This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.2965017, IEEE

Transactions on Energy Conversion

Effect of Reactive Power Characteristic of Offshore
Wind Power Plant on Low-Frequency Stability

Weihua Zhou, Student Member, IEEE, Yanbo Wang, Senior Member, IEEE, Raymundo E. Torres-Olguin, and Zhe
Chen, Fellow, IEEE

Abstract—Oscillation phenomena of offshore wind power plant
(OWPP) in a wide frequency range can be caused due to
impedance interactions between grid-connected inverters (GClIs)
and transmission cables. In this paper, impedance model of GCI
with outer power control loop, inner current control loop and
phase-locked loop is first established in dq reference frame. The
correctness is validated by frequency scanning method. Then,
the effects of active and reactive power/current references on dq
impedance characteristics of GCI with/without consideration of
power control loop are investigated using complex space vectors
and complex transfer functions. Furthermore, RLC circuit model
of transmission cable considering frequency-dependent charac-
teristics is also established for dgq-domain IBSC. On the basis
of them, it’s found that low-frequency oscillation phenomena
of OWPP under power control mode may occur if active
power reference exceeds a certain threshold value, which can
be mitigated by injecting a certain amount of negative reactive
power. Impacts of PLL parameters, length of transmission cable
and number of paralleled GCIs on required negative reactive
power for low-frequency stabilization are further investigated.
Both Matlab/Simulink-based simulation and OPAL-RT-based
real-time verification are implemented in an OWPP with four
permanent magnet synchronous generators to validate the cor-
rectness of the reactive power characteristic analysis results and
the feasibility of mitigating low-frequency oscillation phenomena
by negative reactive power injection.

Index Terms—Frequency scanning, grid-connected inverter,
low-frequency stability, offshore wind power plant, reactive
power, transmission cable.

I. INTRODUCTION

FFSHORE wind power plants (OWPPs) are increasingly
explored in recent years, which are commonly connected
into utility grid by transmission cables [1]. Grid-connected
inverter (GCI), as an important power electronic interface, is
frequently used to deliver electricity to utility grid [2]. Re-
cently, oscillation phenomena of OWPPs in a wide frequency
range due to dynamic interactions between control loops of
GClIs and time-varying grid impedance have been frequently
reported [3]-[8].
Control loops of the GCI mainly include outer power control
loop, inner current control loop and phase-locked loop (PLL),
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which are used to perform power regulation, current regu-
lation and grid synchronization, respectively [7]. Impedance-
based stability criterion (IBSC) for three-phase GCI has been
proposed to investigate these oscillation phenomena, where
impacts of the control loops on terminal impedance have
been investigated by various impedance models [3]-[7], [9]-
[14]. The mechanism of high-frequency instability phenomena
induced by the interaction between inner current control loop
and transmission cable is investigated in [6], [10], [11]. The
analysis results indicate that the impedance formula of a GCI
with only consideration of inner current control loop does
not consist of active power reference. Therefore, the high-
frequency stability dominated by the inner current control
loop is not affected by active power level [11], [15]. Out-
put impedance of the GCI further considering PLL can be
represented as a two-dimensional matrix, which is diagonal
dominant if the GCI is operated under high power factor
condition [7]. However, the high power factor condition is not
commonly satisfied in practical application, since the GCIs
are sometimes controlled to inject reactive power [12], [16],
[17]. The recent study in [7], [18] shows that magnitude of
cross-coupling term of the two-dimensional impedance matrix
can be increased once reactive current reference is increased,
whereas the quadrature-axis impedance which reflects the
negative resistor feature of PLL in low-frequency range is not
affected. In addition, stability analysis of the GCI considering
outer power control loop is implemented in [19], where eigen-
value analysis indicates that controller parameters of the outer
power control loop have an important effect on stability in
low-frequency range. However, the effect of power operation
point, i.e., active and reactive power references, on stability
has not been studied. Impedance model of the GCI with both
inner current control loop and outer power control loop is
established in [13], [14], which is related with active and
reactive power references. Furthermore, instability phenomena
in a two-terminal VSC-HVDC system can be caused by high
active power reference [13], [20]. Also, flow direction of
active power of two-terminal and three-terminal VSC-HVDC
systems can influence system stability [14]. However, impacts
of power level and flow direction of reactive power on system
stability have slightly been analyzed.

In addition to the aforementioned works about stability
analysis of offshore wind generators connected to long trans-
mission cables, extensive researches about stability analysis
of solar PV generators which work under weak grid condition
have been reported in [21]-[24]. The stability issues of PV
inverters connected with weak grid considering effects of inner
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current control loop on both low-frequency and high-frequency
stability are initially investigated in [21]. Furthermore, it is
found in [22] that increase of grid impedance can suppress
the low-frequency instability, whereas the increase of grid
impedance can degrade the high-frequency stability. In [23], a
probabilistic method is presented to analyze the small-signal
stability of power systems with PV integration considering
variation and uncertainty of solar irradiation. In [24], a nonlin-
ear describing function method is presented to perform the ac-
curate stability analysis of PV generators with consideration of
the nonlinear and discontinuous perturbation and observation-
based power control. However, only stability analysis methods
of PV generators connected with weak grid are developed in
[21]-[24], whereas no further stability enhancement strategies
are explored. In [18], [25]-[30], dq impedance model of the
GClI is reshaped to mitigate the negative effect of PLL on low-
frequency stability. In [18], the stability margin under weak
grid condition is improved by optimizing current controller
parameters. In [25], [26], the stability margin under weak
grid condition is improved by decreasing PLL bandwidth.
However, system dynamic performances will be degraded,
if a lower PLL bandwidth is adopted. In [27]-[30], grid
voltage feed-forward control strategies are used to reshape
the quadrature-axis impedance to mitigate the negative effect
of PLL on low-frequency stability. However, too large or too
small grid voltage feed-forward coefficient can degrade system
stability, which makes it difficult to select optimal value [30].
In addition, only inner current control loop and PLL, instead
of outer power control loop, are considered in [18], [21]-[30].

Similar with OWPP case, reactive power injection has been
a well-developed solution of PV applications for voltage sup-
port [31], for power transfer capability improvement [32], and
for power losses minimization [33]. However, few researches
have been reported to reshape the quadrature-axis impedance
through adjusting power operation point. Case studies in
[7] show that reactive power injection affects all the four
components of the dq impedance model when further con-
sidering outer power control loop. However, quantitative and
general analysis of the impacts of reactive power injection on
quadrature-axis impedance and corresponding system stability
has not been performed yet. To the best of the authors’ knowl-
edge, there is no report about the application of the reactive
power injection in either OWPP case or PV case to miti-
gate low-frequency instability phenomena through reshaping
quadrature-axis impedance. The low-frequency stabilization
approach presented in this paper may explore the inherent
capability of the GCI to mitigate low-frequency instability
phenomena under weak grid condition by injecting negative
reactive power.

Besides the aforementioned dq impedance models of GCls,
it’s also important to establish accurate circuit models of
transmission cables to reproduce practical terminal impedance
feature for dq-domain IBSC. Previous works about circuit
modelling of transmission cable have been presented in [10],
[11], [34]-[39]. The established circuit models of transmission
cables in [10], [11], [34]-[36] are used for phasor-domain
IBSC. In [34], the transmission cable is modelled as a II
section which consists of a series inductor and two parallel

capacitors, which fails to reveal practical frequency char-
acteristics and may perform inaccurate stability assessment.
Furthermore, circuit models of transmission cables with con-
sideration of distributed parasitic capacitance are established in
[10], [11], [35], in which multiple-cascaded II-section circuit
model is used. However, per-unit-length (p.u.l.) resistance
and inductance of transmission cable are still regarded as
constant, which cannot reveal practical frequency-dependent
characteristics and corresponding damping characteristics. To
simulate practical frequency characteristics of transmission
cables, extra RL branches are inserted into each II section
in parallel connection in [37]-[39]. However, the established
frequency-dependent circuit models are used for state space
model-based eigenvalues analysis. Whether the RLC circuit
model of transmission cable considering frequency-dependent
characteristics is applicable for dq-domain IBSC should fur-
ther be investigated.

