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Abstract—This paper presents an impedance-based modelling
method for length-scalable long transmission cable (LTC), which
is able to assess influence of LTC on stability of grid-connected
inverter (GCI). Electrical parameters of power cable in per-
unit-length (p.u.l.) are first extracted from the measured ter-
minal short-circuited and open-circuited admittances. Then, the
terminal admittance of power cable in different length can
be derived on the basis of the obtained p.u.. parameters.
Finally, a decoupled two-port circuit model is established for the
LTC using the derived terminal admittance. Simulation results
are given to validate effectiveness of the proposed impedance-
based modelling method for LTC. The proposed impedance-
based modelling method is able to avoid repetitive terminal
impedance measurement. Also, the proposed model is able to
support impedance-based stability criterion for GCI with length-
scalable LTC.

Index Terms—Grid-connected inverter, impedance-based sta-
bility analysis, long transmission cable, p.u.l. parameters, two-
port circuit.

I. INTRODUCTION

The penetration of renewable energy technologies, such as
wind and solar power, has been increasing in recent years,
due to fossil fuel shortage, climate change and environmental
pollution [1], [2]. Because of the abundant wind resources and
little visual pollution, large-scale power electronics-dominated
offshore wind power plants have been built worldwide, among
which grid connected inverter (GCI) and long transmission
cable (LTC) are two key components. Distributed parasitic ca-
pacitance along the LTC, different from conventional inductive
grid, tends to make system oscillate at multiple frequencies,
threatening safe and reliable operation [3], [4]. Thus, stability
analysis is an important issue in system planning stage.

Impedance-based stability analysis method has been widely
proposed to perform stability assessment of power electronics-
dominated power plant [5]-[8], where stability is predicted by
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analyzing whether the ratio of grid impedance and GCI output
impedance satisfies the Nyquist stability criterion or not [5].
Existing works have established impedance models of three
phase GCls in dq domain [9], phase domain [10] and sequence
domain [11]. Then, Norton equivalent circuit can be estab-
lished on the basis of derived impedance formula [5]. As for
the LTC, most existing works modelled the LTC as cascaded II
circuit instead of modelling it as Norton/ Thevenin equivalent
circuit [3], [12], [13]. A decoupled two-port circuit model
of LTC is proposed to represent terminal characteristics of
power cable, where a voltage controlled voltage source and a
current controlled current source are placed at sending end and
receiving end, respectively [6]. Compared with conventional
circuit model, the decoupled two-port circuit model makes the
stability analysis intuitive. However, it is not possible once per-
unit-length (p.u.l.) parameters are unknown in advance, since
the p.u.l. parameters are required to compute one terminal
short-circuited and open-circuited impedance of power cables
in different lengths.

Measurement-based p.u.l. parameters estimation methods
for LTC have been developed in existing works [14]-[17].
The p.u.l. parameters of multi-conductor cables are extracted
from s-parameters which were measured by an advanced
vector network analyzer [14]. Though this approach can obtain
the p.u.l. parameters, it is mainly used in radio frequency
and microwave frequency where signal power and energy
considerations are most easily quantified than currents and
voltage. It is not suitable for LTC case due to much longer
length and much lower resonance frequencies [3]. Phasor
measurement unit, supervisory control and data acquisition
and wide area measurement system are adopted to measure
voltage, current and power at both terminals of transmission
lines to identify the p.u.l. parameters [15]-[17]. However, the
purpose of the aforementioned p.u.l. parameters estimation
methods is state estimation, fault location and accurate relay
protection settings, which is not for stability analysis of GCI-
LTC system.

This paper proposes a decoupled two-port model for length-
scalable cable. First, p.ul. parameters of a LTC in spe-



Fig. 1. System diagram of three-phase GCI with LTC.

cific length are extracted from measured one terminal open-
circuited and short-circuited admittances. The formulas of one
terminal open-circuited and short-circuited impedances of the
same kind of LTCs in different lengths are then theoretically
calculated based on the derived p.u.l. parameters, and the
controlled-source based two-port model is established. Finally,
the stability of the original GCI can be assessed by ana-
lyzing the stability issue of the equivalent controlled-source-
dominated circuit. The main contribution of this paper can be
briefly explained as follows. First, the p.u.l. parameters extrac-
tion from the measured terminal admittance avoids repetitive
terminal impedance measurement of LTCs in different lengths,
which is time efficient. Second, the decoupled two-port model
of LTC makes the IBSC more convenient and intuitive.

