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Voltage stability region assessment is the key to ensuring the reliable operation of
offshore wind farms However, the traditional analysis method, which treats the WFs
as a PQ node and directly connected to the infinite power grid, fails to take the cable
capacitance and the dynamics of the converter into account, resulting an inaccurate
evaluation of voltage stability. The contribution of this paper is to propose a more
accurate method for assessing the voltage stability of OWFs. Firstly, based on the
equivalent circuit method, the point of common coupling (PCC) and internal voltage
characterization models of OWF considering the cable capacitance parameters are
derived. Then, the coupling interface between the dynamic of the converter and the
voltage characteristics of the system is designed, and the transfer function of the
power injection from the DC side of the converter to the voltage of the collector
system is established, which fully reflects the OWF Pin—Ugc—lg—Upcc—Pout transitive
relationship. Finally, a voltage stability criterion based on dP,, ou/dlg&dUqc/dt
direction discrimination is proposed, and the influence of cable parameters,
output power, and grid impedance on the voltage stability margin is analyzed.
The accuracy of the proposed method is verified based on the RT-LAB platform.
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1 Introduction

As an important renewable energy, offshore wind power has the characteristics of high
available hours and no land occupation. According to the data of GWEC, the newly installed
capacity of global offshore wind power reached 21.1 GW in 2021, double the year-on-year
growth, and the newly installed capacity of global offshore wind power will reach 33.95 GW in
2027 (Musial et al., 2022), which shows that the development prospect of offshore wind farms is
very broad.

OWFs are generally developed in a centralized manner and collected to offshore booster
stations, and then connected to onshore power grids through submarine cables. For OWFs
(within 50 km offshore), AC submarine cable transmission and grid connection is currently the
most economical transmission method (Hu et al., 2013; Elliott et al., 2016). For conventional
onshore WFs, since the inductance of the onshore transmission line is much larger than the
resistance parameter, the parameters of the onshore transmission cable are generally directly
reduced to the grid impedance (Zhu et al., 2020; Guan et al., 2021). Therefore, the voltage
stability problems of onshore WFs are mostly caused by the weak grid formed by long-distance
overhead line transmission. However, unlike onshore WFs, offshore wind farms are close to the
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load center, but the capacitance parameter of submarine AC cable is
more than 20 times that of onshore transmission lines, which makes
the voltage problem also prominent (Gustavsen and Mo, 2017; Wang
et al, 2019). For example, in 2019, several power frequency
overvoltages occurred in Shantou OWF in Guangdong Province,
which caused the OWF to be disconnected from the grid and shut
down. In addition, due to the typical radial structure of OWFs and the
reverse power flow of the system, the reverse voltage drop increases the
risk of over-voltage in the collector system inside the WF (Zhao et al.,
20165 Guo et al.,, 2018), so the visible voltage stability has become a key
factor to restrict the safe and stable operation of OWE. Therefore,
analyzing the voltage distribution characteristics and obtaining the
voltage stability region is of great significance for the stable operation
of OWFs and the formulation of reactive power-voltage control
strategies.

PV curves (Qi et al., 2019; Chen and Han, 2020; Xu et al., 2020),
critical short-circuit ratios (Xin et al., 2016; Wu et al., 2018), and
bifurcation theory (Du et al., 2015) are the most common ways to
evaluate the voltage stability of WFs. For example, in Xu et al.
(2020), Qi et al. (2019), the PV curve of the WF grid-connected
system is obtained by setting the node load to increase in the
specified direction using the continuous power flow method.
Chen and Han (2020) equivalent the WF as a PQ node, and the
PV curve of the system is obtained based on the equivalent circuit
method, and points out that as the output power increases, the
system voltage gradually tends to be unstable until the voltage
collapses. Similarly, the wind farm is equivalent to a PQ node,
Wu et al. (2018), Xin et al. (2016) deduce the node voltage equation
based on the equivalent circuit method, and propose a calculation
method for the critical short-circuit ratio of the grid-connected
system of the WF to evaluate the voltage support strength. Du et al.
(2015) use bifurcation theory and eigenstructure method to
establish a static voltage stability evaluation model for large-scale
renewable energy stations, and it is pointed out that the output and
cable impedance are closely related to the static voltage stability
margin of the system. However, in the above studies, the wind farm
nodes are equivalent to PQ nodes from the outside, and the power
characteristics of the converters are not considered. The converter is
the port of power injection, therefore, the power characteristics of
WE converters are necessary to consider when analyzing the voltage
stability.

