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. ABSTRACT
This paper proposes the new robust coordinated control of doubly fed induction generator (DFIG)
wind turbine equipped with power oscillation damper (POD) for damping of power oscillation considering
.. system uncertainties. The optimization of POD parameters is based on an enhancement of stabilizing
performance and robust stability. Simulation study in IEEE Two-area Four-machine power system shows

that the superior stabilizing effect and robustness of the proposed robust POD.

Keywords: Doubly-fed induction generator, power oscillation -damper, robust stabilify, system

uncertainties
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Parameters Value
Power rating 50 MVA
Frequency rating 60 Hz
Stator resistance (r,) 0.01 p.u.
Stator reactance (xs) 0.10 p.u.
Rotor resistance (r,) 0.01 p.u.
Rotor reactance (x,) 0.08 p.u.
Magnetizing reactance (x,) 3.00 p.u.
" Inertia constants (H) 3 kWs/kVA
Gearbox ratio 1/89
Number of poles 4
Blade length 75 m
Number of blade 3
Pitch angle time constant (T p) 3
Pitch control gain (K) 10
Power control time constant (7 ) 0.01
Voltage control gain (X)) 50
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As the integration of a‘doubly fed induction generator (DFIG)-based wind power generation into power
systems tends to increase significantly, the contribution of DFIG wind turbine is highly expected. Since
the active and reactive power outputs of DFIG can be independently modulated, the stabilizing effect of
DFIG on the inter-area power system oscillation is a challenging issue. This paper proposes a new robust
control design of power oscillation damper (POD) for a DFIG-based wind turbine using a specified
structure mixed Ha/H. control. The POD structure is a practical 2nd-order lead-lag compensator with
single input. Normally, Hs control mainly enforces the closed-loop stability while noise attenuation or
regulation against tandom disturbances is expressed in H» control. As.a result, the mixed Hy/H.. control
gives a-powerful multi-objective control design so that both closed-loop. stability and performance of
designed controlier can be guaranteed. Here, the linear matrix inequality is-applied to formulate the
optimization problem of POD based on a mixed Hy/H.. control. The POD parameters are optimized so that
the performance and robustness of the POD against system disturbances and uncertainties are maximal.
The firefly algorithm is automatically applied to solve the optimization problem. Simulation study in a
two-area four-machine interconnected power system shows that the DFIG with robust POD is superior to
conventional POD in terms of stabilizing effect as well as robustness against various power generating
and loading conditions, unpredictable network structure; and random wind- patterns.

© 2013 Elsevier Ltd. All rights reserved.
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ubly fed induction generator
er-area oscillation

wer oscillation damper

xed Hy/H.. control
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Introduction

Interconnections in power systems not only provide an
hancement of system reliability, but also increase the economical
iciency. Nevertheless, they occasionally cause the inter-area po-
or oscillation with low frequency and poor damping {1]. The
ibility of the inter-area oscillation modes is deteriorated by the
avy load condition in tie-lines especially due to the electric po-
or exchange. Furthermore, the increase of system uncertainties
e to a deregulated environment with complex power contracts,
rious generating and loading conditions as well as unpredictable
ktwork structure, etc., makes the stabilization of inter-area oscil-
fion more difficult [2].

Nowadays, the integration of wind power generation into power
stems increases considerably. As the sharing of wind power
neration increases, the contribution of wind power for power

Corresponding author. Tel./fax: +66 2635 8330.
E-mail address: Tsurinkaew@hoimail.com (T. Surinkaew).