In this paper, dq impedance models of GCIs with only
inner current control loop and PLL, and with outer power
control loop, inner current control loop and PLL are first
established, respectively. A frequency scanning scheme is
also developed to verify the correctness of the established
dq impedance models. The effects of active and reactive
current/power references on dq impedance feature, especially
on quadrature-axis impedance feature, are then theoretically
derived using complex space vectors and complex transfer
functions. On its basis, a quadrature-axis impedance reshaping
method through negative reactive power injection for low-
frequency stability improvement is presented. In addition,
circuit model of transmission cable considering frequency-
dependent characteristics of p.u.l. resistance and inductance is
established for dg-domain IBSC. The correctness of the effects
of active and reactive current/power references on quadrature-
axis impedance feature and corresponding system stability
is validated in an OWPP. In addition, the effectiveness of
the proposed low-frequency stabilization method based on
negative reactive power injection is verified with variation
of PLL bandwidth, grid strength and number of operating
inverters.

Main contributions of this paper are summarized as follows.

(1) The dq impedance models of the GCI without and with
consideration of outer power control loop are reformulated
using complex space vectors and complex transfer functions,
which facilitates the observation of effects of different control
loops on dq impedance model.

(2) The impact of reactive current/power injection on dq
impedance model under current/power control mode, espe-
cially on quadrature-axis impedance, is theoretically derived,
which shows that the quadrature-axis impedance without outer
power control loop remains unchanged with variation of reac-
tive power injection, whereas the quadrature-axis impedance
will be affected by outer power control loop.

(3) Circuit model of transmission cable considering
frequency-dependent feature is established for dgq-domain
IBSC, which is able to obtain an accurate impedance-based
stability analysis result.

(4) A quadrature-axis impedance reshaping method through
negative reactive power injection to improve low-frequency
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stability is presented, where the amount of required reactive
power under a specific weak grid condition can be obtained.
The rest of this paper is organized as follows. In Section
II, system configuration of the studied OWPP is introduced,
followed by impedance modelling of GCIs and transmission
cables. In Section III, the effects of reactive power injection
on quadrature-axis impedance feature of current-controlled
and power-controlled GCIs are theoretically analyzed, based
on which the quadrature-axis impedance reshaping method
through negative reactive power injection is presented. The
correctness of the analysis results is validated in Section IV.
On its basis, in Section V, impacts of PLL parameters, grid
strength and number of operating GCIs on required negative
reactive power for low-frequency stabilization are analyzed
and validated. Finally, conclusions are drawn in Section VI.

II. SYSTEM CONFIGURATION AND IMPEDANCE
MODELLING

In this section, system configuration of an exemplified
OWPRP is first depicted, followed by establishing dq impedance
matrix of GCI with consideration of outer power control loop,
inner current control loop and PLL. Also, circuit model of
transmission cable considering frequency-dependent feature is
established.

A. System Configuration

Fig. 1(a) shows the circuit configuration of an exemplified
OWPP, where four permanent magnet synchronous generators
(PMSGs) are connected with point of common coupling (PCC)
through 575 V/ 33 kV transformers T1, T2, T3, T4 and
transmission cables TC1, TC2, TC3, TC4. And the 33 kV bus
is connected into 150 kV main AC grid through 33 kV/150
kV transformer T5 and transmission cable TCS.

For each PMSG, controls of generator side converter and
GCI are decoupled, and dc-link voltage V. is regarded as con-
stant [10]. Therefore, output impedances of the four PMSGs
are only dependent on the four GCIs. The control structure
of the GClIs is shown in Fig. 1(b), where outer power control
loop, inner current control loop and PLL are marked as blue,
black and red, respectively. Although many PLL structures
different from each other by the phase detectors have been
proposed, they share the same phase-locking principle and
differ mainly in the area of phase-angle measurement [40]. Its
impact on the converter output impedance is negative, which
is not changed by advanced PLL, current, and power control
strategies [7]. Therefore, the synchronous reference frame-PLL
(SRF-PLL) which is currently the most common phase-locked
method is used in this paper.

Instability phenomena may occur under weak grid condi-
tion. Specifically, the grid is regarded as weak if it has a
high impedance seen from PCC, which can be depicted by
the short-circuit ratio (SCR), shown as follows [32].

Psc Vi /12|

SCR = - (1)
POWPP_rated POWPP_Tated

where Psc and Pow pp_rated are the short-circuited capacity
of the grid at the PCC and the rated generation power of the
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Fig. 1. Typical configuration of an HVAC-connected OWPP. (a) Four PMSGs
connected with PCC via transmission cables in parallel. (b) Control structure
of the four GCIs.

(a)
Fig. 2. Block diagram of the GCIs in Fig. 1 using transfer matrices [7].

OWPP, respectively. Generally, the grid is weak when 2 <
SCR < 3 and very weak when SCR < 2 [18].

B. DQ Impedance Modelling of GCI

Output impedances of L-filtered GCI without and with outer
power control loop have been derived in [7]. On its basis,
dq impedance models of LCL-filtered GCIs without and with
power control loop can be established based on the control
block diagram in Fig. 2, shown as (2) and (3) on the next
page, where Y/, . and Y/,  are defined as follows.

Vitre = ~Alay(AVice,) |
C’L g,dq PCC,dq AVE =
=(((Zg) P+ (ZE) )+ ZLfQ)*
Y, = AL 4 (AVS )™ ]
LCL,g g,dq ,dq AVECC = -0
= (27, "+ ((Z7,,) "+ (Zg ) HzE )

“4)

where the superscript m denotes matrix. Detailed expressions
of the symbols in (2) and (3) are shown in Appendix A. It can
be seen that the two PLL-related transfer matrices (G5 ;
and G371 4) and the three power control loop-related transfer
matrices (G5, . Gpg ; and Gpg ) are highly sensitive to

0885-8969 (c) 2019 EU. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.2965017, IEEE

Transactions on Energy Conversion

r ZPLL ZPLL
Z1cL nopPCL = _ ZZPZLL ZZFZLL } = _AI;,dq(AV;CC,dq)_l‘Algfdfqzo
= Vb~ gVa Loy Ol (GG i+ G )™ (I 4 SVae L Gl G) @)
r PCL PCL
Ziow i ror = | phor Fer | = AL AVicoa)
=(Yitr.e— %VdCYLmCL,g wel(Go + GLGlpoGPo ) GPrr i + GPrr a— GZ?G%QGT}?Q_ngLL_v))_l
I VAl P, G (G + GGGl ) ®

(@ (b)

Fig. 3. Circuit model of transmission cable. (a) Two-port network model. (b)
RL circuit model of p.u.l. series impedance.

operating point V5ec 400 17 4, and Dy, . The effects of the
operation point on dq impedance model will be investigated

in Section III.

C. Circuit Modelling of Transmission Cable with Considera-
tion of Frequency-Dependent Characteristics

1) Practical Electrical Characteristics of Transmission Ca-
ble: Transmission cable can be modelled as a two-port net-
work, as shown in Fig. 3(a). The parameters are given as
follows [41].

o sinh(vy(w)L)
Zs = 2( )Lv((w)(L) R .
tanh(vy(w)L/2
Yo =L —0m

where Zg and Yp are series impedance and shunt admittance;
z(w) = r(w) + jwl(w) and y(w) = g(w) + jwe(w) the p.u.l.
impedance and admittance; v(w) = /(z(w)y(w) propagation
constant, and L the length of transmission cable; r(w), {(w),
g(w) and c(w) p.u.l. resistance, inductance, conductance and
capacitance, respectively. For transmission cable, r(w) and
l(w) change as frequency varies. g(w) can be ignored, and
¢(w) is regarded as constant [41].

2) Generate Cascaded 11-Section Circuit Model of Trans-
mission Cable: In the proposed circuit modelling method,
r(w), l(w) and c(w) are first calculated by Matlab toolbox
power_cableparam based on the material and size of the
transmission cable [42]. On its basis, vector fitting (VF)
algorithm is then employed to fit frequency characteristics of
p.u.l. series impedance z(w). The mathematical representation
can be obtained as follows [43].

