
energies

Article

Adaptive Damping Control Strategy of Wind
Integrated Power System

Jun Deng 1,* , Jun Suo 1, Jing Yang 2, Shutao Peng 1, Fangde Chi 3 and Tong Wang 2,*
1 State Grid Shaanxi Electric Power Research Institute, Xi’an 710100, China; powersuo@163.com (J.S.);

newpking@126.com (S.P.)
2 School of Electrical & Electronic Engineering, North China Electric Power University, Changping District,

Beijing 102206, China; yangjing@ncepu.edu.cn
3 State Grid Shaanxi Electric Power Company, Xi’an 710048, China; chifangde@163.com
* Correspondence: d.jone@163.com or dengjun@dky.sn.sgcc.com.cn (J.D.); hdwangtong@ncepu.edu.cn (T.W.);

Tel.: +86-2989698550 (J.D.); +86-1061771407 (T.W.)

Received: 9 November 2018; Accepted: 10 December 2018; Published: 1 January 2019
����������
�������

Abstract: Random variation of grid-connected wind power can cause stochastic variation of the
power system operating point. This paper proposes a new scheme to design an adaptive damping
controller by tracking the variation of system operating points and updating the controller’s functions
to achieve a robust damping control effect. Firstly, the operating space is classified into different
modes according to the classification of wind power outputs. Multiple power system stabilizers
(PSSs) are then designed. Secondly, the method of optimal classification and regression decision
tree (CART) is utilized for classifying subspaces of system operating point and it is proposed that
the on-line measurements from wide area measurement system (WAMS) are used for tracking the
dynamic behaviors of stochastic drifting point and thus guide the updating of appropriate PSSs
be switched on adaptively. A 16-generator-68-bus power system integrated with wind power is
presented as a test system to demonstrate that the adaptive control scheme by use of the CART can
damp multi-mode oscillations effectively when the wind power output changes.

Keywords: stochastic power system operating point drift; wind integrated power system; power
oscillations; adaptive damping control

1. Introduction

Traditional power generation is controllable and predictable. The stability and control of the
power system is determined for a given set of circumstances [1]. With the rapid growth of wind power
resources, the stochastic flotation of wind power has become more and more significant and cannot
be neglected [2,3]. In most cases, lack of robustness of the controllers designed for the deterministic
operating point when the wind power output changes a lot has become a dominant problem [4]. In a
future power system, if the scale of grid-connected wind generation is comparable to the traditional
power generation, system stability analysis and control has to consider the random variation features
of wind power when the system operating point varies stochastically [5–7].

Therefore, as far as power system stability control is concerned, to guarantee the robust
performances in the case of stochastic variation of system operating point as affected by variable
integrated wind power, it is important to investigate the design of adaptive damping controller which
can accommodate the stochastic variation of the system operating point. Robust control [8] is an
effective way to deal with the uncertainties, while when the operating conditions change over a wide
range, the robustness might not be guaranteed. Therefore, adaptive control methods such as the fuzzy
control method [9], multiple-model method [10,11], Kalman filter method [12], etc., which can track
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the stochastic behavior of systems have become more emphasized. However, when the operating
conditions change a lot, the nonlinearity of power systems is more prominent and the disturbance
models more difficult to interpret [13]. Therefore, machine study methods using statistical analysis
may be more suitable for this particular application. For example, the classification and regression
tree (CART) [14], neural network method [15,16] and so on. Therefore, this paper presents an adaptive
control scheme based on CART for a wind integrated power system to accommodate the stochastic
variation of wind generation.

The rest part of the paper is organized as follows: firstly, the operating space is classified
into different modes according to the classification of wind power outputs. On the basis of the
subspaces, multiple PSSs are designed in coordination for mapping rules. Secondly, the CART is
formed, trained and tested to identify the subspaces with the help of wide area measurement system
(WAMS). The CART determines the selection of appropriate damping control adaptively according
to the identification of the subspaces of system operating point. Finally, the results of a 16-generator
68-bus example power system are presented to verify that the proposed adaptive control scheme in the
paper can effectively handle the stochastic variation of system operating point and suppress system
low-frequency power oscillations when grid-connected wind power varies.