0-1481/$ — see front matter © 2013 Elsevier Ltd. All rights Teserved.
w:fidx.doi.org/10.1016/.renene.2013.11.060

system control and stabilization is highly expected. Especially, the
ability of wind power generation for damping of power system
oscillations is a very challenging issue. As an example, in the new
Spanish grid code for wind power, the ability of power oscillation
damping is included {3]. )

Among of wind turbines, the doubly-fed induction generator
(DFIG) wind energy system is extensively used nowadays. In Ref.
{4], a modelling of DFIG-based wind turbine generation system for
real time electromagnetic simulation study is proposed. With the
developed real-time model, new controller designs or protective
devices can be easily implemented and tested in a hardware-in-
the-loop configuration. In Ref. [5], the second-order sliding model
control of DFIG in real time simulation is represented. The power
extraction maximization of the proposed sliding mode control is
superior to traditional techniques. The active and reactive power
outputs of DFIG can be controlled independently by the power
converters based on vector control [6], flux magnitude and angel
control {7]. As a result, the DFIG-based wind turbine not merely
enhances the energy transfer efficiency but also provides the
damping of power system oscillations. In Ref. {8], the power oscil-
lation damper (POD) is added to the wind turbine controller with
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Fig. 1. Two-area four-machine interconnected power system with DFIG.

same function as a power system stabilizer (PSS) from the
hronous generator. The PODs with various inputs such as the
2 variation [9], the slip of DFIG { 10] etc. are presented. The DFIG
| turbine equipped with POD with all the inputs shows the
. damping performance. In Ref. [11], the optimization of DFIG
rol parameters is proposed based on the minimizing of some
ria. A mixed control of Eigen-structure assignment and a muiti-
-tive nonlinear optimization method for the POD based on the
entional PSS is presented in Ref. [ 12]. In Ref. [ 13], the DFIG with
e and reactive power loops is presented. In Ref. { 14], the mixed
e and reactive control strategy of DFIG based on Lyapunov
10d is proposed. The PODs proposed for DFIG in these works
v good stabilizing effect. Nevertheless, there are several system
rtainties in actual power systems such as various wind power
rns, generating and loading conditions, unpredijctable
rork structures, and system parameters variation etc. The POD
med without considering such uncertainties may fail to sta-
2 the power oscillation. The POD with high robustness against
'm uncertainties is significantly anticipated.

1 fact, it is desirable to follow several objectives such as sta-
1, disturbance attenuation and reference tracking, and consider
yractical constraints, simultaneously. Pure Hx synthesis cannot
uately capture all design specifications. Normally, H. syn-
s mainly enforces closed-loop stability and meets some con-
nts and limitations, while noise attenuation or regulation
1st random disturbances is more naturally expressed in Ha
hesis. As a result, the mixed Ha/H.. control synthesis gives a
erful multi-objective control design addressed by the linear
ix inequalities techniques [15].

his paper focuses on the robust control design of a POD
pped with DFIG wind turbine for stabilization of inter-area
lation in interconnected power systems. The POD structure is
ictical 2nd-order lead—lag compensator with single input. The
nization of POD parameters is carried out by a specified
ture mixed Ha/H., control based on linear matrix inequality
). The parameters of POD are optimized ‘so that-the damping
srmance’ and ‘rebust’ stability ‘margin- against’ system" un-
]inties are satisfied. The firefly algorithm is applied to solve the

optimization problem. Simulation result shows the robustness and
stabilizing effect of the proposed POD is much superior to those of
the conventional POD.

2. Study system and modelling
2.1. Study system

The two-area four-machine power system as depicted in Fig. 1is
used as the study system {1]. Each synchronous generator is rep-
resented by a 6th-order model. 1t is equipped with an automatic
voltage regulator (AVR) type 3 and a turbine governor type 2 {16].
The DFIG wind turbine equipped with POD is placed at bus 7 to
supply electrical power to the system. In this study, it assumed that
the power flow in two tie-lines (Pg.) between bus 7 and bus 8 are in
heavy condition and the system disturbances such as faults, etc,
occasionally occur. These situations cause the inter-area oscillation
with poor damping. To damp out this oscillation mode, the DFIG is
used. The DFIG parameters are given in Table 1.

