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Abstract. To aim at the puzzle of DC modulation controller parameters tuning in large-scale
AC/DC interconnected power systems, in this paper a multi-signal Prony algorithm is proposed
which can simultaneously extracts oscillation modes from multiple signals compared with
traditional Prony analysis method. In the algorithm, current setting value increment at rectifier
side serves as system input, and AC liaison transmission line active power increment acts as the
resulting output under consideration of systems initialization state. Through the improved
multi-signal Prony identification on the output time-domain response data under specified input,
an equivalent linear model with order reduced is obtained. Based on the identified results, the
adjustments are then implemented on the controller parameters using the pole placement method.
Through theoretical analysis and IEEE four generators system tests, the simulation results show
that to add the DC modulation controller with parameters tuned by the improved Prony algorithm
can significantly increase the oscillation damping of AC/DC interconnected systems, and improve
the systems operation stability.

Keywords: inter-area low frequency oscillation, DC modulation, Prony algorithm, identification,
pole placement, parameters tuning.

1. Introduction

With the expansion of AC/DC power grids interconnection, the size of modern power systems
is becoming larger and larger, and the structure of which is becoming more and more complex,
which results in a higher requirement on the analysis and control of systems. The analysis and
suppression of inter-area low frequency oscillation in AC/DC interconnected power grids now has
already become a more difficult and important puzzle [1-3]. The traditional methods such as
eigen-values and frequency domain analysis require a complete detailed precise mathematical
model, but usually to do so is a difficult task. In another hand, the modern identification
technology can identify the system model reduced not rely on the mathematical model of each
component [4]. The Prony identification can estimate the system oscillation modes through
analysis on the measured data, which include the oscillation frequency, damping, amplitude and
phase, and etc. Further, the identification can directly obtain the characteristic roots of systems,
and the residue of transfer function, and other information. And thus, it can avoid having to create
an accurate model of the system and solve high-order matrix. Hence, it is particularly suitable for
analysis on power systems response signal and the design of control systems [5, 6].

In recent years, with the development of high voltage direct current (HVDC) transmission
technology in China, there would be more than 20 ultra HVDC lines to be put into operation by
2020 [7]. In view of its fast response, and flexible control on the HVDC transmission systems,
and as well as strong modulation capacity, DC modulation controller can be used to modulate the
power of DC transmission line. This is thought to be one of the most effective means to suppress
the inter-area low frequency oscillation of interconnect power grids [8]. The relative investigations
have shown that the selection of DC modulation signal, and load model, and the modulator
parameters are the key elements to influence modulation effects. In [9] trajectory sensitivity is
applied to analyze the DC modulator parameters, and the results are verified using a four-generator
system. But the method needs to calculate systems gradient information, and it is difficult for the
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large-scale AC/DC hybrid systems. In [10] modulator parameters are optimized by genetic
algorithm (GA). Due to its stronger randomness of optimization algorithm, there are some
shortcomings existing of slow convergence. In [11] Prony method is proposed to identify the
system transfer function very convenient, and possesses higher accuracy than the test signal
method.

Prony analysis possesses many applications in AC systems such as the design of excitation
regulator and PSS, but there have been little attentions in AC/DC hybrid transmission systems. In
addition, Prony methods always assume that the system is single output, and each signal is
analyzed, independently, which often results in estimates conflicting in frequency and damping
due to noise effects [12]. And so it is difficult to determine which signal identification result is
most reasonable and accurate. In [13], an extended Prony algebraic interpolation scheme is
proposed to find the nearest analytic function of algebraic interpolant on an equispaced grid, and
the interpolation errors of the method are much lower compared with the classic schemes on
equispaced grids, which can be effectively exploited for analytic interpolation of noisy or defected
signals. But the method based on the nearest algebraic interpolant does not suppress the Runge
phenomenon, the calculation will increase and produce more serious error accumulation such that
the stability can not be guaranteed. In [14] wide area measurement system (WAMS) can obtain
the global oscillation information, and provide full support to suppress the inter-area low
frequency oscillation, which make the multi-signal combined identification possible. In this paper,
on the basis of WAMS, multi-signal is firstly introduced into Prony algorithm for identification
of low frequency oscillation in AC/DC hybrid systems, and wavelet transform is then applied
to eliminate the signal noise. Secondly, multi signals sample function matrix is established and
singular value decomposed-total least square (SVD-TLS) method is used to determine the order
of signal. Thirdly, the improved multi-signal Prony algorithm is proposed to identify the system
output characteristics, and transfer function is then obtained, and then combining with the pole
placement method to adjust the DC modulation controller parameters. Finally, the applicability
and superiority of the proposed method are verified through the IEEE four-generator system.

