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Abstract—In this paper we address several growing concerns of
wind power integration from the perspective of power system dy-
namics and stability. We propose a new control design technique
called retrofit control by which one can control the rotor voltages
of doubly-fed induction generators to suppress the oscillations in
the tie-line power flows caused by a disturbance inside the wind
farm. The controller can be designed in a modular way, and also
implemented in a completely decentralized fashion using only
local feedback from the wind generator states and the voltage at
the point of common coupling without depending on the states
of any of the synchronous machines in the rest of the system.
We show the effectiveness of the design using simulations of the
IEEE 68- bus, 16-machine power system model with two wind
farms.

Index Terms—Wind integration, small-signal stability, decen-
tralized control, damping, DFIG, retrofit control

NOMENCLATURE

The variables below are in per unit unless otherwise stated.
Wherever necessary, we will use the subscript & for these
symbols to denote that they belong to the k-th bus.

Power Network:

w Base frequency, which is 1207 (rad/sec)

N index set of all buses

Ng, Np, Ny  index set of generator bus, load bus, and
wind farm bus

V,0 voltage magnitude and angle of a bus

PQ active and reactive power flowing to a bus

P.Q constant active and reactive power con-
sumed by load

Y admittance matrix

Synchronous Generators:

) rotor angle (rad)
w rotor frequency
E internal voltage of rotor

Via voltage of the excitation winding

Py mechanical power input

Viss output voltage of Power System Stabilizer
(PSS)

M, d inertia (sec) and damping coefficient of
rotor

To open-circuit time constant (sec)

Ta, K, regulator time constant (sec) and gain

T4 d-axis synchronous reactance
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xl;  d-axis transient reactance

Cpss PSS state vector
Wind Farm:

Wy, Wy turbine and generator frequency

O generator torsion angle (rad)

T torque used by DFIG

P, aerodynamic power input

Iy Jg inertia of turbine and generator (sec)

B, B, friction coefficients of turbine and generator

K. torsional stiffness (1/rad)

de torsion damping

Ny gear réetio

Tdrs Tqr d- and g-axis rotor currents

ids» Tqs d- and g-axis stator currents

v € R? d- and g-axis rotor voltage

Tg, Ty stator, rotor reactance

T magnetizing reactance

T, Ty stator, rotor resistances

~y number of wind generators

Car, Cqr state of d- and g-axis internal controller

Vd, Uq d- and g-axis output voltage of internal
controller

Kgp, Kq1 Pl gains of d-axis interna controller

Kqp, Kq Pl gains of g-axis internal controller

z state vector of wind farm

Retrofit Controller:
¢ dtate of retrofit controller

u  input generated by retrofit controller
7 dimension of retrofit controller

All variables with superscript * denote setpoints (e.g., 75, is
the setpoint reference for iq,).

Mathematical Notation: We denote the imaginary unit
by j := /-1, the set of rea numbers by R, the set of
complex numbers by C, the cardinality of a set Z by |Z|,
the pseudoinverse of a full-column rank matrix W by W,
and the n-dimensional identity matrix by I,. The system
& = f(xz,u), where u is input, is said to be stable if the
autonomous system under v = 0 is exponentialy stable. We
denote the Lo-norm of a sgquare-integrable function f(-) by

1f o =1/ fo~ 1 ()2t

I. INTRODUCTION

Recent papers such as [1], [2], [3], [4] have shown how
large-scale wind penetration can have concerning impacts
on the transient stability and small-signal stability of large
power system networks. Although the asynchronous active
power flows resulting from wind generation can help in
maintaining rotor-angle stability, the corresponding reactive
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power injections can overburden the synchronous generators,
resulting in undesired angular separations between their phase
angles. Such separations happen not only in steady state,
but also during transient behavior [5], [6], owing largely to
the heterogeneous dynamic models of doubly-fed induction
generators (DFIG) placed in between the homogeneous swing
dynamics of synchronous machines. Currently, wind power
system operators tend to mitigate these types of stability
threats by simply tuning PID controllers that are used for
setpoint regulation of active and reactive power outputs of
DFIGs [7], [8]. However, when the wind penetration level is
high, such ad-hoc tuning itself may end up destabilizing the
overall power system as shown in [9]. An aternative option
would be to design a system-wide damping controller using
power system stabilizers (PSSs), but such a design can easily
become intractable due to increasing transmission expansion.
What operators really need is a systematic control mechanism
on the wind side by which they can regulate wind farms at
high wind penetration levels without destabilizing the overall
power system. This controller should preferably be modular,
meaning that it should be driven by local output feedback from
the wind farm only, and neither its design nor its actuation
should depend on any information from the rest of the system.

These design preferences perfectly fit the concept of retrofit
control, which was recently introduced in [10], [11]. The idea
behind retrofit control is as follows. Imagine a pre-existing
network of dynamic agents operating with internal stabilizing
controllers. Say, a new agent, with potentially heterogeneous
dynamics, is added to this network in a way that it destabilizes
the network model. One option to mitigate this would be to
redesign every single controller of the pre-existing network
from scratch so that they can safely accommodate the new
node. However, such redesigns can be extremely tedious and
computationally expensive when the pre-existing network has
tens of hundreds of nodes just like in a power system. In
contrast, the retrofitting approach needs information about the
model of the new agent only, and designs a controller using
local feedback from only its internal states and the output that
couples its dynamics with that of the pre-existing network. The
design in [10], [11] showed that such a local controller can
not only guarantee stability, but can aso improve dynamic
performance of the closed-loop system with the new agent
accommodated.