Table 1

DFIG parameters.
Parameters Value
Power rating 50 MVA
Frequency rating soHz
Stator resistance (rs) 0.01 p.u.
Stator reactance (xs) 0.10 p.u.
Rotor resistance (ry) 0.01 p.u.
Rotor reactance (x,) 0.08 p.u.
Magnetizing reactance (xu) 3.00 p.u.
Inertia constants (Hy) 3 kWs/kVA
Gearbox ratio 1/89
Number of poles 4
Blade length 75m
Number of blade 3
Pitch angle time constant (Tp) 3
Pitch control gain {(K) 10
Power control time constant(Te) 001
Voltage control gain (K) 50
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2. DFIG model

The structure of DFIG with a vector control strategy is shown in
5. 2. As the stator and rotor flux dynamics are fast in comparison
ith grid dynamics and converter controls [16]. The steady-state
ectrical equations of the DFIG are given by

Is = —rsids + ((XS + xU)iqs + inqr)

s = —Tsigs — ((Xs + Xu)igs + Xuldr) 1)
ir = —Trigr + (1 — wm) ((Xs + Xu)iqr + Xulgs)

r = —Trigr — (1 — wm)((Xs + Xu)igr + Xulgs)

here vgs, Vgs, Var and vg; are d and g stator and rotor voltages, igs,
, iar, and iq, are d and g stator and rotor currents, va, V. and v, are
1ase a, b and c rotor voltages, s and r; are stator and rotor re-
,tances, Xs is stator self-reactance, x, is magnetizing reactance,
id wp, is a rotor speed.

The d and q stator voltages are function of the grid voltage
agnitude and phase as

s = —vsinf
s = vecost 2)

here v is a voltage magnitude, and 6 is a phase of voltage.
The generator active and reactive powers depend on the stator
1d converter currents as

Il

Vds':ds + "qS':qs + Vgclde + Vqcige 3)
= V4slds — Vgslgs + Vdcldec — vqclqc

where p and q are active and reactive powers, v4c and vqc are d and g
converter voltages, igc and igc are d and q converter currents.

Due to the converter operation mode, the power injected to the
grid can be written as a function of stator and rotor currents. The
converter powers on the grid side are '

Pc Vdcl:dc + ch'ch (4)
qc = Vdclde — Vqclqce

where pc and g are converter active and reactive powers on the
grid. Whereas, on the rotor side

Pr

Vdrldr + variqr 5
ar (5)

Vdrldr — Vqrlqr

Il

where p, and gr are rotor side active and reactive powers.

Assuming a loss-less converter model, the active power of the
converter coincides with rotor active power, thus pc = py. Since the
converter can modulate active and reactive powers independently,
it is possible to propose the two power control loops independently
{171

As depicted in Fig. 3, the flux-based rotating reference frame is
used to model the DFIG. Since initial value of § = 0, therefore, {2}
can be written as

Vds = Ydr i 0 (6)

Vgs: = Vgr. =V

Grid
Gear box Rotor side Grid side j
converter converter J
JE o (U7
“AC
Wind
turbine
a)m
S —
Voltage ref .

- control .0
A

Fig. 2. Structure of the doubly-fed induction generator and vector control strategy.
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Fig. 3. The flux-based rotating reference frame.

. (3) can be written as

"(iq§ + iqg) (7)
—v(igs + Ig)
he relation between stator fluxes and generatcr currents is
essed by

= —((%s +Xu)igs + Xuigr) (8)
= —({xs + Xu)igs + Xulqr)

re ¢ds and @qs are d and q axis of stator fluxes, respectively.
xpress (8) in form of stator currents-as

— =945 —Xulsr
X5 +Xy -
. (9)
_ =Xylge
T XsXy
ubstitute {9) into {7}, the active and reactive powers of DFIG

ted to the grid can be written in d—q axis of rotor current as

o
R v (10)
Ry 2
Xs+Xy Xy

ote that, in {10}, the quadrature (g)-axis current of the rotor
converter (iq.) is applied to control the real power output while
lirect (d)-axis current (igy) is used to control the reactive power
ut. This is the reason that the decoupling of cross terms in this
r control appears in Fig. 2.

