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Abstract

This paper presents a robust voltage control scheme for fixed-speed wind generators using
a static synchronous compensator (STATCOM) controller. To enable a linear and robust
control framework with structured uncertainty, the overall system is represented by a linear
part plus a nonlinear part that covers an operating range of interest required to ensure stability
during severe low voltages. The proposed methodology is flexible and readily applicable to
larger wind farms of different configurations. The performance of the control strategy is
demonstrated on a two area test system. Large disturbance simulations demonstrate that
the proposed controller enhances voltage stability as well as transient stability of induction
generators during low voltage ride through (LVRT) transients and thus enhances the LVRT
capability.
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1. Introduction

Traditionally, wind power generation has been treated as a distributed small generation
or negative load. Wind turbines (WTs) have been allowed to be disconnected when a fault
is encountered in a power system. Such a perspective does not, for instance, require wind
turbines to participate in voltage and frequency control and their disconnection is considered
insignificant in terms of loss of production issues. However, recently, the penetration of wind
power is considerably high particularly in some countries such as Denmark (18.5%), Spain
(7.8%) and Germany (4.3%) [1]. These figures are equivalent to the annual production of
wind power over a total electricity demand. Consequently, the maximum penetration during
some peak hours can be 4-5 times these figures [2].

Presently, 30% of the installed wind power is still being produced by squirrel-cage induction
generators (SCIGs) which are directly connected to the grid and operate at an almost fixed
speed [3]. They are advantageous as wind generators for their low cost, low maintenance,
due to their rugged brushless construction and asynchronous operation. A directly connected
induction generator (IG) is not able to contribute to power system regulation and control in
the same way as can a conventional field-excited synchronous generator as it needs reactive
power support to be connected to stiff grids. However, WTs are usually connected at weak
nodes or at distribution levels at which the network was not originally designed to transfer
power into the grid [4]. This increases the need for dynamic reactive power support to ride-
through severe faults.

Squirrel cage induction generator consumes reactive power and it slows down voltage
restoration after a fault. This can lead into voltage and rotor-speed instability. During
a fault, the generator will accelerate due to the imbalance between the mechanical power
extracted from the wind and electrical power delivered to the grid. When the voltage is
restored after the fault is cleared the generator will consume reactive power, impeding the
voltage restoration. When the voltage does not rise quickly enough, the generator continues to
accelerate and consumes even larger amount of reactive power. This process may eventually
lead to voltage and rotor-speed instability and more so if the wind turbine is connected to a
weak grid. To prevent these types of instabilities, advanced and faster STATCOM controllers

can be connected to the system [5].



Linear control techniques have been predominantly used for controlling a STATCOM.
In this approach the system equations are linearised around an operating point. Based on
this linearised model, the conventional proportional-integral (PI) controllers are fine tuned to
effectively respond to the small scale and large scale disturbances in the power system, where
the STATCOM is connected. For instance PI controllers are used in STATCOMSs to design
internal controllers for distribution which enables them to mitigate voltage flicker [6]. While
these models are appropriate for certain small signal applications in the vicinity of a specific
steady state operating point, they cannot capture the true nature of the power network and
the STATCOM when the system is exposed to large scale faults or dynamic disturbances
that change the configuration of the plant to be controlled due to the significantly nonlinear
behaviors of the system that occur in the transients after these types of perturbations.

Several methods for controlling the pitch angle have been reported including the PI control
method [7], the backstepping method [8], the feedforward method [9] and the adaptive control
method [10]. However, these methods do not allow for variations in the parameters and the
effect of wind shear for wind turbines. In order to consider variations in parameters and the
effect of wind shear, more advanced H,, control method is considered in [11]. However, the
two most important aspects against which a controller should be robust are the changing
nature of the operating point and the large deviations from the equilibrium conditions. There
is no work reported in the literature which quantifies the deviation of the operating point
from the equilibrium point for which the system maintains closed-loop stability. In this paper
we provide robustness for this important condition and quantify the stability region around
the equilibrium point.