2. The CART-Based Adaptive Damping Control Scheme

2.1. The Formation of Subspaces

The subspaces are formed by dividing the wind power outputs which could cause the changing
operating conditions. The lower and higher boundaries correspond to the minimum and maximum
wind power outputs as shown in Figure 1a, respectively. The partition method has been used widely
in power load prediction as a simple and effective approach. The stochastic wind power outputs
are divided into several intervals as shown in Figure 1b, thus the subspaces are formed. All of the
subspaces compose the whole operating space and they have the relation: B1∪B2∪ . . . ∪Bi∪ . . . ∪Bn≡B.
Based on the subspaces, the mapping rules are built for each subspace.
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2.2. Coordinated Design of PSSs

Power system stabilizers (PSSs) have been an effective and economic way to dampen power
system low-frequency oscillations for decades. In each operating subspace, multiple PSSs are designed
in coordination to ensure the power system operating point to be within the stable region [1].
The participators are used to determine the locations of PSSs to be tuned to achieve effective damping
result. The generator speed and electromagnetic power are the input signals of PSS2A as shown
in Figure 2. To save the space, details of coordinated design are not presented here. Principle of
design is given in reference [17]. ∆ω is the generator speed deviation, ∆P is the electromagnetic
power deviation.Tw1, Tw2, Tw3, Tw4 are the time constants of washout blocks. T1, T3, T8 are the lead time
constants of phase compensation blocks. T2, T4, T9 are the lag time constants of phase compensation
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blocks. N is the number of low-pass filters. T6, T7 are the time constants of first-order inertia blocks.
Ks1, Ks2, Ks3 are the gains of PSS.
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2.3. The CART-Based Adaptive Damping Control Scheme

CART is a recursive partitioning method which builds classification and regression trees.
Classification trees are built for obtaining the splitting rules of different operating point subspaces
whereas regression trees are built for identifying which subspace of an operating point the power
system is in. In this way, the coordinated PSSs pre-designed off-line can be switched adaptively using
on-line measurements. As long as the wind power output fluctuates, the operating point of the power
system will deviate from the initial subspace and randomly move forward to other operating point
subspaces or back to the initial subspace. The CART will function to identify the attraction subspace in
order for the PSSs to be switched on line.

The CART is structured from the top to the bottom consisting of root node, test nodes and terminal
nodes. Each test node or root node corresponds to an optimal splitting rule and a subset of the learning
dataset. A terminal node is a pure node which could not be split further. The learning dataset itself
corresponds to the root node of the CART. The classification process starts from the top root node, and
at each level the subsets will be divided according to the optimal splitting rules. The optimal rules
are in the form of “if-then-else” rules. In this paper, each terminal node represents an operating point
subspace. The measurements from all operating point subspaces consist of the learning dataset which
are the input data of the CART. Reference [18] gives a full introduction of general theory and methods
of the CART.

To ensure the accuracy of classification, those measurable and controllable measurements are
used as the training data which could characterize the subspaces. Since generators’ speed includes
the information of power flow routing, topology and the power oscillation modals in a power system,
the CART uses the speeds of generators as the learning dataset. However, in most cases, the speeds of
generators are not measurable or they are measurable without time tags. Therefore, the generator bus
frequencies are employed as the learning dataset in this paper instead of generators’ speed. The reason
is that the generator bus frequencies, which are the derivation of generators’ external bus angle, is an
approximation to the generators’ speed and the generator bus frequencies can be obtained directly
from PMUs.

In a large scale power system, only one measurement could not adequately characterize an
operating point subspace. Thus multiple measurements need to be employed for tracking the variation
of the power system operating point. Multiple measurements from multiple subspaces make the
classification process complex. Therefore, in order to distinguish the features of measurements from
different subspaces, the Euclidean distance to the hyperplanes is used as the classification algorithm to
process large amounts of measurement data.

Take Figure 3 as an example. The small circles and stars represent the measurements from
subspaces α and β, respectively. The horizontal ordinate and vertical ordinate denote the measurements
1 and 2, respectively. Then the dataset from two measurements is expressed in a two dimensional
space. In the same way, an n-dimension space is needed when there are n measurements. As shown
in Figure 3, a line can distinguish two groups of data and obviously a plane is needed for a three
dimensional space. In the large scale power system, with multiple measurements, a hyper-plane is
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used in this paper to distinguish the subspaces of operating points. In order to explain the algorithm
developed in this paper, an example with two measurements is deduced as follows.
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Assume a sample from α group has the coordinates value (xαi, yαi), where xαi and yαi represent
the values of x-axis and y-axis of the i-th sample. The values of x-axis and y-axis of the j-th sample
from group β are denoted (xβj, yβj). Then the means of samples from α group could be obtained by:

µα =

(
n

∑
i=1

xαi,
n

∑
i=1

yαi

)/
n (1)

where n represents the number of samples from the α group. The means of samples from the β group
could be obtained by:

µβ =

(
m

∑
j=1

xβj,
m

∑
j=1

yβj

)/
m (2)

where m represent the number of samples from the β group. Denote Σα and Σβ the covariance
of measurements of subspaces α and β, respectively. There should be many lines between those
two groups of data. M denotes the classification line, and W denotes the normal vector of M.
The classification rules of two classes with different covariance is defined as the ratio of the
variance between the classes to the variance within the classes, which is named as FLD index [19].
Mathematically, it is:

S =
(WTµα −WTµβ)

2

WTΣαW + WTΣβW
, (3)

The FLD index is the best for discriminating two groups of data when the FLD index S is greatest.
To achieve maximum value of S, the normal vector W is found to be given by:

W =
µα − µβ

Σα + Σβ
, (4)

The middle point Cmid = 1
2 (µα + µβ) should be on this line. With the point on the line and the

normal vector W identified, the best line is determined. Then the following step is to find the distance
from a point (x, y) in the two-dimensional space to the classification line M as shown below:
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d(x, y) =
ax + by + c√

a2 + b2
, (5)

where the classification line is M: ax + by + c = 0. In this way, a single dimensional variable (distance)
d(x,y) is used as the training data instead of two dimensional data. If d ≥ 0, the operating point is
identified to be inside subspace α, otherwise the point is inside subspace β.

Extend the example above in two-dimension space to the case in a multiple-dimension space. It is
easy to understand that the hyper-plane can be used to classify subspaces in the high-dimension space
as illustrated as follows.

In an n-dimension space, the normal vector of a hyper-plane can also be calculated by (3).
The vector composed of middle points between the means is also on the hyper-plane N:

N : W · (γ−Cmid) = 0, (6)

where γ represents the position of a point in n-dimension space, i.e.,γ = (x, y, z, · · · ). The distance
from a point γi = (xi, yi, zi, · · · ) to the hyper-plane can be obtained according to (5):

di =
W · (γi −Cmid)

‖W‖ , (7)

In this way, the distance vectors composed of the distance from the points of the subspaces to the
hyper-planes are identified. Then they are used as the input variables for the CART to perform the
classification process and achieve the splitting rules. After the process of classification, the regression
process is performed to identify which subspace the current operating point is in. A new distance
vector d′ from current operating point γ′ to the hyper-planes is obtained and used as inputs to the
CART, thus the terminal node which characterizes a subspace is reached. In this way, the CART can
track the variation of the system operating point and thus guide the updating of appropriate PSSs into
service adaptively.

2.4. Design Procedure of Adaptive Control Scheme

The design process of the adaptive control scheme presented in this paper includes two stages as
shown in Figure 4. The first stage is off-line. Firstly, the power system operating space is divided into
different operating subspaces according to the partition of the partition of stochastically variable wind
power output. Then the mapping rules are set up and the coordinated multiple PSSs are predesigned
for each subspace of power system operating points according to the mapping rules, on the other
hand, the model of hyper-planes for classifying subspaces are built, thus the optimum CART and
the splitting rules. The second stage is on-line, as shown in Figure 5. The wide-area information
from PMUs is collected and the suitable bus frequencies are chosen as the original learning dataset.
Then, the distance vector to the hyper-planes are calculated for the inputs of CART for regression.
The splitting rules are applied for a regression tree and finally the terminal node could demonstrate the
operating subspace, thus the switch order according to the output of the CART and the appropriated
PSSs are put into service for damping. Hence in the adaptive damping control scheme, the CART
plays a centralized role of decision maker and the multiple PSSs play the role of actuators.

The process of computing the parameters of designed PSS is done off-line, and as a matter
of fact, the total duration of the proposed method only include the time for collecting data from PMUs,
communication lag time, time of classification and regression caused by CART. The data collection from
PMUs could be neglected as it is predesigned beforehand. The delays of WAMS communication are
less than several hundred milliseconds. The time of classification and regression caused by CART could
also be neglected without the consideration of the commutating ability of the computers. Therefore,
the total duration of the on-line action is only composed of the communication lag time, so it is could
be fast enough as an online method in a power system. In China, the online decision maker has been
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applied to the South China power grid using the modulation signals to be sent remotely to the DC
links and it works well for damping the oscillations [20,21].
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3. Results and Analysis

3.1. Test System

A modified 16 generator, 68 bus system [17] with an integrated wind farm is employed for testing
the performance of the proposed adaptive damping control scheme. The configuration of the power
system is shown in Figure 6. The wind farm is assumed to be at bus 69. The wind farm is modeled as a
dynamic equivalence of doubly-fed wind farms using the method shown in reference [22]. In China,
at present the most dominant wind turbine generators are doubly fed Induction Generator (DFIG)
units, therefore, in this paper, the dynamic equivalence model of doubly-fed wind farms is applied.
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The frequency and damping ratio of those modes are given in Figure 7 when the wind power is
variable. The stochastically variable output of wind power is divided into 10 subspaces. Each subspace
characterizes an operating subspace. The minimum and maximum output of wind power is 0 MW
and 4048 MW, respectively. In China, the maximum capacity of the Jiuquan wind power base in
Gansu Province is up to 5409.2 MW with a penetration of about 22.3% in 2014 [23]. The large scale
of wind power generation has grown rapidly, and ultra-high voltage transmission lines are built for
transferring this renewable resource generation powers from the northwest part of the country to the
southeast part. Therefore, it is reasonable to consider a large wind farm with high capacity connected
to one bus. From Figure 7 it can be seen that with the changing wind power penetration, the damping
ratios of different modes changed in a different way. The stochastic fluctuation of wind power affects
the damping of system low-frequency power oscillation and can lead to instability in the worst case.



