15482

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

Operating Wind Power Plants Under Weak Grid
Conditions Considering Voltage
Stability Constraints

Torsten Lund“, Heng Wu

Abstract—This article analyzes the power transfer limit (P,,,.)
of wind power plants (WPPs) under the weak grid condition. It is
pointed out that the impact of different grid parameters and grid
configurations on P,,,, cannot be fully reflected by the short-circuit
ratio (SCR), but can be readily captured by voltage sensitivity
(0Q/0V). Hence, 0Q/0V turns out to be a more appropriate metric
for the assessment of P,,,, compared with the SCR. Based on
this insight, the voltage control of the WPP is suggested to be
implemented at the bus with the highest 0Q/0V to maximize the
power transfer capability. Moreover, a dynamic voltage control
is further added at the turbine level to improve the disturbance
rejection capability of the WPP as well as its dynamic robustness
against grid strength variations. Finally, simulation and field test
results are given to demonstrate the theoretical analysis and the
effectiveness of the proposed control method.

Index Terms—Control, power transfer capacity, stability, voltage
sensitivity, weak grid, wind power plants (WPPs).

I. INTRODUCTION

IND power plants (WPPs) are usually located far away
from load centers and synchronous generators with long
transmission lines in between, which forms a weak grid at the
connection point of the WPP. Hence, operating the WPP stably
under the weak grid conditions while maximizing its output
power is one of the main concerns for transmission system
operators (TSOs) as well as converter manufactures [1], [2].
The WPP with grid-following control can be modeled as a PQ
source [3], and the maximum active power transfer (P, 4,) of the
WPP is constrained by the angle stability limit (0P/06>0) and
the voltage stability limit (0Q/0V > 0) [4], [5]. Since both 0 P/06
and 0Q/0V are affected by the grid strength that is quantified
by the short-circuit ratio (SCR), the SCR becomes a widely
adopted metric to assess the P, of converter-based generation

Manuscript received 23 March 2022; revised 17 June 2022; accepted 23 July
2022. Date of publication 8 August 2022; date of current version 6 September
2022. Recommended for publication by Associate Editor F. Lin. (Corresponding
author: Heng Wu.)

Torsten Lund, Hamid Soltani, John Godsk Nielsen, and Gert Karmisholt
Andersen are with Vestas Wind Systems, 8100 Aarhus, Denmark (e-mail: tolud
@vestas.com; hasol @vestas.com; jogn @ vestas.com; gekan @vestas.com).

Heng Wu and Xiongfei Wang are with AAU Energy, Aalborg University,
9220 Aalborg, Denmark (e-mail: hew @energy.aau.dk; xwa@energy.aau.dk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3197308.

Digital Object Identifier 10.1109/TPEL.2022.3197308

, Member, IEEE, Hamid Soltani
Gert Karmisholt Andersen, and Xiongfei Wang

, Member, IEEE, John Godsk Nielsen,
, Senior Member, IEEE

units like WPPs [3], [6]-[9]. For example, the SCR of the power
grid in Panhandle area, Texas, USA, would be monitored by
the Electric Reliability Council of Texas (ERCOT) in real-time,
and the output power of the WPP in Panhandle area needs to be
curtailed if the SCR drops below 1.5 [10]. Yet, this SCR-based
metric neglects other factors that would affect 0 P/06 and 0Q/0V
and, hence, might lead to the inaccurate prediction of P, in
some scenarios [6]. For example, itis revealed in [11] that 0P/060
is also affected by the grid impedance angle (X/R ratio). Hence,
different P,,,, of WPPs might be yielded under different X/R
ratios, even if the SCR of the grid is the same. Another example
given in [12] highlights that P,,,, of WPPs is also affected by
the existence of local loads, which, however, cannot be captured
in the SCR-based metric either [12].

While there is increasing awareness of shortcomings of SCR-
based P, assessment, very little attempt can be found in
identifying a more appropriate metric for assessing P4, of
converter-based generation units like WPPs. To fill this void,
this article derives the analytical representation of 0P/060 and
0Q/0V, based on which, it is revealed that not only grid param-
eters (X/R ratio, voltage level, etc.), but also grid configurations
(presence of local loads, synchronous condenser, etc.), would
affect the value of OP/00 and 0Q/0V. As will be illustrated in
this article, the SCR-based P,,, ., assessment would lead to either
too optimistic or too pessimistic predictions in these scenarios.
Yet, instead of evaluating both 0P/06 and 0Q/0V for a more
accurate P, ., assessment, this article reveals that it is generally
enough to check 0Q/0V only, as 0Q/0V imposes a stricter
constraint on P4, than 0P/00. Hence, 0Q/0V can be adopted
as a more appropriate metric for P,,,, assessment compared
with the SCR.