2. System transfer function identification based on Prony algorithm
2.1. Traditional Prony algorithm

Prony algorithm can fit several exponential functions into a signal though linear combination,
and which is shown by [15]:

P
x(n) = Z bzl = Aiexp(jO,)exp[(a; + j2nf;)At], n=0,1,..,N —1, (1)

i=1

where X(n) expresses the estimated value of the nth sampling point, and N takes integer, and p
expresses the number of exponential functions and takes integer, and 4; is the amplitude of signal
trace, and 6; is the corresponding phase (unit: rad), and a; represents the attenuation factor, and
f; means the oscillation frequency, and At is the sampling interval.

2.2. Improved Prony algorithm

Traditional Prony algorithm always assumes that the system is single output, which is not
consistent with power systems of single-input and multiple-output. Due to disturbance from noise
and other factors, the obtained outcome will lead to conflicting modality estimates. And so it is
difficult to determine which modality estimates are accurate. In addition, since power system is a
complex large system, and for large systems, the single signal analysis on system oscillation mode
is limited. In order to identify system oscillation modes as much as possible, the multiple signals
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are introduced to extract oscillation characteristics, and fit into each output under same modality
so as to improve identification accuracy, and then:

p
fk(n) = Z bkl‘Zin, (2)
i=1

where X (n) presents the model of measured data, by; and z; are both complex, and expressed by:

{bki = Aiexp(jOy), 3)
z; = exp[(a; + j2nf)At],
where Ay; is the amplitude of the kth signal trace, and 8y; is its phase, a; , f; and At possess same
implications with Eq. (1).

Now we consider the multi-signal traces, and cost function is constructed by:

=Y Y -2 mP @)

M N-1
k=1n=0
where M is the total number of signal traces, and x; () is the actual value of the kth signal trace,
and X, (n) is the corresponding estimated value.

Similar to single signal trace derivation process, multiple signal traces apply a set of same
exponential signal to approximate multiple signals, simultaneously, and make mean squares sum
of all curves minimum. According to least mean squares (LMS), we can obtain the parameters of
Agi, ki, a; and f; [16].

%, (n) meets the recursive difference equation described by:

p

Ben) == ) a; Zln = D). )

i=1
Let e(n) be the error between the measured data and the estimated value, and thus we have:
x(n) = %, (n) +e(n). (6)

Substituting Eq. (5) into Eq. (6), we obtain:

4 p p

x,(n) = —Z a; Xy(n—i)+en) = —Z a; xy(n—10) + Z a;e(n —1i), 7
i=1 i=1 i=0

a=1 n=01,.. N—-1

Define e(n) = f:o a; e(n — i), and we then have:

D

x(m) = = ) ax(n - i) + (o) ®
i=1

Define the cost function as:
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N-1 N-1| P 2
J@ =) el = > > auxn—0) . ©)
n=p n=p li=0
From Eq. (9), we have:
dJ(a)
=0, i=12..,p.
aai ! p
And then we obtain:
P N-1
Zai Zxk(n—i)x;g(n—j) —0, j=12...p. (10)
i=0 n=p
Improved multi-signal Prony algorithm is then described as follows.
1) To define sample function matrix by:
r(1,00 r(11) .. r(l,p.)
R=|T@D @D . r@po| an
T(0e,0) 7(0es1) o 7(PesPe)
where:
M N-1
r(i,j) = Z xm—Dxx(n—j), i,j=0,1,..,p, (12)
k=1n=p

and M expresses the number of signal traces, and p,, is the order of prediction model, and x; (i) is
the ith sample point of the kth signal.
2) To obtain a by:

r(1,00 r@11) .. r(Lp)][1 &
r(2,0) r(21) .. r(2p.) a}‘ _ IO‘
) o

F00) T@01) . T(Perpe)

(13)

The effective rank p of matrix R, and as well as the coefficients a,, a,,..., a, of
corresponding oscillation pattern can be determined using SVD-TLS algorithm

3) The eigenvalues of the polynomial 1 + a;z~" 4+ a,z~?+...+a,z~? = 0 can be calculated
based on the a,, a;..., a,. And then we can obtain by the following recursive formula:

p

Zn) = = > aify(n— D), (14)

i=1

where £, (0) = x,(0).
4) To calculate the parameters by; according to the following equation:
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1 1 . 1 q[by 2,(0)
z Z o Zp ||bee| _ Z.(D (15)
207tz Lz by (N, — 1)

5) To calculate frequency, and the attenuation factor, and the amplitude and phase of each
signal as follows:

ki = |bril,
Im bkl)
o _ arctan [R i)
et 2mAt ’
lnlzl-l (16)
a; = )
arctan Re g‘)
— l
fi= 2mAt ’

where k denotes the kth signal, and i denotes the ith component.
2.3. System transfer function identification

System model is shown in Fig. 1, where G (s) expresses system transfer function, and u(t) is
system excitation signal, and y(t) is system output, and y,, (t) is system stimulus-response, and
Vo (t) is the initial state of system.

Y0()

+
u(f) Yex(t) W)
60 1 2
Fig. 1. System model
Pole residue form of G(s) and Y,(s) can be expressed by:
n
H(s) = ) 17
ols) = . s — Ai’ ( )
i=1
- R
_ i
G(s)_Zs—ﬂi' (18)

where n is the order of transfer function, and 4; is the eigenvalues of system, and R; is the residue
of transfer function, and 4; is the residue of initial state.

The aim to identify transfer function and initial state of system is to find the estimate values of
A;, R;, A; and n, such that the model output as close as possible to the actual output [17].

Let us assume that U(s) is composed of limited entry delay factor ¢; and eigenvalues D;, and
then:

co+ ™01 +cpeP2 4 oo 4 e Pk
U = e ta z ) =01,k (19)
S _An+1
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Consider the effect of the input signal U(s), the output Y (s) should contain the modes caused
by the input signal and system itself, which can be expressed by:

Y(s) = Yo(5) + Yex(s)

n n
R; A; (20)
=(cg+cie P14+ ce™P2 o+ ¢ e‘SDk)Z - +Z L
0 ! 2 § o (s = Ans)(s —4) P s—A

By partial fraction, the above formula can be expanded by:

n
Y(s) = (co+ cre P14+ c,e™P2 4 - + cke_SDk) Qnss + Z @ , 20
n+1 i S — /11
where:
R; C
0 =5—— Q== 0 (22)
i n+1 e

Since t = Dy, so that Dy = 0, then y(t) is:

k k
0= ) ()

i=0 i=0

k
+e 4 Qpin (Z Cie—/ln+1Di> e+t

i=0

(23)

Since t is bound to be greater than Dy, the above formula can not be directly analyzed by Prony
method. Let T = t — Dy, and v(t) = y(7 + Dy), the above equation then can be written by:

n+1

v() = ) Behr. (24)

Consider the non-zero initial state conditions [18], and then have further Prony identification,
we will obtain the residue of transfer function:

k
B, = Q, (Z Cl.e—)‘j(Dk_Di)> +AjetPk, j=1,2,...,n+1. (25)

i=0
Substituting the above formula into Eq. (22), the transfer function residue then is:

= B 7 Ann) (26)
TS ety

B; and 4; in Eq. (26) can be obtained from Eq. (24) using Prony analysis, ¢;, D; and 1,,,, are
obtained based on the input. Therefore, the input in Eq. (19) will be applied into the real system,
then through the results of improved multi-signal Prony analysis and further calculation, system
transfer function can be obtained.
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3. AC/DC power system model and HVDC additional damping control
3.1. Principle of AC/DC power system interaction

In the AC/DC power system simulation, to reflect the impact of DC system on AC system
stability more accurately, here we apply more accurate HVDC quasi-steady-state model in [1].
The AC system and DC system are independently solved, and AC system and DC system interacts
as shown in Fig. 2. The impact of DC system on AC system may be seen as a change of load or
voltage source. HVDC quick adjustment feature is implemented by changing the power of the
variable power branch [19].

Idar 1di
. Uk
Rectifier . . Uir || o || e 143 Inverter
Rectifier side A Inverter side
voltage source | g voltage source
controller @ controller
fa ts
Rectifier side Inverter side
. variable power [*— variable power
PrijOr controller controller Pi+j0i
the variable power

the variable power
branch

branch

Fig. 2. Diagram of interaction of AC/DC system

3.2. DC modulation controller model

DC modulation controller model is used in [1]. In this paper, it is generally believed that the
current control is fast, and constant current control can prevent a substantial change in current,
limiting the over-current and preventing from the converter overload. And constant extinction
angle control can avoid commutation failure at inverter side, and maintain the DC voltage at a
high level, so we adopt the operation mode of constant current in rectifier side, and constant
extinction angle in inverter side. The constant current controller and DC modulation model are
shown in Fig. 3.

Pmax S HE)
1+T;s 5 sTy A Pac
( ) D Kivne -
/ 1+T,s 1+sT,, L From AC
Phmi ) . liaison line
AP min Phase compensator part Blocking part Amplification part
0¥
Vdo—»{=) Imax amax
+(>% 4
A T @
Imin
Io
ld

Fig. 3. DC modulation controller model

In Fig. 3, I; and I, denote the input signal of constant current controller and the current setting
value of rectifier, respectively. Ty, denotes the time constant of blocking part, T; and T, denote
the time constant of lead-lag parts, Ky pe denotes the gain coefficient, subscript max and min
denote the upper and lower limits of the corresponding variable amplitude.
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The active power increment AP, of AC liaison transmission lines is set as the input signal of
DC modulator, and through the measurement, blocking part and phase compensator composed by
a series of lead-lag parts and amplification part to synthesize, eventually outputs additional power
control signal through clipper. While the signal is overlapped with the power control command
signal, through the output of constant current regulator in pole control unit and changes the trigger
angle @ command of rectifier, which is sent to the valve control units to control the DC power
output. By adjusting the transmission power of DC lines, which can rapidly absorb and
compensate for excess power or shortfall power connected thereto AC system, so that the power
can reach equilibrium, and reduce the transmission pressure of AC transmission system. Serving
to strengthen the effect of AC system damping and improving AC/DC interconnected system
stability [20].

3.3. DC modulation controller design

In parallel AC and DC power transmission systems, The DC current setting value increment
Al is selected as the control variable, and the active power increment AP, of AC liaison lines is
set as the controlled variable. Assuming that identified system transfer function is G(s), the
controller transfer function is H(s). And AP, is introduced as a feedback variable, the
closed-loop system is shown in Fig. 4.