The authors in [12] propose a proportional-integral-derivative (PID) pitch angle controller
for a fixed speed active-stall wind turbine. The controller is designed using root-locus method
and the nonlinearities of the system are taken into account to determine the second-order
transfer functions using step response which represents the system more accurately compared
to linear representation. The actual transfer function of the wind turbines is of higher order
and the method in [12] cannot capture nonlinearity accurately. To capture the nonlinearity
fully, a method using mean-value theorem is proposed in [13] and a excitation controller is

designed where unstructured uncertainty representation is presented. This representation is



simple but conservative.

The STATCOM with a voltage or current source converter is a nonlinear device. The
converter model is usually a multi-input multi-output nonlinear system. The difficulty in
controlling the converter is mainly due to the nonlinearity. There are several ways of dealing
with the nonlinearity. The simplest way is to use two PI controllers to control the DC term
and the reactive power separately [14]. However, in these cases, the response time is usually
large, and it is difficult to find appropriate PI parameters in a systematic way. Another
method is to write the state equations of the system, then linearise the system around an
operating point [15]. The problem with this method is that the controller design is dependent
on the operating point, which is not adequate in the event of large disturbances.

This paper presents a control method for the STATCOM converter in order to regulate
reactive power exchanged between the machine and the grid. A pitch angle controller is also
designed using standard technique [16] in order to control active power. The active power is
controlled in order to be adapted to the wind speed in a wind energy conversion system and
the reactive power control allows to get a unitary power factor between the stator and the
grid.

The proposed method can be used to design a linear controller which is robust to accom-
modate post-fault low-voltage conditions. The extended robustness is provided by the exact
linearisation of the nonlinear model using the mean-value and the Cauchy remainder [17].
This reformulation allows us to design a robust controller against structured uncertainty,
which refers to the fact that the uncertainty can be broken up into a number of independent
uncertainty blocks. The controller performance is evaluated through simulations by applying
large disturbances. The comparisons of these results with those obtained from conventional
PI-based STATCOM controller [18] reveals the efficacy of the proposed STATCOM control
design.

The organisation of the paper is as follows: Section 2 provides the mathematical mod-
elling of the power system devices under consideration, and test system and control task
are presented in Section 3. Section 4 describes the linearisation technique and bounding for
uncertainties and Section 5 discusses the STATCOM controller design technique. Controller

design algorithm and performance of the controller are outlined in Section 6. Section 7 draws



the conclusion.

2. Power system model

The schematic structure of a fixed-speed wind turbine with a SCIG is depicted in Fig. 1 [16].
It is the simplest type of WT technology and has a turbine that converts the kinetic energy
of wind into mechanical energy. The generator then transforms the mechanical energy into

electrical energy and then delivers the energy directly to the grid.
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Figure 1: System structure of wind turbine with directly connected squirrel-cage induction generator

The rotor of the wind turbine, with radius R;, converts energy from the wind to the rotor
shaft, rotating at the speed, w,,,. The power from the wind depends on the wind speed, V,,,,
the air density, p;, and the swept area, A,,,. From the available power in the swept area, the
power on the rotor is given based on the power coeflicient ¢, (\;, 6;), which depends on the

pitch angle of the blade, 6;, and the ratio between the speed of the blade tip and the wind

m;

speed, denoted tip-speed ratio, \; = wV—R The aerodynamic torque applied to the rotor for

K3

the " turbine by the effective wind speed passing through the rotor is given as [19]:

LAU}ticpi()\i’ 9%)‘/3 (1)

2w, w7

Taei =

where ¢,, is approximated by the following relation [20]:

¢y = (0.44 — 0.01676;) sin {15_—0,391.

} — 0.00184()\; — 3)6;,

where ¢ = 1,--- ,n, n is the number of wind turbines.



