistance (R;)=0.00488

Rotor resistance (R,)=0.00549
Stator reactance (Xj;)=0.09241
Rotor reactance (X},)=0.09955
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Magnetising reactance (X,,)=3.95
Lumped inertia constant (H)=3.5s
Transformer: 690V:11kV, 5%

Short Circuit MVA at low voltage side of grid connection
transformer =20MVA
X/R ratio of network=5
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