Li et al. (2018), Kang et al. (2021), Huang and Wang (2018) take
the control of the converter into account and analyze the power
transmission characteristics of the converter grid-connected system.
Lietal (2018), Kang et al. (2021) take the WT converter connected
to the infinite power grid system as the object, and point out that
when the power grid strength is lower than a certain index, the
output d-axis current (I3) and output power (Py,,) of the converter
are no longer monotonically increasing, and there is a static power
limit. Huang and Wang (2018) pays attention to the influence of the
interaction between the control parameters of the converter and the
impedance of the power grid on the transmission power
characteristics, but is essentially small-signal stability, which
differs greatly from the voltage stability concerned, and does not
take the power dynamics on the DC-AC side of the converter into
account. In addition, the above studies simplify the parameters of
transmission cables as inductances and directly overlap with the
inductance of an infinite power grid, while the capacitance parameter
of the submarine cable is obvious and cannot be ignored. Therefore,
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the voltage modeling method in the above research cannot be
directly applied to the analysis of the voltage characteristics of
the OWF.

For the traditional static stability assessment method of wind
farms, cable capacitance parameters and converter dynamics are
ignored, resulting an inaccurate evaluation of voltage stability. The
highlight of this paper is to propose a more accurate method for
assessing the voltage stability of OWFs. The main contributions are as
follows.

1) The PCC and the internal voltage model of the OWF considering
the parameters of the submarine cable are established, and the
influence trend of the cable parameters on the system voltage
characteristics is obtained.

S
~

The coupling interface between the voltage of the collector system
and the dynamics of the converter is designed, and the power-
voltage transfer characteristics of the WT are comprehensively
revealed.

A voltage stability criterion based on dP,, o./dlq & dUg/dt
direction discrimination is proposed, and the quantitative

3

~

evaluation of stability margin is realized.

The following part of this paper is organized as follows. In Section
2, the model and output characteristics for WT are introduced. The
OWF Voltage model considering submarine cable parameters is
introduced in Section 3. Section 4 introduces the voltage stability
criterion and power limit calculation of OWF. RT-LAB experimental
verification is introduced in Section 5. Section 6 concludes this paper.

2 Modeling of output characteristics of
WT converter

Taking the H3 OWF (5 MW*80 units) put into operation by CSSC
as the analysis object, the OWF adopts a typical radial structure, and
the topology is shown in Figure Al in Appendix A. The WT is
connected to the offshore booster station by a 35KkV cable, and is
boosted to 220 kV by the main transformer of the OWF and then
transmitted to the onshore switch station through a 220 kV submarine
cable.

The wind farm uses a 5 MW permanent magnet generator, which
is connected to the grid through a full-power converter. Due to the
decoupling effect of the DC link, the WT can be simplified to a
structure in which the current source is connected to the grid
through the grid-side converter. The grid side converter adopts a
typical phase-locked follow grid control structure based on dg
rotation coordinates. The control block diagram is shown in
Figure 1. In the grid-side converter control, the dgq rotating
coordinate system is oriented by tracking the voltage vector of
the PCC through the phase-locked
represents the active and reactive components injected into the

loop. Dq component

AC power grid by the grid side converter, that is, the grid
connected converter can be equivalent to the current source
structure with output Iy + jIq (Cespedes and Sun, 2014; Hou
et al., 2019).

The abbreviations of parameters in Figure 1 are explained in
Table 1. In the steady-state, when the wind speed changes, the injected
power (P, i) at the DC side of the converter changes (Kang et al.,
2020). At this time, there is unbalanced power (P, in-Py, out) in the DC
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FIGURE 1

Control block diagram of WT grid-side converter

link of the converter, and the unbalanced power will change the DC
bus voltage (Uy.), the change rule (ignoring the converter loss) is
shown in (1):

dUyg.

Pw,out = CUCIC— (1)

Pwin -
’ dt

Under steady-state operating conditions, assuming that the
current loop can ideally follow its reference value, that is, Iy = Iy,
ret, Ig = I, rep the output current of the converter is:

ki
Id = (Udc - Udc,ref)<kp - ;) (2)

where k;, and k; are the PI parameters of the DC voltage control loop.
The output power of the converter is expressed as:

Pw,out = 1.5Uq4l4 (3)

To sum up, the power input and output characteristics of the WT
converter are composed of Eqs. 1—3.

