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Abstract—This paper presents a vector fitting (VF) algorithm-
based gray-box structure and parameters identification method
for voltage source converter(VSC). Terminal impedance fre-
quency responses of VSC is first measured by frequency scanning
method. Then, these impedance frequency responses are fitted
by a polynomial transfer function using VF algorithm. Finally,
the theoretical terminal impedance formulas of possible control
structures are compared with the fitted transfer function. The
actual control structure can be selected, and the actual internal
parameters can be identified. Simulation results are given to
validate effectiveness of the proposed method. The proposed
gray-box method can identify both the circuit and controller
information even if no internal information of the VSC is
provided by vendors due to industrial confidence. In addition,
the effect of measurement noise on parameters identification
accuracy can be mitigated by increasing the order of the fitted
transfer function.

Index Terms—Gray-box method, parameters identification,
vector fitting algorithm, voltage source converter.

I. INTRODUCTION

Renewable energy sources, such as wind power and solar
power, have been increasingly penetrating into traditional
power systems [1]. Voltage source converters (VSCs), as
important interfaces, are widely used to deliver the generated
electrical energy to utility grid [2]-[4]. In fact, internal param-
eters of VSCs are important for instability source identification
[5], [6], adaptive control design [7], [8], and condition moni-
toring and fault diagnosis [9], [10].

However, detailed control structure and parameters of VSCs
are difficult to obtain due to manufacture confidence [11], [12].
Parameters perturbation of filter inductance and capacitance
may occur due to manufacturing tolerance, aging, variation of
operating points and temperature [7].

Internal parameters of VSCs are difficult to obtain in prac-
tical system. Various methods have been proposed to estimate
or identify internal parameters of VSC [7], [8], [10], [13]-
[16]. Based on evaluation of closed-loop transient responses
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of current controller, the equivalent loss resistance between
the inverter and grid is estimated in [13], and both equivalent
inductance and resistance between the inverter and grid are
estimated in [14], respectively. In addition, active and reac-
tive power based model reference adaptive control (MRAC)
approach is used to estimate the equivalent inductance and
resistance between the inverter and grid in [8]. Furthermore,
grid equivalent, AC filter, switching and conduction loss
resistance are estimated by using extended harmonic domain
in [15]. However, these aforementioned parameter estimation
methods are complicated. In [7], [10], the parameters of L filter
and LCL filter can be identified, where pseudorandom binary
sequence (PRBS) is injected into current control loop of VSC,
and the impedance information is obtained by performing
FFT on perturbed voltage and current. However, only circuit
parameters can be identified, and controller parameters fail to
obtained by the PRBS-based method. A two-step parameters
identification method is proposed in [16], where a three-
phase fault is used to identify all voltage loop parameters
and proportional coefficient of current loop in step 1, and
DC voltage reference jump disturbance is injected to identify
integral coefficient of current loop and filter inductance in step
2. However, the parameter estimation method is not effective
for inverter with LCL filter. In addition, implementation of
the two-step identification method is time consuming. In [6],
parameters of dc voltage controller, current controller and
phase-locked loop (PLL) are identified by equalizing theo-
retical and measured terminal impedance frequency responses
with assumption that the control structure is known. However,
the parameters of filter are assumed to be known.

This paper presents a gray-box parameters identification
method to identify circuit and controller parameters of VSC
based on measured output impedance, where parameters of
LCL filter, proportional coefficient of current controller and
sampling time can be identified. Small voltage or current
perturbation is first injected into point of common coupling
(PCC). Terminal impedance frequency responses of VSC is
then obtained by performing FFT on perturbed terminal volt-
age/current and corresponding current/voltage responses. A
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Fig. 1. Gray-box characteristics of the voltage source converter.

polynomial transfer function is then generated by using vector
fitting (VF) algorithm on these output impedance frequency
responses of VSC. The circuit and controller parameters are
then identified from the fitted transfer function based on basic
assumption of control structure. The proposed control structure
and parameter identification method can be used for oscillation
source identification, control optimization design, condition
monitoring and fault diagnosis.

The rest of this paper is organized as follows. Section II
gives system description. The proposed gray-box parameters
identification method is explained in Section III. Section
IV provides simulation verification. In addition, impact of
measurement noise on identification accuracy is also theo-
retically analyzed, followed by introducing the corresponding
countermeasure. Finally, Section V gives the conclusions.