A transient model of a single cage induction generator (IG) is described by the following

algebraic-differential equations [19], [21]:

1
5; = SH,, [T, — T2, (2)
By, = = By, = (5= Xin] = 50,y 3)
B}, = —% (L, + (X — X])igs,] + siws B, (4)
Vs, = Rajigs, — Xfigs, + Ely,, (5)
Vs, = Rayigs, + Xligs, + E,., (6)

v, =\ Vi, + Vs (7)

where X| = X, + X,,, X, /(X,, + X,,) is the transient reactance, X; = X, + X,,, the
rotor open-circuit reactance, 1 = (L,, + Ly,,)/R,, the transient open-circuit time constant,
vy, the terminal voltage of the IG, s; the slip, Ej, the direct-axis transient voltages, Ej.
the quadrature-axis transient voltages, Vg, the d-axis stator voltage, V,, the g-axis stator
voltage, T,,,, the mechanical torque, T., = Eg,ias, + Eqr,l4s,, the electrical torque, X, the
stator reactance, X, is the rotor reactance, X,,, the magnetising reactance, R, the stator
resistance, R,, the rotor resistance, H¢, the inertia constant of the IG, ¢4, and 74, the d- and
g-axis components of the stator current, respectively.

Basic STATCOM circuit consists of a voltage source converter (VSC) and a DC capacitor.
The dynamic of this voltage source is governed by the charging and discharging of a large
(nonideal) capacitor. The capacitor voltage can be adjusted by controlling the phase angle
difference between line voltage V; and VSC voltage E. If the phase angle of line voltage
is taken as a reference, the phase angle of VSC voltage is the same as the firing angle a
of VSC. Thus, if the firing angles are slightly advanced, the dc voltage V. decreases, and
reactive power flows into STATCOM. Conversely, if the firing angles are slightly delayed, the
dc voltage increases and STATCOM supplies reactive power to the bus. By controlling the
firing angles of VSC, the reactive power can be generated from or absorbed by STATCOM
and thus the voltage regulation can be achieved. The STATCOM model can be described by

the following equation:

Vac(t) = (8)
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Figure 2: 3 machine 2 area test system (G-synchronous generator, WT-wind generator, S-STATCOM and
L-load)

where v, is the capacitor voltage, P; is the power supplied by the system to the STATCOM to
charge the capacitor, which is a nonlinear function of (a, k, £, vae, E,,., Ey,., and E = kvg.Za).

The control inputs are related to vg. through P;. The STATCOM bus voltage measurement

system is modelled as a first order system (for constants 7, and K,,):

. Vtm,
Vtm = _ji_m + Kmvta (9)

where vy, is the sensor output and v, is the voltage at Bus 4. For stability analysis we include

the transformer and the transmission line in the reduced admittance matrix.

3. Test system and control task

The two area test system shown in Fig. 2 consists of 11 buses and 3 generators [22]. It
has an area fed by a remote generator G5 with a nominal capacity of 2200 MVA through
five 500 kV parallel lines. Generator (G7) models an infinite bus representing a large-inertia
interconnected system.

Area 2 contains a 1600 MVA local synchronous generator (G3) and two aggregate loads,
one industrial served directly via the off-nominal constant ratio transformer (73) and the other
a commercial-residential load on bus 11. All the load, P,=6655 MW and Q);=2021 MVAr,
for this test system is in area 2 and is connected to the transmission network through two

transformers (75 and Tg) and a 115 kV transmission line between buses 9 and 10.
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Table 1: Participation Factors
States Asy | AEL, | AE! ., | Asy | AE,, | AE!

qrl qr2

Parti. Factor | 0.96 | 0.048 1.0 1094 | 0.04 0.97

We design a robust STATCOM controller for the modified test system where the generators
Gy =0MW, G3 =0 MW, WT; = 1736 MW, and WT; = 1154 MW. The remaining power
is supplied from G; which is considered in this paper as an infinite bus. A STATCOM
is connected at Bus 4 to meet the connection requirements for power system grids. The
wind generators are arranged in two parallel lines and we represent each of them by an
aggregated wind generator model [23]. To appreciate the nature of the control task, we carry
out the modal analysis for the open loop system. The dominant mode for the test system is
—0.105 £ 50.71. The participation vector for the dominant mode is shown in Table 1. The
ol

participation vector indicates that the states E’ 2>

ol s1 and sy have the most significant

contribution to the dominant mode. The dominant mode is related to both reactive and active
power mismatch. The reactive power can be controlled by the designed STATCOM controller
and a conventional pitch controller is used to control real power. For the test system, the
state vector is x = [31, Byt Egpys 825 By, Eppo, Ve vtm]T

Fig. 3 depicts the pitch angle controller. In this work the pitch rate limit is set to 8 (deg/s),
Brmin = —5°, Ornax = 45°, Opin = —10 (deg/s), 0,0 = 10 (deg/s) and time constant is 0.2 s. In
this case, the gain of the tuned (trial and error method) PI controller is obtained as Kp = 5

and K; =25.
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Figure 3: Pitch angle control strategy.