he generator motion equation is expressed by

= (rm'— re)/ZHm (11)
= (‘/’ds'qs - ‘qu’ds)
re @ is state variable of rotor speed, ty, and 1. are mechanical
alectrical torques, Hpy, is rotor inertia, and ¢4s and ¢qs ared and g
ir fluxes, respectively.

hus the electrical torque is provided by

+ Xy (iqrigs + Igrigs) (12)

Power-speed
control curve

-

The mechanical power py extracted from wind which is the
function of the wind speed v, the rotor speed wy and the pitch
angle 8y, is given by

ngp
Pw = ﬁcp(l, Op)Acv,

(13)
where ng is the number of machines that compose the wind park, S,
is the power rating, p is the air density, ¢; is the performance co-
efficient or power coefficient, 1 is the tip speed ratio .and Ay is the
area swept by rotor. The c;(1.6,) curve is approximated as follows

116

cp = 022 (— — 046, — 5) et

T (14)

where }; can be approximated by a function of A[16] which is given
by N

1 1 0.35

% T TR 0080, T e (15)

The rotor currents igr and igr are used for rotor speed control and
voltage control which are depicted in Figs. 4 and 5, respectively.
As a result, igr and igr can be expressed by

T Xs 4 Xu_» . 1

lgc = (— P “Poy(Wm)/©m —qu) T. (16)
. v -

e = Ko( — vyer ) = o i a7
Viaf = U?ef 4 4F0D (18)
where 13, is the initial reference voltage, v£°° is an additional

signal of the POD, and pj, is the power speed characteristic which
roughly optimizes the wind energy capture, Ky is voltage control
gain, and Tz is power control time  constant,
iin, fqax, i and B are d and g minimum and maximum rotor
currents, respectively. Here, the stabilization of power oscillation is
conducted by the voltage control of iy, via the POD signal.

Finally the pitch angle control is illustrated in Fig. 6 and

described by the differential equation

bp = (Kp(p((x)m 1 (u,ef) o 0P/Tp) (19)
where ¢ is a function which allows varying pitch angle set point
only when the different (wm — wrer) exceeds the predefined value
+Aw, wret is the reference speed, K;, is the pitch control gain, Ty, is
the pitch control time constant. Note that, the pitch control works
only for super-synchronous speeds. An anti-windup limiter locks
the pitch angle 8, = 0 for sub-synchronous speeds.

_(xs+xu) \ / ;

e A
—— Dn }

x,v(1+sT,)

T
|
1

~min
qr.

Fig. 4. Rotor speed control scheme of DFIG.
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POD
Vv -max
N ldr
- )t | [
0 _$~i Kv FJ@ - . / i
L L 1+s /
' /
-min
e ldr
X
v u

= « T =l K P I4]
a)m -~ P
- | = l 1+sT,
@, Pitch angle set —
point (¢)

Fig. 6. Pitch angle control scheme of DFIG.

', POD model

The structure of the POD controller of DFIG is a 2nd-order lead—
. compensator as depicted in Fig. 7. The POD consists of a stabi=
er gain Ksiap, @ washout filter with time constant Ty, = 10, and two
ase compensator blocks with time constants Ty, T», T3, and T4. The
ishout signal ensures that the POD output is zero in steady state.
e input signal vg is the active power flow (Pyjne) in the trans-
ssion line between bus 7 and bus 12. The output signal v?°P is
pject to an anti-windup limiter, ¥™" and v"#* are minimum and
iximum of £°P. The gain determines the amount of damping
roduced by POD while the phase compensator block provides
» appropriate lead—lag compensation of the output signal. Here,
+ search parameters of the proposed robust POD are Kgeap, Ty, T2,
and Ty.