A ac
u + Al G(S) P y>
+

H(S)

A

Fig. 4. System closed-loop block diagram
From Fig. 4, the system transfer function can be obtained by:

G(s)

1-G(s)H(s) 27

Gc(s) =

Assuming that after adding the feedback compensation parts, the new dominant pole of
closed-loop system is s, and the eigenvalues of system is moved to the location 4,. Then A, must
satisfy the characteristic equation 1 — G(s)H(s) = 0 of the closed-loop system, so we can get
H(sy) = 1/G(s4), which can be written in the form of amplitude and phase angle below:

|H(s)| = arg(H(sq)) = —arg(G(s,)). (28)

1
IG(s)l’

Therefore, through the amplitude and phase angle values at s = s, of the identified system
transfer function, we can obtain the amplitude and phase angle of DC modulation controller at 4,
so that the new pole location will be selected to meet the specific damping ratio, then take
advantage of lead-lag links to meet phase compensation. Finally, we can select the gain to meet
the amplitude equation.

3.4. Stability analysis with DC modulation controller

According to linear control theory [21], the characteristic polynomial of the G(s) can be
described as:
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ag(s) 2 aps™ + ays" + as® 2+ -+ ay_qS + . (29)

And then the poles of G(s) is denoted as the roots of the characteristic equation a;(s) = 0. If
all the ploes is located on the left side of the imaginary axis in the complex plane, namely, they
are the negative real numbers or possess the negative real parts, and then the system characterized
by G (s) can be said stable, and instable if there is a ploe located in imaginary axis or the right side
of the imaginary axis in the complex plane otherwise.

The introduction of state feedback H(s) changes the system transfer function, namely, G (s)
is converted to G.(s), and characteristic eauation a;(s) to ag.(s), correspondingly, the roots of
the characteristic eauation is changed. In other words, in system synthesis, to obtain desired
properties we can apply diverse feedback matrix H(s) to change the location of the zeros and
ploes, since they possess significant inflence on system behavior. In this paper, from Fig. 3, we
can select suitable H(s) to change the location of the poles, such that the expected dynamical
properties can be acquired.

4. Examples

Fig. 5 shows the structure of IEEE four-generator system, and system parameters can be found
in [1], where the rated power of DC line is 1000 MW, and the rated voltage of AC line is 230 KV,
the rated capacity of each generator is 900 MWA, rated voltage is 20 KV, and generator model
includes the excitation system and the speed control system, and the load uses constant resistance,
and as well as two terminals HVDC systems adopts quasi-steady-state model, wherein the left side
is the rectifier station, and the right one is the inverter station. The control system adopts the
operation mode of constant current in rectifier side and constant extinction angle in inverter side.
DC modulation controller is attached to the side of the rectifier side of the verification system. DC
modulation controller is as shown in Fig. 3.

Area 1 Area 2

Liaison line
1 3| G3
O

G1 1 5 (‘i 7 9 10

1
@ e
| | |
|
i
8 r
L9

2 ) 4

i—

—
=

G2 G4

Fig. 5. IEEE four-generator test system
4.1. Modal identification based on improved multi-signal algorithm

In this example, three-phase short circuit fault occurs in the bus 7-side starting at the 1.0 s, and
is cleared at five cycle later. Each generator power angle curve closely related to the
electromechanical oscillations is selected, and the Prony modal identification is adopted
mentioned in Section 2.1. In this paper, the relative power angle of each generator and AC liaison
line active power are set as the identification signals, and the generator G1 is considered as
reference machine. Table 1 and Table 2 are respectively single signal and improved multi-signal
algorithm for each generator relative power angle identification results.

Seen from Table 1, when adopts the signals of different units each time can identify the
dominant mode of system accurately, namely, the inter-area oscillation mode. However, for the
identification of local oscillation modes, the identification results are quite different. In model
model 2, and model 3, and as well as model 4, applying the signals of same area can get different
estimate results even contradictory results, which makes the choice of frequency and damping
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ratio of local oscillation modes become very difficult, and it is not conducive to have further
identification. However, in Table 2, when using multiple signals can identify all oscillation modes,
and the results are more accurate than the ones of single signal.