3.1. STATCOM control strategy

STATCOM employment has to counteract the well known instability problems related to

the induction generator operation conditions, by providing a controlled reactive power, with

8
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Figure 4: STATCOM control strategy.

the consequent stability margin improvement. The rationale of the proposed control strategy
is based upon the ability of the inverter to distribute electrical power between the induction
generator and load, guaranteeing the load required voltage profile. More specifically, at steady
state conditions, the inverter does not exchange active power with the load, so that only the
induction generator supplies the active power amount required by the load and inverter losses.

The STATCOM control strategy used in this paper is shown in Fig. 4. In this method,
the compensation is achieved by measuring the rms voltage at PCC. The output voltage (E)
magnitude of the VSC relates to the DC side voltage and is also a function of the phase angle
and the modulation ratio of the PWM. In this case k is fixed and « is used as the control
variable. The inverter control consists of regulating the voltage amplitude and the phase delay

angle («) between the emf F and the inverter output voltage (v;).

4. Linearisation and uncertainty modelling

Linear controllers are designed based on the Taylor series approximation around an equi-
librium point. This linearisation technique limits the applicability of the linear model to
small deviations from the equilibrium point. In general, the range of these small deviations
is difficult to quantify. To quantify the neglected higher order terms, we propose the use of
a linearisation scheme which retains the contributions of the higher order terms in the form

of the Cauchy remainder. In the design of the linear controller, a bound on the Cauchy re-



mainder is incorporated as an uncertain term thus quantifying the deviations permitted in
the linear model.
Let (zg,up) be an arbitrary point in the control space, using the mean-value theorem, the

test system dynamics can be rewritten as follows [24]:

& = f(xo,u0) + L(x — xo) + M(u — uo), (10)
of of ' of o '
here L= |—— L M = | == L
where [ 8:6 r=ax*1 ’ ’ aSC x—x*8] ’ [ au z=x*1 ’ ’ 8u r=x*8
u=ux1l u=u*8 u=ux1 u=ux*x8
Here (z*?,u*) , p = 1,--- 8, denote points lying on the line segment connecting (z,u) and
(o, up) and f = [fi,..., fg]T denotes the vector function on the right-hand side of the vector

differential equations. The identity in equation (10) is an exact reformulation of the system.
where the first term on the right-hand side represents the model at equilibrium points, the
second term presents the nonlinearity, i.e., the higher order terms in Taylor series expansion,
and the third term denotes the input of the system. The nonlinearity of the system is captured
through the nonlinear dependencies ©*? = ®,(x,u, zg,u) and u? = V,(z,u, zg,up), p =
1,...,8.

Letting (z, ug) be the equilibrium point about which the trajectory is to be stabilised and

defining Az £ = — 9, Au = u — uyg, it is possible to rewrite (10) as follows:
Ad =& — 2o = L(x — 20) + M (u — up),
= Alz + (L — A) Az + BiAu+ (M — By)Auw, (11)

of

_ of of
where A = o A

o=z, and By = v -

We rewrite system (11) in terms of the block diagram shown in Fig. 5, where

7
(L—A)Ax+ (M = By) Au =Y By&i(t), (12)
k=0
where &(t),...,&(t) are known as the uncertainty inputs. The matrices [Bag,: - , Barl,

[610, e ,6’27} are calculated such that

7 7

k=0 k=0

10
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Figure 5: Control strategy of structured uncertain system

where &, = ggkélkﬁa: + zﬁkblkAu, k=0,...,7, and

- T , T
&F—Looooooﬂ,%:@Yhoooooﬂ,

| 2H 1 X1—X]

- , T T
%z@OTﬁooooﬂ,%zhooﬁzoooq,

X1 —X]

I / T / T
%zooooé%ooq,%zhooooéhoﬂ,
T

- T
B26:000000—10:|7B27:|:0000000KWX51:|,

1
To

(14)