The 0Q/0V metric only identifies the theoretical maximum
active power transfer constraint imposed by the ac system. On
top of that, the WPP control should be further optimized to en-
able its operation close to this theoretical limit. The control of the
WPP includes the power plant controller (PPC) and individual
wind turbine (WT) converter control [13], [14]. In recent years,
much research effort has been devoted to optimizing controller
parameters of the WT converter to enhance its stability under
weak grid conditions [15]-[18]. The general design guideline
indicates that lowering the bandwidth of the dc-link voltage
control (DVC) loop and the phase-locked loop (PLL) [15]-[17],
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Fig. 1. WPP. (a) Typical configuration. (b) Single-line diagram of the grid-side

converter (GSC) of the WT with grid-following control.

as well as increasing the bandwidth of the current control (CC)
loop [18], help to stabilize the WT converter under the weak
grid conditions. Yet, different from extensive research on the
parameters tuning of controllers implemented at the turbine
level, less attention can be found on the design of the PPC, as
well as how to coordinate the PPC and the turbine level control
to further improve the stability and dynamic performance of the
WPP [19].

To tackle this challenge, this article proposes a complete
control solution (including the PPC and turbine level control)
for operating WPP under the weak grid conditions. It is pointed
out that the better stability performance of the WPP can be guar-
anteed by implementing its voltage control at the bus with the
highest 0Q/0V. Hence, the centralized voltage control used in
PPC is preferred over the decentralized voltage control adopted
at the turbine level. Yet, the WPP would suffer from the poor
disturbance rejection capability due to the slow dynamics of the
PPC. Hence, a turbine-level dynamic voltage control is further
added to improve the disturbance rejection capability of the WPP
as well as its dynamic robustness against grid strength variations.
Finally, simulation and field test results are given to demonstrate
the theoretical analysis and the effectiveness of the proposed
control method.

II. SYSTEM DESCRIPTION

Fig. 1(a) shows the typical configuration of the WPP, where
multiple WTs are connected to the ac system through step-up
transformers and submarine cables. In the following analysis,

15483

V0 v, 20

Ry tj X

Grid

SynCon

Fig. 2. Equivalent WPP-grid system.

X/R=3 SCR=1.2

— V=095 p.u.
— - =V=lp.u.
— — V=105 p.u.

1.6 (Angle

stability limit)

0 05 1 1.5 2 25 3 35
P [p.u]

Fig. 3. P-Q curve of the system with X/R =3, SCR = 1.2, Vy, = 1 p.u.

the typical Type-IV WTs are assumed to be adopted in the WPP.
When analyzing the dynamic interaction between WTs and the
ac grid, the generator and machine-side converter (MSC) of the
WT are usually ignored due to their limited impact [20], and
only the grid-side converter (GSC) is of concern, whose control
diagram is given in Fig. 1(b) [21]. By adopting the typical grid-
following control, the GSC is synchronized with the power grid
by means of the PLL. The CC loop is used to regulate the output
current of the GSC (iy ) to follow the current references (i g,y
and i,,..s) generated by DVC and reactive power control (RPC).
Py and Qwr are the active and reactive power output of the
GSC, respectively.

Fig. 2 shows the equivalent circuit of the WPP-grid sys-
tem, where WPP is modeled as an aggregated PQ source [3].
P yen/Qgen are output active/reactive power of the WPP, re-
spectively, i.e., Pgen, = ZPwr and Qgen, = ZQwr. Run+iXen
represents the equivalent line impedance seen from the WPP. V
and Vy;, represent RMS values of line-to-line voltages at Bus A
and Bus B, respectively. 6 denotes the voltage angle differences
between these two buses, which is defined as power angle
hereafter. An optional load with active power consumption P,
and a synchronous condenser (SynCon) with reactive power
exchange Qgyncon are also considered at Bus A to illustrate the
effect of loading and reactive power compensation of the grid.