3 OWF voltage modeling considering
submarine cable parameters

3.1 PCC voltage modeling for OWFs

The external characteristics of the WT can be simplified as an
equivalent current source with an output of I + jIq. Figure 1 can be
converted into the grid-connected equivalent circuit diagram of the
WT shown in Figure 2. Among them, the OWF is equivalent to the
current source with the output current is Ipcc and the terminal voltage
is Upcc, and then connected to the power grid with impedance is Zg
and voltage is U through the submarine cable.

According to Figure 2, using the two-port network voltage and
current coupling model, the wind farm PCC voltage relationship can
be expressed as:
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Upcc| |A B||1 Zg || Ug )

Ipcc | |C DJ||0 1 Ig
In (4), Ipcc and U are known quantities and Upcc is an unknown
quantity. The expression of U Upcc can be obtained by converting (4).

C(AZy+B)

Where, the matrix elements A, B, C, and D are obtained from the

AZg+BI
+
§ CZ,+D pee

(©)

calculation of cable parameters:

A=1+ YlineZZIine

B= Zline

C= Ylinel + Yline2 + YlinelylinSZZIine
D=1+ YlineIZline

(6)

In (5), the preceding coefficients of Uy and Ipcc on the right side of
the equation can be obtained by calculating cable parameters and grid
impedance parameters. Let a, b, ¢, and d be the real and imaginary
parts of the preceding coefficients of U, and Ipcc respectively, that is:

‘ C(Azy+B)
arbi=A-—0 " h
¢ 7)
,_AZg+B
c+dj CZy+D

Combined with (7) and the mathematical model of the converter
under the dg-PLL coordinate system, the (5) can be further
rewritten as:

Upee = Upece® = (a +bj)Ue" + (c +dj) (Ig + Ij)e™  (8)

During steady-state operation, 6 is the same as 6, , and both
sides of Eq. 8 are multiplied by el%! to obtain:

Upee = (a +bj)Uge + (c +dj) (Ia + L)) 9)

Expand (9) to:
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TABLE 1 Definition of parameters abbreviations.

10.3389/fenrg.2023.1116090

Abbreviations Definition Abbreviations Definition
Py in/Py, out Input/output power Uabe/Labe Output voltage/current
Uad/ Ude, ref DC voltage value/References value Ia/14, ver d-axis current/given current
L/C Filter inductance/capacitance Io/1q, vef g-axis current/given current
Riine/ Liine/ Yiine cable resistance/inductance/capacitive reactance PLL Phase locked loop
Ry/Lg Grid resistance/inductance PCC point of common coupling
Ua/Uy, rer d-axis voltage/given voltage Opcc PLL output phase angle
Uqg/Uyq, ref g-axis voltage/given voltage Ug Grid voltage

Rline

Yiine1 Y line2 T

Lline

Ly

FIGURE 2
Equivalent current of AC side of OWF.

Upee = Ug(acos Opcc + bsinByec) + clq — dig
+j(Ug(bc059pcc —asinf,) +ch+dId) (10)
According to the equality of the real and imaginary parts on both

sides of (10) (see Appendix A for the specific derivation process),
we get:

a cos Oyec + bsin Oy = \/(a2 +b?) — (clq + dId)z/ng (11)

Combining (10) and (11) can obtain the voltage model of the PCC:

Upee = \]ng (@ +b2) (eI, +dl,) +cly-dl,  (12)

According to (12), it can directly reflect the influence of multiple
parameters of grid impedance, cable parameters, and injected dq-axis
current (i.e. active and reactive power) on the PCC voltage of the
OWF. The relationship curve of I4-Upcc of the OWF is drawn as
shown in Figure 3.

In Figure 3, if there is no marked parameter value, use the value
given in Table 2 (to more clearly describe the change relationship
between PCC voltage and parameters, the value of grid impedance
is 0.6H, which may not represent a real situation.). As shown in
Figure 3, Upcc shows a downward trend with the increase of I,.
Under different parameter settings, the amplitude and downward
trend of Upcc are different. The change trend statistics are shown
in Table 3. It is worth noting that the submarine cable capacitor
will increase the amplitude of Upcc and slow down the falling
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speed of Upcc, which may cause Upcc to exceed the upper limit at
low wind speeds, but increases the voltage stability of high wind
speeds.