. Linearized power system model
The linearized state equation is used to represent the system as

= Ax+ Bu
= Cx+ Du '3}
\ere the state vector x = [0 €q €y €g €4 Vi Vr Vi Xg Vi Wm Op idr iq,]T.
s the rotor angle, (n x 1); w is the synchronous rotor speed
x 1); e, and e} are the transient internal voltages of a synchro-
us generator in d and q axis, respectively, (n x 1); eg and e} are
+ subtransient internal voltages of a synchronous generator in
nd q axis, respectively, (n x 1); vy, is the measurement voltage,
x 1); v is the regulator voltage, (m x 1); v¢ is the field voltage
x 1); Xg is the output signal of governor, (m x 1); vy is the output

Gain Washout

VSI ;<‘.-7

Lead-lag 1

Fig. 8. Closed loop system via mixed H,/H.. control.

signal of wind speed, wp, is the rotor speed of DFIG, 0, is the pitch
angle, igr and igr are the DFIG rotor currents in d and g axis,
respectively, n is the number of synchronous generator, m is the
number of AVR and turbine governor, u = [1£°P), u is the control
output signal, y = {vg], y is the input of controllet. Note that the
system in {20} is the single input single output (SISO) control sys-
tem and is referred to as the nominal plant G.

3. Proposed control design
3.1. Mixed Hy/Hs control

It is well known that each robust control method is mainly
useful for capturing a set of design specification. For instance, the
H; tracking control.is suitable to deal with transient performance
by minimizing the linear quadratic cost of tracking error and con-
trol output, while H., approach is more useful to maintain the close
loop stability in the presence of model uncertainties |18]. Accord-
ingly, a mixed H»/H .. control technique can provide both objectives.
Fig 8 shows the closed loop system via mixed H,/H., control, where
G(s) is a linear time invariant system, Ap is multiplicative un-
certainties, k is a controller, wy and w; are disturbance and other
external input vector, respectively, y is a measured output vector, u
is an input vector from controller, 7; is an output channel associated
with the Linear Quadratic Gaussian (LQG) aspects (H, perfor-
mance), and z. ‘is-an output channel associated with the H.
performance.

A mixed H>/H . astatic output feedback (SOF) control design can
be expressed as_the following optimization problem that is the
determination of an admissible SOF law k belonging to a family of

internally stabilizing SOF gain Ksof. "
u = ky, keKgp (21)
such that

| Tz lpsubject tO] Tyt 1 < 1 (22)

kE Ksof

where T,.. and Ty, be the transfer functions from wy and w; to
Z. and z,, respectively. The optimization problem (22} defines a

Lead-lag 2 s

Fig. 7. Structure of POD.
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Fig. 9. D-stability region.

st performance synthesis problem where the H, norm is cho-
is the performance measure. Here an LMl algorithm is intro-
d to get a suboptimal solution for the above optimization
lem. Specifically, the developed algorithm formulates the Ha/
OF control through a general SOF stabilization problem. The
ssed algorithm searches the desired suboptimal HijH. SOF
oller k within a family of H, stabilizing controllers K such

Yl <Eev, <1 (23)

Taw2llz: Y= = ITzzwills (24)

e ¢ is a small real positive number, y; is an-H, performance
sponding to the Hy/H.. SOF controller k, y» and v« are optimal
1d H. performance indices, respectively, which can be ob+
d from application of standard H/H.. dynamic output feed-
control. In the proposed strategy, based on the generalized
- output stabilization feedback lemma [ 18], first, the stability
iin of space (POD parameters), which guarantees the stability
: closed loop system, is specified. In the second step, the subset
2 stability domain in POD parameters space in the first step is
mined so that the H, tracking performance is minimized:
ly, and in the third step, the optimization is conducted so that
1, performance index and the H. constraint are met {15].
es, to enhance the system damping, the dominant oscillation
» is designed to move to the D-stability region with the spec-
damping ratio {spec and the specified real part opec as shown
£8.

ised on this concept, the optimization problem of POD pa-
ters can be formulated as

mize||Towa2ll, (25)

2ct 0] Tymwifle < 1
-spec‘ 0 < Ospec, (26)
< Ksab < 5. 0.01 <Ty3 <20, 001 <Tp4 < 20.