II. SYSTEM DESCRIPTION

In this section, the studied power system is first described,
followed by introducing two possible terminal impedance
formulas of the VSC.

The control diagram of grid-connected inverter is given in
Fig. 1. The utility grid is modelled as a Thevenin equivalent
circuit consisting of a voltage source V, in series with an
impedance Z,. The VSC can be enabled by either converter
current control (CCC) strategy or grid current control (GCC)
strategy. Different control structures have different internal
stability regions and terminal impedance characteristics [17],
[18].

Gedq» Gq and K, are the transfer functions of current
controller, digital time delay (75 is the digital sampling period)
and modulator gain, respectively. Their formulas are expressed
as follows,

K;
Gedq(s) = Kp + —
5 (D
Gd(s) — e—l.5sTS

prm =1

Then, inverter output impedance under the two control
strategies can be derived, shown as (2) and (3) on next page
((3) can be derived as (2) by setting Lo and C as zero) [17],
[19].

III. THE PROPOSED GRAY-BOX PARAMETERS
IDENTIFICATION METHOD OF VSC

In this section, the VF-based parameter identification
method is developed. The principle of the proposed method is
first explained, and the detailed implementation procedure of
the method is given.

A. Principle of the Proposed Parameters Identification Method

A series of discrete terminal impedance frequency responses
can be fitted in s domain using VF algorithm [20], as shown
in (4).

f(s)zzm: R pyEs (&)
s— P

i=1

where the fitted transfer function is in m-order partial fraction
expansion form. R; and P; are the 7th residue and pole,
respectively. D is the feed-through component, and E is non-
zero only if the order of numerator is higher than the order of
denominator.

(4) can be transferred into polynomial transfer function form
using Matlab command residue, shown as (5).

in: BiSi

fls) =22
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4 Bs 5)

To extract circuit and controller parameters from the fitted
transfer function in (5), the theoretical impedance formulas
of VSC under CCC and GCC should also be transferred as
polynomial transfer functions. Pade approximation is able to
establish an equivalent polynomial function of the digital time
delay component G4 [2], shown as (6).

go+ -+ ai(1.5Ts)' + ...+ q(1.5T5s)" ()

671.5Tss — ‘
Po+ o+ pi(1.5Tss) + ...+ pr(1.5Tss)"
where p; = %, =0,1...,k ¢ = (—1)"%,
i=0,1..,1.

In practice, the fitting error of (5) for VSC using order m =
5 is small enough [5], [12]. Therefore, appropriate values [ and
k should be chosen to establish equivalent transfer functions of
(2) and (3) with both the orders of numerator and denominator
equal to 5.

1) CCC Case: For the CCC case, the order of the numerator
is lower than the order of the denominator in the equivalent
polynomial transfer function no matter what values [ and k are
chosen. To establish an equivalent polynomial transfer function
of (2) similar with the 5-order transfer function (m = 5) of
(5), the Pade approximation can be represented with either
l=5,k=3o0rl=Fk=4. The two Pade approximations are
shown in (7) and (8), respectively.
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where p3 = 405, ps = 4860, p; = 22680, py = 40320, ¢5 =
—45.5625,q4 = 607.5,q3 = —4050,¢q0 = 16200,¢;7 =
—37800, gg = 40320.

T+ T + b T2s” + ¢ Ts + g
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where p) = 121.5,p4 = 1620, p, = 9720, p} = 30240, p;, =
40320,q, = 121.5,¢5 = -—1620,¢, = 9720,q; =
—30240, ¢, = 40320.

On one hand, the impedance formula of the VSC under CCC
can be represented in polynomial function form by combining
(7) and (2), shown as (9).

bs5s® + bys* 4 bss® + bas? + bys + by
Zeco = —= = 1 3 5 +cs
ags® + ass® + a48*= 4+ azs® + az8° + a1s + ag

&)
where the coefficients are given in (10) and (11).
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a1 =p1Ts + KpqCy  ap =po

bs = KpgsT? by = KpquT + p3L T3 .
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Then, the circuit and controller parameters can be identified
by equalizing (9) with the fitted 5-order polynomial transfer
function in (5), shown as (12),

B A
Lpp=E K,==2 ;==
Ao By (12)
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On the other hand, the impedance formula of VSC under
CCC can also be represented in polynomial function form by
substituting (8) into (2), shown as (13).