N
f(s)=> Bn/(s— An) + D+ sE (6)
n=1

| . L L, L L,y L Ly
R L, d N VR oL N R L
Y | ) \ q \
Vi iM m ‘ | n&mm r \ " |
cable | ) R{ R . | R R | ) R R
r< ) Nl € 0 Nl e ] NC|
L2 sewont 27,72 seon2  3f, 7 Seionm 7],

Fig. 4. Multi-segment lumped-parameter RLC circuit model of transmission
cable.

where f(s) is the fitted transfer function, N is the order
of f(s), B, and A,, are the nth residue and pole pair. D
is nonzero if the order of the numerator polynomial is not
lower than the order of denominator polynomial. Nonzero E
indicates the transfer function is improper [43].

(6) is then represented by an RL network, as shown in Fig.
3(b), where parameters of the RL circuit are calculated as
follows.

Ry=D-) Bn/A, Lo=E 7
i=1

Ry = By/A, Lp=-Ry/A, (k=12.N)

Finally, cascaded II-section circuit model of the transmis-
sion cable is established, as shown in Fig. 4, where the
parameters of each II section are calculated as follows.

Ry =RoL/m Ly=LoL/m Rj=RiL/m (8
L,=LiL/m C =cL/m (k=1,2...N)

where L is cable length, m number of II sections, ¢ p.u.l.
capacitance. Basically, m increases as L increases. In addition,
N increases as frequency range of interest widens.

Note that the impedance models of GCIs (2) and (3) are
established in dq-domain, whereas the impedance model of
transmission cable in Fig. 4 is established in phasor-domain.
The impedance models of GCIs and transmission cable should
also be represented in phasor-domain and dq-domain, respec-
tively, to investigate the impedance interaction. The phasor-
domain impedance model of the GCI can be obtained as
follows [44].

m Zinv_pp Zinv_pn

inv_pn = Zinv np Zinv . = ATZYLZ:jv_dq (A?)_l (9)
where 2z =~ and Z7" = are dg-domain and modified

sequence-domain impedance models of the GCI, respectively.
A? = %[17]7 1a _.j], Zinv_pp = Z’inv(s + jwl), Zinv_’rm =
Zinw(8 — jw1). Ziny is the phasor-domain impedance model.
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On the other hand, the dq-domain impedance model of the
transmission cable can be obtained as follows.

m _ m\—1r~m m
ZTC’_dq - (AZ) ZTC_pnAZ

(A7Zn)7 1 ZTC_pp ZTC_pn AZL

10
ZTC_np ZTC_nn ( )

where Zp 4, and Zpe ,, are dg-domain and modified
sequence-domain impedance models of the transmission cable,
respectively. Zrc pn = Zrcnp = 0, Zrc_pp = Zeabie(s +
Jw1)s Z1¢ nn = Zeable(S — jw1). Zeavle 1s the phasor-domain
impedance model in Fig. 4.

3) Comparison of Different Circuit Models of Transmission
Cable for Stability Analysis: Circuit and controller parameters
of the GClIs are shown in Table I, where the bandwidths of
inner current control loop, outer power control loop and PLL
are 278 Hz, 13 Hz and 111 Hz, respectively. In addition, the
material and physical parameters of the transmission cables
can be found in [42]. Based on the material and physical
parameters, the OPAL-RT ARTEMIiS-SSN library is able to
generate the WideBand Line model which can accurately
reproduce terminal impedance characteristics [45]. Therefore,
the WideBand Line model will be regarded as a benchmark to
assess the accuracy of the fitted RLC circuit models. The Bode
diagram of the WideBand Line model for a 11 km transmission
line, i.e., SCR= 3.27, is plotted as Z;debana in Fig. 5(a).

Furthermore, Matlab toolbox power_cableparam is used
to calculate r(w) and I(w). On its basis, z(w) is fitted as
(6) using VF algorithm, and frequency-dependent RLC circuit
models in form of Fig. 4 is established based on (7) and (8).
Specifically, Bode diagrams of the frequency-dependent RLC
circuit models with different number of II sections (1, 5, 10
and 20) Zrp_1_pi» ZFD_5_Pi» 4FD_10_Pi» 4FD_20_pi tor the
11 km transmission cable are plotted in Fig. 5(a). It can be seen
that fitting accuracy becomes higher as the number of cascaded
II sections increases. On the other hand, Bode diagram of
terminal impedance of RLC circuit model which consists of
20 II sections without consideration of frequency-dependent
characteristics Zyon_rpD_cable 15 plotted in Fig. 5(b). It can
be seen that the non-frequency-dependent RLC circuit model
cannot reveal practical damping characteristics, especially in
high-frequency range.

TABLE I
CIRCUIT AND CONTROLLER PARAMETERS OF THE GCIs

Parameter Value
DC-link voltage Vg, 1150 V
Grid fundamental frequency f1 50 Hz
Inverter side filter inductance Lfq 263 puH
Grid side filter inductance L fo 200 pH
Filter capacitance C'y 40 uF
Switching frequency fsu it 2.5 kHz
Sampling frequency fsamp 2.5 kHz
Grid Vrms (phase-to-phase) Vy 33 kV
Proportional gain of power controller k,pqg  2.7454e-04
Integral gain of power controller k; pq 0.165
Proportional gain of current controller ky; 1.4054e-3
Integral gain of current controller k;; 0.2455

Proportional gain of PLL k,,;; 20
Integral gain of PLL k;py, 200

E 10TZW|debnnd ZFD,],P!*ZFD,S,P. ZFD,m,Px*ZFD,zo,Pi
= ;
=]
2
=)
en
s
L
2
o0 - \
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(a)
E = inv_Zwidcbm\d Znon,l?D,cub]c ZITDJ(LPi
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=h
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<
=N
L2
290 LI
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Fig. 5. Comparison of different circuit models of transmission cable for
stability analysis. (a) Bode diagrams of output impedances of WideBand
Line model and RLC circuit models for 11 km transmission cable. (b) Bode
diagrams of output impedances of GCI 1 and 11 km transmission cable using
different circuit models.

Three-phase voltages and currents when GCI 1 is connected
with the 11 km transmission cable using the non-frequency-
dependent circuit model with 20 II sections, WideBand Line
model and frequency-dependent circuit model with 20 II
sections are shown in Figs. 6(a), 7(a) and 7(b), respectively. It
can be seen that the system is unstable in Fig. 6(a) and stable
in Figs. 7(a),(b). In addition, frequency spectrum of Fig. 6(a)
is shown in Fig. 6(b), where oscillation phenomena occur at
427 Hz and 714 Hz. To reveal the high-frequency oscillation
phenomena, phasor-domain impedance model of GCI 1 Z;,,,
is calculated from (2) using matrix transformation (9), and
Bode diagram of Z;,, is plotted in Fig. 5(b). It can be seen
that magnitudes of Z;,,,, and Z,,0,_FpD cable interact at both
424 Hz and 699 Hz, where phase angle differences are higher
than 180°. It indicates that the system is unstable at the two
frequency points. In addition, magnitudes of Z,;qecband and
Zrp_20_pi do not interact with Z;,,,, in non-passive region of
GCI 1, which indicates that the system is stable. The analysis
results agree with the simulation results in Figs. 6 and 7. Since
low-frequency stability is focused in this paper, and the low-
frequency impedance characteristic of transmission cable can
be reproduced by one II section, the proposed one-II-section-
based frequency-dependent RLC circuit modelling method of
transmission cable will be used in Sections IV and V for the
dq impedance-based stability analysis of the OWPP shown in
Fig. 1(a).