Table 1. Each generator power angle identification results based on single signal Prony algorithm
Identification signals and parameters | Mode 1 | Mode 2 | Mode 3 | Mode 4

s f/Hz 0.575 1.107 1.253 0.837

2 Damping ratio | 0.016 | 0.062 | —0.001 | 0.300

5 f/Hz 0.577 0.976 1.285 1.767

31 Damping ratio 0.016 0.135 0.035 0.046

s f/Hz 0.575 0.866 1.110 1.110

41 Damping ratio 0.016 0.036 0.120 0.120
Comprehensive f/Hz 0.575 0.913 1.110 —
analysis Damping ratio 0.016 0.175 0.120 -

Table 2. Generator power angle identification results based on improved multi-signal Prony algorithm
Identification signals and parameters | Mode 1 | Mode 2 | Mode 3 | Mode 4
f/Hz 0.575 0.983 1.167 1.643
Damping ratio 0.016 0.054 0.125 0.084

4.2. System transfer function identification

The input signal of DC modulation controller is active power increment of AC liaison line
between the two regions, and system transfer function is identified in accordance with Section 2.2.
The current setting of DC side adds an excitation Au, and carries on the Prony analysis, we then
obtain the transfer function from DC line at rectifier side current setting to AC liaison line active
power. Table 3 shows the system initial state and reduced order transfer function based on
improved multi-signal Prony algorithm identification. System output curves fitting results are
shown in Fig. 6.

Table 3. Order transfer function and initial state of Au —» AP,

n li Ai Ri

1 —9.158 0.0030 1.2328-j0.0001
2 —0.0561+j3.5101 —0.0046+j0.0162 2.1245+j3.1360
3 —0.0561-j3.5101 —0.0046-j0.0162 2.1245-j3.1360
4 —0.1815+j5.6490 —0.0015+j0.0031 0.8405+j1.3267
5 —0.1815-j5.6490 —0.0015-j0.0031 0.8405-j1.3267
6 —0.5865+j6.1839 0.0001+j0.0205 0.2175+j0.5033
7 —0.5865-j6.1839 0.0001-j0.0205 0.2175-j0.5033
8 —0.4812+j7.0375 —0.0037+j0.0007 0.2096+j0.1741
9 —0.4812-j7.0375 —0.0037-j0.0007 0.2096-j0.1741
10 —1.2486+j10.2399 0.0012+j0.0046 0.3876+j2.9004
11 —1.2486-j10.2399 0.0012-j0.0046 0.3876-j2.9004

From the analysis of Table 3, eigenvalues (—0.0561+j3.5101) and (—0.18154j5.6490) show the
mode of the system inter-area low frequency oscillation, damping ratio is small, so attenuation is
slow, while the former residue is larger than that of the latter, therefore the former is system
dominant oscillation mode. Additional DC modulation controller to form a closed-loop system,
using the pole placement method and the damping ratio of system dominant mode will be
increased to 0.15, the dominant eigenvalues is selected as 0.485+j3.20. The corresponding
oscillation frequency is 0.51 Hz, and then obtain amplitude and phase of controller, which are
respectively 6.28 and 113.04 deg.

According to DC modulation controller model in Fig. 3, the transfer function of DC
modulation controller is shown by:
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3
KsTy (1 + sTy)

H(s) = (L+ Ty (1L +sTy)%

(30)

where T, is blocking time constant, which has no relation with the damping property of the
controller, and generally takes for 10 s, in order to meet the requirement of improving dynamic
stability, power modulation amplitude can achieve 3 % to 10 % of the DC power, so the power
limiting link is £30 MW.Through the phase requirements we can calculate T; and T,, then
according to the amplitude can obtain gain K, the final transfer function of DC modulation
controller is obtain by:

Hs) = KSTwQ 4 ST)? 0575 X 105(1 +06345)°
VT A+ T +sT,)°  (1+10s)(1 + 0.1525)°

(€2))

60

power angle

8/CC)