iis optimization problem is solved by the firefly algorithm.
irefly algorithm

2 firefly algorithm'is’a meta-heuristie algorithm, inspired by
ashing behaviour of fireflies | 19]-The firefly algorithm uses

mainly real random numbers based on the global communication
among the swarming particles. It is very effective in multi-objective
optimization {20]. The firefly algorithm can find the global optima
as well as all the local optima simultaneously in a very effective
manner. Besides, the firefly algorithm is better than genetic algo-
rithms and particle swan optimization because fireflies aggregate
more closely around each optimum (without jumping around as in
the case of genetic algorithms). The interactions between different
subregions are minimal in parallel implementation [21,22]. Fig. 10
shows flow chart of firefly algorithm, the firefly algorithm is
explained as follow:

1. Generate initial population of fireflies with random positions
and light intensity.

2. Evaluate the objective function in {25) for each firefly and check
constrain in (26,.

3. Ranking the fireflies by their light intensity.

4. Move all fireflies toward brighter ones x;.

énerate inifial population of fircflies Witk
random positions and fight intensity.

) ¥

e

Evaluala the Sbjeciive |
function in (25) for ¢
>}/! ach firefly and check /t
. _eonstraint in (26). f

Rankiag the fireflies by
their light intensity.

Move all fireflies toward
brighter ones by (27).

Fig. 10._Flow chart of firefly algorithm.
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Fig. 11. Convergence curve of the objective function.
-2
= Xifoe” i (x; — x;) + a(rand — 0.5) 27

pere « is the randomization parameter, rand is the random
mber in (0,1), Bo is the attractiveness at r = 0, 1 is distance be-
een any two fireflies i and j at x; and x;, vy is light absorption
efficient.

(28)

pere d is number of dimension.

When the maximum number of iterations is arrived, stop the
process. Otherwise go to process 2.

Simulation study

For the stopping condition or the maximum:iteration of opti-
zation, it is set by observing the convergence of objective func-
n. Here, it is set at 100, which is enough to guarantee that the
kimal value of objective function is achieved. For the values of «,
.and By, it is worth pointing out that equation {27} is a random

ple 2
arating conditions (MVA base = 100 MVA, frequency base = 60 Hz).

\ase Average Pge  Uncertainty handling information
wind speed, (p.u.)

Vwind (M/s)

AVwina APye Applied disturbance
(m/s)  (p.u.)

7.0 42 00 0.0

A 3 phase fault occurs at bus 6 at

t = 1 s, the fault is cleared by

opening the circuit breaker at line

between bus 8 and bus 9 at

t = 1.05 s, and not reclosed.

A 3 phase fault occurs at bus 8 at
= 1 s, the fault is cleared by

opening the circuit breaker at line

between bus 8 and bus 9 at

t = 1.08 s, and not reclosed.

A 3 phase fault occurs at bus 9 at

t = 1 s, the fault is cleared by

opening the circuit breaker at line

between:bus 8 and bus 9 at

t/= 110 s,;and not reclased.

Same case 2.

7.0 3.0 0.0 12

9.0 57 20 1.5

Table 3
Eigenvalue analysis results.
Type of Oscillation Eigenvalue Damping Frequency
controller mode ratio (%) (Hz)
Without POD Inter-area —0.170 + 4.010i 424 0.6382
Local 1 -0.767 + 6.950i 11.10 1.1061
Local 2 ~1.050 + 7.160i 14.50 1.1395
DFIG-CPOD Inter-area —0.618 + 4.050i 15.08 0.6446
Local 1 -1.110 + 6.960i 15.80 1.0982
Local 2 -1.210 + 7.190i 16.60 1.1443
DFIG-RPOD Inter-area —0.657 + 4.070i 16.05 0.6478
Local 1 -1.110 + 6.970i 15.70 1.1093
Local 2 -1.210 + 7.190i 16.60 1.1443

