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Abstract—This paper examines how various integration aspects
of full converter wind turbines, such as grid code design, control
aspects, and placement of turbines, impact the long-term voltage
stability of a power system. The simulations are conducted on a
modified version of the Nordic32 test system. Different cases have
been analyzed and show, for example, that if over-dimensioning
of converters is implemented, it is mainly the converters’ current
capacity that should be increased since the voltage limitation of
converters seldom is reached during voltage instability events.
Furthermore, a restrictive reactive control scheme is tested, with
the aim of minimizing the wear and maintenance of converter
components. Although found to generally reduce the voltage
stability, the proposed control scheme could be adopted during
specific conditions where the local need of voltage support is
low. The placement of larger wind farms was found to have
the largest impact, both on long-term voltage stability of the
system itself, and on the effect that the analyzed design and
control aspects had on the system stability. Consequently, the
placement of WFs is found be an important factor to consider
when designing ancillary services and grid codes for wind power.

Index Terms—Long-term voltage stability, full converter wind
power, integration aspects, grid codes, power control schemes

I. INTRODUCTION

During the last decades, the global wind power market has
been the fastest growing energy generation sector in the world
[1]. The impact of wind power on long-term voltage stability
(LTVS) is becoming an increasingly important topic [2], and
in response to these challenges, a range of actions have been
proposed in the research and by the industry. The technical
requirements, or grid codes, for connecting wind farms (WFs)
have been updated and strengthened in several countries in the
world [3], [4]. Stricter requirements have led to an increasing
adoption of full converter based WFs (FC-WFs) in power
systems, mainly due to their flexibility in controlling the output
and response of the turbine [5].

The maximum capacity of wind power in a power system
is affected by numerous aspects, such as the placement of tur-
bines, control schemes, reactive power support capability, and
the availability of reserve power generation. Aspects of wind
power generation, ranging from grid integration issues [2],
[6], [7], control aspects [8], [9], or possibilities of providing
ancillary services [5], [10], have been examined in previous
papers. A focus in these previous papers has also been to
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examine how WFs can be designed to better contribute to the
LTVS. However, designing a system that better contributes to
the system stability often comes with a cost, be it increased
cost for sizing of converters, or increased wear of converters
due to increased reactive power support.

The main objective of this paper is to bring new insights in
how different integration aspects of FC-WFs affect the LTVS
of a power system. Examined design aspects include grid code
design, power control aspects, and placement and output of
larger FC-WFs. The results are also put into context with
economic aspects of, for example, designing grid codes or
choosing control schemes for larger WFs. More specifically,
the aim of the paper is to determine when and during what
conditions certain design or control aspects are the most im-
portant, both with respect to technical and economic aspects.

II. FC-WF POWER GENERATION ASPECTS
A. Modeling of equivalent circuit of WFs

A wind farm consisting of several wind turbines can in
power flow studies be simplified into a single equivalent unit,
as illustrated in Fig. 1. The impedance of wind farm feeders,
filters, collectors, and step-up transformers may then be trans-
formed into an equivalent impedance of a grid connected step-
up transformer [5]. The active and reactive power capability
of FC-WFs can then be derived from this equivalent circuit.

The grid converter voltage (V,) is controlled by alterations
of the modulation index, while the the phase angle () is
controlled by changing the switching pattern of the converters.
The maximum value of V_ is a design value determined by
the size and ratings of the wind turbine converters, and it
is an important factor for dimensioning components to meet
different grid codes and requirements [5].

B. Modeling active and reactive power capability

A FC-WF can provide reactive power independently as long
as it is operating within the converter limits, while active
power output is determined by the actual mechanical power
generated by the turbine. The maximum current capability of
a converter can be represented by a circle in the PQ-plane,
given by [5]:

P2+ Q% = (V,1.)? (1
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Fig. 1. Equivalent circuit diagram of a wind farm

where P and @ represent the active and reactive power
production at the AC grid connection point, and V,; and I
represent the grid voltage and converter current, respectively.
Another limit is constituted by the maximum voltage across
the converter transistors, and consequently the difference be-
tween the grid converter voltage (V) and the grid voltage
(V). The relationship between P and (@ at the converter limit
is given by [5]:

2
2 Vg2 — ( VeVy > ’ 2
P?+ <Q+Xeq> X, 2
where X, is the total equivalent reactance of the wind farm.
The maximum values of the converter current and voltage
(Ve,maz and I, p,q,) are determined by the ratings of the grid
connected converters. The converter current is highest when
active and reactive power are at rated values (P, and @),
while the grid voltage is at the minimum. This relationship,
given in p.u. by simplifying the right-hand side by taking Pg
and Qg as the MVA base of the system, is given by:

P2+ Q2 _ V1 +tan?6g

Ic,maw -

3)

Vg,min Vg,min

where 6 is the rated power factor angle of the converter.
The maximum required converter voltage can be derived using
(2) and it is highest when the grid voltage and the system
frequency are at the maximum level, and the active and
reactive power of the WF are at rated values. This relationship
in p.u. is given by [5]:

_ fmaa:Xeq

Vc,maz -

V2 2
mazx<*eq

where finae and Vg mae are the maximum frequency and
grid voltage, respectively.

1+ (tan 0, +

Vg,maa;

III. SIMULATION APPROACH AND DESIGN
A. Simulation aspects

Several scenarios are simulated, such as varying levels of
wind generation, power control approaches, and design aspects
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Fig. 2. The modified Nordic32 Test System with inclusion of 6 separate WFs

of grid codes. The simulations are based on a modified version
of the Nordic32 test system presented in [11], and the single-
line diagram is found in Fig. 2. The following simulations are
all based on the unstable version of the system, denoted as
the "Operating point A" in the Nordic32 test system and all
required parameters can be found in [11]. All the simulations
are performed in PSS®E version 34.2.0 with its built-in
dynamical models [12].

1) WF placement and generation: To simulate a future
power system with a higher penetration of WFs, six separate
systems (WF1-WF6) have been included into the test system.
The placement of the largest system, WF6, is varied in the
simulations, and two different cases are examined. The first
case is when WF6 is placed in the area denoted as "Central"
(bus 4051), and the second when WFG6 is placed in the area
denoted as "North" (bus 4032), see Fig. 2. Furthermore, the
output of the WFs is varied in the simulations, and two cases
are examined: a very high wind case when all WFs generate
95 % of rated P, and a lower wind case when all WFs operates
at 40 % of rated P.

2) Grid code design: In 2016, the European Union (EU)
adopted new regulations regarding connection of power-
generator modules such as larger WFs [3]. The regulations
state the requirements of providing reactive power while oper-
ating at rated capacity and at various levels of grid voltage. The
regulations state the maximum reactive power requirements for
WF owners, with reactive power requirements as a function
between grid voltage and Q/Pysax-ratio. The final specific
design of the grid codes and the requirements are left to be



decided each country’s legislative body. From a societal view,
they should be designed both with respect to grid requirements
of stability and to economic aspects for the WF owner.

In the simulations, three proposed grid code designs are
examined where the capability to provide reactive power under
certain operating points are varied. The three grid code designs
are illustrated in Fig. 3.

(1) Grid Code 1: Ilustrated in Fig. 3 as the red dotted
square, the same reactive power requirement is used for
any values of grid voltage. This is a stricter grid code,
requiring higher capacity of converters to be able to
produce reactive power at all operating points.

(i) Grid Code 2: Ilustrated in Fig. 3 as a black step-wise in-
creasing/decreasing function, the adaptive reactive power
requirements are reduced step-wise as the grid voltage
increases. The adaptive grid code reduces the need of
over-dimensioning converters, although not being able to
generate as much reactive power during all conditions.

(i1) Grid Code 3: Illustrated in Fig. 3 as the green dashed
square, an even less strict grid code is adapted, requiring
only 0.15 QQ/Pynaz at 1 p.u. grid voltage.

3) Voltage control approach: The failure mechanisms of
power electronic devices are complex and affected by numer-
ous factors, where thermal cycling is one of the most critical
failure causes [13]. The life-time of IGBTs in a FC-WF may
be affected both during stable operation and during varying
conditions caused by, for example, wind gusts or varying
reactive power demand. Higher average operating currents
increase the junction temperatures, which in turn make the
IGBTs more sensitive to thermal cycling damage [14].

In response to this, two different strategies for voltage
control of the FC-WFs are simulated. The first one (in coming
simulations denoted as V;.;q4) is the same as for regular
synchronous generators, where the FC-WFs always participate
in controlling the voltage to the scheduled level. In the second
control strategy (in coming simulations denoted as Vicserv)s
the FC-WFs only participate in voltage control when the grid
voltage (V) is equal or less than 0.95 p.u. Thus, in stable
conditions, the reactive power is controlled to be minimized.
However, as soon as (V) drops below 0.95 p.u., the reactive
power generation is increased to control the voltage back to
0.95 p.u. The benefits of such an approach would be less
thermal stress and conduction losses of the converter IGBTs.
However, the grid would be less stiff and the the voltage
stability could suffer.