In this paper we show how the idea of retrofit control
can be used for ensuring small-signal stability as well as
enhancing damping of the electro-mechanical statesin awind-
integrated power system. The pre-existing network here com-
prises of multiple synchronous generators and constant power
loads while the newly added components are multiple wind
farms, each containing multiple wind turbines, converters, and
DFIGs. The design process can be summarized as follows.
First, we consider the wind-integrated system without any
retrofit controller, and ensure that the PSS gains of the syn-
chronous generators are robust enough to stabilize the entire
power system model for a given penetration level of wind
power. Note that the objective of this step is only to come
up with a set of PSS gains that guarantee the stability of the
entire power system; we do not require any PSS tuning here
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to optimize the dynamic performance of the system. Second,
we consider each wind farm to be isolated from the rest of
the system, and hypothetically connected to an infinite bus,
and design a retrofit controller for that farm using a linear
quadratic regulator (LQR) that depends on partial feedback of
the wind farm state only. The controller is actuated through
the current control loop of the DFIG in parallel to pre-existing
Pl controllers that are used for setpoint regulation of these
currents. Finally, the synchronous generators with the chosen
PSS gains are integrated with the wind farms and the chosen
LQR-based retrofit controllers, and the transient response of
the frequency and power flow oscillations of the integrated
system are shown to improve significantly. The results are
validated by simulations of the designed controller on the 68-
bus |EEE test system model [12] with two wind farms.

Some preliminary results on this topic have been recently
presented in our conference paper [9]. The design in this paper,
however, is far more advanced in comparison as it accom-
modates specific frequencies at which the DFIG is shown to
cause resonance, a very important design aspect that was not
captured in [9]. The simulations and the resulting insights in
[9] were limited to only a simple 9-bus Kundur model with
a single wind farm, whereas here they are presented for a
significantly larger 68-bus system with multiple wind farms
that sheds more light on the structural requirements of the
retrofit controller. We aso show how the controller can be
made lower-dimensional without serious loss of performance,
which was not considered in [9].

The rest of the paper is organized as follows. In Section
I, we recall the dynamic model of a power system with
synchronous generators, loads, and wind farms. In Section |11,
we show an example that illustrates how wind penetration can
induce oscillatory behavior in the line flows after a certain
limit. In order to enhance the damping performance, Section
IV proposes, based on [10], [11], a retrofit controller for
each wind farm. In Section V, we demonstrate the efficiency
of the controllers on a 68-bus power system model. Finaly,
concluding remarks are provided in Section V1.

Il. SIGNAL-FLOW DIAGRAMS OF WIND-INTEGRATED
POWER SYSTEMS

We recall the dynamic model of a power system network,
consisting of synchronous generators, loads, and wind farms.
The bus index sets of these three components are denoted
as Ng, Ny, and Ny. While these models are standard in
literature [7], [13], restating them at the outset of this paper
is very important for the purpose of creating their signal-
flow diagrams, al of which will be critical for deriving the
structural properties of retrofit control. For simplicity, we
consider the loads to be constant power loads, and each wind
farm to be modeled by the combination of a single aggregate
turbine, an aggregate DFIG, and an internal controller. Neither
of these assumptions, however, are necessary for our design.

A. Synchronous Generators and Loads

For k € Ng, the dynamics of the synchronous generator
connecting to the k-th bus can be written as a combination of
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Fig. 1. (Left) Physica components of the wind power plant. (Middle) Signal-flow diagram of the wind farm model. (Right) Signa-flow diagram of the
wind-integrated power system whose mathematical model is defined by (1)-(10).

the electro-mechanical swing dynamics [6]

5k = WWg 1
]kaol)k = Pm,k dkwk V}‘Ek sm(ék — 9k) ( )
and the electro-magnetic excitation dynarmcs
ajdkE +( Ld.k 71)VkCOS(($k79k)+V}dk

To,kEk = -
TakVidh = _Vfd,k - ak(Vk — V¥ — Voss i) o
2

We assume the mechanical power input P, ; to be constant.
The active and reactive power outputs can be written as
Pk = E’”Vk bln(dk —Hk)

Qk = Ifj - (Eka COS((Sk — Gk) —

Typicaly, generators are equipped with Automatic Voltage
Regulators (AVRS) and PSSs to ensure small-signal stability.
We model a PSS as a typical speed-feedback controller [12]

Cpss,k = Apss,k(pss,k + Bpss,kwk
Vpss,k = Cpss,k'Cpss,k' + Dpss,kwk

. O

4

where the matrices in (4) are summarized in the appendix.
For k € Np, the k-th load is supposed to consume constant
power at any time, i.e.,

Pi(t) = Py, Qu(t) = Q. 5

B. Wind Farms

For k € Ny, the wind farm connected to the k-th bus is
considered to be an aggregation of multiple wind generators
inside the wind farm. Following standard literature such as
[14], the model of all the generators and turbines are assumed
to be identical. Under this assumption, the wind farm can
be modeled as a single wind generator whose dynamics are
identical to that of each generator, and the total power injected

into the grid is the sum of the power output of each individual
generator. The aggregate model has a wind turbine, a DFIG,
and an internal current controller, whose physical structure
is shown in the leftmost subfigure of Fig. 1. The internal
controller consists of a Pl-regulator, cascaded with an actuator
in the form of a back-to-back (B2B) converter. The state-
space model of a B2B converter typically consists of three
source-side currents, three load-side currents, and one DC link
capacitor voltage. Details of this model can be found in [15].
For simplicity, we skip rewriting that model since its time-
constant is much faster than that of the electro-mechanical
dynamics (1), as aresult of which we will ignore the converter
dynamics in our proposed control design.
Following [16], the wind turbine model can be written as

Jr,kwr,k = 7(dc,k + Br,k)wr E+ N

. _ dek de ok ’
Je kg ke = N Wrk — (NT + Bg,k) we ks + meT,k - T

HTk_w(wIk 1wgk

(6)
Representative values of the model parameters are provided in
the appendix. The aerodynamic power input P, j, is assumed
to be constant owing to its slow temporal variation.