II. SYSTEM DESCRIPTION AND IMPEDANCE MODEL OF
GCI

Fig. 1 shows a three-phase GCI connected with LTC.
Switching harmonic of grid current is eliminated by a LCL
filter. In addition, dc-link voltage V. is considered as constant.
The synchronization between grid voltage and inverter output
current is realized by a synchronous reference frame phase-
locked loop (SRF-PLL). Single grid side current control loop
in dg-domain with PI controller is used.

The GCI at the left of PCC can be transferred as Fig. 2(a),
where G.qq is the transfer function of PI controller, G4 is
digital delay including two components: one sampling period
delay T for computation, half sampling period delay 0.57
for PWM modulation, and Y7o, Yo, are the admittances
related to the LCL filter,

K;
Goig = Kp + — (1)
Gd — 6—1.5Tss (2)
Yoo = — = Zof
Um |y poe=o (Zey//sLyz + sLp1)(Zoy + SL(sz))
Yier, = —9 _ !
ret UPCC |,,,-0 (Zcyg//sLgr + sLys)

where Z¢p = ﬁ is the impedance of capacitance C.
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(b)

Fig. 2. (a) Block diagram of current control loop in dg domain; (b) Norton
equivalent circuit model.

It should be noted that the impact of PLL, dg/abc transfor-
mation and abc/dq transformation on output impedance of the
GCI can be ignored if PLL bandwidth is small enough [10].
The output impedance equivalent can be derived as,

Dinw = — = LTSW
ig Yicrr

Upce

4)

where Tyys = GeqqGaYrcor: is open-loop gain of the cur-
rent control loop. The Norton equivalent model can then be
obtained, shown as in Fig. 2(b).

III. PROPOSED DECOUPLED TWO-PORT CIRCUIT
MODELLING METHOD FOR LENGTH-SCALABLE LTC

In this section, basis of LTC is first introduced, and the
detailed modelling procedure of proposed decoupled two-port
circuit model of LTC is given.

A. Parameters identification of lumped-parameter model of
LTC

Voltage and current distribution along uniform
LTC/transmission line can be expressed as following
classical telegraph equations [18],

Opv(z,w) = —Z (w)i(z,w) 5)

Opi(z,w) = —Y (w)v(z,w)

where v(x,w) and i(x,w) are voltage and current at position x
of power cable, respectively. Z (w) = R (w) + jwL (w) and
V' (w) = G'(w) + jwC’ (w) are p.u.l. series impedance and
shunt admittance of the power cable, respectively. In general,
G (w) can be ignored and c’ (w) can be regarded as constant
[18].



(b)

Fig. 3. Single IT model of LTC. (a) Lumped-parameter IT model; (b) Single
II circuit model with RLC components.

To decouple v(z,w) and i(x,w), (5) is transferred as the
following 2-order differential equation,

Pv(z,w) = Z (W)Y (w)v(z,w)) = y(w)>v(z,w))

x

%i(z,w) = Z (W)Y (w)i(z,w) = v(w)%i(z,w))

x

(6)

where y(w) = 1/(Z'(w)Y’(w)) is the propagation constant
which is dependent on p.u.l. parameters of power cable. It
means that the same kind of power cables in different lengths
have the same value (w). The important characteristics is the
basis of the proposed decoupled two-port circuit modelling
method for length-scalable LTC, as shown in next section.

As shown in Fig. 3 (a), voltage and current at the receiving
end of the LTC v(out), i(out) can be expressed by voltage and
current at the sending end of the LTC v(in), i(in) according to
the following equation (For simplicity, the symbol w is omitted
in the following analysis),

Uin
I[e]

Vout _

iout B
where ¥1; = Woy = cosh(yf), U190 = —Z.sinh(y¥¢) and
Wy = —sinh(yf). Z. = \/Z'/Y" is the characteristics

impedance.
Also, the terminal currents can be expressed by the voltages

at both ends, as (8),
iin _ Vin
_iout Vout
where Y, represents the self-admittance relating the current
and voltage at the same end, and Y, represents the mutual-
admittance relating the current and voltage at different ends.