3.2 Modeling of voltage distribution
characteristics in OWF

The distribution of WTs and line connections in OWFs are
mostly radial. Therefore, the following takes the voltage
distribution of WTs on a feeder as an example to analyze the
internal voltage distribution characteristics of OWFs. Figure 4
shows the equivalent circuit of a feeder in the OWTF,
where point O is the PCC of OWF, nodes one to five are
the WT power injection nodes, and the injection current of
the i-th node is the sum of the output current of the
i-th WT (I, ;) and the injection current of the upstream node
(L)

According to Figure 4, the voltage U; of the i-th WT is.

U; _| A Bi|| Uiy
[IH +Im,,~] - [ci D, H I, ] (13)
Where the calculation of matrix elements is the same as (4). From (13),
it can be known that the voltage distribution at the terminal of the WT

first depends on the voltage Uy at the PCC of the OWF, and is also
related to the active and reactive power output of the WT and the
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TABLE 2 I4-Upcc curve calculation parameters settings in Figure 3.

Parameters Value Parameters Value
Liine 0.382¢-3 H/km*20 km Ly 0.6H
Rine 0.0108 Q/km*20 km R, 0.01Q
YViine jw0.204e-6/2F/km*20 km Iy 0

TABLE 3 VARIATION TREND OF PARAMETERS AND Upcc.

Trend

Parameters Parameters

‘ Ryjine + Ry +

‘ Yiine +

parameters of the collector network. The influence trend of the
parameters of the cable on the internal voltage distribution is
consistent with (12). Therefore, the voltage distribution of the WT
gradually increases from the PCC to the end of the collector feeder,
that is, PCC is the voltage weakness of the OWF.

4 Voltage stability criterion and power
limit calculation of OWF
4.1 Voltage stability criterion

Combining (3) and (12), the output power characteristics of the
OWTF can be obtained, as shown in (14):
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FIGURE 3
I4-Upcc curve under different parameters. (A) Grid impedance, (B) reactive current, (C) submarine cable parameters, (D) cable length.

Pw,out = 1-5Upcc1d

= 1.5( \/ng (@ +b?) — (cIq + dId)2 +cly - dlq)ld (14)

From this, the Power-Voltage characteristic transfer function
block diagram of the OWF grid-connected system is obtained, as
shown in Figure 5. Where x is the input of submarine cable
parameters and grid impedance parameters in (12). It can be
seen that the Power-Voltage characteristics of the OWF are
composed of the DC dynamic characteristics of the converter
Eqgs. 1-3 and the voltage characteristics of the collector system
(Eq.12). The DC dynamic characteristics reflect the DC bus voltage
dynamics caused by the imbalance of the input and output power of
the converter, and the system voltage characteristics reflect the
voltage change dynamics caused by power injection, and they are
coupled with each other, that is, the increase of active power will
lead to the decrease of PCC voltage, and the decrease of PCC voltage
will affect the active power transmission capability of wind power
converter.

From the functional relationship of (14), the change curve of P,
out-Iq of the wind farm can be drawn, as shown in Figure 6. It can be
seen from Figure 6 that the changing trend of the Py, ou-Ig curve is
divided into two regions.

In region I, Py, o increases with the increase of Iy, that is,
when the DC side injection power Py, ;, increases, the inner
loop current I increases under the control of DC voltage link.
Although the increase of I3 will lead to the decrease of
terminal voltage, the output power still increases at this time,
and the change trend is positive (dP,, o,u/dI4>0). The input
and output power of the DC link of the converter is balanced
(Pyw, in = Py, ou)> and the OWF can operate stably in this
area (O-A-B).
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FIGURE 4
Equivalent circuit of a feeder in the OWF.

DC side dynamics of

é}U3 Lines

10.3389/fenrg.2023.1116090

I

i UzLinez I, U, Line, [

Voltage characteristics
of collector system

converter
dc
: k, + A
sCUyq, + P
Udc,ref

dref
= | Eq@) — >
X —p ?

LEq.(12 1

FIGURE 5
Power-Voltage characteristic transfer function block diagram of OWF.

In region II, Py, o, decreases with the increase of I, that is,
when the DC side injection power P, ;, increases, the inner loop
current I4 increases, but at this time the output power Py, out
decreases, that is, the change trend is negative (dP,, ou/dI4<0),
there is unbalanced power in the DC link (Py i, > Py, out)> Which
will cause the DC capacitor of the converter to continuously
charge and the Uy, continuously increase (dUy./dt>0). There is
no stable equilibrium point for the OWF in this area, i.e. is
unstable (B-C-D).

Therefore, it is possible to determine whether the voltage of the
OWF is stable by obtaining the directions of dPy, ou/dI4 and dUg./dt.