B. System stress level, disturbances, and stability criterion

For all combinations of the design aspects described in the
previous section, the system is stressed until a stability crite-
rion is violated. The stability criterion used in the simulations
is that the post-contingency state is considered stable if, over a
simulation interval of 600 seconds, all distribution bus voltages
are restored above 0.95 p.u. The highest system stress level is
then found by gradually increasing all the loads in the system
and applying a contingency that further stresses the system.

Vp.u]
1.05 3 I
Grid Code 1
1.00 1 2 Grid Code 2
Grid Code 3
.90 1
QPriax

—~ O = N M W 1n ©
RIS

Fig. 3. Three different grid code designs to be tested in simulations

TABLE I
DATA OF ADDED WFs

Name Bus Replaces Base voltage Xeq Pmaz Vsched

&V) (pu)  (MW)  (pu)
WF1 1011 - 33.0 03 220 1.0520
WE2 4022 - 33.0 03 200 1.0170
WEF3 1043 g7 33.0 03 180 1.0141
WF4 1041 - 33.0 03 110 1.0141
WF5 1042 - 33.0 03 110 1.0141
WF6 4051 - 33.0 03 500 1.0531

or
WF6 4032 - 33.0 03 500 1.0531

For each of the gradually increasing load levels, different types
of contingencies are tested, as different design aspects will
cause the system to be sensitive to different faults. To reduce
the number of simulations, only tripping of transmission lines
that connect either of the different regions (excluding the
"Equivalent" region) is tested.

C. Simulation parameters

All WFs are simulated generically using the built-in models
WT4G2 and WT4E2 in PSS®E. The parameters for the
dynamic models are gathered from [12], with reference to a
Siemens 2.3 MW wind turbine. The total X, is modeled by
a an explicit step-up transformer of 0.3 pu. The power flow
data of the WFs are presented in Table I. The control mode for
the wind turbines are set to P-priority, where the active power
is kept to its reference value although a larger reactive power
is required to keep the grid voltage constant to the reference
value. Despite the control mode, all converter parameters are
adapted to still allow the WFs to generate the required amount
of reactive power from the present grid codes.

The WF parameter values are dependent on the design
values of the grid codes and can computed using Eq. (3) and
(4). The dimensioning requirement of V, ,,4, occurs when the
grid voltage is the highest and the maximum requirement of
generated/absorbed reactive power exists.

1) Grid Code 1: The dimensioning requirements occur in
the upper right corner of the depicted grid code in Fig. 3, with
a power factor of cosfr = 0.91 and with V|, = 1.05.
Using this value for 8z and assuming f,,., = 1.01, values of
Vemae = 1.21 and I 4, = 1.22 can be computed.
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TABLE II
DESIGN VALUES FOR GRID CODE 2
Vg,maz Ccos OR Vc,maz [c,ma,z
Corner 1 0.9 0.91 1.11 1.22
Corner 2 1.0 0.96 1.13 1.16
Corner 3 1.05 0.98 1.14 1.13

2) Grid Code 2: The dimensioning requirements can occur
in either of the right hand corners of the depicted grid code in
Fig. 3. Compared with Grid Code 1, both V} 1,4, and 0 vary
in this case, causing V. pqq and I ma, to vary as well. The
three requirements by each corner are evaluated in Table II.
The PQ-capacity diagram is found in Fig. (4) with operating
points for 40 % and 95 % of maximum P marked out. The
largest values of Vi jyqe and I¢ mqq is then dimensioning for
the converter. As a comparison, Grid Code 2 allows a smaller
dimensioning Vj 4. compared to Grid Code 1, while the
I¢maz Tequirement is constant.

3) Grid Code 3: The design values are calculated in a
similar manner as for Grid Code 1, resulting in V. 40 = 1.09
and I e, = 1.12. The parameters for all grid codes are then
incorporated into the dynamic models of the WFs.

IV. SIMULATION RESULTS

The results for the different simulations cases are presented
Table III, in which all design aspects are varied: grid codes
(type 1 - 3), WF output (High wind and Low wind), and
control scheme (V.17 and Viesere). The increase in load in
% compared to the base case is represented by APy, 4. The
last state that the system meets the defined stability criterion
is presented as the result in the table.