walk biased towards the brighter fireflies. If o = 0, (27} becomes a
simple random walk. The parameter y characterizes the variation of
the attractiveness. The value of v is very important in determining
the speed of the convergence and how the firefly algorithm be-
haves. For «, it is the random parameter in the range of 0 and 1. In
this study, the appropriate values of parameters are selected as
o =0.2,y =1, and By = 1. For the number of firefly population, by
abserving the convergence of solution, it is properly selected at 25.
Convergence curve of the objective function is depicted in Fig. 11, at
1st iteration, the initial value of the objective function is randomly
found at 7.23. After that, the fireflies continuously minimize the
value of objective function to 7.01 at42nd iteration. Subsequently,
the objective function value is kept constant at 7.01 because this
value 'still satisfies the constraint ||Tze w1/l in {26). The fireflies
cannot find any other better solution which satisfies this constraint.
This is the reason that the fireflies can improve the 8ptimized result
just 3% from the initial value. Note that, the optimization is carried
out based on the normal operating condition in case 1 as described
in Table 2. The uncertainty handing information given in Table 2
consists of two items as follows.

1) Uncertainty due to the power flow in two tie-lines between bus
7 and bus 8:

2) Uncertainty due to the average wind speed (Vwind). This is the
deviation of average wind speed from the initial wind speed.
Here, the initial average wind speed is set at 7 m/s.

After optimization processing, the proposed robust POD of DFIG
which is referred to as “DFIG-RPOD?”, is obtained as.
DFIG-RPOD:

149.7256s 1+ 8.7259s

Krpop(s)="2.2 722 653525 T 1 1053425

(29)

DFIG-CPOD |
5 B OF1G-RPOD |

zw

H-infinity norm of T,
P

ks

i 3 &

o.M R K i B
3 35 4 45 5 5.5
Power flow.in tie-line {p,u.)

Fig. 12. Variation of ||T,. w1 |{. When Py is varied from 3.0 to 6.5 p.u.
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Without POD |

EY

G

DFIG-CPOD
DFIG-RPOD

-1

-0.5 0 0.5
Real

3. Locus of dominant inter-area mode when P, is varied from 3.0 to 6.5 p.u.

ie robustness of DFIG-RPOD is compared with the conven-
| POD designed without considering the robustness which is
‘ed as “DFIG-CPOD". The DFIG-CPOD is designed o yield the
iing ratio and real part of the dominant modes same as the
n specification of DFIG-RPOD. The optimization problem of
-CPOD based on the pole assignment is formulated as

mize 5 [Sspec —C|+ X |ospec — 0|
(<l spec 0205pec

13 <20,0.01 < Tpy < 20.

(30)

ie objective of the optimization in {30} is to move the domi-
modes to the D-stability region as shown in Fig. 9. Solving (30}
=fly algorithm, the controller of DFIG-CPOD based on the same
[, is obtained as
‘IG-CPOD:

Wind speed (m/s)

Wind speed (m/s)

Rotor speed (p.u.)

Rotor speed {p.u.)

Time (s)

1.001
1
0.998

Rotor speed (p.u.)

10
20 50 1

Time (s)

No. Generator

5 3

No. Generator

4

(c)

Fig. 15. Synchronous generator rotor speed in case 1: {a) without POD, (b) DFIG-CPOD,

and {c) DFIG-RPOD.

1+5.58455 1+ 10.8641s

Kepop(s) = 2.2131+

145.17945 1 +9.5620s

(31)

The eigenvalue and damping ratio of local and inter-area oscil-
Subject t0f > Lspec. 0 < Tspec. 0.01 < Ky, < 5,0.0tion modes of DFIG-CPOD and DFIG-RPOD under case 1 are
described in Table 3. Without POD, the damping ratio of oscillation
mode is very poor. On the other hand, the damping ratio is
improved by DFIG-CPOD and DFIG-RPOD as design specification.
The robustness of the DFIG-CPOD and DFIG-RPOL} is evaluated
by ‘the value of ||T,owille- Fig. 12 shows the comparison of
1Tz w1l between DFIG-CPOD and DFIG-RPOD when Py is varied
from 3.0 to 6.5 p.u. Obviously, ||T;ewill. in case of DFIG-CPOD

largely changes. The DFIG-CPOD

7.5 7.5
Average speed=7/m/s Average speed=7m/s
7
6.5 - :
0 10 20 30 40 980 10 20 30 40 50
@ (b)
10 15
Average speed=9m/s Average speed=13.5m/s
14
: 13 '
10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
(c) (d)-