The DFIG in the middle subfigure of Fig. 1 is modeled
through the dynamics of its stator and rotor currents, in a
similar way as in [17], expressed in a rotating d-q reference
frame as

ix = Ai g (wa k)ix + Rit Vi + Bigvr

idr,k:
T, = T,k (ids,kiqr,k - Z‘qs,kidr,k) i1 = Lar,k
y Uk .
P, = . Viigs i tds,k
Qr = i Viias,k bask
(7

The exact expressions of the matrices in (7) and the values
of the model parameters are provided in the appendix. In (7),
v denotes the number of wind generators inside the wind
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Fig. 3. Bode gain diagram of the transfer function from
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Fig. 2. |EEE 68-bus, 16-machine power system model with two wind farms at Bus 22 and 38.

farm connecting to the k-th bus. Hence, a larger value of 4
indicates that a larger amount of wind power isinjected to the
grid. Later in our simulations we will numerically inspect the
influence of this penetration level on the transient stability and
dynamic performance of the IEEE 68-bus test system.

Typically, the d- and g-axis rotor voltage vy, = [v4 xvq,k]" IS
controlled by regulating the d- and g-axis rotor currents to pre-
computed setpoints i, ., iy, ;- Those setpoints are calculated
based on three quantities - namely, the steady-state voltage
magnitude of the wind bus (PV bus), the steady-state voltage
angle of the wind bus that is computed from power flow,
and the steady-state active power of the wind bus, which
is computed from a maximum power-point tracking (MPPT)
algorithm based on wind speed. The regulation of the rotor
currents to their setpoints is achieved by PI control as

= Kark(lark — i3, 1)

Car,k
va g = Kap k(lar,k — 13,1) + Cark

{ Cark = Kark(iqrr — ig, k)
Vo = Kap(iqrk — ig ) + Cark-

©)

We limit the control loop for our wind farm model to (8) only.
Other control loops such as converter controls and reactive
power control are ignored for the sake of reducing unnecessary
complexity as those control loops have very little sensitivity
towards damping of electro-mechanical oscillations [8].

C. Interconnection of Buses
The dynamics of the wind farms, synchronous generators,
and loads are interconnected through power flow balance
P+jQ=(YV)" xV 9)

where P € RNl Q € RN and V e CIN are the stacked
representations of Py, Q; and Vi (cos Oy + jsinéy), and the
symbol x denotes element-wise multiplication. Buses that do

Bus 14 ¢

Gain (dB)

. r-area oscillation range v -
O SO 00

1 T2
0-1 0‘3Frequency (Hz)

Gen 14

Fig. 4. Bode gain diagram of the transfer function from
the bus voltage of the first wind farm to its generated

power

not connect to any synchronous generators, loads, or wind
farm, but only to other buses, must satisfy

P,=0, Qr=0, k GN\(NgUNLUNw). (10)

Equations (1)-(10) represent the overall power system model
of our interest. The signal-flow diagram of thisis shown in the
rightmost subfigure in Fig. 1. The part of this model without
considering the wind farms is referred to as the pre-existing
grid model. This nomenclature acknowledges that we trest the
grid with conventional synchronous generation as a nominal
system, and the wind farms as new components to be added
to this nomina system.

I1l. MOTIVATING EXAMPLE

We next consider the |IEEE 68-bus power system model
with 16 synchronous generators [12] and two wind farms
connected to Bus 22 and Bus 38, as shown in Fig. 2. Thus,
Nw = {22,38}. Assume the number of wind generators
inside the two farms to be 7y, = 30 and 7, = 100. We
also suppose that the Pl gains of the internal controller are
KdP,k = KqP,k = 10 and Kde = qu,k =1in (8) for
k € Nyw. The PSSs in (4) are designed such that the entire
power system model (1)-(10) is stable, where the values of
PSS parameters are shown in the appendix. We linearize the
first wind farm as well as the rest of the grid excluding this
wind farm. We consider the 2x1 transfer matrix of the grid
considering the input as the voltage magnitude of the wind
bus 22, and the outputs as the active and reactive power
flowing from this businto the grid. Fig. 3 shows the maximum
element-wise Bode gain of this transfer matrix. The figure
shows a resonance peak at 0.3 (Hz). Fig. 4, on the other hand,
shows the maximum Bode gain of the linearized model of the
first wind farm where the input is the power injected by the
grid, and the output is the wind bus voltage magnitude. This
figure shows a resonance peak at around 0.16 (Hz) following
from the typical values of the poles of the DFIG model in (7).
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Fig. 5. Variation of the first nine dominant eigenvalues of the linearized
wind-integrated system for different values of vy,