The active and reactive power (P and Q) transferred from
Buses A to B can be expressed as follows [22]:

P=a«a (V2 — V' Vi cos 0) + BV Vi sin 6 (D)
Q=7 (V2 — V'V, cos 9) — aV'Vy, sinf 2)
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where
R
o= th2 3)
| Zin|
Xin
B = 4
| Zun|?

| Zin| = \/R2, + X2, &)

By eliminating # from (1) and (2), the relationship between P
and Q can be further derived as follows:

vmV>2

(P —aV?)’+ (Q - BV?) —( ©)
| Zun|
which forms a circle with center (aV?, BV?) and radius
Vi VI|Zin).
For the inductive transmission line that X;,>>R,, (1) and

(2) can be simplified as follows:
VVipsin6

p=_——"""" (7
Xth )
V2 — VVy, cosd
Q= X—thCOS' ®)
th

III. POWER TRANSFER LIMIT OF WPP
A. Angle Stability Limit

It is well-known that the critical power angle at which the
angle stability limit is reached can be calculated by solving
OP/00 = 0 [4]. Based on (1), we have

oP

¥ =V Vi (asin® + S cosb). ©

Solving 0P/060 = 0 from (9), which yields

R
Omax_Ang = 90° + arctan —th (10)
Xin
Substituting (10) into (1), which yields
1 Rth 2 )
Pmax An :( Vv +VV . (11)
= Zen| \ | Zen "

Equation (11) illustrates the maximum power transfer capa-
bility of the system considering the angle stability limit. Define
Porm as the nominal power of the WPP, and then the per-unit
(p.u.) representation of (11) is given by

Pmafong _ 1 ( Rth
Pn,orm |Zth| Pnorm |Zth|

]Dmax_Ang_pu - V2+V‘/th) .
(12)

The SCR is defined as the ratio between the short-circuit
power from the ac system (Ss¢) and the rated power of the

WPP [3], i.e.,

SCR = 25C

13)

Pnorm

Without the local SynCon, it is known from Fig. 2 that Sg¢
can be calculated as follows:
V2
Ssc = 77 (14)
| Zin|
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where V., represents the nominal voltage. Substituting (13)
and (14) into (12), the relationship between Ppax_Ang pu and
SCR can be derived as follows:

Pmax_Ang_pu — SCR . < Rth_pu V2

” w5
‘Zthfpul pu +Vp V;Sh_p > ( )

It is known from (15) that larger Ry, (lower X/R ratio) and
higher V and Vy;, could improve the active power transfer capa-
bility. For the special case that V= Vi, = 1 p.u. and Ry, = 0,
Prax_Ang pu = SCR s yielded [11].

The above-mentioned conclusions can be visualized by the
PQ curve that is plotted based on (6) with parameters X/R = 3,
SCR = 1.2, Vi, = 1 p.u., as shown in Fig. 3 (unless otherwise
mentioned, only the part with P>0 is plotted since WPP can
only generate active power). It can be seen that Pr,ax Ang pu 1S
around 1.6 p.u. with V = 1 p.u., which is larger than the SCR
due to the presence of Ry, in the transmission line. Moreover, it
can also be observed that Pr,ax_Ang pu can be increased (from
around 1.5 to 1.7 p.u.) by boosting V (from 0.95 to 1.05 p.u.)

B. Voltage Stability Limit

By adopting the grid-following control, the ac voltage of the
WPP is maintained by regulating the reactive power of each WT.
Hence, 0Q/0V > 0 is mandatory for guaranteeing the voltage
stability of the system [5].

Based on (6), the relationship between Q and V can be
expressed as follows:

V2 V2
Q=pV?— |10 —(P2—-2PaV2+a2V%). (16)
| Zin]
Differentiating (16) in respect to V, which yields [23]
90 Vib 4 oPaV — 202V
< =28V — - A7)
8V V2vy2
th — (P2 —2PaV? + a2V*)
|Zen

The p.u. representation of (17) can be calculated, which is
given as (18) shown at the bottom of the next page.
If Ry, is neglected, (18) can be simplified as follows:

0 1 Vi
qu _ ) 2Vpu . th_pu (19)
a‘/pu Xth_pu 1 Pz%u Xt2h,pu
A

Substituting (7), (13), and (14) into (19), the relationship
between 0Q/0V and power angle 0 can be expressed as follows:

8qu _ 1 . 2‘/2011, . V;fhfpu
WVpu Xth_pu 1 — sin?0
= SCR- | 2V,, — Vg (20)
1 — sin?6

For the condition V = Vy, = 1 p.u., it is known from (20) that
0Q/0V = SCR when 6 = 0° (i.e., zero active power transfer).
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Yet, 0Q/0Vis reduced with the increased  (i.e., increased active
power transfer). A small 0Q/0V implies that a small amount of
reactive power injection would result in a large voltage change at
the point of connection of the WPP; which bring in challenges to
the reactive power control. Moreover, this fast-changing voltage
also imposes another challenge to the accurate phase angle
tracking of the PLL.