1) Impact of grid code design: The different grid codes was
found to have a small effect on the stability of the analyzed
system. For instance, Grid Code 1 (with the strictest require-
ments) only increased the APy, o1, by 0.2 % respectively 0.4 %
for case type A and B, compared to Grid Code 3 (with the least
strict requirements). However, the relatively small stability
improvement should be put into relation to the, compared
to the whole grid, relatively small increase in reactive power
capacity of the WFs.

In Fig. 5, the generated reactive power and | voltage for case
1, 2, and 9 are presented for the same level of increased load
(7.9 %), each representing a different grid code. The reactive
power output of case 1 and 2 are identical, since neither

the current nor the voltage limitation is met. The generated
reactive power for case 9 is reduced and the voltage collapses,
mainly due to a lower I ,,q,-value and higher converter
currents due to lower grid voltages. Although the larger
Icmaz-values only improved the voltage stability marginally
in the simulated cases, the actual benefit of more reactive
power is highly dependent on other factors such as the level of
penetration from wind power in a power system. Since voltage
instability in general is correlated to low grid voltages, over-
dimensioning V. 4. to allow more reactive power output at
high grid voltages could be argued to be an inefficient measure
to increase stability. Instead, a more adaptive scheme, as for
Grid Code 2, would be preferred.

2) Impact of wind power output: The most significant
impact on the LTVS was the placement of the largest WF,
WEF6. Not surprisingly, by placing more generation in the
"Central" area, closer to the larger load centers, it resulted in a
significant enhancement of the stability. However, the impact
is highly affected by the output of the WFs and the increase
was found to be reduced during occasions of low wind.

Another aspect to consider is that WFs do not always
generate full active power, both due to wake effects and
wind speed variations. In these cases, the WF has increased
possibilities to support the grid with reactive power, even
without reducing the active power. In power systems with large
penetration of wind power, the system is likely most sensitive
to disturbances during occasions of low wind if the active
power needs to be transmitted long distances from other areas
to compensate the loss of generation. Thus, the ability of a
FC-WF to support the grid with reactive power is also highest
when the need for reactive power is high.

3) Impact of proposed voltage control scheme: The func-
tionality of the proposed control scheme V,.csery is illustrated
in Fig. 6 for a stable version of Case 5A. In the figure, the
reactive power is controlled to zero as long as the grid voltage
is above 0.95 p.u. As the grid voltage decreases below 0.95, the
WF initiates its reactive power output to stabilize the voltage.

The different control strategies had some impact on the
stability of the system and lower levels APy, 4;; were possible
with the proposed control scheme. Again, the impact was
lower during both occasions of low wind, and when WF6 was
located in the "North" area. Although the proposed control
scheme in most cases would not be optimal, the results
indicate that it could be utilized during certain conditions. For
instance, if a larger WF would be located in an area with low
requirements of reactive power, it could be an option to reduce
the wear of converter IGBTs to both extend the life-time of
the devices and to reduce the need for maintenance. However,
this would require that grid codes can be adaptable to allow
different requirements on FC-WFs depending on, for instance,
the placement of the WF or specific need at the grid cite.

V. CONCLUSION

This paper analyzes the impacts on long-term voltage sta-
bility from different integration aspects of FC-WFs, such as
grid codes and reactive power control. The paper has tested



TABLE III
SIMULATIONS RESULTS WITH WF6 LOCATED IN CENTRAL REGION

WFG6 located in "Central" area Case 1A Case 2A Case 3A Case 4A Case SA Case 6A Case 7A Case 8A Case 9A Case 10A
Grid Code 1 2 1 2 1 2 1 2 3 3
WF Output High High Low Low High High Low Low High Low
Control Scheme Vetd Veuld Veurld Veuld Vreserv Vieserv Vieserv Vieserv Veuld Veuld
APL qu before stability criterion g ¢ g0, 199 19% 71% 71% 17% 17% 718% 18%
violation (% to base case)
WEF6 located in "North" area Case 1B Case 2B Case 3B Case 4B Case SB Case 6B Case 7B Case 8B Case 9B Case 10B
Grid Code 1 2 1 2 1 2 1 2 3 3
WF Output High High Low Low High High Low Low High Low
Control Scheme Veuld Veuld Vel Vel Vreserv Vreserv Vieserv Vieserv Veuld Veuld
AP before stability criterion 56 ¢, 500, 139  13% 39% 39% 12% 12% 46% 13 %
violation (% to base case)
%0 stability. Thus, if ancillary services would take into account
E Ut the actual improvement that the FC-WFs is providing, such
> i aspects should be included in the design of those.
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Fig. 5. Generated reactive power and terminal voltage for WF4. Difference
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