The Bode gain at 0.3 (Hz) is around 16 (dB) when ~,, = 30.
By increasing the value of ~,, the gain at this frequency
increases monotonically, as shown by the green broken and red
dot-dashed lines in Fig. 4. These two figures indicate that the
wind farm stimulates a strong resonance peak in the dynamics
of therest of the grid at around a frequency of 0.3 (Hz), which
falls in the range of inter-area oscillations. With increasing
values of ~,,, the entire power system becomes oscillatory
with poor damping of the inter-area modes. This observation
was also shown in a dightly different context in the recent
paper [6]. Fig. 5 shows the first nine dominant eigenvalues
of the linearized closed-loop model (1)-(10). The eigenvalues
around —0.019+1.975 for ~4,, = 30 start moving to the right
asthe value of v, isincreased, and finally cross the imaginary
axis when ~,,, > 150, resulting in a completely unstable
system. In summary, this example shows that very high levels
of wind penetration can induce transient oscillations in power
flows, and may even result in small-signal instability of the
entire power system after a certain limit. This phenomenon
is independent of the number of wind farms, and is observed
even when the second wind farm is not present.

One potential way to combat this oscillatory behavior would
be to tune the PI gains of the DFIG current controller in
(8). However, such tuning must be done extremely carefully
with full knowledge of the entire closed-loop model (1)-(10),
since both low and high values of these gains can jeopardize
closed-loop stability. This is shown in Fig. 6, where the first
thirteen dominant eigenvalues of the linearized closed-loop
model for ~,,, = 120 are shown. P gains that are less than 8 or
more than 27 end up destabilizing the power system. This is
because low-gain controllers cannot sufficiently mitigate the
adverse impacts of the resonance peak observed in Fig. 4,
while high-gain controllers stimulate the negative coupling
effect coming from the pre-existing grid. Similar phenomenon
can be observed by tuning the integral gains as well.

These observations motivate us for building a much more
systematic mechanism by which the negative impacts of wind
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Fig. 6. Variation of the first thirteen dominant eigenvalues of the linearized
wind-integrated power system for different values of the P gains of the internal
controller for the first wind farm

penetration on power system dynamics can be regulated in a
desired way without posing any threats of instability. In the
next section we propose such a mechanism using the idea of
retrofit control.

IV. RETROFIT CONTROL

To combat the destabilizing effects of wind penetration
shown in Fig. 5, we design a supplementary controller called
retrofit controller on top of the Pl-controller (8) for the DFIG.
The rotor voltage in (7) is, therefore, expressed as

Ok = [Vak, Vae] " + Uk (12)

where wy, is an additional control input, and vq ;, and vy i are
the output of the internal controller (8). For the rest of this
section, al the symbols having the subscript & are defined for
k € Ny. We write the wind farm model in (6), (7), (8) and
(11) in a compact form as

Zp = Fr(2r; 7 ) + ReVi + Brug (12)
where i} ;= [i}, 1,5, )", and
Wr k& 0 0
We k 0 0
| Ok 9 — 0 — 0
2 = ik eR s Rk = Ri,k 5 Bk: . Bi,k B
Car,k 0 0
Calk 0 0

and Fy,(-;-) follows from (6), (7), (8) and (11).

Definition 1: We define P to be the combination of (1)-
(5), (9), (10), (11), and (12), representing the wind-integrated
power system with the additional control input u; for all k €
Nw.

We impose the following assumptions on P.
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Assumption 1. The internal controllers in (8) and PSSs in
(4) ensure the stability of P when u;, = 0 for every k € Ny.

As pointed out in the introduction, this assumption only
requires stability of the (pre-existing grid + wind farms) model.
No assumption is required for its dynamic performance.
Assumption 2: For every k € Ny, the wind state vector zj,
and the wind bus voltage V,, are assumed to be measurable.

Both of these assumptions hold in common practice. Under
these assumptions, we consider designing u, in (12) using the
concept of retrofit control [10], [11]. Before stating the actual
design, we quickly list the two main requirements from the
controllers:

i) The controllers should preserve closed-loop stability, and
also improve the damping of the synchronous generator
frequencies and line flows.

ii) Each of the controllers should depend only on local state
feedback from the corresponding wind farm, and not on
any states from the rest of the grid including other wind
farms. Each of the controllers should also be designed
independent of the model of the rest of the system.

Property (ii) is most important as otherwise one would have to
know avery accurate model of the entire power system, which
is often impractical owing to the sheer size and complexity of
the network. Property (ii) implies that each controller should
be modular by design, and decentralized by implementation.

Following [10], [11], we consider the input u; to be
composed of two parts, namely

Up = U1k + U2 k- (13)

The component wu; 5, is designed under two hypothetical and
yet simplifying assumptions as follows:
a) the nonlinearity Fj(zx;-) in (12) is approximated by
using its first-order derivative defined as

OF, , , .,
Ak = T%(Zk, Zr,k)’ (14)
b) every wind farm is disconnected from the rest of the grid,
which means that the coupling term V;, = 0 for dl k£ €
Ny .
Note that these two assumptions are only made to simplify the
design of uy. They do not influence the actual implementation
of the control. Under these assumptions, u; ; in (13) can be
simply designed as

ur g = Kz (15)

where K, isdesigned so that A+ By K, isHurwitz. However,
in reality neither of these assumptions will be true. Thus, if we
only implement u;, = u, x, then this control will pose serious
threat to stability for neglecting the dynamics following from
the nonlinearity Fk(zk;z‘;k) — Az, and for neglecting the
dynamics of the rest of the grid excluding the wind farm via
Vi, both of which will be stimulated by the control. In order
to prevent this stimulation, we create the compensation signal
ug 1 in (13) by a dynamical compensator