Energies 2019, 12, 135 8 of 18

Energies 2018, 11, x FOR PEER REVIEW  8 of 19 

 

subspace characterizes an operating subspace. The minimum and maximum output of wind power 
is 0 MW and 4048 MW, respectively. In China, the maximum capacity of the Jiuquan wind power 
base in Gansu Province is up to 5409.2 MW with a penetration of about 22.3% in 2014 [23]. The large 
scale of wind power generation has grown rapidly, and ultra-high voltage transmission lines are built 
for transferring this renewable resource generation powers from the northwest part of the country to 
the southeast part. Therefore, it is reasonable to consider a large wind farm with high capacity 
connected to one bus. From Figure 7 it can be seen that with the changing wind power penetration, 
the damping ratios of different modes changed in a different way. The stochastic fluctuation of wind 
power affects the damping of system low-frequency power oscillation and can lead to instability in 
the worst case. 

 
Figure 7. Variation of frequency and damp ratio of oscillation modes with wind power output. 

Each generator is installed with a PSS. For each of 10 subspaces of the system operating point, a 
group of PSSs is selected by use of participation factors and the parameters of the group of PSSs are 
set in coordination to provide sufficient damping to four oscillation modes. The coordinated PSSs are 
designed by the traditional method, which includes phase compensator tuning and gain tuning. The 
compensator tuning is used to provide the required phase compensation for the phase lag between 
the exciter reference point and the generator air-gap torque. The tuning of an appropriate PSS gain is 
to ensure that the maximum possible damping can be provided by the PSS for the target modes while 
limiting the side effect within the acceptable level. The variation from wind power has an impact to 
the oscillation modes, thus only one set of coordinated PSSs could not provide enough damping for 
all the subspaces. Therefore, many set of PSSs are designed for many subspaces. The parameters of 
PSSs designed for one subspace are different from other subspaces. There are 10 subspaces in this 
paper, thus 10 sets of PSSs. The PSSs combination of each subspace is different from each other as 
each PSSs combination is designed at its own subspace, respectively. 

0 1000 2000 3000 4000
0.76

0.78

0.8
mode 1

wind power (MW)

fr
eq

ue
nc

y 
(H

z)

0 1000 2000 3000 4000
3.4

3.5

3.6

3.7
mode 1

wind power (MW)

 d
am

p 
ra

tio
s 

(%
)

0 1000 2000 3000 4000
0.55

0.6

0.65
mode 2

wind power (MW)

fre
qu

en
cy

 (
H

z)

0 1000 2000 3000 4000
0

2

4

6
mode 2

wind power (MW)

da
m

p 
ra

tio
s 

(%
)

0 1000 2000 3000 4000
0.4

0.5

0.6

0.7
mode 3

wind power (MW)

fr
eq

ue
nc

y 
(H

z)

0 1000 2000 3000 4000
-1

0

1

2
mode 3

wind power (MW)

da
m

p 
ra

tio
s 

(%
)

0 1000 2000 3000 4000

0.35

0.4

0.45

0.5
mode 4

wind power (MW)

fr
eq

ue
nc

y 
(H

z)

0 1000 2000 3000 4000
-20

0

20

40
mode 4

wind power (MW)

da
m

p 
ra

tio
s 

(%
)

Figure 7. Variation of frequency and damp ratio of oscillation modes with wind power output.

Each generator is installed with a PSS. For each of 10 subspaces of the system operating point,
a group of PSSs is selected by use of participation factors and the parameters of the group of PSSs are
set in coordination to provide sufficient damping to four oscillation modes. The coordinated PSSs
are designed by the traditional method, which includes phase compensator tuning and gain tuning.
The compensator tuning is used to provide the required phase compensation for the phase lag between
the exciter reference point and the generator air-gap torque. The tuning of an appropriate PSS gain is
to ensure that the maximum possible damping can be provided by the PSS for the target modes while
limiting the side effect within the acceptable level. The variation from wind power has an impact to
the oscillation modes, thus only one set of coordinated PSSs could not provide enough damping for all
the subspaces. Therefore, many set of PSSs are designed for many subspaces. The parameters of PSSs
designed for one subspace are different from other subspaces. There are 10 subspaces in this paper,
thus 10 sets of PSSs. The PSSs combination of each subspace is different from each other as each PSSs
combination is designed at its own subspace, respectively.