1) dPy, ou/dI4>0&dUy/dt = 0, Voltage stability (region I).
2) dPy, ou/dI4<0&dUy/dt>0, Voltage instability (region II).
3) dP,, ouw/dl4 = 0, critically stable (point B).

In this paper, the distance from dP,, o./dI4 to 0 is defined as the
quantitative characterization of voltage stability margin (VSM). It
should be noted here that when dPy.,/dIy <O, directly set
VSM = -0.1. To sum up, the voltage stability transmission process,
stability criteria, and stability margin of offshore wind farms are
summarized in Table 4.

Frontiers in Energy Research

4.2 Critical power calculation model

The extreme point of Py, ,u-I4 curve is the critical power injected
at the DC side of the converter. The critical power can be obtained by
dPy, ou/dlg = 0, as shown in (15):

dP ‘w,out

P _ 1.5(\/ng (@ + %) — (cIy +dI,) +cly —qu)

+ 1.51d(—d (cIq+ dld)/\/Ug2 (@2 +b2) — (clq +dIa)” + c)
(15)

The critical power under different cable parameters and reactive
current can be drawn by (15), as shown in Figure 7.

It can be seen from Figure 7 that as the output power increases, the
VSM of the OWF decreases. When the VSM decreases to 0, the critical
power under this state is reached. The influence of parameters on
critical power is consistent with the results in Table 4. Compared with
onshore WFs, the cable capacitance parameters of OWFs are larger,
which increases the voltage stability margin of OWFs to a certain
extent, but at the same time increases the risk of voltage exceeding the
upper limit at low wind speeds. Therefore, reactive power
compensation is required at low and high wind speeds, and the
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FIGURE 6

Power characteristic curve of OWF, (A) P, out-lg Characteristic curve, (B) Uqc-t characteristic curve.

TABLE 4 Voltage stability characteristics of OWF.

Characteristic

Stability region

Unstable area

Transfer process

Py, in114TPy, out] Ude-

Py, in11a1 Py, ourl UacT

Stability Criterion

Operation region

APy, ou/dI;>0&dUg/dt = 0

Region I (O-A-B)

dPy, ou/dI4<0&d U4 /dt>0

Region II (B-C-D)

Stability margin APy ouldly ,dPyou/dly > 0&dU 4c/dt = 0
~0.1 APy ouldly > 0&AU e /dt > 0

T and ‘| represent rising and falling respectively, and - means unchanged.

compensation direction (inductive or capacitive reactive power) is
related to output power and grid impedance.

5 Experimental verification
5.1 Experimental platform

To verify the effectiveness of the proposed voltage characteristic
modeling and criterion method of OWF, a simulation model of OWF
is established based on the hardware in the loop platform composed of
RT-LAB and digital signal processor (DSP), as shown in Figure 8. The
topology and parameters of the OWF are shown in Figure Al and
Table 3. Among them, the circuit model of OWF is compiled in RT-
LAB, and the voltage, current, power, and other signals of OWF are fed
back to DSP through the I/O port. The control model of OWF is
realized in DSP, which generates the driving signal of the OWF
controller according to the RT-LAB feedback signal, thus forming
the wind farm closed-loop control system.

5.2 Analysis of experimental results

5.2.1 Voltage modeling and stability evaluation
verification

To verify the accuracy of the OWF voltage modeling method and
voltage stability evaluation model proposed in this paper, the following
methods are used for comparison:

Frontiers in Energy Research

Method A: The voltage modeling method proposed in this paper
considers submarine cable parameters and converter dynamics
(shown in 12 and 15).

Method B: The traditional WF voltage modeling and evaluation
methods are proposed in Kang et al. (2021), Huang and Wang (2018).

Method C: RT-LAB experimental results.

The grid impedance is set to 0.2H, the wind speed is increased
from 3m/s to 10.5m/s at a rate of 2m/s, and the rest of the
parameters are the same as in Table 2. It can be seen that due to
the reactive power consumption of grid impedance and submarine
cable, the voltage at the PCC point continues to decrease as the
output power increases.

Figure 9 shows the results of PCC voltage calculated by different
methods. It can be seen that traditional methods (Method B) ignore
cable parameters, resulting in a large deviation between calculation
and experimental results (Method C), with the maximum deviation
approaching 0.1 pu. The proposed method (Method A) is basically
consistent with RT-LAB experimental results, which verifies the
effectiveness of the proposed method.

