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Abstract-- Recent developments in wind turbine technology 

go towards installation of larger Wind Power Plants (WPPs). 
Therefore, power system operators have been challenged by 
the WPP penetration impacts in order to maintain reliability 
and stability of the power system. The revised grid codes have 
concentrated on the WPP connection point and as a result a 
WPP is considered as a single power plant. Nevertheless, 
compared to conventional power plants, WPPs have different 
inherent features such as converter-based grid interface 
technology, internal electrical layout, and asynchronous 
operation of turbines. Taking these into account, a WPP 
controller is the key factor in order to satisfy the grid code 
requirements. This paper presents a comprehensive overview 
of various WPP controller strategies comprising active power, 
reactive power, voltage, frequency, and emulated inertia 
control. The WPP control architecture composed of WPP 
control level and wind turbine control level is also discussed 
considering the hierarchy and coordination of these levels. 

 

 
Index Terms— active and reactive power control, emulated 

inertia control, frequency control, wind power, wind power 
plant control,  

I.  INTRODUCTION 
EFORE the rapid increasing of the wind power 
generation, wind turbines had been considered as 

distributed energy sources in medium and low voltage 
distribution systems. The wind turbine technology was not 
adequate to participate in power system control in response 
to voltage or frequency disturbances [1]. Common practice 
during a system disturbance was to disconnect the wind 
turbines and reconnect them after the fault clearance. 
However, recent developments in wind turbine technology 
have changed this picture and TSOs have revised their grid 
codes for connection and operational requirements to 
reduce the impacts of the large WPP installations. Denmark 
and Germany have led these grid code revisions among the 
other countries due to their high wind power capacity [2], 
[3]. In Spain, the TSO has also revised the grid code 
including future requirements that are introduced for 
planned wind power installations in order to maintain 
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stable and reliable integration [4]. Technical analyses and 
comparison of the most recent available grid code editions 
with the wind turbine technologies are surveyed in the 
literature [5], [6]. All these studies with the experiences 
from recent years have pointed out that WPPs should be 
treated like conventional power plants. Accordingly, grid 
codes have concentrated on the WPP connection point 
rather than the wind turbines connection points. 

Furthermore, in a conventional power plant, generating 
units usually have identical controllers, i.e. governors and 
excitation system, with similar controller settings. They are 
connected to the same bus through common or individual 
step-up transformers. Thus, the general approach for 
modeling and evaluating the performance of the power 
plant is that one synchronous generator with its controllers 
can represent the overall power plant response. In some 
applications, conventional power plants are equipped with 
joint control functionality which provides the power plant 
operator to control the generating units as a group, working 
together on the basis of single active and reactive power 
generation set points [7]. As a result, the power plant 
control features are implemented with a single generating 
unit and should satisfy the grid code requirements. 

WPPs have completely different aspects from the above 
discussion which bring additional considerations to the 
control system. The control structure is not straightforward 
as in the conventional power plant case mentioned above. 
The characteristic aspects of the WPPs can be summarized 
as follows [8]: 

• WPPs have wind turbines with converter-based grid 
interface technology (permanent magnet 
synchronous generators and squirrel cage 
induction generators with full-scale converters or 
doubly-fed induction generators with partial-scale 
converters). 

• The rotor speed of the wind turbines is varying and 
fluctuates due to the wind (variable wind speed 
turbines). In other words, wind turbines rotor 
speed is eventually decoupled from the frequency 
of the transmission system due to the usage of the 
induction generators and full-scale converters. 

• In WPPs, the typical size of the wind turbines is 
much smaller with respect to conventional units 
(from kW to MW range). 

• WPPs are not simply collections of individual wind 
turbines, they have collector systems and other 
devices (energy storage, FACT, etc.) with 
controllers. This means each individual wind 
turbine terminals face different operating 
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conditions from the point of connection during the 
steady-state and the transient situations. 

• Each individual wind turbine has its own electrical 
and mechanical control systems (wind turbine 
control level).  

• Active and reactive power controls are decoupled in 
the converter-based wind turbines.  