The critical power angle where the voltage stability limit is
reached (0Q/0V = 0) can be calculated as follows:

anu
OVpu

v 2
=0 = Omax_vor = arcsiny/1 — <2f€/j:> . (21

It can be calculated from (21) that 0,,.x voi = 60° when
V = Vy, = 1 p.u., which is smaller than 90° power angle
limit specified in (10). Hence, the voltage stability requirement
imposes a stricter constraint on power transfer capability of the
WPP than the angle stability requirement. This conclusion can
be visualized by comparing Figs. 3 and 4(a) that is plotted based
on (18), i.e., with X/R =3, SCR = 1.2, V=V, = 1 pu, the
P42 of the WPP considering the angle stability limit is around
1.6 p.u. (see red dashed line in Fig. 3), but is reduced to around
1.2. p.u. when the voltage stability limit is considered, as shown
by the black solid line in Fig. 4(a).

Moreover, it can also be clearly observed from (20) that the
voltage stability is increased under the stiffer grid condition
(larger SCR) and/or with higher sending end voltage (larger V),
as shown in Fig. 4(a) and (b).

C. Impact of the Local Load

By considering the power consumption of the local load, it
is known from Fig. 2 that the active power transferred from
Buses A to B can be reduced as follows: P = Py, - Pioqq. This
reduction of the active power transfer would lead to a better
voltage stability of the system. As an example given in Fig. 4(b),
with Py.,, = 1 p.u. from the WPP, the active power delivered to
the receiving end is reduced from 1 p.u. to 0.5 p.u. with 0.5 p.u.
local load. It can be seen from the black solid line in Fig. 4(b)
that 0Q/0V ~ 0.8 when P = 0.5 p.u. and V = 0.93 p.u., and the
WPP can work stably in this scenario. Yet, P = Py, = 1 p.u. is
yielded when there is no local load, and 0 Q/0 Vis almost reduced
to zero with P = 1 p.u. and V = 0.93 p.u. [see the black solid
line in Fig. 4(b)]. Evidently, the WPP can hardly be stabilized
under this operating condition.

It is worth mentioning that the SCR of the power grid is not
affected by local loads at Bus A [see the definition of SCR
from (13)]. Yet, the previous analysis has clearly demonstrated
that the existence of local loads can increase the P, of the
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Fig. 4. P-Q and P-0Q/0V curves of the system with X/R = 3, Vy, = 1 p.u.
(a) V=1 p.u., with different SCR. (b) SCR = 1.2, with different sending end
voltage V.

system, the load will be distributed on different locations of the
grid, and the assessment is not as simple as in the illustration,
but the general effect remains the same.

D. Impact of Synchronous Condenser

By considering a local SynCon, it is known from Fig. 2 that
the reactive power generated from the WPP can be expressed as
follows: Qgen = Q5yncon+0, which yields

WPP. Therefore, SCR-based P,,,,. assessment would lead to too 0Qgen_pu  OQsynCon_pu n 0Qpu 22)
pessimistic result in the scenario with local loads. In a real power WV - OV, WV
2 R?h pu 3
anu 1 2Xn pu V;Shfpuvpu + 2PpuRth_pquu -2 [Zen _u|2 pu
_ . puy, hr (18)
avpu |Zth,pu|

pu
|Zth,pU| V2 V2
th_pu'pu

R2
(P[?u|Zth_pu|2 - 2PpuRth_puvp2u + %V[fu)

‘Zth,,pu ‘
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By following the similar procedure given in (16)—(20),
0Q synCon_pul O Vpy can be calculated as follows:

<2Vpu _ VSynConpu) (23)

1 —sin?6
where X"y, and Vsyncon_pu are the subtransient reactance
and the terminal voltage magnitude of the SynCon, respectively.
o represents the angle difference between voltages at Bus A and
the terminal voltage of the SynCon. Since the SynCon does not
generate nor absorb active power beyond the internal losses, /<0
is yielded. Hence, (23) can be simplified as follows:

aCZS’ynC'mLpu o 1
6‘/pu X" d_pu

aC\?SynCo’eru 1

oV, = X", (2‘/;% - VSynConfpu) .
pu _pbu

Substituting (20) and (24) into (22), which yields

aQ en_pu 1
ag‘/p;p = (2Vpu - VSynCon_pu)

X i pu
V;Eh_pu
1 — sin?6

1
(o
= SCRSynCon (2‘/pu - VSynCon_pu)

(24)

X th_pu

‘/thfpu (25)
1 — sin%6

where SCRgy,,con and SCRy, represent the SCR contributed
by SynCon and the grid, respectively. Based on the definition
given in (13), the SCR at the connection point of the WPP by
considering the impact of SynCon can be calculated as follows:

SCR = SCRSyncon + SCRyy,.