Once the wind power output changes, the PSSs are switched from one set to another with the
guidance of CART. Meanwhile, as long as the parameters of PSSs are coordinated well, a suitable set of
parameters of PSSs could provide enough damping for subspaces even if the wind power impact is
considered. The results of off-line coordinated design of PSSs are presented in Table 1, and the off-line
coordinated design of PSSs is effective and different set of coordinated PSSs could provide satisfying
damping to its own subspace.

The system space is divided into n subspaces according to two constraints. The first one is that
predesigned PSSs in each subspace could give good performance on the boundary of each subspace
to guarantee the subspaces could cover the whole system space. The second one is that CART could
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classify the system space with high accuracy and less complexity to avoid that too large number of
subspaces causes the computation burden.

Table 1. Damping ratio and frequency of inter-area modes with PSSs.

Subspace Wind Power Outputs Modes 1 2 3 4

1 0
f (Hz) 0.6752 0.6414 0.5621 0.3482

damp (%) 7.39 14.04 11.95 24.73

2 450
f (Hz) 0.6973 0.6463 0.5746 0.3839

damp (%) 10.81 13.47 12.94 22.6

3 900
f (Hz) 0.6917 0.6505 0.5895 0.4046

damp (%) 14.09 12.98 15.14 21.85

4 1350
f (Hz) 0.8942 0.6687 0.6175 0.5589

damp (%) 6.55 16.13 10.08 40.78

5 1800
f (Hz) 0.8441 0.5556 0.5513 0.4962

damp (%) 6.35 9.13 32.6 19.94

6 2250
f (Hz) 0.8455 0.5914 0.5811 0.5631

damp (%) 6.56 15.89 27.81 10.08

7 2700
f (Hz) 0.8469 0.6016 0.5727 0.5400

damp (%) 6.27 19.28 10.06 55.07

8 3150
f (Hz) 0.8473 0.6255 0.5771 0.5177

damp (%) 6.45 17.92 10.14 58.6

9 3600
f (Hz) 0.6511 0.6048 0.5452 0.3948

damp (%) 11.43 1023 18.7 23.18

10 4048
f (Hz) 0.8572 0.6258 0.5738 0.4817

damp (%) 6.27 14.02 10.03 24.3

The interval of subspaces are [0 0.5h], [0.5h 1.5h], [1.5h 2.5h], [2.5h 3.5h], [3.5h 4.5h], [4.5h 5.5h],
[5.5h 6.5h], [6.5h 7.5h], [7.5h 8.5h], [8.5h 4048], in which h = 450. The boundaries of subspaces are 0,
0.5h, 1.5h, . . . , 4048. The lower boundary of one subspace is the upper boundary of other subspace.
For example, the 2nd boundary 0.5 h is the upper boundary in the first subspace and lower boundary
of the second subspace. In this way, the whole system space could be covered by subspaces. The lower
boundary of the first subspace is 0 as it is the minimum output of wind power. The upper boundary
of 10th subspace is 4048 as it is the maximum output of wind power. The coordinated PSSs of each
subspace are designed at the center point of each subspace, e.g., 0, h = 450, 2h = 900, 3h = 1350, . . . ,
while the PSSs of the first and last subspace are designed at the points of minimum and maximum of
wind power outputs, respectively.

Nine boundary points are used as test cases to demonstrate the robustness of coordinated PSSs
and the simulation results are shown in Figure 8. Each sub-plot represents one boundary point.
Take the second boundary as shown in Figure 8a as an example, the 2nd boundary point is the upper
and lower boundaries of subspaces 1 and 2, respectively. As a matter of fact, this boundary point is in
both subspace 1 and subspace 2. The dashed curves represent the dynamic response without PSSs.

The blue and red curves represent the dynamic responses with different set of coordinated
PSSs, respectively. The blue curve represents the response with the first set of coordinated PSSs
applied which is designed for subspace 1. The red curve represents the response with the second
set of coordinated PSSs applied which is designed for subspace 2. From this figure, it can be
seen that both set of PSSs could give good performance which demonstrate the coordinated PSSs
designed at the center point of subspace could provide enough damping at the boundaries points
which means the classified subspaces could be able to cover the whole system space. From other
sub-plots, the simulation results at other boundary points also demonstrate the robustness of the
coordinated PSSs. In this way, different set of PSSs could be switched from one to another adaptively
without unsatisfactory control performance.
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It can be seen from Figure 8 that the inter-area power oscillations can be suppressed effectively
with the pre-designed multiple PSSs being matched to the correct subspace of system operating point
even when the wind generation varies. Hence PSSs pre-designed need to be adaptively adjusted to
following the wind power variation. Otherwise poorly damped inter-area oscillations are observed.
An adaptive damping control robust to the changes of power system operating point caused by
variation of grid-connected wind power need to be able to track the variation of system operating point
and to assign correct group of pre-designed PSSs into the service to suppress system inter-area power
oscillations. Function of tracking system operating point when wind generation varies is implemented
by the CART formed for the test system.