The nonlinearities considered in this paper are due to the dynamics of s;, Egy,,, Ey,,, and

Vge, © = 1, 2, with this the matrices élk and le are chosen such that

(100000 0 0
01 00O0O0O0TGO
001 00 0O0O T
~ - 11111111
Coe =10 00100 0 0|, D= :
11111111
000 O0OT1TO0GO0TGO
0 0O0O0OO0OT1O0TO
000 0O0OO0OT1TSF®O
k=0,...,7,
7
(L—A) Az + (M = By)) Au =Y By&i(t), (15)

k=0

11



where & = ¢pCirAx + ¥ DypAu, and or(t) = ﬁ [ék(t) &k(t)} where [, are scaling
factors which affect the magnitude of the uncertain outputs (, k =0,...,7.

In general, z*P,p = 1,...,8, are not known beforehand, it is difficult to obtain the exact
value of (L — A) and (M — By), but it is possible to obtain a bound on ¢ and )y, over the

operating range and parameter [ is chosen to ensure

loe@®I* <1, k=0,...,7. (16)

From this, we have

&I < Bull(Cutse + Dy ) | (1)

and we recover the IQC (integral quadratic constraint) [25],

€I <IG®I?, k=0,....7 (18)

The expressions for ¢y (t) and 9 (t) can be determined following the procedure given in [26].

The system can now be written as

7
Ai = AAx + BiAu+ Y Bydilt). (19)
k=0

To facilitate control design, the power system model is finally summarised as

7
Ni(t) = AAx(t) + BiAu(t) + ) Budi(t), (20)
k=0
7
y(t) = Colsa(t) + ) Darbi(t)), (21)
k=0
Ck(t) = CljkAZL‘@) + Dl’ku(t), k= O, ceey 7 (22)
where (i, kK =0,...,7, are known as the uncertainty outputs and y(t) is the measured output.

The output matrix is defined as Co = |0,0,0,0,0,0,0,1|. We choose Dyy = 0.01, Dy; =
0.01, Doy = 0.01, Dy3 = 0.1, Doy = 0.1, Dos = 0.01, Dyg = 0.1, Doy = 0.005. Equations
(20)—(22) provide a new representation of the power system model which contains the linear
part, and also another part with higher order terms. The new formulation presented in this
section is used to design a robust output feedback STATCOM controller for the nonlinear

power system.

12



5. Robust STATCOM control

The control design problem considered in this paper is of providing a stabilising robust
output feedback control algorithm for a system containing structured uncertainty described
by a certain IQC (Integral Quadratic Constraint) [25], [27]. The output feedback control
method is applied to the uncertain systems of the form shown in Fig. 5.

It is shown in [27] that the linear robust control theory can be applied to (20)—(22) subject

to the following constraint:

ti t;
/ &k (1) %t g/ Gk ()||?dt, Vi and Yk =0,...,7. (23)
0 0

The necessary and sufficient condition for the absolute stabilisability of the uncertain system
(20)-(22) is given in terms of the existence of solution to a pair of parameter dependent
algebraic Riccati equations [25]. The Riccati equations under consideration are defined as

follows: for given constants 7 > 0,...,7 > 0;
(A — By,DIT'CY)Y + Y (A - B, DIT'Cy)T + Y(CTC,
— CIT;'Co)Y + Bo(I — DIT ' Dy)BY =0, (24)

X(A—-B,G:'DTC,) + (A - B,G:'DTC)TX 4+ CT

(I — D,.G:'DIYC, + X(B,BY — B,GZ'B) X =0, (25)
Cho Dio
o - ﬁcll . D= \/lel ;

Naet /7D |

By = [320 \/_1;1321 \/7—7327] . G,=DI'D,;
D, = [Dzo \/%Dm \/F7D27} . T, =DyD7,.

The original control problem is to stabilise the uncertain system via the robust control.
However, introducing 74,..., 7, the problem of absolutely stabilizing an uncertain system
becomes equivalent to an output feedback H., control problem, the solution of which is
well known [28]. The solutions of the above Riccati equations should satisfy the following
conditions to guarantee the closed loop stability: X > 0, Y > 0 and the spectral radius of
the matrix XY is p(XY) < 1.