+ SCRyy, <2Vpu —

(26)

It is known from (25) that 0Q gepn_pu/OVpy is increased by
a constant factor SCRgy,con by adopting SynCon (assume
Vsyncon = Vi, = 1 p.u.), which is visualized by comparing the
0Qgen_pu/0Vpy curve with and without SynCon (red dashed
and black solid line) in Fig. 5. Therefore, the critical power
angle where the voltage stability limit is reached is increased by
adding the SynCon in the sending bus. Nevertheless, the angle
stability limit defined in (10) cannot be exceeded regardless the
capacity of the added SynCon. Hence, the large transmission
line impedance would still impose significant constraint on the
P.naz of the WPP, see (12).

Therefore, the improvement of the P, 4, of the WPP by adding
local SynCon is usually not that significant compared to the case
with the reduced transmission line impedance, even though they
end up with the same SCR. As an example given by the red
and blue lines in Fig. 5, with the same SCR = 2.2, the power
transfer capability of the WPP with smaller transmission line
impedance but no local SynCon (SCRyy, = 2.2, SCRgyncon =
0) is higher than that with larger transmission line impedance
and local SynCon (SCRyy, = 1.2, SCRgyncon = 1).

E. Discussion

Based on previous analysis, it turns out that inaccurate P4,
prediction might be yielded if the assessment is performed
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Fig. 6. Realistic aggregated representation of the WTs connected to the main
grid.
TABLE I
SCR AND X/R VALUES FOR DIFFERENT BUSES
Bus A Bus B Bus C Bus D Bus E
SCR 1.08 1.20 1.23 1.49 1.75
X/R 3.84 3.49 3.66 3 3

solely based on the value of SCR, as SCR itself cannot fully
reflect the impact of operating voltage level, local loads, and
other controlled units (like SynCon) on the P,,, of the WPP;
as shown in Figs. 4(b) and 5. In contrast, those impacts can
be characterized by different values of 0Q/0V. Therefore, the
minimum 0Q/0V, rather than minimum SCR, can be used as
a metric for assessing P,,q, of the WPP with grid-following
control. The value of minimum 0Q/0V can be calculated by the
TSO based on max production and minimum load predictions.

IV. CONSIDERATIONS OF CONTROLLING WPP UNDER THE
WEAK GRID

A. Location of Implementing Voltage Control

Different from the simplified configuration given in Fig. 2,
in practice the WT will be connected to the main grid through
turbine transformer, collector network, main transformer, and
transmission line, which forms multiple buses, e.g., Buses A—E
shown in Fig. 6. The corresponding SCR and X/R values for
different busses are given in Table I. It is worth mentioning that
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Fig. 7. P-0Q/0V curves of different buses.

the SCR is calculated based on the nominal power of the WPP,
and hence, its value is not affected by the number of turbines in
the WPP.

Fig. 7illustrates P-0Q/0V curves for Buses A-E that s plotted
based on (18) and the data from Table I. The highest 0Q/0V can
be observed in Bus E due to the lowest grid impedance seen
from this bus. Therefore, implementing voltage control at Bus
E, rather than other buses, is preferred for enhancing the voltage
stability and power transfer capability of the WPP.

B. Dynamic Voltage Control at Turbine Level

As pointed out in part A of this section, it is preferred to
implement the voltage control at the point of measurement
(PoM), i.e., Bus E, rather than turbine level (Bus A). Hence,
the centralized voltage control is adopted in this article, which
includes the PPC and the turbine controller, as shown in Fig. 8.
Vo> Qproms VPomrefs O Ponires are voltage and reactive power
at the PoM and their references, respectively. The PoM volt-
age is controlled by the PPC through dispatching reactive
power setpoints (Qunite set) to different WTs. Gy piane and
G _plant Tepresent the voltage and reactive power controller
used in PPC, respectively, and G, represents the communi-
cation delay. The local reactive power control is implemented
in turbine level to guarantee the output reactive power of each
WT (Qunit) to follow its reference (Qunite_res), Where Heony
represents the closed-loop transfer function between @it
and Qunit_rer Qaist Tepresents the reactive power disturbance.
OVpori/ 00 ports OVunit! ©Qunir1 represent the voltage sensitiv-
ity at the PoM and turbine terminal, respectively, which can be
calculated based on the reciprocal of (18). Moreover, since the
change of reactive power losses inside the WPP is neglectable
during the disturbance, we have AQ p, s (p.u.) & AQ ypip1 (p-u.).
Hence, 00 poni/0Qunit1 ~1 is yielded with p.u. representation.