5 { & = Al + fr(zrity) + RiVa

16
Uz = —Ki&p (16)

6

Py, Qp

Ve ——

DFIG &
Wind turbine

Uk Internal controller

Vdr, k i
O+ dr.k

Retrofit controller

Fig. 7. Signal-flow diagram of wind farm with retrofit controller

where fk(zk, r k) = Fk(zk, r k) Akzk and fk(O) = Z;, and
implement u;, as in (13). The final controller can be written
as the combination of (13), (15), and (16) as

Ry : { & = Ak + fu(zs it ) + RiVi
up = Ky (2 — &)

Equation (17) is referred to as a retrofit controller. The
following proposition holds for this controller.
Proposition 1. Let Assumptions 1 and 2 hold. Then, the

interconnection of P and Ry, k£ € Ny in (17) is stable for
any K such that A, + By K} is Hurwitz.

The proof of Proposition 1 is briefly shown in the appendix.
For amore detailed proof please refer to [10], [11]. The signal-
flow diagram of the wind farm equipped with the retrofit
controller is shown in Fig. 7. Proposition 1 shows that the
retrofit controllers satisfy the stability requirement in Property
(i) listed earlier. Furthermore, (17) shows that the controller
satisfies Property (ii), i.e, R, can be designed by using
information of only Fj(-;-), Ri, By and zj of the k-th wind
farm, which makes it modular, and R, can be implemented
by using feedback from only Vj, i, , and ig, ,, which makes
it decentralized. Neither the model nor the states of the “rest
of the grid” are needed for designing or implementing Ry.

Not just stability requirement in Property (i), the retrofit
controller can also improve the dynamic performance of the
wind farm by proper choice of the feedback gain K in (17),
which can help in attenuating oscillations in the power flows.
In fact, following [10], [11] we can show that there exists a
class-KC function (see [18] for definition of class-/C functions)

B(-) satisfying

17)

2 —2"[|c, < B(|2]|c.)

where z € RNl and z € RY™w! are the stacked represen-
tations of z; € R? and 2, € R? for k € Ny, and 2, obeys

Zp = (Ak + BiKy)Zk,  26(0) = (26(0) — z).  (19)

Here, 2, represents wind farm behavior in response to a fault,
whose impact is modeled by an impulsive shift in the initial

(18)
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condition z;(0) from the equilibrium z;. The norm ||z z,
can be shaped by any conventional optimal control design of
ug, for example by Linear Quadratic Regulator (LQR) with
a proper choice of K. Note that the choice of K for any
wind farm is independent of that for all other wind farms. This
provides a desired value of ||z —z*||.,, thereby improving the
damping of the wind farm states, and, in turn, the damping of
the electro-mechanica states of the pre-existing grid model.
This theoretical guarantee for performance improvement is
what distinguishes retrofit control from the current state-of-
art wind power control methods, most of which are based on
adhoc tuning of PID controllers. We summarize the main steps
of the retrofit control design in the box below.

Steps for Constructing Retrofit Controllers

Initialization:
For k € Nw

1. Given wind speed, find P}, V;* by MPPT
2. Find 6;,k € Nw by power flow calculation
3. Find iy, based on Py, Vi, 6;
4: Design PSS gains and Pl gains of wind farms st. P is
stable
Retrofit Controller Design:
For k € Nw
5 Given Fy(iyy), R, By in (12), Py, Qf and V',
find 2}
6: Define A, asin (14)
7:  Design K} such that Ay + By K is Hurwitz
8 Implement Ry in (17)

A. Robustness Analysis

When the system operating conditions change, al setpoints
starting from the setpoint for the mechanical power of each
synchronous generator to the setpoints for the DFIG current
generated by MPPT will change as well. In that situation,
one may redesign the retrofit controllers based on these new
setpoints following the steps listed above. However, it can
be easily shown that even if such a redesign is not done,
for instance to save time and effort, the retrofit controllers
designed around the previous operating condition can still
guarantee stability of the new closed-loop system, provided
Assumptions 1 and 2 hold. In the following, we briefly
describe this robustness property.

We denote the new setpoints by using the overbar, e.g.,
m is the new setpoint of 4, ;. Under the same notations as
above, the wind farm dynamics and retrofit controller can be
described as

Zp = Fk(zk"m) + R Vi, + Bruy, (20)

and

- |

& = Al + (Fr(2r3 ) — Axzr) + RV

up = Ki(zk — &)
(21)

7

respectively. Note that A, and K in (21) are defined around
the previous setpoint z; while the model (20) is defined around
the new setpoint z;. However, if Assumption 1 is true, i.e,
P is stable at the new setpoints with u;, = 0, then the
term Fk(zk;ﬁ) — Agz, in (21) compensates the influence
of using the previously linearized wind farm dynamics on the
control input, thereby preserving stability of the closed-loop
system. The proof follows the same argument as used in the
proof for Proposition 1 in the appendix. The same coordinate
transformation used in the proof can be applied to (20)-(21) to
decouple the augmented wind dynamics from the rest of the
system, and the Hurwitz property of Ay + By K} guarantees
closed-loop stability for these new setpoints. The closed-loop
performance, however, may degrade slightly depending on the
difference between the old and new setpoints. Proper tuning of
K}, can be used to improve this performance. The advantage
is that unlike the PI-tuning described in Section Il1, in this
case one will not have to worry about any instability resulting
from a high or low value of K} as long as Ay + Bp K} is
stable. Also, the design of K, for different wind farms can be
done completely independently of each other.