Figure 10 shows the assessment results of voltage stability margin
under different methods. As the capacitance parameters of submarine
cables have a lifting effect on PCC voltage, and ignoring the cable
capacitance parameters will lead to low assessment results. As shown
in Figure 10, the limit power of Method B evaluation is 0.71 pu, with a
deviation of 0.18pu compared with the experimental results. The
method proposed in this paper is 0.897 pu, which is close to the
experimental results, verifying the effectiveness of the proposed
method.
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The internal voltage distribution of the OWF is shown in
Figure 11. The grid impedance is set to 0.11H, and when the
WT is half-loaded, Li; represents the j-th WT on the i-th
feeder. As the above theoretical analysis results are consistent,
as the length of the feeder increases (the distance of the feeder is
shown in Figure A1), the voltage amplitude increases continuously,
and on the same feeder, the voltage of the WTs in the rear row is
higher than that in the front row due to the effect of cable
parameters. It can be seen that the PCC is the node with the

Frontiers in Energy Research 08

lowest voltage in the entire wind farm, so the PCC is the weak point
of the voltage of the OWF.

5.2.2 Verification of the influence of parameters on
voltage stability

Case A. Different grid impedance.

The cable parameter settings are shown in Table 2. The I = 0 is
set, the initial wind speed is 3 m/s, starting from 1.5s and rising to
10.5 m/s at the rate of 2 m/s. Figure 12A shows the experimental
results when setting L, = 0.11H, Ry = 0.01Q (grid impedance). With
the increase of output power, the voltage amplitude of PCC
decreases from 1.065pu to 0.898pu. During the rise of output
power, dP,, ,u/dI4>0&d Uy /dt = 0, VSM decreases from 0.915 to
0.6687, but it always operates in the static voltage stability region of
system (O-A-B region shown in Figure 6), and voltage instability
does not occur.

Figure 12B shows the experimental results when the grid
impedance is set to Ly = 0.2H, Ry = 0.01Q. As the output power
increases, the voltage amplitude decreases continuously from the
initial 1.12pu, and the system gradually moves along the O-A-B
trajectory. When it reaches point B (dP,, ou/dI4 = 0), reaches the
critical power (0.897pu). When the injection power continues to
increase, it is transferred to Regionll. At this time, dPy o/
dI4<0&d U4 /dt>0, the voltage is unstable, VSM = -0.1, and the
unbalanced power on the DC side tends to increase the DC voltage
after the instability.

Figure 12C shows the experimental results when the grid
impedance is set to Ly = 0.11H, R; = 10Q. As the output power
increases, the system voltage instability occurs, and the critical
power is 0.92pu, indicating that the grid resistance will increase
the VSM.

Case B. Different submarine cable parameters.
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The grid impedance setting is the same as Figure 12B.
Figure 13A shows the experimental results when the cable
0.204-7F/km, which is
10 times smaller than Figure 12B. At the initial moment, the

capacitance parameter is set to Cp =

voltage amplitude is 1.04 pu (lower than 1.12 pu in Figure 12B),
the output power increases continuously, the voltage tends to be
unstable, and the voltage amplitude decreases faster than
Figure 12B, and the critical power is 0.814 pu, that is, the cable
parameters raise the voltage, and when the cable capacity decreases,
the critical power decreases (0.897 pu).

Figure 13B shows the experimental results when the cable
inductance parameter is set to Ly = 0.382e-2H/km, Compared
with Figure 12B,
10 times, and the other parameter settings are the same.
Initially, the voltage amplitude is 1.15pu, higher than
Figure 12B, but with the increase of output power, the voltage

the inductance parameter is increased by

Frontiers in Energy Research

amplitude decreases and the decline speed is faster than
Figure 12B. When the critical power of 0.756 pu is reached, the
voltage becomes unstable, that is, the increase of the cable
inductance parameter makes the Uy, exceeding the upper limit
more serious at low wind speed, and at the same time reduces the
VSM at high wind speed.

The cable resistance parameter has the same effect as the grid
resistance, and the influence trend is the same as that in Figure 12C, so
it is not compared here.

Case C. Different output reactive power.

The cable parameters and grid impedance parameter settings
are the same as in Figure 12A. Figure 14A shows the experimental
= —0.2pu is set. At the initial moment, the PCC
voltage amplitude is 1.13pu. With the increase of output power, the
voltage amplitude decreases to 1.02pu, which is higher than
Figure 12A. In the process of power rise, VSM decreases from

results when Ig

09 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1116090

10.3389/fenrg.2023.1116090

—#— Different feeder voltage distribution
—— Same feeder voltage distribution

Tan et al.
1.065 '
1.067
=
210557
D
1.057
PCC
1.045
1 2
FIGURE 11

Comparison between different stability margin evaluation mode

Output power t Voltage amplitude |

N n

1.
0.