bis® + by st + bys3 + blhys® + bys + b))
ags® + afs® + ayst + ahs® + abs? + als + af)

Zccoc =

13)
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where the coefficients are listed in (14) and (15).

ag = pyLpCf Ty af = (Kpgh T + py Ly T2 )Cy
ay = piTy + KpgyCr T + oLy Cf T2

ay = pyTo + KpgyCrT? + py Ly C Ty

ab = phTZ + K, Cp Ty + po L Cy

ay = i Ts + KpgoCr  ag = pj

(14)

bs =il Ty by = (KpdiTd + psLTy)
by = Ky TS + oI T2 ¥y = Ko T2 + piLpn T,
by = Ky Ts + poLyn by =Kpqy ¢ =Ly

Then, the circuit and controller parameters can be identified

by equalizing (13) with the fitted 5-order polynomial transfer
function in (5), as shown in (16),

B A
Liy=E K,,:A—O Cf:B%’
N 0 4 (16)
T 4K, (5 — Cy) Dy — B | 3K,T,
s 3 =4, 4

It can be seen from (12) and (16) that the derived digital
sample time T and filter inductor Ly, are different even if
the polynomial transfer functions (9) and (13) are in the same
form. Therefore, it’s necessary to choose an appropriate Pade
approximation from (7) and (8) to obtain parameters of circuit
and controller. It’s found that (12) is able to obtain more
accurate identification result. Therefore, (7) is used here for
the fitted 5-order transfer function (m = 5).

2) GCC Case: For the GCC case, if [ = 5,k = 3,
the orders of the numerator and the denominator in the
equivalent polynomial transfer function are both equal to 5.
The impedance formula of the VSC under GCC can be given
in polynomial function form by combining (7) and (3), as
shown in (17),

6585 + 6434 + 6383 + 6282 +e1s+eg
dss® 4 dys* + d3s3 + dos? 4 dis + dy
where the coefficients are listed in (18) and (19).

Zgoo = + fs (17)
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Fig. 2. Flowchart of the proposed control structure and controller parameters
identification method of the VSC.

Then, the parameters of circuit and controller can be iden-
tified by equalizing (17) with the fitted 5-order polynomial
transfer function in (5), as shown in (20),

B 16A
Lyp=E szi TSZL
Ap 9A, 20)
LB BET A 2T
4, 16 7 AoLp  224Lp,

B. Implementation Procedure of the Proposed Method

Fig. 2 shows the proposed control structure and parameter
identification method of VSC, which consists of three steps.
In step 1, a continuous transfer function of VSC termi-
nal impedance is fitted from a set of measured frequency
responses. Fig. 3 shows the terminal impedance frequency
response measurement method of VSC. A small current
perturbation signal 4,,;(t) consisting of multiple frequency
components (f1, fa...fmn) during a frequency range from 400
Hz to 5 kHz is injected into PCC. FFT is performed on the
measured terminal voltage v;,;(t) and current ¢;,;1(¢), and
frequency responses of output impedance Zy gc of the VSC
can be obtained by dividing F(vin;(t)) by F(i;n;1(t)) at these
frequency points, as shown in (21) [21].

F(vinj ()

Fligng1 (1)) @D

Zysc =

Based on the measured impedance frequency response, VF
is then used to generate an 5-order transfer function in the
form (4). Next, the fitted transfer function in partial fraction
expansion form is transferred as polynomial function (5).

Fig. 3. Terminal impedance frequency response measurement of VSC by
injecting small current disturbances.

TABLE I
PARAMETERS OF CIRCUIT AND CONTROLLER FOR FOUR CASES

VSC parameters

#Case 1 (CCC)  #Case 2 (CCC)  #Case 3 (GCC)  #Case 4 (GCO)

Vac 800V 800 V 800 V 800 V
Ly 3mH 4 mH 4 mH 2 mH
Ly 2mH 3 mH 1.6 mH 1 mH
Cy 10 uF 12 uF 5 uF 3 uF
fsw 10 kHz 8 kHz 8 kHz 10 kHz
fs 10 kHz 8 kHz 8 kHz 10 kHz
Ky 13 15 15 8

K; 1800 2000 2200 2500
iy 5 5 5 5

iq 0 0 0 0

In step 2, circuit and controller parameters of the VSC is
identified from the impedance transfer function fitted in step
1. In detail, possible control structures of the VSC (CCC and
GCCQC) are first listed, and their impedance transfer functions
Zccce and Zgcoc are then derived as (2) and (3). The digital
time delay G4 is then represented as Pade approximation with
appropriate order, and (2) and (3) are transferred into polyno-
mial function form. The two analytical impedance models are
compared and equalized with the fitted impedance model (5),
and circuit and controller parameters of the VSC can then be
identified.