III. IMPACTS OF ACTIVE AND REACTIVE POWER ON DQ
IMPEDANCE FEATURE OF THE GCI

In this section, impacts of active and reactive current/power
references on low-frequency dq impedance characteristics
of the GCI are first theoretically derived using complex
space vectors and complex transfer functions. On its basis, a
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Fig. 6. Simulation results using non-frequency dependent circuit model with
20 IT sections. (a) Time-domain simulation results. (b) Frequency spectrum
of three-phase voltages and currents.
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Fig. 7. Time-domain simulation results using WideBand Line model and
frequency-dependent circuit model with 20 II sections. (a) Simulation results
using the WideBand Line model. (b) Simulation results using frequency-
dependent circuit model with 20 IT sections.

quadrature-axis impedance reshaping method through reactive
power injection is presented.

A. Theoretical Derivation of Impacts of Active and Reactive
Current/Power References on DQ Impedance Characteristics

The dq impedance models in (2) and (3) will be refor-
mulated using complex space vectors and complex transfer
functions to clearly observe the effects of different control
loops on dq impedance characteristics. The complex transfer
function representations of the transfer matrices in (2) and (3)
are listed in Appendix A, based on which the complex transfer
functions-based control block diagram of the GClIs is derived
in Fig. 8.

Fig. 8. Block diagram of the GCls in Fig. 1 using complex space vectors and
complex transfer functions.

1) Without Outer Power Control Loop: The closed-loop
response of AI;dq can be derived from Fig. 8, shown as
follows.

S _ CCL s PLL s
_AIg 0o Y A\/PCC,dq - Ycl,quVPCC,dq

cl,dq
an
where YGGE and Y are the complex transfer function
representations of current control loop-related and PLL-related

output admittance, respectively, shown as follows.

,dqg | AL =

PLL -
+Y.49AVhcc.dq

YSSJ;I =YwrcL,e/(1+ Terdq)
(G+,PLL_d

YPLL —
Gci

cldq = + Gy prLLi)GSGy (12)

where GGGL Teidq/(1 + Teraq) and Teraq =
%VdcYLCL,ngechi are the closed-loop and open-loop
gains of the current control loop, respectively.

When Algqu = 0, the following equation can be obtained
based on (11).

s CCL PLL PLL
_ AIg,dq _ Ycl,dq — Ycl,d Ycl,dq
AIS* - YPLL* YCCL* o YPLL*
g.,dq cl,dq cl,dq cl,dq
s s
|: A\/PCC,dq :| _ YPLL,m |: A‘[PCC,dq :| (13)
S% =XYi4 S
AVpce.dq a AVpce.dq

Yi[:ilc‘l’m is actually the modified sequence-domain admit-
tance model [46]. The four components of the dq-domain
admittance model (2) can thus be derived using (9), shown
as follows.

YCCL + YCCL*

1,dq cl,dq
yPLL _ el :
dd 2
YS3h - YSe
PLL __ . cl,aq cl,aq PLL PLLx
qu - ]( ) 7Ycl,dq + Ycl,dq )
CCL+ _ v CCL
yPLL _ j(Ycl,dq Ycl,dq)
qd 2
CCL CCLx*
YPLL _ YClydq + YClydq YPLL YPLL* (14)
aQq 9 " “ecldg ™ “ecldq

It can be seen from (2) and (14) that the effects of current
control loop and PLL on the four components of the dq
admittance model can be clearly observed with the help of
complex transfer functions. Specifically, PLL dynamics only
affect YdlzLL and Yq};LL . By substituting (12), (37) and (40)
into (14), it can be found that Y,/'X* and YdI;LL are affected
by active power injection /7 ; and reactive power injection
I3 . respectively. In addition, the four components of the dq
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By substituting (14) and (17) into (19), and applying the
inverse transformation of (9), the dq admittance model con-

impedance model are shown in (15) (L-type filter Ly is used
here for simplicity.).

N 1 S S
ZPIL = 7, + JiwlLf(Vc,q + 15 ,Gei)GrrrGaeVae/ -

1 )
5( wa T 15 4Gei)GprLrGaelVae)

1 s s 1
ZCI;ZLL — —wlLf + jg(Vc"q =+ Ié7chi)(LfS + §GciGdelVdc)~-~

(1-

1
GprrGaeVae/(1 — §(Vcs,d +1; 4Gei)GrrrGaelVie)

PLL _

1
(wiLyg)/(1 = §(Vc8,d +1I; 4Gei)GrrrGaelVie)

Zy = Zin /(1 — %(V;d + 15 4Gei)GpLrGaeVice) (15)
where Z;,, = Lys + %Vchm—Gdel. It can be seen from (15)
that reactive current injection I . affects both ZPEL and
Z " Note that the case study in [7] shows that only Zj """
is affected by I7 ,, which may be not accurate based on the
aforementioned analysis.

2) With Outer Power Control Loop: Similar with (11),
the closed-loop response of AI;dq when further considering
power control loop can be derived from Fig. 8, shown as
follows.

s _ yvCCL1
~AL =Y

s PLL1
AVpccaq — Y

,dq|AP§;{5: cl,dq cldq -
S PLL1 Sk PCL1 s
AVpbccdq T Yeraq AVbccdq — Yerdq AVecco.dq-
PCL2 S*
—Yeaq AVpcec.aq (16)

where YGGL' and YHLL are the complex transfer func-
tion representations of current control loop-related and PLL-
related output admittance when considering power control
loop, respectively. In addition, Y§GL! and YEGL2 are the
power control loop-related output admittance. The detailed

expressions are shown as follows.

yCCL1 _ I+ Tcl,quCCL
cldg ™ 7 TPCL ~cldq
cl,dq
prL1 _ 1+ Terda pPLL
cldq — PCL ~ cldq
1+ Tcl,dq
YPCLl _ 2TC17dq G 'VS* G
cldq — 1 + TPCL +,PLL_i ¥ PCC,dq “cPQ
cl,dg
T
PCL2 __ cl,dq S Sk
Ycl,dq = 1+ TPCL( g,dq — 2G+>PLL_iVPCC,dq)GCPQ
cl,dgq

A7)

where TES‘? = (1 -+ GCPQVgCC7dq)TCI,dq'

Similar with (13), the complex transfer function represen-
tation of the dq admittance model when further considering
power control loop can be derived based on (16), shown as

follows.
PCL PCL
YPCL,m o Y:t dd Y:I:.dq (18)
+dq ~ | yPCLx yPCLx
+,dq +,dd
where
PCL _ +vCCL1 PLL1 PCL1
Yi,dd = Ycl,dq - Ycl,dq - Ycl,dq
PCL _ ~PLL1 PCL2
Y:t,dq - Ycl,dq - Ycl,dq (19)

sidering power control loop is shown as follows.

1+ Tedgy,prr  TeldgGerq pref

YdP;iCL = 1 PCL -~ dd PCL s
+ Teraq 14+ Toaq Vecca
Yt = e T?g‘g pr . TedaGerq Q|
L+ ToGe ™ 1+ TES% Veco.
(2GpPrLVicca —1)
YFOL = L+ Tcplgf PLL _ Te1,dqGerq Q"7
1+ To%g 1+ TES Vico.
g e Bataypn TasaGira 10
1+ T5Gq ™ 1+ T Vicea

(1=2GprLVpoc,a) (20)

It can be seen from (14) and (20) that, under power control
mode, Y7 and Y'“F are affected by active power injection
Pref . In addition, Y ;“% and Y, ;" are affected by reactive
power injection Q"¢/.

Similar with (15), the four components of the dq impedance
model (3) can be derived as follows.

pcr _ BD+CE

de - A
grou _ BE=CD
lq A
yror _ GergGuGaulyd B - CF
gd T A
ZFCE _ _GcPQGciGde/llf;"qu C+BF @1

where the detailed expressions of A, B..., F' are shown in
Appendix B. It can be seen from (21) and (43) that, when
further considering power control loop, all of the four elements
of the dq impedance model are affected by both active and
reactive power injection P"¢/ and Q¢f.

B. Impacts of Active and Reactive Power References on Low-
Frequency Stability

Since low-frequency stability is mainly determined by
ZLL, investigation of impacts of P/ and Q"¢/ on Z[/“L is
focused here [18], [27]1-[29]. ZLC* is reformulated as follows.