B. Generalization to Low-dimensional Retrofit Controllers

Recall the IEEE 68-bus power system model with two wind
farms, as shown in Section I1l. Let ¥, € R%< be the
controllability Grammian of the first wind farm, determined
by the pair of (Ay,, Bw,), Where A, and B are defined
in (14) and (12). The eigenvalues of ¥, are 5.8 x 1078,
1.1 x 1079, 1.1 x 1079, 0.003, 0.029, 0.031, 0.033, 0.05,
0.07. The first three eigenvalues are significantly smaller than
the others, indicating that at least three states of the DFIG
model have poor controllability on the grid. The same is true
for the second wind farm as well. This indicates that it is
possible to reduce the dimension of the wind farm model,
and thereby construct a lower-dimensiona retrofit controller
without significant loss of performance.

To design such low-dimensional retrofit controllers, we first
define a tall matrix W, € R?*" of rank 7, < 9 so that
the state 2, of the wind farm can be approximated by a
lower-dimensional vector W,I zr,. A procedure for constructing
Wy, via balanced truncation will be shown shortly. The 9-
dimensional retrofit controller Ry in (17) can then be gener-
alized to an n-dimensional retrofit controller

Ry :
& = Wi ALWEL + W) fi (2 i)+ W,IRka + Tz

up = KkW;IZk — K&k

(22)
where K is designed so that W, A, W) + W,)BLK} is
Hurwitz, Ty == W] Ax(Iy — W, W), and £,(0) = W, 2.
The variable T'; 2z, in (22) compensates the influence of the
model reduction error on the control input KkW,I z. When
W, = Iy, this term vanishes as I', = 0, and R becomes
same as R;. In that sense, R, is a generalization of Ry in

(27).

One way of constructing Wy in (22) is to use bal-
anced truncation with dlight modification as shown in
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[11]. Let U, be a nonsingular matrix such that the triple
(Up AU, Y Up By, Uy 1) is the balanced redization of the
triple (Ag, Bk, I9). Assume that the Hankel singular values
of the system are arranged in descending order without loss
of generality, and let L € R%*™ be the first m columns of
Iy. Then, for a sufficiently large value of m, W) can be
constructed as Wy, = U, 'G},, where G}, is given such that
the subspace spanned by the columns of Gy, is the same as
that spanned by the columns of [L, Uy, By]. The dimension 7,
of the controller is then given by m +rank(By), which can be
less than the dimension of z;. The more uncontrollable ¥y, is,
the smaller will be the value of m. When Assumptions 1 and
2 hold, and W, AWy, + W/ By K, is Hurwitz for k € Ny,
then the interconnection of P in Definition 1 and R, in (22)
is stable.

C. Implementation in Individual Generators inside a Wnd
Farm

For realistic implementation, the controller (22) can be
copied for each individual wind generator when the corre-
sponding wind farm has multiple generators, assuming that
Fy(+;+), B, and Ry, for the aggregate DFIG are the same as
those of the individual DFIGs. The only requirement is that the
states of every wind generator and the voltage magnitude V,
of the wind bus must be measurable. Even if the individual
DFIG models are not identical, on the basis of the paralel
interconnection structure of wind generators inside each wind
farm, our controller can still be implemented as follows. For
h € {1,...,7}, let the h-th wind generator dynamics be
defined as

Zrin) = Fropny (zangs 7 giny) + Bin Vie + Brjnytn)

where z;p,) is the wind generator state and wuy,) IS an
additional control input. Then, the retrofit controller for this
generator is

A Ekin) = W;I[h]Ak[h] WiinErn) + W;I[h] Jrtn (zaing 35 )
Ren: "‘W/I[h]Rk[h] Vi + L) 2rin)
unin) = Knn) (Wl znin = Exin)

where Fk[h] = W;I[h]Ak[h] (Ig — Wk[h]Wg[;L]) and
Tepm (zringi ) = Frp(2rpngs ) — Ak 2. Adain, the
design of each retrofit controller can be done independently
for each wind generator. The controllers do not need any
communication among them. One advantage of this modular
property is that in case the DFIG of a specific wind unit
has strict saturation constraints then one does not need to
tune every controller gain, but only the gain for that DFIG.
Also note that during faults, the rotor side converter (RSC)
is protected from the high currents induced in the machine
using a crowbar [7]. When the the crowbar is activated, the
operation of the RSC is interrupted. However, this interruption
does not impact our controller in any way two reasons - first,
the time-constant of the protection circuit is in milliseconds,
and second, even when the RSC is interrupted the nominal
Pl controllers still remain functional.

8

—- without Rwl

<o With Ry, Cy = 0.21
—_ with’Rwl,aWl =100

Gain (dB)

T——
re———
-,

2

0.3
Frequency (Hz)

Fig. 8. Comparison of Bode gain diagram of wind farm 1 without and with
retrofit controller for different values of oy,

V. NUMERICAL SIMULATIONS

In this section we show effectiveness of our proposed retrofit
control by applying it to the wind-integrated IEEE 68-bus,
16-machine power system model shown in Fig. 2. For the
rest of this section, the symbols with the subscript w, and
w, denote the corresponding variables for the wind farm 1
and 2, respectively. The total generation capacity of the 16
synchronous generators is 18.4 GW. Let vy, = 120, vy, =
100. With each DFIG rated at 2 MW, the total wind generation
capacity isthen 440 MW, which is 2.4% of the total generated
power. This may look like a small percentage, but in terms of
the stability limit the amount of wind penetration is quite close
to critical. As shown in Fig. 5, the value of ~,,, beyond which
the system becomes unstable is 150. Hence, the penetration
level ~,, = 120 should be considered high from a stability
viewpoint.