While the traditional centralized voltage control guarantees
the good stability performance of the WPP under weak grid con-
ditions, it suffers from the poor disturbance rejection capability,
as the individual WT would not respond to the disturbance (e.g.,
switching event in the power grid) until the slow PPC changes
Qunit_set> Which ends up with large voltage transients in the
WPP.
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To tackle this challenge, a turbine-level dynamic voltage
controller (DynVC) is proposed in this work, as shown in Fig. 8,
where K, is the gain of DynVC. It can be seen that the DynVC
is essentially a Q-V droop control that modifies Q¢ re ¢ based
on turbine voltage V,,,;;. In order to guarantee Q,,,;+ can still
track Qunit_ser from the PPC during the steady-state operation,
to limit frequent action of the transformer tap changer as well as
avoiding hunting between turbines, the voltage reference of the
DynVC (Vinit_set) 18 selected as the low-pass filtered voltage
of the WT, such that the DynVC is only activated during the
transient.

In the following analysis, the benefit of DynVC in improving
the dynamic performance of the WPP will be elaborated. To
analyze the response of the individual WT when subjecting grid
disturbances, the transfer function between Q.,,,;+ and Q 4,5 can
be derived based on Fig. 8, which is given in the following (the
impact of the PPC is neglected here as its dynamics is much
slower compared with that of the turbine-level control):

OVuni
SKvTaitHconv

Qunit _ Qunitl (27)
Qdist 1+ s7 (1 + K, 83&:;:1 Hconv>

where 7 is the time constant of the low pass filter (LPF) used
in DynVC, and its value is selected in the range of several
seconds in practice. Therefore, H ,,,~1 can be assumed for
the following analysis as its time constant is much smaller than
T.

It is clear that (27) is zero if DynVC is not used (i.e., K,
= 0), which means WT would not respond to the disturbance
until the slow PPC changes Qunit_set- On the other hand, (27)
forms a high-pass filter by using DynVC (K, # 0), indicating
that the WT could respond to the disturbance in an instantaneous
manner. Moreover, this instantaneous reactive power response
(Qunit) would counteract the effect of the disturbance (Q 4ist),
as highlighted by negative sign on the right-hand side of (27).

In order to investigate the overall dynamic performance of
voltage control of the WPP with DynVC, the complete loop gain
of the system considering both PPC and turbine-level control
will be derived. It can be seen from Fig. 8 that the turbine-
level control can be treated as the inner loop of the PPC, and
its dynamics can be characterized by the closed-loop transfer
function between Qunit set and Qqnir1, Which is given by

; 1
HQ,turbine = Qunitt = +7:S . (28)
Qum’t_set 14+ 7s (1 4 OViunit K )
OQunit1~ Y

With (28), the complete voltage control scheme of the WPP
given in Fig. 8 can be equivalent to that given in Fig. 9(a).
Define H¢ piant as the closed-loop transfer function between
Q Pon_ref and Q popr, which can be calculated based on Fig. 9(a)
and is expressed as follows:

QPOM

Hg prant = m
oM _re

GQ_plant Gdel HQ_turbine

0Qpom * (29)

1+ GQ_plantGdelHQ_turbine OQunit1
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Fig. 9. Equivalent small signal representation of the proposed voltage control scheme of the WPP.

Then, Fig. 9(a) can be further equivalent to Fig. 9(b), with
which, the complete open-loop gain of the WPP can be calcu-
lated as follows:

Vpom
Tv = Gv?plantHprlant WP(:)M .

Substituting (28) and (29) into (30), the final representation
of the loop gain is given by

T, =

(30)

OVp,
G _plant #GQ,plantGdel(l"rTs)

oM

a

9Qunit1

Vauni Iz} y e}
1+TS(1+ @Q:::;:l Ku‘i’GQ,plantGdel SPoM )JFGQ,P“"""G‘“‘[' B(QQPOM

unitl

It is noted that the DynVC introduces a 0Vpn+/0Qunit1
term in the denominator of (31), which can partially counteract
the effect of 0V p,n/0Q poas in the numerator when subjected
to the change of the SCR, since both 0Vp,n/0Qp,n and
OVunit! 0Qunit1 Will be increased under the weaker grid, and
vice versa [see (18)]. Hence, by adopting the DynVC, the loop
gain (dynamic performance of the WPP) becomes less sensitive
to the variation of the grid strength.

The advantages of the proposed scheme can be summarized
as follows:

Good disturbance rejection capability such that the voltage
variations of the WPP during the transient event can be
reduced.

Robust dynamics against variations of the grid strength.
No hunting between turbines.

Limited effect on tap changer operation.

Possibility to gradually change between traditional central-
ized control and dynamic voltage control by changing K,
and 7.