3.2. Formation of the CART

All 10 subspaces are considered to measure the participation factor of each generator.
The participation factors with wind power variation are calculated and the results are shown in
Table 2. Two highest participation factors of each mode of each subspace are displayed in Table 2.
It can be observed that, the participation factors changed with the wind power variation, but they do
not change a lot. The measurement used for training the CART is selected according to the highest
participation factors of four inter-area oscillations. Hence, measurement of bus frequencies of machine
G9, G13, G14 and G15 is used to form the CART.

Table 2. Participation factors of different generators in different subspaces.

Sub. No.
Mode 1 Mode 2 Mode 3 Mode 4

Gen. No. PF Gen. No. PF Gen. No. PF Gen. No. PF

Sub. 1
15 1.00 13 1.00 14 1.00 13 1.00
14 0.37 9 0.19 16 0.49 9 0.28

Sub. 2
15 1.00 13 1.00 14 1.00 13 1.00
14 0.38 9 0.20 16 0.68 14 0.19

Sub. 3
15 1.00 13 1.00 14 1.00 13 1.00
14 0.38 9 0.27 16 0.82 16 0.21

Sub. 4
15 1.00 13 1.00 16 1.00 13 1.00
14 0.39 9 0.29 14 0.97 16 0.23

Sub. 5
15 1.00 13 1.00 16 1.00 13 1.00
14 0.39 9 0.29 14 0.78 15 0.38

Sub. 6
15 1.00 13 1.00 16 1.00 13 1.00
14 0.39 9 0.28 14 0.67 15 0.61

Sub. 7
15 1.00 13 1.00 16 1.00 13 1.00
14 0.39 9 0.27 14 0.61 14 0.87

Sub. 8
15 1.00 13 1.00 16 1.00 14 1.00
14 0.39 9 0.28 14 0.58 15 0.95

Sub. 9
15 1.00 13 1.00 16 1.00 14 1.00
14 0.39 9 0.29 14 0.59 15 1.00

Sub. 10
15 1.00 13 1.00 16 1.00 15 1.00
14 0.40 9 0.35 14 0.62 14 0.68

The sample rate of each measurement is 30 samples per second. For each subspace of system
operating point, 100 initial sampled data with 5% noise are collected. Thus 1000 trajectories for
10 subspaces are employed to form the initial learning dataset of the CART. The initial learning data
is a matrix with 1000 rows and 120 columns. 1000 rows are the product of 100 initial sampled data
and 10 subspaces. 120 columns are the product of 30 samples and four measurements. Therefore,
a hyper-plane of classification is formed in a 120-dimensional space. There are 45 hyper-planes
to classify two subspaces. As this is a case of high-dimensional data set. Formation of the CART
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needs to consider the compromise between the accuracy and tree complexity. A small-size CART
cannot capture all the dynamic behavior and a large-size CART would bring about the incorrect
identification due to the over-fitting [24]. A plot of the misclassification rate for each sub-tree is
shown in Figure 9, from which it can be seen that the optimum number of the decision tree is 10 for
10 subspaces. The minimal mismatching rate of the CART is approximately 0.0433 which indicates the
95.67% probability of correct subspace matching.
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From Figure 9, it can also be seen that 10 subspaces appeared at the positions of terminal nodes
and could be classified with high accuracy, which means the number of subspaces is not too big. Since
the big number of subspaces make the CART complex and difficult to classify with high accuracy.
Therefore, the number of subspaces 10 is a suitable number in this paper.

After the training process, the classification tree is formed as shown in Figure 10, and the splitting
rules for each node are generated at the same time. The structure of formed CART for the test system
is shown in Figure 10. It has 10 terminal nodes which represent 10 operating subspaces. The rectangle
blocks represent the root node and intermediate nodes. The ellipse blocks are the terminal nodes.
At each separation point, there is a splitting rule. The inequations are the splitting rules of each
intermediate node which are generated by training process. For example, the distance vector is
dropped down to the CART. And the splitting rule of the 1st node circled by a red ellipse block is
the distance to the 1st hyper-plane. At the root node, the splitting rule is d1 < 0.0263 and d1 ≥ 0.0263.
If d1 is smaller than 0.0263 then the distance vector will be dropped down to node 2 for further
splitting. If d1 is bigger than 0.0263, then the distance vector will be dropped down to Sub. 1 which is
a terminal node and the identification process is stopped. In this way, the current system operating
point is identified to be in subspace 1. The distance vector from an operating point to hyper-planes
is expressed as d = [d1, d2, · · · , d45], di represents the distance to the i-th hyper-plane. Because there
are 10 operating subspaces, the total number of hyperplanes are 45, which could classify each two
subspaces. In this way, the distance vector actually include 45 distance parameters.