Therefore, in large WPPs wind turbines have to be 
managed from a higher and centralized control level, here 
called as WPP control level. The WPP control level is an 
interface between the WPP (wind turbines and if available, 
reactive compensation or energy storage devices) and the 
transmission system, and therefore, also the WPP operator 
and TSO. The WPP control usually regulates the production 
of the WPP based on the TSO demands and the connection 
point measurements. Additionally, the WPP control level is 
a key factor to control the wind turbines centrally in an 
efficient and hierarchical way while satisfying the grid 
codes.  

To be able to implement the WPP control level, 
aggregated models are used in the literature [9]-[11] for the 
overall WPP, which is represented as a single wind turbine 
without losing the wind and collector system 
characteristics. Another approach is to model the WPP as 
individual wind turbine and the WPP control functions are 
implemented at this wind turbine control level.  This 
approach aims to gain wind turbines the required WPP 
functionalities. After implementing the control structure, 
evaluation is performed for the proposed controller in order 
to fulfill the grid code requirements [12], [13]. 

So far, the mentioned approaches are based on a single 
control level without a hierarchical architecture or 
distribution of the control functions among several control 
levels (i.e. WPP and wind turbine control levels, if available 
FACTs and energy storage controllers). But, in this paper, a 
comprehensive overview of WPP control strategies [14]-
[19], which are implemented at the WPP control level in 
the WPP two-level control architecture, is presented 
regarding active power, reactive power, voltage, frequency, 
and emulated inertia controls. Moreover, WPP and wind 
turbine control level functions are discussed considering the 
hierarchy and coordination of these levels. 

II.  GRID CODE REQUIREMENTS FOR WPPS 
Grid codes define the connection and operational 

requirements for all parties such as power plant owners, 
large consumers, and ancillary service providers, connected 
to the transmission system. Recent grid codes for the power 
plants were specified in terms of synchronous machines. 
However, wind turbines are based on different technologies 
which have significant impacts on the conventional 
transmission system [20]. TSOs have revised their grid 
codes to sustain reliable and stable power generation to the 
loads while enabling the large scale integration of wind 
power generation [2]-[4]. Although the requirements 
depend on the inherent characteristics of each transmission 

system, structural harmonization study of the grid codes has 
been intended to establish a generic common grid code 
format where the general layout and specifications, not the 
values, are fixed and agreed upon by all the TSOs, WPP 
developers, and wind turbine manufacturers [21]. The most 
common requirements comprise: 

• Active power and frequency control, 
• Reactive power and voltage control, 
• Fault ride through (FRT) capability, 
• Frequency and voltage operating ranges. 

The given requirements and more detailed discussions 
have already been made in the literature [5], [6], [20], [21]. 
Here a brief review of the mentioned common requirements 
is included for the WPP control functions. 

A.  Active Power and Frequency Control  
WPPs have to dynamically participate in the grid 

operation control by regulating their active power output. 
Active power regulation in the grid codes include active 
power control functions, which limit the maximum active 
power, balance the active power output, and define the 
ramp rates upward or downward direction.  

The control functions provide TSOs to control WPPs in 
a predictable way reducing the uncertainties caused by the 
wind. They might also be the supervisory tools to integrate 
WPPs into existing transmission planning and market 
operations. Additionally, reserve power can be maintained 
through using these functions for the frequency control. 
Active power reference update rate, start-up ramp rate, shut 
down ramp rate, and system protection functions are the 
additional requirements specified under the active power 
control title in the grid codes [2]-[4], [21], [23], [24].   

Frequency control is performed by the power plants 
under the supervision of TSO in different stages which 
depend on each other [22]. Primary frequency control is one 
of the stages and allows a balance to be re-established 
between generation and consumption at a frequency other 
than the system frequency reference (50 or 60 Hz) in 
response to a frequency deviation.  