Fig. 14. Patterns of wind (a) case i, (b) case 2, (c) case 3, and (d) case 4.

is very sensitive to the
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. 16. Synchronous generator rotor speed in case 2: (a) DFIG-CPOD, and (b) DFIG-
0D.

icertainty due to the tie-line power flow. On the other hand, the
ange in || T;wwi || o in case of DFIG-RPOD is lesser. The DFIG-RPOD
not much sensitive to the variation of the tie-line power.

Next, the locus of the eigenvalue corresponding to the dominant
‘er-area mode under the variation of Py from 3.0 to 6.5 p.u. is
picted in Fig. 13. Under the heavy power flow condition, the locus
the dominant mode in case of without POD and DFIG-CPOD
1ds to move to the unstable region. On the other hand, the lo-
s in case of DFIG-RPOD is still in D-stability region. This result
licates that the robustness of DFIG-RPOD against heavy power
w is superior to that of DFIG-CPOD.

Next, the nonlinear simulation of four case studies against
plied disturbance as given in Table 2 is performed by power
stem analysis toolbox (PSAT) [23). Simulation results of the rotor
2ed of synchronous generators 14 are provided as follows.
.14 shows the pattern of wind applied for cases 1—4.

Fig. 15 shows the rotor speed oscillation in case 1. Without POD,

: rotor speed largely cscillates. On the other hand, the DFIG with -

her CPOD or RPOD is able to damp the oscillation effectively. In

Time (s) No. Generator ’ (a)
1.002
1
0.998

0 2 3 4
30
40 2
S0 1
Time (s) No. Generator (b)

17. Synchronous generator-rotor speed in ‘case 3:(a) DFIG-CPOD, and (b) DFIG-
J.
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Fig. 18. Synchronous generator rotor speed in case 4: (a) DFIG-CPOD., and (b) DFIG-
RPOD.

case 2 as depicted in Fig. 16, the damping effect of DFIG-CPOD is
much less than that of DFIG-RPOD. In cases 3 and 4 in Figs. 17 and
18, respectively, the stabilizing effect of DFIG-CPOD is completely
deteriorated. The rotor speeds severely osciilate and eventually the
systemn is unstable. On the other hand, the DFIG-RPOD is robustly
capable of damping out the oscillation. These simulation results
confirm that the DFIG-RPOD is very robust against the various
power flows, patterns of wind, wind speeds, severe faults, and
faults location. Advantages of the proposed POD can be summa-
rized as follows;

1) Since the structure of POD is a 2nd-order lead/lag compensator
which is the same as the conventional power system stabilizer,
it is easy to implement in practical power systems.

2) The proposed optimization technique is very systematic, auto-
matic, and practical. The POD parameters can be automatically
obtained by the optimization. Besides, the proposed optimiza-
tion can be applied to multiple PODs case.

3) The optimized POD is able to robustly stabilize the power sys-
tem under various system uncertainties such as various gener-
ating and loading conditions, and patterns of wind.

4) Since the stabilizing performance of POD is carried out by the
reactive power output control of DFIG wind turbine, this does
not affect the active power generation of DFIG wind turbine.

5) The power oscillation damping by DFIG wind turbine can be
served as the new ancillary service in the future smart grid.

5. Conclusion

A new robust power oscillation damper design with a specified
structure mixed Ha/H. control based on LMI technique for DFIG-
based wind turbine has been presented. The structure of power
oscillation damper is specified as the 2nd-order lead—lag
compensator which is easy to realize in practical system. Based on a
mixed Hy/H., control concept, the controller parameter of POD is
automatically optimized based on the enhancement of robust sta-
bility margin and robust performance by the firefly algorithm.
Simulation result in the two-area four-machine interconnected
power system confirms that,the DFIG equipped with the-robust
POD is\very robust against various heavy power flows, severe faults,
faults location, and patterns of wind.
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