In step 3, match degree of CCC and GCC with the measured
frequency responses is checked by comparing non-passivity
regions (NPRs) (NPR is the frequency range where phase
angle of output impedance is larger than 90° or lower than
—90°) [18]. Then, the identified system configuration whose
NPR fits the measured NPR better is selected.

IV. SIMULATION VERIFICATION

In this section, simulation is implemented to validate the
proposed VF-based control structure and parameters identi-
fication method. Also, the impact of measurement noise on
identification accuracy is investigated.

A. Implementation of the Proposed Method

Simulation verification under different situations is imple-
mented, including different current control strategies (CCC
and GCC), different filter parameters, different current con-
troller parameters, and different sampling frequencies. The
parameters of circuit and controller are given in Table I.

1) Step 1. Fit Terminal Impedance Frequency Responses
Using VF Algorithm: The Bode diagrams of the measured
terminal impedance frequency response for #Case 1 within
frequency range [400 Hz, 5 kHz] and the fitting results using
different orders are given in Fig. 4. It can be seen that fitting
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Fig. 4. Fitting results of the measured terminal impedance frequency responses
of #Case 1 using different orders.
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Fig. 5. Fitting results of the measured terminal impedance frequency responses
of #Case 2 using different orders.

accuracy can be improved as fitting order increases from 2
to 10. However, the higher order makes the fitted transfer
function complicated. In this work, the fitted 5-order transfer
function in the form of (5) is used to extract the parameters
of circuit and controller. The coefficients of the numerator,
denominator and E are given in the first column of Table II.

Similarly, the Bode diagrams of the measured terminal
impedance frequency responses for other three cases within
frequency range [400 Hz, 5 kHz] and the fitting results using
different orders are given in Figs. 5-7. Also, the corresponding
coefficients of fitted 5-order polynomial transfer functions are
given in the second, third and fourth column of Table II,
respectively.

2) Step 2: Identify Control Structure and Parameters of
VSC: The VSC can be operated under CCC or GCC mode.
The parameters of circuit and controller can be identified by
(12) with assumption that the VSC is operated with CCC.
Similarly, the parameters of circuit and controller can be

‘ * Data —2 order —3 order -5 order - - -8 order ----10 order

T

ol
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S
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Frequency [Hz]

Fig. 6. Fitting results of the measured terminal impedance frequency responses
of #Case 3 using different orders.
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Fig. 7. Fitting results of the measured terminal impedance frequency responses
of #Case 4 using different orders.

identified by (20) with assumption that the VSC is operated
with GCC. The control structure and parameters identification
procedure of #Case 1 is explained here. For #Case 1, with
assumption that the VSC is operated with GCC, the circuit
and controller parameters can be calculated by substituting the
values in the first column of Table II into (12). The calculated
values are given in the first column of Table IV. Then,
NPR can be calculated as fypr = (1/(67%),1/(2T5)) =
(1727.12,5181.35) Hz. #Case 1 is then assumed to be under
GCC mode. The circuit and controller parameters can be
calculated by substituting the values in the first column of
Table II into (20). The calculated values are given in the
second column of Table IV. The NPR can be calculated as
fvpr = (1/(6T%),1/(2n\/L11Cy)) = (509.09,2080.00)
Hz.