In the WPPs, the wind turbines don’t have a 
synchronously rotating rotor like in conventional power 
plants, and they are therefore following the system 
frequency. If there is a frequency excursion, they can 
change their active power output by the additional converter 
or the wind turbine controllers according to the grid code 
requirements [8]. The grid codes generally demand active 
power curtailment for frequencies above the normal 
operating limits (i.e. higher than 50.2 Hz in [3]) and 
immediate disconnection for lower frequencies (i.e. lower 
than 47 Hz in [3]). However, these limits can vary 
according to the bilateral agreements between the TSO and 
WPP owner. If the TSO demands same primary frequency 
control performance as for the conventional power plants, 
active power reserve should be deployed in the turbine 
kinetic energy, energy storage equipments or by de-rated 
operation of the wind turbine. 



 

Moreover, emulated inertia control is another form of 
active power control for WPPs. This control idea comes 
from the conventional power plant natural response to the 
load changes in the grid operation. However, in WPPs wind 
turbine rotor speed is decoupled from the system frequency. 
The controller for inertia emulation should increase or 
decrease the active power output proportional to the 
derivative of the frequency, and as a result reduces the 
drop/rise of the frequency deviations. But, specifications for 
the emulated inertia control rely on the power system 
characteristics, such as the overall inertia of the system and 
the wind power penetration level in the transmission 
system. This controller structure is not a common 
requirement now in the grid codes, but is defined for a 
future implementation in the Spanish grid code [4].  

B.  Reactive Power and Voltage Control 
WPPs have to regulate their reactive power output in 

response to the voltage deviations at the grid connection 
point and the reactive power references sent by the TSO. 
The reactive power requirements depend on the grid 
connection point characteristics, which include short-circuit 
power of the connection point, X/R ratio, and wind power 
penetration level. For the grid operation, there are three 
different possibilities for reactive power references set by 
the TSO; reactive power, power factor and voltage 
references. Grid codes have stated these reactive power 
operating conditions, such as P/Q and V/Q curves or 
voltage slope characteristics. Additionally, the reactive 
power ramp rate, reactive power control and measurement 
accuracy, settling and rise times for reactive power change 
are specified in the grid codes [2]-[4], [21], [23], [24].  

C.  Fault Ride Through (FRT) Capability 
During grid disturbances, voltage dips can typically lead 

to WPP disconnections that will cause instability and yield 
into blackouts. To avoid these problems, the grid codes 
require continuous operation even if the voltage dip reaches 
very low levels, support to the voltage recovery by injecting 
reactive current and active power restoration after the fault 
clearance with a limited ramp values. All these features are 
defined as FRT capability of the wind turbines and 
described by the FRT voltage profile given in the grid 
codes. During the fault, the reactive current injection is 
defined by another figure, and in addition to these 
capabilities, reactive current injection, dead, rise, and 
settling time with the post fault support time are specified 
correspondingly in the grid codes [2]-[4], [23], [24]. 

III.  WPP CONTROL 
In order to satisfy the mentioned grid codes, the WPP 

control level is responsible for the active and reactive power 
dispatch for the wind turbines. In addition to the steady 
state performance, the WPP control level can dynamically 
provide stability, or if it is not possible to react due to the 
response time of the WPP controller and WPP 

communication system, it should not affect the transmission 
system operation adversely during the transient conditions 
(i.e. faults, switching operations, and load/wind variations). 
The challenge increases further when there are other 
components, such as energy storages, capacitor banks, and 
FACTs in the WPP. Therefore, the WPP control 
architecture should be structured in a hierarchical and 
coordinated way for efficient, reliable and stable grid 
operation as a single generating unit.   

Generally, two-level control, which comprises the WPP 
control level and the wind turbine level, has been 
implemented as a benchmark of WPP control architecture 
in the literature and industry [14]-[19]. In this architecture, 
the WPP control level determines the active and reactive 
power set points for each wind turbine based on the grid 
connection point measurements and TSO demands.  

The wind turbine control level on the other hand, 
ensures that the sent out references from the WPP control 
level are reached. Moreover, if any operational changes 
occur, such as available wind power or fault situations, the 
WPP control level should be acknowledged through a 
SCADA (Supervisory Control and Data Acquisition) 
system. In the following subsections, the WPP control level 
is described in more details. 