13



The uncertain system (20)-(22) is required to satisfy the following assumptions. Let ma-

trices By, C1, D1, D9, G and I be defined by

By =By --- 327] i Dy = |:D20 D27} )
Cuo Do )
Ci=|-|; Di=1|-|; G:ZDikDm
k=0
Cir Dy

= ZZ:O DY, Dor.. With the above choice, the pair (A, By) is stabilisable, G > 0, I" > 0, the
pair (A, ) is detectable, the pair (A — B;G™'D;Cy, (I — D;G'D})C}) is observable, and
the pair (A — Bo DT "1Cy, Bo(I — DoI'"1 D)) is controllable. The output-feedback controller
is [27]:

T = Acxe(t) + Bey(t), u(t) = Cox.(t), (26)
where A.= A+ B,C, — B.Cy + (By — B.D,) B} X, (27)
B.=(I-YX) Y (YCy+ ByD))I'7, (28)
C.= -G '(B|X + D.C,). (29)

6. Controller design and performance evaluation

First we carry out several simulations by applying large disturbances to get an estimate
the operating region during LVRT transients. The controller is designed in the following way

to ensure stability in the operating range of interest:

(i) From the simulations of the faulted system (undergoing a large perturbation during low
voltages), obtain the range in variations of all state variables and form a volume, €2,
with corner points given by (zo, — zy,) and (zy, + x¢,), p = 1,...,7, where 2y, is the

largest variation in the p* state variable about its equilibrium value, T,

(ii) Obtain aj = max,»rcq {ax : [|¢el[> < 1|, [¢xl]* <1} to satisfy (16), k = 0,...,7; the
process to obtain ' involves obtaining the maximum value of ||¢x|| and ||Z|| over the

operating range of interest.

(iii) Check if there exists a feasible controller with ay = af, i.e., scalars 75, exist such that

there is a feasible solution to the Riccati equations (24) and (25).

14



Table 2: Values of a, k=0,...,7.

(&%) aq (6%)) (0% QY (071 Qg (0%4

0.8510.95]045]0.98|0.68 | 0.65|0.79 | 0.94

(iv) Compare the control region with the operating region required to provide the stability

during severe low voltages

(v) If we obtain a feasible controller in the above step, increase the range of the operating
region if step (iv) is not satisfied or, if we have arrived at the largest possible range
then perform an optimal search over the scalar parameters 73, to get the optimum
performance of the test system. If there is no feasible solution with the chosen oy, = a7,

reduce the range and go to step (ii).

The process described above enables the selection of the largest range for which a feasible
controller is obtained. The equilibrium point for this system is (s;0 = 0.013, £/, ,, = 0.2186,
El0 = 0.9176, vgeo = 1.3, vgmo = 1) pu, i = 1,2. For the given power system model, we
obtain the values of (8, given in Table 2 for the corner points of €2 as 5; = s;0 + 0.45 pu,
i = sio — 045 pu, By = E; +0.27 pu, B, = Ej —027pu, E,, = E, +0.28 pu,

drio drio ario
E’qn = E,., — 0.28 pu, g = v4e, + 0.35 PU, ¥y = Vgey — 0.35 PU, Vg = Vg + 0.45 pu,
Vi = Utmo — 0.45 pu, & = g +25° and o = g — 25°, 2 = 1, 2. For this problem, 7 = 0.0005,
T = 0.0106, 73 = 0.0346, 7y = 75 = 74 = 77 = 0.0045.

Figures 6 and 7 show the open loop and closed loop frequency response of the test system.
It can be seen from Fig. 6 that there is a resonance peak in the magnitude response in open

loop system and also a sharp drop of the phase angle. The closed loop system shown in Fig 7

has higher damping ratio and smaller overshoot.

6.1. Controller performance evaluation

The voltage stability margin is defined as the difference between the operating voltage
and the critical voltage. The transient stability margin is given as the difference between
the speed after a specified fault duration and the critical speed (CS) of the generator. The

critical speed is given by the intersection between the torque-speed curve for the specified
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Figure 6: Bode plot of the open loop system.
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system and the mechanical torque [29]. The critical voltage can be obtained from the P-V
curves [30]. The stability analysis of a power system may consider the determination of its
critical clearing time (CCT), for a given fault, in order to find the maximum value of the
CCT for which the system is still stable. In this paper, the CCT is first estimated by using
the following equations and then exact value is determined from simulations in which it is
obtained by increasing the fault time interval until the system loses its stability [31].