Dy Do Prel 4 T30/

PCL _
ZEeL — < (22)
where I'y, I'; and I's are shown as follows.
GaetVaeGei(1 4+ Gepo VS
r, — Lf8-|- del Vdc z( . PQ PCC,d) _ F1_18+F1_2
Ty — Gcz’GcPSQGdelLfs g
Vice,d
G%Ger@GiaVac(1+ GergVicc.a)
S =T918+ T2
2Vicce,d
T, = GciGc‘I;?GdelwlLf 23)
pPCC.d
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Then, phase angle of Z[;¢%
wo can be derived as follows.

at specific angular frequency

(D11 + Ty 1 P )wy
[y o+ Ty oPref 4 T5Qref
(24)

LZ;CL = —180° + arctan

s=jwo

It can be seen from (24) that AZ[ZCL may be below —90°
for certain combination of P™/ and Q"¢/, which may lead to

instability phenomena under weak grid condition.

C. Requirement of Flow Direction and Power Level of Reac-
tive Power Injection for Stability Enhancement

The parameters in (24) except ()..y are guaranteed to
be positive. Therefore, if Qr.y > 0, then ZZLL €
(—180°,—90°), which means that the passivity of Z;;CL
cannot be guaranteed under positive flow direction of reactive
power. In other words, negative flow direction of reactive
power is required for passivity enforcement. Therefore,

LZFCE € (=90°,-0°) > Ty o+ T o P™ = T3 |Q™/| < 0
(25)

Based on (25), for a given P/, passivity of can be

enforced if Q"¢/ satisfies the following inequation.

- re Fl 2+ F2 2Pre re e
’def| > ‘Qmi{l = _F—g_f = ‘Qmi{ll + ‘Qmi{ﬂ
(26)

PCL
qu

where ’Q;fi{u 2‘ are independent and dependent

on active power injection, respectively.

On the other hand, for a given negative Q"°f, passivity
of ZL}°L can be enforced if P/ satisfies the following
inequation.

’ and ‘Q”f

min

—T 2 +T3|Qrerl _ pref
T — “max1
2.2

Pref < Pref _

max

P, @7

where ng; ; and P;ZJ; 5 are independent and dependent on re-
active power injection, respectively. When the grid impedance
is not purely inductive, e.g., the phase angle of grid impedance
is lower than 90°, the allowed maximum delivered active
power not to trigger the low-frequency instability is higher
than Pr¢/, and the required minimum reactive power to
mitigate the low-frequency instability is lower than TQIHGI{I

IV. SIMULATION VERIFICATION OF IMPACTS OF ACTIVE
AND REACTIVE POWER ON LOW-FREQUENCY STABILITY

In this section, the impacts of power control loop, active
and reactive power on low-frequency stability derived in
Section III are verified by time-domain simulation results in
Matlab/Simulink.

A. Impact of Power Control Loop on Low-Frequency Stability

Fig. 9(a) shows Bode diagrams of measured impedance
frequency responses of GCI 1 without power control loop
Zyenet por when Il = 15 kA and )% = 0, and
with power control loop Z] 27 . pop when P/ = 1.3

MW and Q"¢f = 0 obtained by frequency scanning method.

Zqq and Z,q are omitted, since instability phenomena can
be revealed using diagonal elements Z;q and Z,, [7], [18].
Bode diagram of the theoretically-derived dq impedance model
without power control loop Z7; .., pcr using (2) is also
plotted in Fig. 9(a). It can be seen that Z1 T o poy highly
agrees with Z7~; .. pcp. which verifies the correctness of
the measured impedance data. In addition, Bode diagram
of the dq impedance model of frequency-dependent circuit
model with one II section of a 19 km transmission cable, i.e.,
SCR=1.90, derived by the method presented in Section II is
shown as Z7 in Fig. 9(a). Magnitude of Z;70 1, per
interacts with that of Z77, ~at point A (20 Hz), where phase
angle difference is 84 — (—98) = 182°, which indicates
that the system is unstable. On the other hand, magnitude of
Z1 T wo_pcy, interacts with that of Z7  at point B (22 Hz),
where phase angle difference is 74.4 — (—91.1) = 165.5°,
which indicates that the system is stable.

Figs. 9(b), (c) show corresponding simulation results with
power control loop before 3 s and without power control
loop after 3 s. It can be seen that low-frequency oscillation
phenomena occur before 3 s. Frequency spectrum of phase
A voltage and current before 3 s is shown in Fig. 9(a). It
can be seen that oscillation phenomenon occurs at 26.75 Hz
(50 — 23.25 = 26.75 Hz) and 73.25 Hz (50 + 23.25 = 73.25
Hz), which verifies correctness of the impedance-based stabil-
ity analysis. Therefore, the presence of power control loop
increases the possibility of instability phenomena in low-
frequency range, which agrees with the theoretical analysis
results in Section IIL.A.

B. Impact of Active Power on Low-Frequency Stability

Fig. 10(a) shows Bode diagrams of Z;q and Z,, of dq
impedance matrices of GCI 1 as P"¢/ increases from 0.1 MW
to 2.0 MW and Q"% = 0. It can be seen that magnitude
of Z,q decreases in low-frequency range as Pref increases,
making magnitude interaction point move leftward and phase
angle difference increase. For example, if Pref is increased
from 0.5 MW to 2.0 MW, magnitude interaction point of Z,
moves from point C to point D, where phase angle difference
is increased from 74 — (—95) = 169° to 84 — (—98) = 182°.
It indicates that the system is stable when pref = 0.5 MW,
and unstable when P7¢f = 2.0 MW. Similarly, it can be seen
that the system is stable when P"¢/ = 0.1 MW and unstable
when P¢/ = 1.3 MW.

Figs. 10(b), (c) show corresponding simulation results of
GCI 1 when P/ changes from 1.3 MW to 0.5 MW at 3
s and from 0.5 MW to 2.0 MW at 6 s. It can be seen that
GCI 1 is stable when P"¢f is 0.5 MW, and is unstable when
Pref are 1.3 MW and 2.0 MW, respectively. The simulation
results agree with the theoretical analysis result in Fig. 10(a).
In addition, frequency spectrum of three-phase voltages and
currents from 6 s to 9 s is also shown in Fig. 10(a). It can be
seen from Figs. 9(a) and 10(a) that total harmonic distortion
(THD) of three-phase voltages increases from 319.92% to
401.98%, and THD of three-phase currents increases from
100.77% to 131.84% once P"¢/ is increased from 1.3 MW
to 2.0 MW. In conclusion, higher Pref tends to cause low-
frequency instability when the GCI is connected into weak
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Fig. 9. Impedance-based stability analysis of GCI 1 connected with 19 km transmission cable and simulation results considering effect of power control loop.
(a) Bode diagrams. (b) Three-phase voltages and currents. (c) Active and reactive power.
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Fig. 10. Impedance-based stability analysis of GCI 1 connected with 19 km transmission cable and simulation results considering effect of different PTef
with Q"¢ = 0. (a) Bode diagrams. (b) Three-phase voltages and currents. (c) Active and reactive power.

grid, and brings severer distortion of three-phase voltages and
currents, which agrees with the theoretical analysis results in
Section III.C.

C. Impact of Reactive Power on Low-Frequency Stability

Fig. 11(a) shows Bode diagrams of output impedances of
GCI 1 with P/ = 2.0 MW and Q"¢ changing from 0 MVar
to -1.2 MVar. When Q"¢ is 0 MVar or -0.1 MVar, phase angle
difference at magnitude interaction point E of Z,, is 84 —
(—99) = 183° or 84 — (—98) = 182°, which indicates that the
system is unstable. When Q"¢/ is changed to -0.8 MVar and
-1.2 MVar, phase angles of Z,, of GCI 1 impedance matrix at
magnitude interaction points E and F are within —90°, which
indicates that the system is stable.