Generator
)
o
L

---------- identification data

—_— actual data

-60 1 1 1 ! !
0 2 14 18

6 .. 10
Time t/s
Fig. 6. Identified model output data versus actual data

4.3. Simulation results

Under the condition of above fault, these three cases are simulated in time domain without DC
modulation, adds the DC modulator of traditional Prony design and DC modulator designed based
on improved multi-signal Prony algorithm. The power angle of generator and AC liaison line
active power steady-state simulation results are shown in Figs. 7 and 8.
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Fig. 7. Angle swing curves of G4 refer to G1

Fig. 9-10 are respectively by changing the operating mode and fault mode to verify the
robustness of DC modulation controller whose parameters has been tuned. In Fig. 9, failure mode
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changes for the three-phase short circuit occurs in the bus 8 side, after 5 cycles fault is cleared. In

Fig. 10, the L7-8 AC liaison line active power is transmitted by increased from 210 MW to
306 MW, the fault pattern is unchanged.
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Fig. 8. Active power oscillation curves of the inter-tie 7-8
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Fig. 9. Active power oscillation curves of the inter-tie 7-8 as system failure mode changing
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Fig. 10. Active power oscillation curves of the inter-tie 7-8 as system operating mode changing

The simulation results show that the additional DC modulation controllers can indeed play a
role in suppressing the inter-area low frequency oscillation, and the modulation controller
parameters is the key to affecting the modulation effect. Controller designed based on the
traditional single machine infinite theoretical analysis and combination of engineering practical
experience can achieve a certain damping effect on power oscillation. The controller designed
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based on improved multi-signal Prony algorithm, then adopts pole placement and combines with
the identification results to adjust controller parameters, since the identified transfer function
contains information between generators and DC modulation controller, which more
comprehensively consider the interaction of the whole system. The simulation shows that to add
controller designed by improved algorithm makes the system can restore stability less than 10 s
after a disturbance, however, the system need longer time to restore without DC modulation
controller, which is not conducive to make the system have a stable operation.

Therefore system adds the controller designed by improved multi-signal Prony algorithm can
improve the system damping effect greatly. It not only suppress inter-area low frequency
oscillation, but also improve the stability of interconnected AC/DC system, which is consistent
with the former theoretical analysis.

5. Conclusions

This paper analyzes low frequency oscillation modes of the AC/DC power transmission
systems, and aims at the flaws of traditional Prony algorithm in applications, and proposes analysis
method based on multiple signals Prony algorithm, and gives out the calculating process and
experiment verification. The applications shows that the proposed method improves the
identification accuracy and control effects and does not depend on the accurate mathematical
model and parameters tuning, which can lay the foundation for the coordination optimization
between controllers. DC modulation controller designed by improved multi-signal Prony
algorithm can effectively improve the damping effect of the systems, and suppress inter-area low
frequency oscillation so as to increase the stability of the overall system operation.

References

[1] Prabha Kundur Power System Stability and Control. McGraw-Hill Inc., New York, 1994.

[2] Chen Shi, Li Xingyuan, Zhao Rui Coordination research of PSS and HVDC damping control based
on control sensitive factor analysis. High Voltage Engineering, Vol. 40, Issue 11, 2014, p. 3577-3583.

[3] Blekhman L. I. Synchronization of Dynamical System. Nauka, Moscow, 1971, (in Russian).

[4] Annissa H., Innocent Kamwa Assessment of two methods to select wide-area signals for power
system damping control. IEEE Transactions on Power Systems, Vol. 23, Issue 2, 2008, p. 572-581.

[S] Charles W. Therrien, Carlos H. Velasco An iterative Prony method for ARMA signal modeling.
IEEE Transactions on Signal Processing, Vol. 43, Issue 1, 1995, p. 358-361.

[6] Zhang Liang, Zhang Xinyan, Wang Weiqing Identification of low frequency oscillations based on
improved multi-signal matrix pencil algorithm. Power System Protection and Control, Vol. 41,
Issue 13, 2013, p. 26-30.