1
tc = T—mQHm(SC — 80), (30)

where s, is the CS of a generator. Different scenarios are simulated to asses the performance

of the control of the fixed-speed wind turbine with the proposed STATCOM control.

6.2. Stability during low voltages

The performance of the proposed controller for a 100 MVA STATCOM is evaluated for a
three phase fault at one of the parallel lines between Bus 6 and Bus 7. The CCT and critical
slip CS with the proposed control are 0.18 s and 0.215 pu, respectively. To compare the
performance, we also determine CCT and CS with PI based STATCOM, which are 0.165 s
and 0.19 pu. Figs. 8 and 9 show the speed and terminal voltage of induction generator with
the PI controller and the proposed controller, respectively.

The fault is applied at 1 s and cleared at 1.18 s. From Figs. 8 and 9 it is clear that the
proposed controller can stabilise the voltage and speed of the induction generator with fault
clearing time of 0.18 s. The slip of 0.195 pu at the fault clearing is greater than the critical
slip of 0.19 pu as obtained for the PI controller with numerical simulations. Thus with PI
controller the speed continues to increase even after the fault is cleared. Furthermore, the
voltage gradually decreases and the wind generators have to be disconnected from the grid
to protect them and avoid voltage collapse. The designed controller guarantees stability if
the system operating point, after the fault is cleared, falls within the region for which the
controller is designed. We can conclude that the proposed controller performs better than the

PI controller and results in a higher critical clearing time.

6.3. Turbine response to a change in wind speed

When the SCIG is subjected to a sudden rise in speed, active and reactive powers increase

substantially. By changing the pitch angle and providing an adequate reactive support to
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the system, the proposed control scheme ensures a stable response to these sudden changes
in operating conditions related to speed variations and/or faults in the system. To illustrate
this stabilising capability of the proposed controller, a simulation in which the initial wind
speed applied to each turbine is 8 m/s was carried out. The wind speed was then ramped to
9 m/s during 1 s, starting at t = 5 s. After that, it was ramped down to 8 m/s again during
1 s. Finally, at t = 10 s a temporary fault was applied at wind farm 1 and cleared after 150
ms. Since the asynchronous machine operates in generator mode, its speed is slightly above
the synchronous speed (1.011 pu).

Fig. 10 shows the applied variation of the wind speed, and Figs 11 and 12 show the response
to this variation, as well as the subsequent response to the mentioned temporary fault. The
generator speed shown in Fig. 12 increases quickly due to the increased aerodynamic torque.
The electrical power increases too, until the pitch controller reacts by modifying the pitch
angle as shown in Fig. 11. Over that time frame the turbine speed will have increased from
1.0028 pu to 1.0047 pu. Initially, the pitch angle of the turbine blades is 8 degree. When the
output power exceed rated power, the pitch angle shown in Fig. 13 is increased from 8 deg to
13 deg in order to bring output power back to its nominal value. The designed STATCOM
controller increases the reactive power supply to keep the voltage constant which is visible
from Fig. 14, while the speed controller prevents the generator speed becoming too high. It
can be concluded that the proposed controller performs well in the case of change of input

wind speed and severe three-phase fault.

7. Conclusions

This paper proposes an advanced control technique for voltage control of a grid connected
wind farm and demonstrates its effectiveness. Detailed modeling of each component and
a suitable control strategy of STATCOM is presented. The STATCOM controller scheme is
based on the reformulation of the nonlinear dynamics of wind generators using the mean-value
theorem. The effectiveness of the proposed control scheme is demonstrated on a detailed model
of a multi-turbines power system. The designed controller is shown to be very effective under
large disturbances. The performance of the proposed STATCOM controller is compared with
a PI-based STATCOM and simulation results confirm the efficacy of the proposed controller
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over the conventional STATCOM controller. Moreover, the overall voltage control scheme
and the control-design methodology developed in this paper can also be applied to larger

wind farms and other network configurations.
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