A.   WPP Active Power Control  
In the WPP control level, the active power control main 

purpose is to control the injected active power at the point 
of connection into the transmission system. Therefore, the 
WPP active power controller calculates the active power set 
points of each wind turbine in the WPP with respect to the 
active power reference received from the TSO. As 
illustrated in Fig. 1, the inputs of the active power control 
are the received power reference, measured active power at 
the connection point, available active power values from 
each wind turbines, and the outputs are the reference 
signals to each wind turbine. The WPP active power control 
typically contains an active power control functions block, 
main controller block and dispatch function block as shown 
in Fig. 1. 
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Fig. 1.  WPP level active power control [16] 
 

    1)  Active Power Control Functions 
In Danish grid code [2], active power control functions 

are clearly defined, thus in Horns Rev I all the functions are 
implemented and in operation [17]. The active power 
control functions block in Fig. 1 can decide which control 
function will be active for the WPP. For instance, balance 
control or delta control can work at the same time with the 
power rate limiter function. These control functions are 
simulated in [16] and the results are given in Fig. 2.  



 

 
Fig. 2.  WPP active power control functions [16] 
 
    2)  Active Power Main Controller 

The main controller block, illustrated in Fig. 3, is a 
simple PI controller with anti wind-up limiter that 
calculates the active power error and decides the overall 
WPP active power reference (Pout

WPP). 
 

Main Controller

PIPref
WPP Pout

WPP

Pmeas
WPP

 
Fig. 3.  WPP active power main controller based on [16] 
 
    3)  Active Power Dispatch Function 

There are various ways in order to distribute the active 
power reference signals to individual wind turbines (Pref

WT) 
as a dispatch function. The simplest algorithm directly 
sends the input signal (Pout

WPP), which is expressed in per 
unit (pu), to all wind turbines. It should be noticed that if 
the power reference signal sent to a wind turbine exceeds 
the maximum available power of the wind turbine, in the 
next error computation step the rest of the wind turbines 
will automatically increase their outputs in order to reset 
the active power error. However, this algorithm does not 
check the available power of the overall WPP, thereby a 
steady state error may remain [19], [25]. 

Another strategy, which is mentioned in [16]-[18], 
calculates the wind turbine active power set points based on 
a proportional distribution of each wind turbine available 
active power. Equation (1) is simply formulated as a 
proportional distribution of the available active power by 
dividing each wind turbine available active power to the 
total available active power, where Pav

WTi is the available 
active power of ith wind turbine and Pav

WPP is the total 
available active power of the WPP. 

∑
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Further, an optimized dispatch control strategy is 
implemented that defines the active power set points of 
each wind turbines and closely follows the TSO active 
power reference taking the WPP internal active power 
losses and availability of the wind power into consideration 
[14]. This optimization problem defined in (2) is composed 
of three sub-objective functions: the first and second part 
aim to decrease the deviation between the WPP active and 
reactive power outputs and the TSO reference value 
respectively, and the last part seeks to reduce the active 
power losses in the collector system. 
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,where Pd and Qd is active and reactive power demand 
received from the TSO, Ptotal and Qtotal is the total active and 
reactive power of the WPP, Pouti is the sending side active 
power flow of branches and PSi is the receiving side active 
power flow of branches from the wind turbine side to the 
connection point. For this objective function a primal-dual 
predictor corrector interior point optimization method is 
used in [14]. 

As a result, using the above active power control the 
WPPs can operate at the maximum power or at a de-rated 
power that would be used for the primary and secondary 
frequency control purposes or to support voltage stability in 
contingency situations (curtailment of the active power). 

B.  WPP Reactive Power Control  
The grid codes demand reactive power support in several 

ways; reactive power, power factor or voltage control 
specified as set points sent by the TSOs. Among these 
control strategies, the appropriate strategy is selected by the 
TSO and WPP developer with respect to the short-circuit 
ratio, X/R ratio at the connection point and the currently 
installed reactive compensation in the vicinity of WPP 
connection point.  