[71 Zhu Ling, Wang Xiaoru Research of emergency DC power support strategies for large-scale power
grid based on PSD-BPA. Power System Protection and Control, Vol. 41, Issue 23, 2013, p. 139-144.

[8] Jing Yong, Hong Chao, Yang Jinbai Suppression of inter-area power oscillation in southern China
power grid by HVDC modulation. Power System Technology, Vol. 29, Issue 20, 2005, p. 53-56.

[9] Wang Changxiang, Fang Dazhong, Xue Zhenyu Parameter optimization design of DC modulation
based on trajectory sensitivity analysis. Proceedings of the CSU - EPSA, Vol. 24, Issue 4, 2012,
p. 30-35.

[10] Zhu Haojun, Cai Zexiang, Liu haoming Coordinate optimization algorithm of controller in
multi-infeed AC/DC power systems. Proceedings of the CSEE, Vol. 26, Issue 13, 2006, p. 7-13.

[11] Liu Haifeng, Xu Zheng Parameters tuning of HVDC small signal modulation controllers based on
test signal. Automation of Electric Power Systems, Vol. 26, Issue 21, 2002, p. 12-16.

[12] Ma Yanfeng, Zhao Shuqiang, Liu Sen Online identification of low-frequency oscillatons based on
improved multi-signal prony algorithm. Power System Technology, Vol. 31, Issue 15,2007, p. 44-50.

[13] Karaliene D., Navickas Z., Ciegis R., Ragulskis M. An extended Prony’s interpolation scheme on
an equispaced grid. Open Mathematics, Vol. 13, Issue 31, 2015, p. 333-347.

[14] Qi Jun, Wang Quanyuan, Cao Yijia A general Prony identification algorithm for power system
transfer function. Proceedings of the CSEE, Vol. 28, Issue 28, 2008, p. 41-46.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716 3311



[13]
[16]
[17]
(18]
[19]

[20]

[21]

3312

1756. DC MODULATION CONTROLLER PARAMETERS TUNING BASED ON IMPROVED MULTI-SIGNAL PRONY ALGORITHM.
HONGSHENG SU, ZONGKONG ZHU

Liu Hongchao, Li Xingyuan Study of DC damping control in AC/DC transmission systems based on
Prony method. Proceedings of the CSEE, Vol. 22, Issue 7, 2002, p. 54-57.

Trudnowski D., Johnson J. Making Prony analysis more accurate using multiple Signals. IEEE
Transactions on Power Systems, Vol. 14, Issue 1, 1999, p. 226-231.

Chen S., Li X., Wu L. Wide-area damp control for AC/DC hybrid transmission systems based on
identification of reduced order model. Power System Technology, Vol. 31, Issue 17, 2007, p. 36-40.
Xu Dongjie, He Renmu Transfer function identification using iterative Prony method. Proceedings
of the CSEE, Vol. 24, Issue 6, 2004, p. 40-43.

Xie H., Zhang Y., Lin L. Issues related to DC power modulation in AC/DC hybrid system. Power
System Technology, Vol. 33, Issue 4, 2009, p. 43-50.

Wu Huajian, Wang Yuhong, Li Xingyuan Study on DC modulation for AC/DC hybrid transmission
system based on comprehensive performance index. Power System Protection and Control, Vol. 22,
Issue 38, 2010, p. 68-73.

Zheng D. Linear Control Theory. Tinghua University Press, Beijing, 2003.

Hongsheng Su received Ph.D. degree in Electrical Engineering Institute from Southwest
Jiaotong University, Chengdu, China, in 2007. Now he works at School of Automation
and Electrical Engineering, Lanzhou Jiaotong University, Lanzhou, China. His current
research interests include system security and reliability analysis, dynamics systems
control, power system and its automation, and etc.

Zongkun Zhu received B.S. degree in Automation and Electrical Engineering school from
Lanzhou Jiaotong University, Lanzhou, China, in 2013. Now he is in the postgraduate
period. His current research interest is large power system stability analysis and control.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