They can be expressed as,

Wy
Uoy

LEP)

Uy )

Y, Yo

Y, v, ®)

1
Vo=
) Z. tanh(vf) )
1
Y,n = T i~
Z. sinh(v/)

The formulas of one-end short-circuited admittance Yip,ort
and one-end open-circuited admittance Y,,., can be easily
derived from Fig.3 (a), shown as,

)/short = Ye
Yopen = (Y2 - YQ)/YS

S m

(10)

It can be seen from (9) and (10) that Z. and v can be
extracted if one-end open-circuited admittance Y,.,, and one-
end short-circuited admittance Ygpor¢ of a LTC in specific
length are known. The following p.u.l. parameters extraction
and decoupled two-port circuit modelling method is based on
this.

B. Proposed decoupled two-port circuit modelling method for
length-scalable LTC

The proposed decoupled two-port circuit modelling proce-
dure consists of four steps, as shown in Fig. 4. In first step,
voltage signal including multiple frequency components is in-
jected into the sending end with receiving end short-circuited.
Then, FFT is performed on the corresponding current response
at the sending end. The measured admittance values at a set of
frequencies f;(i = 1...N) can finally be obtained by dividing
current responses by injected voltage components. In second
step, the one-end open-circuited admittance Y, is obtained
in a similar way.

In third step, the p.u.l. resistance R/, inductance L and
capacitance C' is extracted from Yshort and Yopep. By substi-
tuting (9) into (10), ~ can be calculated as,

— 1/sho’rt .
=|cosh™ [/ —2 | 4427k | /dy kEZ
7 ( ( }/short - Yopen) J > / 0
(11)
By combining (9) and (10), Z. can be calculated as,
1
Z. = (12)

AV Yopean hort

Then, p.u.l. series impedance Z " and p.u.l. shunt admittance
Y can be derived as,

v

\V4 Yopen}/short

Y/ = ij' = ’Y/ZC =7 Yopen}/;hort

7 =R +jwl =~7, =
+ Jw o1 (13)

where R =
Im(v/Zc)/w.

Step 4 applies the derived v and Z. to calculate one-end
short-circuited admittance Y7, ., and one-end open-circuited
admittance Y, ., of the same type LTC in arbitrary length,
and builds its decoupled two-port circuit model. Each terminal
of the LTC can be modelled as voltage/current controlled
voltage/current source (One terminal has 4 circuit models,
and the whole LTC has 4 x 4 = 16 circuit models), as
shown in Fig. 5 and Fig. 6. Actually, Since the LTC has
a strict symmetry characteristics with respect to the plane
which is perpendicular to the LTC at middle position [14], the
parameters of equivalent circuits of the two ends are the same,
which can be seen from Fig. 5 and Fig. 6. The established
equivalent circuit model will be used to analyze the stability
of GCI-LTC system.

Re(vZ.), L' = Im(yZ.)/w and C' =
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Fig. 4. Flowchart of the proposed decoupled two-port circuit modelling
method for length-scalable LTC.

C. Theoretical demonstration of the proposed p.u.l. parame-
ters extraction method

Assuming a LTC with length dy, p.u.l. resistance R’, in-
ductance L' and capacitance C’ is studied (The frequency-
dependent characteristics of p.u.l. parameters are ignored to
simplify the analysis process. However, the conclusion is also
applicable when frequency-dependent characteristics is con-
sidered, as shown in Section IV). Single II RLC circuit model
can be obtained, shown as in Fig. 3(b). The open-circuited and
short-circuited admittances seen from the sending end of the
LTC are as,

1 SC

SLtR 2
1 sC

7_1_
—+sL+R 2

Yshort =
(14)

Yopen =

where R = R'dy, L = L'dy, C = C'dy.

The propagation constant 7.,; which is calculated using the
proposed method in this paper can be obtained by (11), shown
as,

cosh™!

2 2L/ ’ U !
dg(s*L C —|—sRC’)+1 L jork | /do
2 (15)

_ -1 d%Pytzheo :
= | cosh T—i—l + j2nk | /do

Yeal =

Y.V, /Y,

“'mYout

Voltage controlled
voltage source

Voltage controlled
current source

=Y,

m-out

Y,

Current controlled
Voltage source

Current controlled
current source

Fig. 5. Four equivalent circuits of sending end of LTC.