3) Step 3: Control Structure Selection and Parameters De-
termination: For #Case 1, (1727.12,5181.35) Hz agrees with
the NPR of the measured data in Fig. 4 (About (1700, 5000)



TABLE 11
THE COEFFICIENTS OF THE FITTED 5-ORDER POLYNOMIAL TRANSFER
FUNCTIONS (2) FOR FOUR CASES

The coefficients

TABLE III
THE COEFFICIENTS OF THE FITTED 5-ORDER POLYNOMIAL TRANSFER
FUNCTIONS IN THE FORM OF (5) (m = 5) WITH DIFFERENT
MEASUREMENT NOISE AND THE IDENTIFIED PARAMETERS

Case 1 (CCC) Case 2 (CCC) Case 3 (GCC) Case 4 (GCC)

As 1 1 1 1

Ay 3.1109e+04 3.1570e+04 1.3283e+05 9.9415e+04
Az 3.3840e+09 1.9492e+09 4.1688e+09 4.7293e+09
Ax  2.8830e+13 1.2476e+13 6.2110e+13 1.0007e+14
A1 2.8365e+17 1.0613e+17 2.0588e+17 7.6044e+17
Ap  1.5403e+21 4.1779e+20 2.7729e+21 1.3916e+22
Bs  0.0020 1.9288e-04 -5.0185 -4.9176

By 1.0014e+05 8.3395e+04 2.6849e+05 4.6001e+05
Bz 3.0971e+09 2.6239e+09 1.7541e+10 1.8066e+10
B> 3.3642e+14 1.6121e+14 1.0608e+15 1.9778e+15
B 2.7016e+18 9.6008e+17 6.3462e+18 1.6906e+19
Bo  2.0024e+22 6.2668e+21 4.1547e+22 1.1139e+23
E 0.0020 0.0030 0.0016 0.0010

Case 1 (CCC) (5 order)

Hz) better than (509.09,2080.00) Hz. Therefore, the control
structure of #Case 1 is selected as CCC, and the parameters
can then be determined.

The derivation procedures of the other three cases are
similar with #Case 1. The identified parameters are also given
in Table IV. It can be seen that the control structures and
parameters of different VSCs can be identified.

B. Impact of Measurement Noise on Accuracy of Parameters
Identification

To investigate impact of measurement noise on ac-
curacy of parameters identification, 47 random variables
Xa7(21, %2, ...,247) under normal distribution with mean
value 0 and different standard deviations ¢ from O to 1.6 are
designed, and added to the 47 analytically derived impedance
frequency responses from 400 Hz to 5 kHz Zccc, shown as
follows [22],

X47 ~ N(()? 02)
Zocep = Zece X (14 Xar/100)

where Zcccp is the measurement value with small distur-
bance signals, which will be fitted by VF algorithm.

The coefficients of the fitted 5-order polynomial transfer
functions in the form of (5) (m = 5) are given in Table
III. In addition, the circuit and controller parameters are also
calculated and listed at the bottom of Table III. It can be seen
that the identification accuracy becomes low in the presence
of measurement noises. It’s because that the fitted low-order
transfer function has poor tolerance ability of measurement
noise [23].

The coefficients of the fitted 10-order polynomial transfer
functions in the form of (5) (m = 10) for #Case 1 are given in
Table V. To extract circuit and controller parameters from the
fitted 10-order transfer function, a new parameters extraction
scheme instead of (12) should be adopted. Similar with the
parameters identification process for the fitted 5-order transfer
function in Section III, ! and %k in the Pade approximation
(6) can be chosen as either l = m,k =m —2orl =k =
m — 1 for the m-order transfer function. After repeated test

(22)

o=0 oc=04 c=0.8 o=1.2 oc=1.6
As 1 1 1 1 1
Ay 4.1853e+04  -2.9443e+04  -3.0751e+03  -2.4859e+04  -1.3226e+04
Asz 3.1373e+09  1.7661e+09 2.3681e+09 1.6249e+09 2.0446e+09
Az 2.6904e+13  1.3883e+13 2.0304e+13 1.3817e+13 1.8096e+13
Aq 2.5933e+17  1.5631e+17 2.0386e+17 1.4456e+17 1.7909e+17
Ao 1.3726e+21  9.6834e+20 1.2310e+21 9.6726e+20 1.1833e+21
Bs 3.4681e-04  0.0147 -0.1583 -0.1117 0.2965
By 1.0007e+05  9.9386e+04 9.9982e+04 1.0330e+05 1.0997e+05
B3 4.1753e+09  -3.0019e+09  -8.0411e+08  -2.7571e+09  -1.0421e+09
Ba 3.1137e+14  1.7460e+14 2.4070e+14 1.6642e+14 2.0941e+14
Bi 2.4928e+18  1.3993e+18 1.8709e+18 1.2931e+18 1.6518e+18
Bo 1.7844e+22  1.2601e+22 1.6023e+22 1.2554e+22 1.5217e+22
E 0.0020 0.0020 0.0020 0.0020 0.0020
Lyo 2mH 2mH 2mH 2mH 2mH
Ky 13.00 13.01 13.02 12.98 12.86
Cy 9.99uF 10.06pF 10.00puF 9.68uF 9.09uF
Ts 104.92ps 54.23us 63.03us 42.34pus 61.25us
Ly 3.08mH 2.11mH 2.29mH 1.85mH 2.13mH