Figs. 11(b), (c) show corresponding simulation results of
GCI 1 with P™¢/ = 2.0 MW and Q"*/ changing from 0
MVar to -0.8 MVar at 1 s and from -0.8 MVar to -0.1 MVar

at 4 s. It can be seen that the system is unstable from O s to
1 s, stable from 1 s to 4 s and unstable again from 4 s to 8 s,
which agree with the Bode diagrams in Fig. 11(a). It can be
seen that negative reactive power of GCI 1 can be adjusted to
stabilize the low-frequency oscillation, which agrees with the
theoretical analysis results in Section III.C.

V. IMPACTS OF DIFFERENT FACTORS ON REQUIRED
REACTIVE POWER FOR LOW-FREQUENCY STABILIZATION

In this section, impacts of different factors, e.g., PLL
parameters, length of transmission cable and number of par-
alleled GClIs, on required reactive power for low-frequency
stabilization are investigated. Real-time verification based on
OPAL-RT digital simulator platform is also performed. In
addition, comparisons among the presented low-frequency
stabilization method and existing commonly-used methods are
also performed.
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Fig. 11. Impedance-based stability analysis of GCI 1 connected with 19 km transmission cable and simulation results considering effect of different Q"¢
with PTef = 2.0 MW. (a) Bode diagrams. (b) Three-phase voltages and currents. (c) Active and reactive power.

A. Impact of PLL Parameters on Required Reactive Power for
Low-Frequency Stabilization

Fig. 12(a) shows Bode diagrams of output impedances of
GCI 1 with different PLL controller parameters and Q"¢7.
It can be seen that, when PLL bandwidth f,; = 56 Hz
(kppu = 10 and k;py; = 50) and me = —0.1 MVar,
phase angle difference at magnitude interaction point A (20
Hz) is 83.57 — (—96.22) = 179.79°, which indicates that
the system is stable. In addition, when f,; = 133 Hz
(kppu = 24 and ki = 288) and Q"¢ = —0.1 MVar,
phase angle difference at magnitude interaction point A (20
Hz) is 83.57 — (—99.05) = 182.62°, which indicates that the
system is unstable. Furthermore, when f,; = 133 Hz and
Qref = —0.6 MVar, phase angle difference at magnitude
interaction point A (20 Hz) is 83.57 — (—87.57) = 171.14°,
which indicates that the system is stable. Figs. 12(b), (c) show
corresponding simulation results when PLL controller param-
eters and reactive power reference change from f,; = 56 Hz
and Qrey = —0.1 MVar to f,; = 133 Hz and @,y = —0.1
MVar at 3 s, to f,; = 133 Hz and Q,.y = —0.6 MVar at
7 s. It can be seen that the system is stable from O s to 3 s,
unstable from 3 s to 7 s, stable again from 7 s, respectively.
Simulation results agree with the impedance-based stability
analysis in Fig. 12(a). It can be seen that the GCI with lower
PLL bandwidth can be stabilized by less negative reactive
power.

B. Impact of Length of Transmission Cable on Required
Reactive Power for Low-Frequency Stabilization

Fig. 13(a) shows Bode diagrams of grid impedance and out-
put impedance of GCI 1 with different Q"¢f when P™¢f = 2.0
MW and fp” = 89 Hz (kpp” = 16 and k‘ip” = 128)
When Lrc = 19 km and Q"¢ —0.1 MVar, phase
angle difference at magnitude interaction point A (20 Hz) is
83.57 — (—95.86) = 179.43°, which indicates that the system
is stable. In addition, when L~ = 20 km, i.e., SCR=1.80,

and @,y = —0.1 MVar, phase angle difference at magnitude
interaction point B (17 Hz) is 82.71 — (—99.17) = 181.88°,
which indicates that the system is unstable. Furthermore,
when Lpc = 20 km and Q"¢/ —0.7 MVar, phase
angle difference at magnitude interaction point C (16 Hz) is
84.59 — (—94.50) = 179.09°, which indicates that the system
is stable again. Figs. 13(b), (c) show corresponding simulation
results with length of transmission cable and reactive power
reference changing from Lyc = 19 km and Q"¢ = —0.1
MVar to Lyc = 20 km and Q"¢/ = —0.1 MVar at 4 s, to
Lpc =20 km and Q"% = —0.7 MVar at 6 s. It can be seen
that the system is stable from O s to 4 s, unstable from 4 s to
6 s, stable again from 6 s, respectively. Frequency spectrum
of three-phase voltages and currents when Lo = 20 km and
Qref = —0.1 MVar is shown in Fig. 13(a). It can be seen that
the simulation results agree with the impedance-based stability
analysis results. Therefore, weaker grid tends to make system
unstable, which can be stabilized by more negative reactive
power injection.

C. Impact of Number of Paralleled GCIs on Required Reactive
Power for Low-Frequency Stabilization

Fig. 14(a) shows Bode diagrams of the OWPP in Fig. 1(a)
with P/ = 2.0 MW, fpu = 89 Hz, different number of
paralleled GCIs N¢¢; and different Q"¢f. When Ngop = 2,
Q"¢ = —0.1 MVar and Ngcor = 2, Q"¢f = —0.7 MVar,
phase angle differences at magnitude interaction points A (19
Hz) and B (17 Hz) are 84.99 — (—97.81) = 182.8° and
86.45 — (—90.02) = 176.47°, respectively, which indicate that
the system is unstable and stable in the two cases, respectively.
In addition, when Ngor = 4, Qref = —0.7 MVar, phase
angle difference at magnitude interaction point C (11 Hz)
is 87.71 — (—104.80) = 192.51°, which indicates that the
system is unstable. Finally, when Ngcor = 4, Q"¢ = —2.0
MVar, the Bode diagrams indicate that the system is stable.
The corresponding simulation results are shown in Figs. 14(b),

0885-8969 (c) 2019 EU. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.2965017, IEEE

Transactions on Energy Conversion

2 g+ Q0 MVar K =10.K =50 ——Q, =0, MVar, kpm_:z;n. K ppy =288 ——Q =-0.6 MVar, .k =24,k | =288
= 10° >4 ;
c [z | — VA Z ol 1050
= 1 1 =
S0 dd g 10t} Zgd %g n
-1 -1,
210 'q'; 10 %-Zkg =00 MVar———""""0  =-0.6 MVar.
5107 Z10? 4 ! : :
§ 1 10 100 10002500 §D 1 10 100 10002500 - 20 5 10 15
< <
& 138 é 128 _7 A, (20.8357) '*:“ 0
L [5) =
) ) =)
2 90t4Z 2 oot ) 5o 10 15
< _180 dd < _|1goe=—""_ O Time [s]
— 1 10 100 10002500 — 1 10 100 10002500 (b)
S S
Z 10l =
o WHZ | g
ERy ad . A A E .3
= 10 = z £ 5
g 10 e ~ 22
1 10 100 10002500 = g5
— 180 P L0
= 90142y . 2 g0
2 0 P o 27| o = Z0s
- (Zoomed in) Q
é ,128 / V é 110 A, 20 ‘)EA}GO.J)‘J.()S) qq &‘3‘ E‘-l.
1 10 100 10002500 10 50 100 Time [s] !
Frequency [Hz] Frequency [Hz] ©
(@

Fig. 12. Impedance-based stability analysis and simulation results of GCI 1 with different PLL controller parameters and Q"¢f. (a) Bode diagrams. (b)

Three-phase voltages and currents. (c) Active and reactive power.
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Fig. 13. Impedance-based stability analysis and simulation results of GCI 1 connected with length-scalable transmission cable. (a) Bode diagrams. (b) Three-

phase voltages and currents. (c) Active and reactive power.

(c), and collected in the fifth and sixth columns in Table II.
In addition, frequency spectrum of three-phase voltages and
currents when Ngoy = 2, Q’”Ef = —0.7 MVar is shown in Fig.
14(a). It can be seen that the simulation results agree with the
impedance-based stability analysis. In conclusion, integration
of more GClIs tends to make OWPP unstable, which can be
stabilized by injecting more negative reactive power.