After CART training, the regression test process is performed to test the performance of off line
of CART. The test results are shown in Table 3. Outputs of wind power are systematically modified to
generate 5000 different system operating points. From each subspace, 500 different system operating
points are generated. From Table 3, it can be observed that, 4803 points out of 5000 system states are
classified to the correct subspace, and 197 cases are classified to the wrong subspaces. The accuracy of
regression test is about 98.9%. The misclassified cases are mostly the points around the boundaries.
Also, Figure 8 shows that even the boundaries points are classified to be neighbourhood subspaces,
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and the neighbourhood set of PSSs can also provide satisfying damping. Therefore, good performance
of CART when it is applied offline and online can be guaranteed.Energies 2018, 11, x FOR PEER REVIEW  13 of 19 

 

Root node

Node 6

d16<-0.0055 d16>=0.0055

Node 4Node 3

d22<-0.0683 d22>=-0.0683

Node 2

d1>=0.0263

d9<0.032
d9>=0.032

d31<0.0125 d31>=0.0125

Node 8

d27<-0.002 d27>=-0.002

Sub.7

d34<-0.015
d34>=0.015

Node 5

d36<0.0317 d36>=0.0317

Sub.1

Sub.2Sub.3

Sub.4

Sub.5

Sub.6Sub.7

d42<0.011
d42>=0.011

Node 8

Sub.10Sub.9Sub.8

d1<0.0263

 
Figure 10. The CART for distinguishing different subspaces of operating point. 

After CART training, the regression test process is performed to test the performance of off line 
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Table 3. Cases from subspaces test results.

Substation No. 1 2 3 4 5 6 7 8 9 10

Classified Sub.1 492 10 0 0 0 0 0 0 0 0
Classified Sub. 2 8 478 8 1 0 0 0 0 0 0
Classified Sub. 3 0 11 481 10 0 0 0 0 0 0
Classified Sub. 4 0 1 9 474 15 0 0 0 0 0
Classified Sub. 5 0 0 0 15 468 15 0 0 0 0
Classified Sub. 6 0 0 0 0 17 471 12 0 0 0
Classified Sub. 7 0 0 0 0 0 13 479 13 0 0
Classified Sub. 8 0 0 0 0 0 1 9 477 6 0
Classified Sub. 9 0 0 0 0 0 0 0 10 488 5
Classified Sub.10 0 0 0 0 0 0 0 0 5 495

3.3. Simulation Results and Discussions

The test power system operates initially in subspace 9 with the output of wind power being
3600 MW. The simulation runs for 35 s with wind power output dropped to 1350 MW at 5 s of
simulation due to the disconnection of part of wind power caused by fault. At this time, the wide-area
information from PMUs is sent to the CART for identification of variation of system operating point.
The outputs from the CART are shown in Figure 11, from which it can be seen that, initially the CART
cannot identify the correct system operating subspace. With the increase of number of sampling data,
the identification result of the CART converges to the correct system operating subspace. After t = 6 s,
the outputs of the CART indicate that the system operates in subspace 4. Then the multiple PSSs
designed for subspace 4 are activated and switched on.
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In the simulation part, the wind power output is changed at t = 5 s, and the PSSs are switched
at t = 7 s. The time from wind power output changed to the controllers was switched on is about 2 s,
which considers communication delay. From Figure 11, the identification process cost about 1 s, the left
1 s takes the communication delay into account.

Results of dynamic simulation are shown in Figure 12, where the dotted curves are the results with
PSSs designed for subspace 9 unchanged (fixed-parameter PSSs). The solid curves are the results with
the adaptive PSSs proposed in this paper. It can be seen that the CART based adaptive control scheme
can effectively track the variation of power system operating point caused by variable grid-connected
wind power, and switch on the appropriate PSSs adaptively to suppress power system inter-area
power oscillation.Energies 2018, 11, x FOR PEER REVIEW  15 of 19 
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Figure 12. Dynamic responses in case of changing wind power outputs.
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It is worth noting that CART plays a role of mapping the measurement space to state variable
space actually. Although the wind power pattern could be different, the state variables could not
drift in a dramatic manner. On one hand, from the output of CART as shown in Figure 11, it can be
seen that in the initial stage, the output could not converge to a constant number, it needs a while to
converge. After about 1 s, the output of CART converge to a constant number. The corresponding
set of PSSs are switched on when the output of regression tree converged. On the other hand, in the
process of training the CART, the initial sampled data take 5% noise into count. Therefore, the errors in
adjustments could be avoided through modeling the noise to the training dataset.