1 - 4 e .
1 106 ‘ o
o 0.89%u N (o
C1: Uy, 1puidiv
I, 1pu/div
P05

I~

Tpu

3 4
Node number

ls and experimental results.

Output power 1 Voltage amplitude | Until instability

A ™
AAAAAA~<
1.2 : ot
T o
163 i P“““},A‘?‘“

C1: Uy, 1.5pu/div
C2: I, 1.5pu/div
C3: Py, 1.5puldiv

Critical power 0.897pu

- o]

FURTEL (Ut VT G

Voltage stability,, Vde-

Voltage instability, Vdc

C1: Ve, 0.5pu/div C2: 1y, 0.5pu/div

L0.11H, R=0.01Q

BP/014<0,

¢ Voltage instabilit =

dVe/dr>0  Voltage
dP/dIs<0  instability

C3:1,,0.5pu/div - C4: VSM 0.5pu/div
{dVLb/d/:() Vull}{gﬁ
dP/dl=0  stability CI: Vo Ipu/div C2: I, 2pu/div J
. C3: 1, 2pu/div - C4: VSM Ipu/div |
Reactive power
COI\SI!I]\pﬁO]]
VSM>0, VVVVVVVY
0915 biicad Voltage stability +* oy VSM<O,
777 Outputpower t VSM | 0.6687 0955 Voltage instability
[ L e
* (668 ms/div] 2 [668 ms/div] 0.1

L=02H, R=0.01Q

C

Output power  Voltage amplitude | Until instability

\V/\/\/\/\/\- <}
1.2 P

Ti2pn_ I 0 |
8:% 11 sdiv] ' A
R e —r———

=

>

C1: Uy, 1.5pu/div
C2:|I,, 1. div
C3: Pouy 15

Critical power 0.92pu

Voltage instability, Vde t
@P/OI=0,

Voltage instabili A

Voltage instability

VVUVVVVVVY
SM<0,

CI: Vao Ipuldiv C2: Iy, 2puldiv (VA
C3: I, 2pu/div C4: VSM 1pu/div
/
VSM>0, ... \/ VUV
Voltagestability ~ to.pp V.
0.957
[668 ms/div] Y]

L=0.2H, R=10Q

FIGURE 12

Comparison of VSM under different grid impedances, (A) Ly = 0.11H, Ry = 0.01Q, (B) Ly = 0.2H, Ry = 0.010, (C) Ly = 0.2H, Ry = 10Q.

Frontiers in Energy Research

10

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1116090

Tan et al.

A

10.3389/fenrg.2023.1116090

Output power  Voltage amplitude | Until instablllty
1 7 N
0 I [ giv) Ps‘“? kv‘” 1

C1: ¥y, 1.5pu/div
C2: IA, 1.5pu/div

C3: Poui; 1.5pu/div ) AR ET AR NE RNt

Critical power :0,814pu/ \

Voltage instability, Vde t

Cl: Ve, 1pu/div C2: I, 2pu/div /
C3: 1, 2pu/div. C4: VSM 1pu/div

dVy/dr>0  Voltage
/V{ dP/dIg<0  instability |

|
\/\/wwwwwwv

| Output power 1 Voltage amplitude } Until instability.

% AR

1.2 /
ok -l G

C1: Uy, 1.5pu/div
C2: I, 1.5pu/div
C3: Pouiy 1. 5pu/div

Critical power 0.756pu’

Voltage inslabiIi_ly, Vde

{dV¢/dl>0 Voltage
dP/dI;<0 instability

C1: Vye, 1pu/div C2: I, 2pu/div VA
C3: I, 2pu/div. C4: VSM 1pw/div

AR AR AR AN
\\/‘VVVVVW\VV‘/VVVVVW

VSM>0, 1 VSM0,
Voltage stability —p VSM<0 Voltage stability o | v .
Voltage instabili o] . -
0.8796 g [ 0.087 Voltage instability
| s o .
[668 ms/div] 0.1 [668 ms/div] - -
- - A

FIGURE 13

Comparison of VSM under different grid impedances. (A) R_ = 0.0108 Q/km, L, = 0.382e-3H/km, C__ = 0.204-7F/km, (B) R_ = 0.0108 Q/km, L, = 0.382e-

2H/km, C_ = 0.204-6F/km.