TABLE II
IMPACT OF NUMBER OF PARALLELED GCIS ON REQUIRED REACTIVE
POWER FOR LOW-FREQUENCY STABILIZATION

Case Nacer Qref IBSC Period Simulation
Case 1 1 -0.1 MVar Stable [0s, 3.0 s) Stable
Case 2 2 -0.1 MVar  Unstable [3.0 s, 4.0 s) Unstable
Case 3 2 -0.7 MVar Stable [4.0s, 7.0 s) Stable
Case 4 4 -0.7 MVar  Unstable [7.0s, 7.159) Unstable
Case 5 4 -2.0 MVar Stable [7.1 s, 10.0 s) Stable

D. Real-Time Simulation Verification Based on OPAL-RT
Platform

Real-time simulation verification based on OPAL-RT digital
simulator platform is performed to further validate the correct-
ness of the theoretical analysis results in Section III and the
time-domain simulation results obtained by Matlab/Simulink.
Fig. 15 shows the picture of the adopted OP5600 real-time
digital simulator. The OP5600 combines the power and re-
liability of Intel Xeon E5 processing cores with the high-
performance latest generation Xilinx Virtex-6 FPGA to address
a wide range of rapid control prototyping applications with
OPAL-RT’s RT-LAB or HYPERSIM software platforms. The
Simulink-based model is established in the RT-LAB software,
based on which code is generated and downloaded into the
OP5600 hardware. Both software and hardware platforms
allow high-speed and real-time simulation. The real-time
simulation results obtained by OPAL-RT platform are then
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Fig. 14. Impedance-based stability analysis and simulation results of the OWPP shown in Fig. 1(a). (a) Bode diagrams. (b) Three-phase voltages and currents.

(c) Active and reactive power.

Fig. 15. Picture of the OP5600 real-time digital simulator platform in
laboratory.

processed in Matlab. The circuit and controller parameters of
the GCI used in the real-time simulation verification are shown
in Table L.

Fig. 16 shows the real-time verification of the effect of outer
power control loop on low-frequency stability. It can be seen
that the system is unstable with power control loop before 3 s,
and stable without power control loop after 3 s, which agrees
with the simulation results based on Matlab/Simulink in Fig.
9.

Fig. 17 shows the real-time verification of the effect of
active power delivery on low-frequency stability. It can be
seen that the system is unstable with P..y = 1.3 MW before
3 s, stable with P..y = 0.5 MW between 3 s and 6 s, and
unstable again with P..; = 2.0 MW after 6 s, which agrees
with the simulation results based on Matlab/Simulink in Fig.
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Fig. 16. OPAL-RT platform-based real-time verification of the simulation
results in Fig. 9. (a) Three-phase voltages and currents. (b) Active and reactive
power. (c) FFT of three-phase voltages and currents with power control loop.

10.

Fig. 18 shows the real-time verification of the effect of
reactive power injection on low-frequency stability. It can be
seen that the system is unstable with Q,.y = 0 before 1 s,
stable with .y = —0.8 MVar between 1 s and 4 s, and
unstable with Q.. = —0.1 MVar after 4 s, which agrees

with the simulation results based on Matlab/Simulink in Fig.
11.

Fig. 19 shows the real-time verification of the effect of
PLL bandwidth on require negative reactive power for low-
frequency stabilization. It can be seen that the system is stable
with kppy = 10, kipy = 50 and Qpey = —0.1 MVar before
3 s, unstable with kpp = 24, kijpy = 288 and Qey = —0.1
MVar between 3 s and 7 s, and stable again with &, = 24,
kipiy = 288 and Q.r = —0.6 MVar after 7 s, which agrees

with the simulation results based on Matlab/Simulink in Fig.
12.
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Fig. 17. OPAL-RT platform-based real-time verification of the simulation
results in Fig. 10. (a) Three-phase voltages and currents. (b) Active and
reactive power. (c) FFT of three-phase voltages and currents between 6 s
and 9 s.

Z2 5
2,0 £
< -
=21 Ul i _ |33
=} Qm:U me—/) 8 MVar QM:JI 1 MVar <
Z 0 1 2 3 4 5 6 .
<2 2
2 g
50 1 2 .3 4 5 6 &
@] Time [s]
(@)

000

=1500 ‘

E 500 71 Hz

> 0 -

z 0 20 40 60 80 100
F000 { i

2 1003 N Vi

S o 20

- 40 80 100
Frequency ﬁ’%xl

(©)

Fig. 18. OPAL-RT platform-based real-time verification of the simulation
results in Fig. 11. (a) Three-phase voltages and currents. (b) Active and
reactive power. (c) FFT of three-phase voltages and currents between 4 s
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Fig. 19. OPAL-RT platform-based real-time verification of the simulation
results in Fig. 12. (a) Three-phase voltages and currents. (b) Active and
reactive power. (c) FFT of three-phase voltages and currents between 3 s
and 7 s.

E. Discussions of the Presented Low-Frequency Stability Im-
provement Method Based on Negative Reactive Power Injec-
tion

It can be seen from Figs. 11 and 12 that the low-frequency
instability phenomenon which occurs when P"¢f = 2.0 MW,
Qref —0.1 MVar, kypy = 20 and ki = 200 can
be mitigated by either increasing negative reactive power
injection Q"7 from -0.1 MVar to -0.8 MVar or reducing PLL
controller parameters from k,,; = 20 and K = 200 to
kppu = 10 and k;,;; = 50. The low-frequency stabilization
method based on PLL controller parameters re-tuning has
actually been investigated in [18], [25], [26]. However, phase
tracking performance may be weakened, if the PLL bandwidth
is decreased. Fig. 20(a) shows the simulation results of q-axis
output voltage Vpce,, of PLL when P"¢f is changed from
2.0 MW to 1.0 MW at 2.0 s with different PLL controller
parameters and Q"¢/ = —0.1 MVar. It can be seen that
the system with lower PLL bandwidth experiences a larger
deviation and slower dynamics. Therefore, decreasing PLL
bandwidth is actually a trade-off between system stability
and PLL dynamics. On the other hand, Fig. 20(b) shows the
simulation results of g-axis output voltage Vpcc,q of PLL
when P/ is changed from 2.0 MW to 1.0 MW at 2.0 s
with different amount of negative reactive power injection
and kpp;; = 20, k;p;p = 200. It can be seen that the system
dynamic is slightly affected by reactive power injection, i.e.,
the presented method is able to improve system low-frequency
stability while maintaining fast system dynamics.

100 100
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Fig. 20. Simulation results of g-axis output voltage Vpcc,q of PLL when
pref is changed from 2.0 MW to 1.0 MW at 2.0 s based on two low-
frequency stabilization schemes. (a) Scheme 1: By decreasing PLL controller
parameters from ky,;; = 20,200 to kpy;; = 10,50, kp;; = 6,18 and kyy;; =
2,2 with Q"¢f = —0.1 MVar. (b) Scheme 2: By increasing negative reactive
power injection from Q"¢ = —0.1 MVar to Q"¢f = —0.8 MVar, Q"¢f =
—1.2MVar and Q"¢ = —1.5 MVar with kpu = 20, 200.

In addition, the low-frequency instability phenomena can
also be mitigated based on grid voltage feed-forward control
which is able to reshape the output impedance of the GCI
[27]1-[30]. High proportional feed-forward coefficient G,
increases |Zgq|, which tends to increase stability margin.
However, high Gy, also decreases /Z,,, which tends to
decrease stability margin. To further illustrate the two opposite
impacts of the usage of grid voltage feed-forward control loop
on the low-frequency stability, Figs. 21(a) and (b) show the
Bode diagrams of Z,, with different G s ¢,,. It can be seen that
when G, is 8.6957e-5 or 1.4783e-3, phase angle difference
at magnitude interaction points A (20 Hz) and B (21 Hz) are
83.56—(—98.56) = 182.12° or 78.98—(—101.11) = 180.09°,
respectively, which indicates that the system is unstable under
the two cases. In addition, when G's ¢, is 1.0435e-3 or 1.3043e-
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Fig. 21. Impedance-based stability analysis of GCI 1 connected with 19 km
voltage feed-forward coefficient G s ¢,,. (a) Bode diagrams of g-q component

transmission cable and simulation results considering effect of different grid
of dq impedance model. (b) Zoomed Bode diagrams of (a). (c) Three-phase

voltages and currents when G r,, is increased from 1.0435e-3 to 1.4783e-3 at 20 s. (d) Active and reactive power when G r,, is increased from 1.0435e-3 to

1.4783e-3 at 20 s. (e) Three-phase voltages and currents when Gy ¢,, is decrea
Gt is decreased from 1.3043e-3 to 8.6957e-5 at 10 s.