and comparison, in the case m > 10, identification accuracy
is higher if [l = k =m — 1. pg, p1, go and ¢; in (6) can then
be calculated as follows,

po = qo = (2m — 2)!
p1 = (m—1)(2m —3)!
¢ =—(m—1)(2m — 3)!

(23)

Then, the circuit and controller parameters can be identified
as follows (The detailed derivation process is similar with
aforementioned derivation process for m = 5, and is omitted
here.),

BO Am
Liys=F KP:A—O Of:Bmfl
200K, (5t —Cn) 4K, (5E-Cp) (4
s 3p1 N 3
;. _ B 3K
=4 4

The identified circuit and controller parameters using (24)
are listed in Table V. It can be seen from Table IIT and Table
V that the fitted 10-order transfer functions can obtain more
accurate circuit and controller parameters than the fitted 5-
order transfer functions when ¢ = 0.4, 0.8 and 1.2. In addition,
to obtain a more accurate identification result for o0 = 1.6,
higher orders can be used. The identified parameters are given
in Table VI when m = 12, 14, 16, 18 and 20. It can be seen that
these fitted higher-order transfer functions (m = 12,14, 16, 18
and 20) are more accurate than the 10-order transfer function.

Similarly, (20) can also be modified to identify circuit

and controller parameters from the fitted higher-order transfer
functions for VSC under GCC mode.



TABLE IV
THE IDENTIFIED CIRCUIT AND CONTROLLER PARAMETERS FOR FOUR CASES

Four VSCs
Case 1 Case 2 Case 3 Case 4

CCccC GCC CCC GCC CCC GCC CCC GCC
Lo 2mH 2mH 3mH 3mH 1.6mH 1.6mH 1mH 1mH
Ky 13.00 13.00 15.00 15.00 14.98 14.98 8.00 8.00
Cy 9.99uF 1.02pF 11.99uF 0.61uF 32uF 4.90pF 2.17uF 311pF
Ts 96.50us 327.38us 131.87us 451.61pus 32.90us 131.99us 66.21 s 97.15us
Ly 2.69mH 5.74mH 4.15mH 8.60mH 2.75mH 4.14mH 1.70mH 1.90mH
fnpr1  1727.12Hz  509.09Hz 1263.87Hz  369.05Hz 5065.86Hz 1117.43Hz  2517.30Hz 1715.38Hz
fnprz 5181.35Hz  2080.00Hz 3791.61Hz  2190.70Hz  15197.57Hz  1262.72Hz  7551.9Hz 2045.60Hz

TABLE V

THE COEFFICIENTS OF THE FITTED 10-ORDER POLYNOMIAL TRANSFER
FUNCTIONS IN THE FORM OF (5) (m = 10) WITH DIFFERENT
MEASUREMENT NOISE AND THE IDENTIFIED PARAMETERS

Case 1 (CCC) (10 order)