B

Output power 1 Voltage i i

/\Af\/\f\/\/

VVVVYV
§
de ©
T ] # “w» I -

C1: Uy, 1puddiv
, Ipu/div
out> 0.5pu/div

Oulput power t Voltage amplitude | Until instability

\AAAAAA <7

44 |
[1 s/div] P~‘“" @

SP— S

C1: Uy, 2pu/div
C2: I, 2pu/div
C3: Py, 2pu/div

|
Critical power 0.894pl i

Voltage stability,, Vdec-

Voltage instability, Vde ti

C1: Vye, Ipu/div C2: I, 0.5pu/div
C3: 1,,0.5pu/div. C4: VSM 1pu/div

{ /dt=0  Voltage
dPIdI>0  stability

{dVde1>0 Voltage & &
| dP/dIg<0 instability

C1: Vye, 1pu/div C2: Iy, 3pu/div

C3: I, 3pu/div. C4: VSM l1pw/div >
nl Reactive power compensation L
AR == VAT
L VSM>0 \Y tabili .Y VSM<0,
0962 Output power  VSM ¢ 0.782 0.85 Voltage instability
| [668 ms/div] ¥ [668 ms/div]

A

FIGURE 14

-0.1 2

Comparison of VSM under different output reactive power. (A) I, = 0.2pu, (B) /5 = -0.2pu.

the initial 0.962 to 0.782, that is, it always operates in the O-A-B
region, and the static voltage of the system is stable.

Figure 14A shows the experimental results when I = 0.2 pu is set.
Under the initial conditions, the PCC voltage amplitude is 1pu and
VSM is 0.85, both lower than Figure 12A. With the increase of output
power, the voltage amplitude decreases, and the voltage drop speed is
faster than that in Figure 12A, until VSM = —0.1 voltage instability.

6 Conclusion

An OWF voltage modeling and stable area evaluation method that
takes the submarine cable capacitance parameters and the DC

Frontiers in Energy Research

dynamic characteristics of the converter into account is proposed
in this paper. It can fully reflect the transfer process of the voltage
instability of the OWF, and improve the evaluation accuracy of the
voltage stability region. The following conclusions are drawn through
theoretical analysis and experimental verification.

1) The voltage instability is represented by the DC charging
characteristics caused by the imbalance of the input and output
power at the DC side of the converter. The OWF is directly
equivalent to the PQ node, which cannot directly reflect the
power-voltage dynamic process of the OWF.

2) The capacitance parameter of submarine cable raises the system
terminal voltage, which can improve the VSM, but it increases the
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risk of voltage exceeding the limit under low wind speed. The
capacitance parameter of the cable increases 10 times from Cy =
0.204-7F/km, the voltage rises 0.08pu, and the power limit
increases 0.083pu.

The criterion method based on dPy,, ,/dI4&dUg./dt can accurately
determine whether the system is in the static voltage stability area,
and the relative distance between dP, ,./dl3 and 0 can

3)

quantitatively evaluate the static voltage stability level of the
system.

In the future work, we will focus on the reactive power-voltage
coordinated control strategy to improve the static voltage stability
of OWFs, and establishing a small microgrid system with wind
power converters to further verify the effectiveness of the proposed
method.
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Appendix A: The topology and feeder
dgtance of H3 FWIJ? +

The derivation process of Upcc is as follows. The real part and
imaginary part on both sides of (10) are equal, that is, the imaginary
part on the right side of the equation is 0.

U, (beos By —asinbpe) +clq+dlg =0 (A1)
Square both sides of (A1) at the same time to get:

(beos 9pcc)2 + (asin OI,CC)2 — 2ab cos Oy sin O, = (ch + dId/Ug)2
(A2)

Suppose the coefficient of the real part Uy in the U, is acosgpe. +
bsingpec = M, and square it to get:
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(acos Gpcc)2 + (bsin f)pcc)2 +2ab cos O sin Opec = M? (A3)
Add (A3) and (A4) to obtain:
@+ = (cly +dl JU,) + M? (A4)

Further, the variable M can be expressed as:

M = acos Oy +bsin Oy = \/az +b? - ( (cIq+ dld)/Ug)2 (A5)

Substitute the expression of variable M into (10) to get:

Upee = \/ng (@ + 1)~ (eI, +dl,) +clq—dI, (A6)

The topology and feeder distance of H3 OWF are shown in
Figure Al.
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The topology and feeder distance of H3 FWF.
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