To further demonstrate the damping improvement, the Prony analysis is performed to analyze
the real-time responses and the results are shown in Table 4. Also, the small signal stability analysis
is carried out to calculate the oscillation frequency and damping ratios. It can be observed from the
Prony analysis and eigenvalue analysis that, the adaptive controllers provide better performance.

Table 4. Prony analysis and eigenanalysis results.

Mode No.

Adaptive PSSs Fixed PSSs

Eigenanalysis Prony Analysis Eigenanalysis Prony Analysis

f (Hz) Damp (%) f (Hz) Damp (%) f (Hz) Damp (%) f (Hz) Damp (%)

Mode 1 0.5589 40.78 0.538 46.064 0.4978 30.46 0.479 20.145
Mode 2 0.6175 10.08 0.617 10.412 0.5536 7.24 0.565 6.88
Mode 3 0.6687 16.13 0.633 17.953 0.5986 15.20 0.614 12.989
Mode 4 0.8942 6.55 0.854 6.666 0.8725 5.64 0.887 5.994

3.4. Test System with Multiple Wind Farms

The 16-generator system with three wind farms added at different buses is used as the test system
for investigating the effectiveness of the proposed adaptive control. Assume the first wind farm is
added at bus 42, the 2nd wind farm is connected at bus 42, and the 3rd wind farm is connected at
bus 52. The operating subspaces are divided with different wind farm outputs as shown in Table 5.
The set of PSSs are predesigned for different subspaces and the new CART are also trained off-line
with dataset obtained from this test system. The time domain simulations are carried out in the case of
multi wind farms connected to different buses.

Table 5. The Subspaces with different WF outputs.

Sub. No. 1st WF Outputs 2nd WF Outputs 3rd WF Outputs

1 450 450 450
2 450 450 900
3 450 900 450
4 450 900 900
5 900 450 450
6 900 450 900
7 900 900 450
8 900 900 900

Assume the power system is operating at the output of three wind farms are all 450 MW, which
means the power system is operating at the first space. When t = 5 s the output of 1st wind farm
increased to 900 MW. When t = 15 s the output of 2nd wind farm increased to 900 MW. When t = 25 s
the output of 3rd wind farm increased to 900 MW. The output of CART are shown in Figure 13,
from which it can be seen that the initial output of the CART shows the power system is operating in
subspace 1 before t = 5 s. After 5 s, the output shows the power system operating subspace changed to
subspace 5. After 15 s the output of CART demonstrate the subspace 7 and then subspace 8 after 25 s.
The output trajectory of CART shows that CART could track the operating subspace adaptive to the
changing wind power outputs and give the correct switch order.
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Figure 13. Output trajectory of the CART in the case of multiple wind farms.

The dynamic response of relative angular of generators 1 and 16 is displayed in Figure 14.
The dashed curve is the dynamic response of relative angular with the fixed set of PSSs predesigned
for subspace 3. The solid curve is the relative angular with the adaptive control method proposed in
this paper. From this figure, it can be seen that the adaptive control method show good performance
even if the multiple wind farms were connected to different buses.
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4. Conclusions

An adaptive damping control robust to stochastic varying operating conditions caused by
integrated wind power is proposed in this paper. Firstly, the space of operating point is divided
into operating subspaces by the even interval of wind power outputs. Secondly, coordinated PSSs
are pre-designed for each operating subspace. Thirdly, a classification tree is formed by training the
distances to the hyperplanes, and the regression tree is used for regression to identify the subspaces
with the help of on-line measurement from PMUs. In this way, the dynamic behavior of a varying
power system is tracked and the appropriate coordinated PSSs are switched into service adaptively.
The simulation results of modified test system integrated with wind generation are presented in the
paper to demonstrate the robustness of the proposed adaptive damping control based on CART to the
variation of system operating point in suppressing system low-frequency power oscillations when
grid-connected wind power varies. Furthermore, the proposed adaptive damping control also show
the good performance in the case of multiple wind farms connected at different buses.
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Nomenclature

∆ω generator speed deviation, p.u.
∆P electromagnetic power deviation, p.u.
T time constants of washout blocks, s
N number of low-pass filters
K the gain of PSS
α the measurements from circles
β the measurements from stars
µα the means of measurements α

µβ the means of measurements β

Σα the covariance of measurements of subspaces α

Σβ the covariance of measurements of subspaces β

M the classification line
W the normal vector
d the distance vector
N the direction vector of hyper-plane
Cmid the middle point
f frequency of oscillation mode, Hz
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