3, phase angle difference at magnitude interaction point B (21
Hz) is 78.98 — (—100.32) = 179.30° or 78.98 — (—100.79) =
179.77°, respectively, which indicates that the system is stable
under the two cases. Figs. 21 (c) and (d) show the simulation
results when Gy, is increased from 1.0435e-3 to 1.4783e-
3 at 20 s, which indicates that the stable system becomes
unstable again if larger Gy, is selected. In addition, Figs.
21(e) and (f) show the simulation results when Gy, is
decreased from 1.3043e-3 to 8.6957¢e-5 at 10 s, which indicates
that the system becomes unstable again if smaller Gy, is
selected. The simulation results in Figs. 21 (c)-(f) agree with
the impedance-based stability analysis in Figs. 21 (a) and (b).
Both the impedance-based stability analysis and the simulation
results indicate that the system can be unstable if too large
or too small Gy, is adopted. On the other hand, as derived
in Section III.C, the system can be stabilized only if amount
of the negative reactive power injection |Q7"ef ] is larger than

‘Qref which is calculated based on (26).

min

VI. CONCLUSION

This paper investigates the impacts of power control loop
and reactive power injection on dq impedance model and
low-frequency stability of OWPPs, and presents a low-
frequency stability improvement strategy based on reshaping
the quadrature-axis impedance through injecting negative reac-
tive power. The circuit model of transmission cable consider-
ing frequency-dependent characteristics is also established for
dg-domain IBSC. Simulation results show that the established
circuit model is able to obtain accurate impedance-based
stability analysis results. In addition, dq impedance model of
GCI is established using transfer matrices and reformulated
using complex transfer functions to investigate the effects of
different control loops on dq impedance feature, based on
which this paper shows that reactive power injection under

0885-8969 (c) 2019 EU. Personal use is permitted. For any other purposes, permi

sed from 1.3043e-3 to 8.6957e-5 at 10 s. (d) Active and reactive power when

power control mode is able to affect the quadrature-axis
impedance, whereas the quadrature-axis impedance remains
unchanged under current control mode. Theoretical analysis
also indicates that negative reactive power injection tends to
mitigate the low-frequency instability. Specifically, the amount
of the required negative reactive power is highly related with
length of transmission cable, PLL. bandwidth and number
of paralleled GCIs. The presented low-frequency stabilization
method based on negative reactive power injection is superior
to the PLL bandwidth retuning-based method in terms of
system dynamic performances, and is superior to the grid
voltage feed-forward control-based method in terms of simple
structure and robustness. In addition, the maximum bandwidth
of the PLL not to violate the low-frequency stability under
weak grid condition can be extended with the help of negative
reactive power injection. A four PMSGs-based OWPP has
been developed in Matlab/Simulink and OPAL-RT real-time
digital simulator platform to demonstrate the correctness of
the theoretical analysis results.

APPENDIX A
COMPLEX TRANSFER FUNCTIONS REPRESENTATIONS OF
TRANSFER MATRICES IN (2) AND (3)

A three-phase symmetrical and balanced electrical param-
eter Tqp. can be represented in dg reference frame in form
of either real space vector x4, (italic letter) or complex space
vector Xqq (bold letter), shown as follows [47].

Taq = [Ta, 4)T > Xdaq = Ta + j2q (28)

In addition, a two-dimensional matrix yg; can be repre-
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sented by two complex transfer functions, shown as follows.

m _ | Ydd Ydg
= <~
Ydq [ Ygd  Yqq ]
Ydd + Y. Yqd — Yd
Yida = T H T (29)
Ydd — Y .Yqd + Yd
V- dq = . qq+]q2 q

where the superscript m indicates that the parameter is a
matrix. Based on (28) and (29), the equation using real
space vectors and transfer matrices can be reformulated using
complex space vectors and complex transfer functions, shown
as follows.

m
Zdg = YdqTdg <

Zdq = ¥+,dqXdq T Y- daXdq (30)

where 24, = [24,24)7 and zaq = za + j24- Xiq = Td —
Jq is the complex conjugate of xaq. Specifically, if yg; is
symmetrical, i.€., Ygq = Yqq = Yd and Yga = —Yaq = Yq, (30)
can be simplified as follows.

Zdq = YdqXdq (3 l)

where yaq = ya + jyq-
According to (29), the transfer matrices in (2) and (3) can be
represented as complex transfer functions, shown as follows.

SLfi
wlLfi

7(.01Lfi

sLy; } — Zug = sLyi + jor Lf3?)

where w; = 27 f; is the fundamental angular frequency and
i=1,2.

m 1 |: S w1

G20y [ e s

mo
Gdel -

6—1.5Tss 0
0 671.5Tss

] = Ggel = e~ 1.5Tas (34)

where T is the sampling period.

0

S

Gm:[kmgs }%Gci: w%“)

where k,,; and k;; are proportional and integrator coefficients
of inner current controller, respectively.

. kypo + XiEQ 0

cPQ = rPQ s kipg —
0 kppq + =5~ (36)
kipQ

Gepq = kppo + ——

where k,pg and k;pq are proportional and integrator coeffi-
cients of outer power controller, respectively.

G%pr i models the small-signal perturbation path from
PCC voltage in system dg frame to grid current in controller
dq frame.

m  _ |0 —I3,GprL
PLL_i 0 I;dGPLL (37)
Ib ..GprLL
GipLLi=-G_pLL;i= 24 —"F

2

where I] , and Ij , are d-axis and g-axis components of
three-phase currents in system dq frame. In addition, Gpp,
is defined as follows.

Eppui + kipu/s

(33)
s+ Vice,a(kpput + Kipi/5)

Gprr =

where k,,;; and k;p,; are proportional and integrator coeffi-
cients of PLL controller, respectively.

G%rr ., models the small-signal perturbation path from
PCC voltage in system dgq frame to voltage in controller dg
frame.

L Vice, Grrr

m _
PLL_v 0 1-— V;CC,dGPLL

(39
GiprLy =1-VbccaqGrLL/2

G_prLLv = Vbce,aqGPLL/2

where V5o 4 and Voo, are d-axis and g-axis components
of three-phase voltages in system dq frame.

G _q models the small-signal perturbation path from
PCC voltage in system dg frame to duty cycle in controller
dq frame, shown as follows.

mo [ 0 —-D;GprL }
PLL_d 0 DEGPLL (40)
D, GrrL
Gipirad=-G_pLLda = dq#

where Dj and Dy are d-axis and g-axis components of three-
phase duty cycles in system dq frame.

In addition, G5, ; and G%j , model the small-signal
dynamics of power control loop, shown as follows.

Vs Vs :|
m PCC,d ECC,q N GP R VAN S41)
PO { _Vﬁcc,q Vﬁcc,d Q- PCC.da
—I —I3
m _ g,d 9,9
Pa- [ g Lga } 7 (42)
Gipqv=0 G_prqv =154
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APPENDIX B
DETAILED EXPRESSIONS OF PARAMETERS IN (21)

Ger@G2Go(Gerg + Grrn)[(PT)” + (Q7)’]
(Vicoa)
0.5V3eGei P + (Vice.q)” — wily Q!
O-5Vch1§cc,d

1+

PrLGaell

GprrGepoGeiG2, P! 1

B =

0.5V,
GaetVacGei(1 + GerQVpcc.a)
2

LfS“r

C:wlLf

w

GaeGrriVicc.a
0.5Vy4.

1L;GaerGpriQ

s
VPCC,d

1

E=

F =

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

(10]

[11]

[12]

[13]
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