Asshown in Section 111, high values of ~,,, tend to stimulate
a resonance peak in the frequency response of the rest of
the grid, resulting in poorly damped inter-area oscillations in
the line flows. Since this stimulation is primarily due to the
oscillations of the power flowing out from the farm to the
grid, the feedback gain K in (17) is designed to mitigate the
oscillations in the stator currents. To achieve this, we consider
the isolated wind farm model in (19) with

(23)

A o T o
[st,wh qu,wl] = Cw1 2wl

where C,, € R?*Y isto select the stator currents around their
operation point. For this model, we design K, to minimize

J(Kyw,) = / (0w (15 ey (D)l ey () By 2, (1))t

' (24)
where a,,, is a scalar weight. First, we design a retrofit
controller R, in (17). The dimension of this resultant retrofit
controller is nine, which is the same as the dimension of the
wind farm model. A lower-dimensional controller will aso be
presented shortly.

We design severd retrofit controllers for different values of
Qny, 1N (24), and show the closed-loop Bode gain diagram of
wind farm 1 in Fig. 8. We can see from this figure that the
gain at around 0.3 (Hz), which is the resonance frequency of
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Fig. 9. Trajectories of active power output (top panel), reactive power output (second panel) of wind farm 1, angle differences (third panel), and frequencies
(bottom panel) of synchronous generators for aw, = 0.21 (left column) and a., = 100 (right column)

the grid excluding wind farm 1, is now getting smaller by
increasing the value of a, .

We next simulate the closed-loop performance of the wind-
integrated system in response to afault. We suppose the system
to be in an equilibrium for ¢t < 0. At t = 0 a fault happens,
whose effect is modeled by an impulsive change in the DFIG
current vector i, from its equilibrium i} . The simulation is
applied on the nonlinear model of the wind-integrated power
system with R,,. In Figs. 9(al)-(a4), we show the active
and reactive power output of the two wind farms, the phase
angles of al synchronous generators relative to the swing
generator (Generator 13 in this case) and the frequencies of
all synchronous generators. The retrofit controller is designed
for a, = 0.21. By comparing the red dotted and green solid
lines in these subfigures, we can see that the large amount
of open-loop resonant oscillations arising in both the wind
and the grid states can be mitigated by using this control.
Figs. 9(b1)-(b4), show the same responses for a,, = 100,
indicating that the damping performance of the closed-loop
system can be significantly improved by making controller
gain high. Assuming the cut-in dlip to be at a standard value of
0.5 [19], the maximum power handled by the B2B converter
can be considered to be roughly 7.5% of the power rating
of the DFIG. i.e, the converter installed in each of the 120
wind generators should be rated at 150 KW. Usually, however,
converters are rated at a much higher percentage, say 20-30%
of the rating of the DFIG. Hence, for this system the converters
installed in each wind generator should be roughly rated at
600 KW. From Figs. 9(a)-(b) we see that the maximum active
power supplied by the DFIG of wind farm 1 during transience
is 3.33 MW for ay,, = 0.21, and 2.87 MW for «,, = 100.
Accordingly, each converter should be able to handle at least
216 KW of power transfer in transience if the operator chooses
to use oy, = 100.

We quantify the performance improvement achieved by the
retrofit control by a metric that computes the £,-norm of the

Qg Qimprove maxg ||UW1 (t) ” (pU)
0.01 7.3302 0.2258
0.21 24524 0.3241
1.67 0.9661 0.3745
4.64 0.6105 0.4344
129 0.3932 0.5711
100 0.1774 1.3639
TABLE |

THE VALUE OF aw; IN (24), PERFORMANCE METRIC IN (25), AND
MAXIMUM CONTROL INPUT OVER TIME.

generator frequencies w(t) € R with respect to the worst-
case perturbation of the DFIG current, i.e.,

@l )
(o ) @
Table | shows the variation of this metric with respect to oy,
in (24). By comparing the first and second columns, we see
that the damping performance of the generator frequencies
improves consistently as the value of «,, increases. The trade-
off, however, is that the amplitude of the control input in that
case will be high as well. The third column of Table | shows
the maximum control input over time. Higher values of the
rotor voltage will require higher cost of insulation for the
rotor windings. Too high controller gains can also instigate
instability due to unmodeled dynamics in the wind model (12).
The wind farm operator must choose the best o, to balance
these trade-offs with the closed-loop performance.

Next, we briefly investigate the robustness of the retrofit
controller R,,. For this, the active power consumption of
the load at Bus 18 is changed from Py = 2.47 GW to
Py = 3.95 GW. The DFIG current setpoints are updated
accordingly, but Ay, and K, in (21) are not redesigned.
In Fig. 10, the blue solid and red dotted lines show the
frequencies of al synchronous generators for Py = 2.47 and
Py = 3.95, respectively. We can see from this figure that

sup
iy (0)ERY

Qimpro’ue =
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Fig. 10. Robustness of retrofit controller against variation of load power
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Fig. 11. Comparison of full-dimensional and low-dimensiona retrofit con-
trollers for the generator frequencies

the controller designed at the previous operating condition is
not only robustly stable, but also ensures almost the same
performance as if it were redesigned.