The WPP reactive power control structure is similar to 
the active power control mentioned above. It is briefly 
shown in Fig. 4 that possible set points from the TSO are 
reactive power, power factor or voltage. The inputs of 
reactive power control are the set points (Qref

TSO, Vref
TSO, 

pfref
TSO), the measurement of the related signal (Qmeas

TSO, 

Vmeas
TSO, pfmeas

TSO) according to the set point, and in some 
cases the available active power of the wind turbines, are 
needed in order to calculate the individual reactive power or 
voltage reference of the wind turbines (Qref

WT, Vref
WT) [16]. 
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Fig. 4.  WPP level reactive power control [16] 
 
    1)  Reactive Power Control Strategies 

Power factor control is a passive reactive power control 
related to the active power output of the WPP. In other 
words, when the active power output is increased, the power 
factor control will also increase the reactive output. The 
significant disadvantage is that when the active power 
changes due to wind or TSO reference, these changes will 
lead to reactive power changes at the connection point [15]. 

Another strategy is the reactive power control which 
receives the reactive power reference signal from the TSO. 
Same disadvantage can take place, if the wind power 



 

change is very rapid. Thus a very fast reactive control will 
be required from both the TSO operator and the WPP 
reactive power controller in order to sustain the voltage 
constraints. 

On the other hand, the voltage control strategy is more 
robust and active power changes do not affect the set points 
coming from the TSO as in the previous strategies. But 
practical drawbacks, such as communication delays, should 
be carefully handled. However, undesired voltage changes 
cannot be avoided at the point of connection [15]. 
    2)  Reactive Power Main Controller 

The main controller, which is illustrated as a block in 
Fig. 4, is a simple PI controller with anti wind-up limiter 
that calculates the reactive power or voltage error and 
decides the overall WPP reactive power reference (Qout

WPP) 
or connection point voltage reference (Vout

WPP). In addition 
to this structure in reactive power control strategy, the 
reactive power reference can be modified by adding output 
of the voltage control as a reactive power correction. It is 
shown in Fig. 5 and the additional voltage loop is realized 
to assure the voltage constraints at the connection point 
[16]. Similar control structure with the reactive power 
additional loop can also be implemented in the voltage 
control strategy. Another similar main controller structure, 
which is based on reactive power control and a 
subordinated voltage control loop, is illustrated in Fig. 6 
[25]. The implementation of the subordinated loop is to 
enable the voltage constraints while following the reactive 
power reference. In other words it s a protection to sustain 
the WPP availability such that the WPP connection point 
voltage remains between the voltage limits. 
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Fig. 5.  WPP reactive power main controller [16] 
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Fig. 6.  WPP reactive power cascaded main controller [25] 
 
    3)  Reactive Power Dispatch Function 

Similar to the active power dispatch function, there are 
various ways in order to distribute the reactive 
power/voltage reference signals to individual wind turbines 
(Qref

WT or Vref
WT) similar to active power control as a 

dispatch function. The simplest algorithm directly sends the 

input signal that is reactive power reference (Qout
WPP) to all 

wind turbines. It should be noticed that in the voltage 
control strategy, the voltage reference (Vout

WPP) must be 
converted to reactive power set point, and then it can be 
distributed as the reactive power references (Qref

WT) [25]. 
However, the disadvantage of the reactive control strategy 
with this distribution function is that the identical reactive 
power set values sent to each wind turbine would cause 
excessive voltage variations within the collector feeders. In 
case of high voltage profile, there could be trip of the wind 
turbines because of the voltage instability and equipment 
voltage ratings [19]. 

Another strategy, which is mentioned in [16]-[17], 
calculates wind turbine reactive power set points based on a 
proportional distribution of each wind turbine available 
reactive power. Equation (3) is simply formulated as a 
proportional distribution of the available reactive power by 
dividing each wind turbine available reactive power to the 
total available reactive power, where Pav

WTi and Qav
WTi is the 

available active and reactive power of ith wind turbine 
respectively, Qav

WPP is the total available reactive power of 
the WPP, and Sgen_rate

WTi is MVA rating of the ith wind 
turbine. 
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 Further, an optimized dispatch control strategy is 
implemented that defines the reactive power or voltage set 
points of each wind turbines and closely follows the TSO 
active power reference taking the WPP internal active 
power losses and availability of the wind power into 
consideration [14]. This optimization problem is defined in 
(2) and the details are mentioned in the active power 
dispatch function part. 