_Ymvin / Ys

Voltage controlled
voltage source

Voltage controlled
current source

Current controlled
voltage source

Current controlled
current source

Fig. 6. Four equivalent circuits of receiving end of LTC.

where Yineo = v/ (sL' + R')sC" is the theoretical propagation
constant. (15) provides the relationship between the derived

propagation constant using terminal admittances and the the-
oretical propagation constant.

To illustrate the calculation error, the Taylor series expan-
sion of the hyperbolic cosine function cosh(vneodo) is shown
as,

eVtheodo + e~ Ytheodo ('Ytheod(])z
cosh(Vineodo) = =14 =7
(iheodo) 2 21 (16)
4 6
+ (’}/theodO) + (’YtheodO)
4! 6!

In principal, infinite cascaded II sections can reproduce ter-
minal impedance characteristics of the LTC, which means that
the LTC length represented by each II section approximates
to 0. Thus, the high-order terms in (16) can be omitted, and



the following equation can be obtained,

cotlo)”
Yeheodo &= cosh™ (1 + (%hQ' 0) )+ j2rk a7
Substituting (17) into (15), it can be found that,
Yeal R Vtheo = \/ (sL" + R")sC’ (18)

It shows that the proposed method can correctly extract the
propagation constant y¢peo from the measured one-end short-
circuited admittance Yspo+ and the measured one-end open-
circuited admittance Y per,.

IV. SIMULATION VERIFICATION

In this section, simulation verification is performed. Results
will be given to show how the p.u.l. parameters of a 100km
LTC with consideration of practical frequency-dependent char-
acteristics are extracted, and how the decoupled two-port
circuit models of the same kind of LTC in different lengths
are established.

The ARTEMIS-SSN library from OPAL-RT provides ad-
vanced Modal/Marti and Phase/Wideband frequency depen-
dent line models, which can be easily integrated into Mat-
lab/Simulink model [19]. Therefore, it will be studied in the
following p.u.l. parameters extraction and decoupled two-port
circuit modelling process.

A. Pu.l. parameters extraction and terminal impedances cal-
culation for length-scalable LTCs

The terminal frequency responses with the other terminal
short-circuited and open-circuited Yp0¢ and Y., are mea-
sured using step 1 and step 2, as shown in Fig. 7.

Then, propagation constant v can be extracted using (11).
It should be noted that the inverse of hyperbolic function in
(11) are multi-valued, since any k € Z satisfies the equation.
The derived real part of v and imaginary part of by setting
k = 0 are shown in Fig. 8(a) and as the blue line in Fig.
8(b), respectively. To recover the actual imaginary part of
v, a pseudo code is shown in Algorithm 1. The recovered
imaginary part of v is shown as the green line in Fig. 8(b).

Algorithm 1: Recover actual imaginary part of

1 set fj as starting point, ¢ = 0 and dy as LTC length;
2 while fi belongs to the frequency scanning range do
3 | update v: imag(Yknew) = imag(v) + 7

4 if the imag(yx) equals to 24, then

5 ‘ add 1 to ¢;
6 end
7 end

Finally, p.u.l. parameters R, L', C’ can be obtained using
(13) with the calculated ~ in Fig. 8. The actual and extracted
p.u.l. parameters are shown in Fig. 9. It can be seen that they
are in good agreement.

Magnitude [ohms]

100 T T T

o0
i)
=
o 20F
e
g
o Of
Z 20
40
60
80 . . .
10° 10" 10° 10°
Frequency [Hz]
Fig. 7. One-end short-circuited impedance Ygpo-+ and open-circuited

impedance Yopen of a 100km LTC.