V. SIMULATION AND REAL-FIELD TEST RESULTS
A. Verifications on Power Transfer Capability Prediction

Nonlinear time-domain simulations based on
PSCAD/EMTDC are carried out to verify the 0Q/0V -based
power transfer capability prediction in Section III. It should be
emphasized that 0Q/0V > 0 only indicates the WPP is operated
within the physical constraint (voltage stability limit) imposed
by the ac system, careful controller parameters tunning of the
WPP is still needed to guarantee its stable operation.

1) Impact of Local Loads Under Same SCR: Fig. 10 shows
the simulation results of the WPP connecting to the grid with
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Fig. 10.  Simulation results of the WPP connecting to the grid with SCR =
1.2, X/R = 3, Vi, = 1 p.u. and V = 0.93 p.u. (a) Without local load, unstable.
(b) With 0.5 p.u. local load, stable.

SCR=1.2,X/R=3,Vy,=1p.u.and V=0.93 p.u. It can be seen
from Fig. 10(a) that the WPP becomes unstable when generating
1 p.u. active power with the absence of local loads, due to the
fact that 0Q/0V = 0 predicted in Fig. 4(b). Yet, it is also known
from Fig. 4(b) that 0Q/0V is increased to 0.8 when there is
0.5 p.u.local loads, and the WPP can work stably in this scenario,
which is verified by simulation results given in Fig. 10(b). The
simulation results given in Fig. 10 verify the power transfer
capability predictions given in Fig. 4(b) considering the impact
of local loads under the same SCR.

2) Impact of SynCon Under Same SCR: Fig. 11 shows the
simulation results of the WPP connecting to the grid with SCR =
2.2. Two scenarios correspond to Fig. 5, i.e., with/without local
SynCon, are considered. It can be seen from Fig. 11(a) that WPP
becomes unstable when transferring 1.5 p.u. active power with
larger transmission line impedance and local SynCon (SCRy}, =
1.2, SCRgyncon = 1), due to the negative 0Q/0V predicted by the
red dash-dotted line in Fig. 5. Yet, the blue dashed line in Fig. 5
indicates 0Q/0V can be turned to positive at P = 1.5 p.u. if the
transmission line impedance is reduced, even if local SynCon is
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Fig. 11. Simulation results of the WPP connecting to the grid with SCR =
22, X/R =3, Vi, = 1 pu.and V = 1 p.u. (a) With larger transmission line
impedance and local SynCon (SCR¢, = 1.2, SCRsyncon = 1), unstable. (b)
With smaller transmission line impedance and no local SynCon (SCR¢y, = 2.2,
SCRsyncon = 0), stable.

not adopted (SCR¢y, = 2.2, SCRgyncon = 0). The WPP can thus
operate stably in this scenario, as demonstrated by simulation
results given in Fig. 11(b).

It is worth mentioning that the motivation of simulating WPP
with P = 1.5 p.u. is merely to validate the power transfer
capability predicted in Fig. 5. In practice the WPP normally
does not have the 1.5 p.u. overload capability due to the hardware
limit.

B. Verifications of the Proposed Control Method

In order to verify the effectiveness of the proposed control
method, field tests have been carried out on a real WPP. Due to
the confidential requirement of the company, the elaboration of
the test setup is not permitted, and all test results can only be
presented after being per-unitized, as shown in Figs. 12 —14.

Fig. 12 shows the dynamic response of the WPP when sub-
jecting to a sudden decrease of the SCR of the power grid (SCR
is reduced from 20 to 1.5). It can be seen that the WPP can
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Fig. 12.  Dynamic response of WPP under a sudden decrease of the SCR of
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Fig. 13. Fault-ride through of the WPP under SCR = 1.5.

work stably under the weak grid (SCR = 1.5) with the proposed
control method that implementing the voltage control at the
bus with the highest 0Q/0V. Moreover, thanks to the proposed
turbine-level DynVC, the output reactive power of the individual
WT increases at the instant of SCR drops, rather than following
the slowly increased reactive power command (Q w1 ref) from
the PPC, as shown in Fig. 12. This fast reactive power response
from the WT helps to reduce transients in PoM voltage (Vp,ar)
during grid disturbances.

Fig. 13 shows the dynamic response of the WPP under the
grid fault, during which Vp,)s is dropped to almost O p.u. It
can be observed that the WPP with the proposed control method
can successfully ride through the grid fault, and the active and
reactive output power of the WT can be recovered to follow their
commands after the fault clearance.

Fig. 14 shows the dynamic response of the WPP under the step
change of voltage command of the PPC (Vpoazrep), i.€., Vporref
is reduced to 0.95 p.u. and then recovered to 1 p.u. in Fig. 14(a),
while Vp, sz is increased to 1.05 p.u. and then recovered to
I p.u. in Fig. 14(b). Table II further lists the maximum and
minimum steady-state values of Vp,;s in respect to different
Vponres- It can be seen that the voltage fluctuation is less than
£3% of Vponrrer, which demonstrates that the WPP is capable

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

— Vpou (pu.)
,Vp,,M,,,f: 1.0 pi.u.—>0.95 p.u.