We also investigate the effectiveness of the low-dimensional
retrofit controller. The matrix Wy, in (22) is designed accord-
ing to the procedure in Section IV for n,, = 6. Fig. 11
compares the generator frequencies for the 9-dimensional
(blue solid) and 6-dimensional (red dotted) retrofit controllers.
Comparing the plots we can easily see that the lower-
dimensional controller performs almost as effectively as the
higher-dimensional controller does.

Finaly, we investigate how the power system behaves
when we plug in a second retrofit controller, namely at wind
farm 2, while retaining the retrofit controller at wind farm
1. The design of the second retrofit controller R, follows
the same procedure taken for designing R, . In Fig. 12 we
show tragjectories of the relative angles and frequencies of the
generators that are nearest to the two wind farms, when a
fault happens at ¢t = 0 inside wind farm 2. The red dotted
lines show the response when only the retrofit controller at
wind farm 1 is implemented. The blue solid lines show the
response when the retrofit controllers for both wind farms 1
and 2 are implemented. Note that when a fault happens in
wind farm 2 the first retrofit control input is identically zero
for al time ¢ > 0 (this follows from (27) in the appendix.
Since Zy, (0) = 0, we get uy, (t) = Ky, 2w, (t) = 0 for any

10
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Fig. 12. Trajectories of (a) the angle of the generators nearest to wind
farms (Generator 6 and 11), and (b) frequencies of all generators when the
disturbance happens in wind farm 2.

t > 0.) Therefore, even if this controller is implemented in
this scenario it does not have any influence on the closed-
loop response. The red dotted lines in Fig. 12 point to this
fact clearly. The second retrofit controller, on the other hand,
improves damping as soon as it is activated. The design,
therefore, enjoys a natural decoupling property from one
farm to another, adding to the advantage of its decentralized
implementation.

VI. CONCLUSION

In this paper we designed a set of decentralized controllers
for DFIGs in awind-integrated power system by which damp-
ing instabilities can be prevented for critical wind penetration
levels. The advantage of the controller is that it does not
require explicit knowledge of the dynamics of any part of the
power system except for the wind farm itself, as a result of
which it can be designed and implemented in a completely
modular fashion. The effectiveness of the controllers in im-
proving oscillation damping is verified by simulations of the
| EEE 68-bus power system model. One drawback of the design
is that we need an exact wind farm model as otherwise the
closed-loop system stability is not theoretically guaranteed.
One way to resolve this problem would be to use robust control
theory to design the controller, which is afuture work. Another
drawback is that the decentralization of the design comes at
the cost of the choice of fault locations. For example, here
for simplicity we limited the spatial range of the incoming
disturbance to inside the wind farm only as a result of which
the design needed to know only the wind model. The more one
intends to spread out the location of the buses where the fault
may occur, the more will the design need to know the model
for those bus variables, and thereby lose its decentralized

property.
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APPENDIX
A. Sate-space matrices for DFIG and PSS

Mathematical expressions for the different matrices con-
stituting the DFIG state-space model in (7) are provided in
equation (28). Matrices for the PSS model in (4) are provided
in equation (29) where K, 1 is the PSS gain, 7 IS the
washout filter time constant (sec), 71.1,, and 7y, ,, are the lead-
lag time constants of the first stage of PSS feedback (sec), and
TL2k» T0 ar€ the lead-lag time constants of the second stage
of PSS feedback (sec).

B. Power System Model Parameters

For k € Ny, the parameters of the wind turbine in (6) are
summarized asfollows: J, ; = 1.95x10%, J, = 1.39x 1071,
By = 9.88, By = 1.10 x 1073, K. = 5.09 x 10% ,
de = 3.36 x 1072, Py = 2.5 x 1072, and N = 90.
Note that all the values are rated at the system capacity 100
MW. The parameters of DFIG rated at 2 MW and 690 V
in (7) and (28) ae rg = 4.03, Ty = 4.03, Tsk = 0.01,
Trk = 0.001, T,k = 4.0, and P, = Ts kTrk — {E?n,k. The
synchronous generator model and tie-line parameters are asin
the IEEE 68-bus system prototype model. For any k& € Ng,
the parameters of PSS in (29) are Kss 1 = 500, Tpss.x = 10,
Lk = 0.02, 7, = 0.07, 7o, = 0.02, and 7/, , = 0.07.

C. Proof of Proposition 1

From the definition of P, the wind bus voltage V}, in (12)
can be expressed as

Vi = Gr.({2k prenw) (26)

where Gy () isadynamical map and {zx } reny, 1Sthe set of z,
in (12) for k € Ny . Considering the coordinate transformation
Zp = 2 — fk, we get

{ (Ak + BkKk)i’k
Fio(§k + 2307 ) + B Vi — Al

2k

. (27)

Clearly, lim;,~ 2;(t) = 0 because K} is designed such
that A, + BpKj is Hurwitz. Hence, lim; o uk(t)
lim; o0 K1 2k(t) = 0. Furthermore, the dynamics of & in
(27) with Vi, = Gi.({&k + 2k }reny ) @ 2, = 0 is the same as
the dynamics of the wind-integrated power system P under
ug = 0. Hence, by Assumption 1 and the fact that Z;, does not
depend on &, we get lim;_, &, () = &;. Note that & = 2
and z, = &k + 2. Hence, limy oo 2 = limy o0 &k (t) = Z;,
implying that the power flow converges to its desired equilib-
rium.
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