o=0 oc=04 o=0.8 =12 oc=1.6
A 1 1 1 1 1
Ag 2.7278e+05  4.0656e+04  4.9734e+04  5.9781e+04  3.8977e+04
Asg 5.7949¢+10  7.6188e+09  7.8443e+09  7.9267e+09  7.6942e+09
A7 8.2491e+15  2.8397e+14  3.3077e+14  3.7832e+14  2.6013e+14
Ag 7.5109e+20  1.8244e+19  1.9052e+19  1.9376e+19  1.8013e+19
As 5.9001e+25  5.9944e+23  6.8233e+23  7.4068e+23  5.2649e+23
Ay 2.3553e+30  1.5304e+28  1.6107e+28  1.6426e+28  1.3952e+28
As 8.9435e+34  3.9382e+32  4.4102e+32  4.5547e+32  3.2603e+32
Ag 7.7218e+38  3.3804e+36  3.7412e+36  3.9325e+36  2.5030e+36
Ay 6.9555e+42  2.8087e+40  3.1684e+40  3.2995e+40  2.3560e+40
Ao 3.4147e+46  1.3439e+44  1.5167e+44  1.6172e+44  7.6583e+43
Bio  2.5763e-05 -0.0115 -0.4085 0.4974 -0.4638
By 1.0001e+05  9.9339e+04  9.7115e+04  1.0474e+05  1.2420e+05
Bsg 2.7276e+10  4.0083e+09  2.3596e+09  8.8876e+09  2.3176e+08
By 5.7921e+15  7.5466e+14  7.7857e+14  8.1010e+14  9.3691e+14
Bg 8.2396e+20  2.8207e+19  2.7615e+19  4.2752e+19  1.3652¢+19
Bs 7.4916e+25  1.7904e+24  1.8984e+24  1.9427e+24  2.1624e+24
By 5.8734e+30  5.9099e+28  6.3555e+28  7.5181e+28  3.7243e+28
Bs 2.3291e+35  1.4613e+33  1.5697e+33  1.6012e+33  1.6438e+33
Ba 8.7607e+39  3.7602e+37  4.1489e+37  4.2911e+37  2.4517e+37
Bi 6.8568e+43  2.8229e+41  3.2095e+41  3.4071e+41  2.7167e+41
Bo 4.4391e+47  1.7374e+45  1.9532e+45  2.0473e+45  9.0312e+44
E 0.0020 0.0020 0.0020 0.0020 0.0020
Lyo 2mH 2mH 2mH 2mH 2mH
Ky 13.00 12.93 12.88 12.66 11.79
Cy 10.00pF 10.07pF 10.30uF 9.55uF 8.05uF
Ts 98.26us 105.10us 101.69us 110.84us 283.55us
Ly 2.97mH 3.12mH 3.10mH 3.16mH 6.05mH

TABLE VI

THE IDENTIFIED CIRCUIT AND CONTROLLER PARAMETERS OF #CASE 1
WITH MEASUREMENT NOISE 0 = 1.6 USING DIFFERENT ORDERS

Case 1 (CCC)

m =12 m =14 m = 16 m = 18 m = 20
Am 1 1 1 1 1
Aq 4.4303e+49  5.4718e+58  4.3222e+67  3.5690e+76  2.5947e+85
Ao 2.1560e+53  2.5508e+62  1.9866e+71  1.6053e+80  1.1162e+89
Bp—1  1.0011e+05  9.0716e+04  9.1227e+04  8.9605e+04  8.6642e+04
B1 4.4514e+50  5.3701e+59  4.2676e+68  3.5466e+77  2.6042e+86
Bo 2.7547e+54  3.3034e+63  2.5656e+72  2.0736e+81  1.4563e+90
E 0.0020 0.0020 0.0020 0.0020 0.0020
Lyo 2mH 2mH 2mH 2mH 2mH
Ky 12.78 12.95 1291 12.92 13.05
Cy 9.99uF 11.02pF 10.96 . F' 11.16pF 11.54pF
Ts 103.82us 95.73us 101.33us 104.25us 109.22us
Ly 3.06mH 3.04mH 3.13mH 3.23mH 3.40mH

V. CONCLUSION

This paper presents a VF-based parameter identification
method which is able to identify control structure, parameters
of controller and circuit of VSC. The terminal impedance
frequency responses of the VSC is first measured by fre-
quency scanning method. Then, these impedance frequency
responses are fitted by a polynomial transfer function using
VF algorithm. Finally, the theoretical terminal impedance
formulas of possible control structures are compared with the
fitted transfer function. The actual control structure can be
selected, and the actual internal parameters can be identified.
Simulation results show that, with appropriate order choice
of Pade approximation for digital time delay, the analytical
impedance transfer function can be expressed by a polyno-
mial transfer function, which is in the same form of the
fitted polynomial transfer function of the measured terminal
frequency responses. Therefore, inverter parameters can be
identified by comparing the coefficients of the two polynomial
transfer functions. In addition, the effect of measurement noise
on identification accuracy can be mitigated by increasing the
order of the fitted transfer function. The proposed method is
able to identify internal parameters of VSC and contribute to
optimized design of controller.
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