Veortrer: 0.95. p.u.
—1.0 p.u.
0.9

WW
12 — IWT (p.u.)

1.1

0.8

1.2 — Pyr (pu)
1 ~—r
0.8
0.6 —— Our (pu)
0.4
0.2
0 0 10 15 20
1(s)
(a)
11 — Vpou (p-u)
1 sidnade s AW LN |
0.9 Veomtrer: 1.0 pu.—1.05 pu. | Veorrer: 1.05 p.u.
1‘2 Iyr ‘(p.u.) —1.0 p.u.
1 A AN M e AAAN AR AN
0.8 ;
12 — Pyr '(pll-) i
1
0.8 y .
0.6 — Oyr (pu.)
0.4
0.2 J
00 é 10 lg 20
1(s)
(b)
Fig. 14.  Dynamic response of the WPP under the step change of Vp, psrep with

SCR = 1.5. (a) Vpoumres: 1.0 pu. —0.95 p.u. — 1.0 p.u. (b) Vponsres: 1.0 p.u.
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TABLE 1T
MAXIMUM AND MINIMUM STEADY-STATE VALUES OF Vpon IN RESPECT TO
DIFFERENT V poMrer

Veomrer  VPoMmax — VPoMmin (VPommas - (VPoMmin -
(p.u.) (p.u.) (p.u.) Veomref)/ Veorrer — Vroref)! Vromres
0.95 0.9784  0.9423 +2.9% —0.8%

1.0 1.0270  0.9876 +2.7% -1.2%
1.05 1.0699  1.0512 +1.9% +0.1%

of regulating Vp, s to follow Vp,azrer in an accurate manner.
Hence, the proposed turbine-level DynVC would not affect the
voltage control accuracy at the plant level.

To further demonstrate the coordinated performance of differ-
ent WTs with the proposed DynVC. A WPP with 25 turbines is
simulated in PSCAD under a sudden decrease of SCR (from 20
to 1.5). It is worth mentioning that the control codes used in real
PPC and turbine control are compiled to the dynamic link library
(DLL) files and integrated into the PSCAD simulation environ-
ment, such that the simulation results could be very closed to
that in the real field [24]. Fig. 15(a) shows the voltage, active
and reactive power at the PoM, while the dynamics responses of
different WTs are given in Fig. 15(b)—(d) (due to the page limit,
only the results of 3 WTs are given).



LUND et al.: OPERATING WIND POWER PLANTS UNDER WEAK GRID CONDITIONS CONSIDERING VSC

Vpox UL
15 . PoM (p ')

! L

Ppou (p-u.)

. Opoum (p-lt‘)

7 X8 9 10 11 12
SCR: 2015 t(s)
(a)
Vir (p-u.)

1 v/‘

Py (p-u.)

0.6 Ian (p“?

8 9 10 11 12
SCR:20—1.5 t(s)
(b)
Vir, (p-u.)

1F W

0.5

15 len (p-u.) .

0.5

0.6 Own (pu.) .

0.2

-0.2

“3 9 10 1 12
SCR:20—-1.5 t(s)

(©
'VWB (P-U~)I

1.5 ,

Pyr (pu.)

an @-u-)v

“8 9 0 11 12

SCR:20—1.5

1
1(s)
(d)

Fig. 15.  Simulated response of the WPP under a sudden decrease of the SCR
of the power grid (SCR is reduced from 20 to 1.5). (a) Voltage, active, and
reactive power at the PoM. (b) Voltage, active, and reactive power of WT1. (c)
Voltage, active, and reactive power of WT2. (d) Voltage, active, and reactive
power of the WT3.

15491

It can be seen that with the proposed DynVC, individual WTs
increase their output reactive power in a coordinated manner to
maintain the PoM voltage when subjecting to a sudden decrease
of the SCR, and there is no hunting between different WTs.

VI. CONCLUSION

This article points out that the minimum 0Q/0V is a more
appropriate metric for assessing the power transfer capability
of the WPP compared with the minimum SCR. For operating
the WPP under the weak grid condition, the centralized voltage
control that controlling the voltage at the PoM is preferred due to
its high 0Q/0V. On top of this, a turbine-level dynamic voltage
control is further added to improve the disturbance rejection
capability of the WPP as well as its dynamic robustness against
grid strength variations. Simulation and field test results are
given to demonstrate the effectiveness of the proposed control
method.
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