B. Decoupled two-port circuit models of length-scalable LTCs
for stability analysis

Based on the derived p.u.l. parameters, the parameters of
equivalent two-port circuits of LTC in arbitrary length in Fig.
5 and Fig. 6 can be calculated using (9) and (10). In principal,
the upper two voltage controlled voltage/current sources in
Fig. 5 are suitable for modelling the sending end of the
LTC, and the lower two current controlled voltage/current
sources in Fig. 6 are suitable for modelling the receiving end
of the LTC, since GCI output current 7;, and PCC voltage
Vout are stable when both the GCI and LTC work in stand
alone mode. Therefore, there are four effective impedance
models of Fig. 1 for stability analysis, as shown in Fig. 10.
It can be seen that the overall system is divided into two
parts by using the decoupled impedance model of LTC. The
impedance based stability criterion can be performed between
the GCI and the sending end of the LTC, and between the
receiving end of the LTC and the grid, respectively. In this
paper, only stability of the first place should be checked,
since the strong grid is assumed. It should be noted that the
one terminal short-circuited impedance Zgp,+ is calculated
by the proposed p.u.l. parameters extraction method instead
of repetitive measurement.

The time-domain simulation is performed to verify the
effectiveness of the established impedance model of LTC.
The electrical parameters of the studied GCI are shown in
Table I, and the simulated LTCs have the same p.u.l. electrical
parameters as in Fig. 9.
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TABLE I: System Parameters of the Exemplified Grid-
Connected Inverter

Parameter Value
dc-link voltage V. 800V
Grid fundamental frequency 50Hz
Filter inductor L SmH
Filter inductor L ¢ SmH
Filter capacitor C'y 1pF
Switching frquency fs 10kHz
Sampling frequency fsamp 10kHz
Grid voltage (phase-to-phase) Vy 380V

Proportional gain of current controller K, 40
Integral gain of current controller K; 2000
Proportional gain of PLL K 0.18
Integral gain of PLL K 32
Magnitude of grid current I 30A

The red line in Fig. 11 is the one-end short-circuited
impedance of a 10 km LTC, which is derived from the mea-
sured terminal admittances of the 100 km LTC, as explained
before. Fig. 11 predicts that system is stable, since all the phase
differences of the impedance magnitude interactions of GCI
and LTC are smaller than 180°. The time-domain simulation
result is shown in Fig. 12. It can be seen from Fig. 11 and Fig.
12 that the derived one-end short-circuited admittance of the
10 km LTC from the calculated p.u.l. parameters can predict
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Fig. 9. Actual and extracted p.u.l. parameters. (a) P.u.l. resistance R’; (b) P.u.l.
inductance L’; (c) P.u.l. capacitance C’.

the stability phenomena.

Similarly, the red line in Fig. 13 is the one-end short-
circuited impedance of a 6 km LTC, which is derived from
the measured terminal admittances of thel00 km LTC, as
explained before. Fig. 13 predicts that system may be unstable
at 2101 Hz, since impedance magnitudes of GCI and LTC are
equal, and phase difference is higher than 180°. The time-
domain simulation result and corresponding FFT are shown
in Fig. 14. It can be seen from Fig. 13 and Fig. 14 that the
derived one-end short-circuited admittance of the 6 km LTC
from the calculated p.u.l. parameters can reveal the instability
phenomenon.
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Fig. 14. Simulation result of grid phase currents when the LTC is 6 km. (a)

Time-domain grid phase currents; (b) Frequency spectrum of grid
phase currents.



V. CONCLUSIONS

The impedance-based modelling method for length-scalable
power cable is proposed in this paper. P.u.l. parameters
(resistance R’, inductance L' and capacitance C’/) of LTC
are first extracted from measured one terminal short-circuit
admittance Y0+ and open-circuit admittance Y,,. Then,
terminal short-circuited admittance and open-circuited admit-
tance of the same type LTC in different lengths are derived
on the basis of the obtained p.u.l. parameters. In addition,
the LTC is modelled as a decoupled two-port controlled
voltage/current sources. Simulation are performed to verify the
effectiveness of the proposed modelling and analysis method.
The simulation results show that the p.u.l. parameters can
be accurately extracted by the proposed method, and the
established decoupled two-port model can predict the system
stability.

The proposed p.u.l. parameters extraction and two-port
modelling method for LTC have the following two merits. First
one is that repetitive measurement of terminal admittances of
LTCs in different lengths is avoided. Second one is that the
LTC is modelled as controlled voltage/current sources which
are similar to the equivalent circuit model of GCI, unifying
the representation of system components and facilitating the
IBSC.
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