Another optimization algorithm focuses on the WPP 
collector system losses which are the sum of no-load and 
load losses in the collector system [26]. In (4), the total loss 
(PLOSS) is formulated in two parts; the first part is the load 
loss at any operating point in terms of total power (S) and 
voltage (V) which is related to the load loss (PLL-rated) at the 
rated power (Srated) and nominal voltage (Vrated). The second 
part is the no-load loss of the collector system transformers 
at any V which is also related to the no-load loss (PNL-rated) 
at the nominal voltage (Vrated). 
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    4)  WPP Coordinated Reactive Power Control 
The WPP reactive power control level is surveyed as a 

single central unit in order to satisfy grid codes reactive 
power and voltage requirements. Likewise, the wind turbine 
control level has reactive power and voltage control 
strategies, which affect the overall performance of the WPP. 
The coordination of these two control levels is very 
important. For instance, reactive power control can be 
implemented as a slow control loop on the WPP control 
level and a fast voltage control loop, which is able to 



 

operate in the wind turbines (Fig. 7). Another possible 
structure is that both WPP control and wind turbine control 
level have the voltage control capability. The voltage 
control on the WPP level can stabilize the connection point 
voltage within the limits regardless the active power 
variations. On the other hand, voltage controllers at the 
wind turbines are able to reduce the fast voltage variations 
in the collector system and the grid (Fig. 8) [15], [27]. On 
the contrary to this control structure, there has been an 
implementation where the voltage control loop is the inner 
control and the relatively slower reactive power control loop 
is the outer control loop [28].  The claim for this structure, 
which is depicted in Fig. 9, is that it is more stable than the 
reactive power control loop inside of the voltage control 
loop. However, if the wind turbines react with their very 
fast voltage control with respect to the disturbances, there 
might be some intra-plant stability problems due to the 
WPP collector system and interaction of these controllers. 
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Fig. 7.  WPP reactive power control with voltage control at the wind turbine 
[15] 
 

Wind Turbine Control Level

Vmeas
WT

Vref
WT

KVC
Qref

WT

Qmeas
WT

|Vmeas
WT|

delay

WPP Control Level
(Voltage Control)

iq_ref

Fast Voltage Control Loop

/

|Vmeas
WT|

|Vmeas
WT|

K2

K1

ΔVref
WT

 
Fig. 8.  WPP voltage control with voltage control (inner reactive power 
control loop) at the wind turbine [15] 
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Fig. 9. WPP reactive power control with reactive power control (inner voltage 
control loop) at the wind turbine [28] 

C.  WPP Frequency Control  
In the power system, the active power generated and 

consumed must be in balance during steady state 
conditions. When a disturbance has occurred, the system 
frequency will deviate with respect to the angular 
momentum of the synchronous machines and spinning 
loads connected to the system. For these frequency 
excursions, power plants are required to provide frequency 
response which is specified in the grid codes by the TSOs. 

The primary frequency control is the response of the 

power plant during the frequency deviation by changing its 
active power output in order to stabilize the frequency at a 
level different than the nominal frequency (50 Hz or 60 Hz) 
within 10 sec. – 30 sec. (BC period in Fig. 10). 

 
Fig. 10.  Primary frequency control 
 

In the last 5 years, there have been a lot of studies about 
primary frequency control both implemented on the WPP 
control and wind turbine control level. Most of the studies 
have implemented the primary frequency control in the 
pitch control system or active power control loop of the 
converters by either using the inertial response of the rotor, 
reserve power of the wind turbine (de-rated operation 
mode) or energy storage devices. In [16] and [17], the 
primary frequency control is implemented on the WPP 
control level and the reason is stated to avoid that WPP can 
counteract the frequency controllers in the wind turbines. 
This control structure is illustrated in Fig. 11. On the other 
hand, in [14] and [17], all the all the wind turbines are able 
to response to frequency deviations and they can change 
their active power autonomously regardless of the WPP 
controller. 
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Fig. 11.  WPP frequency control [16] 

D.  WPP Emulated Inertia Control  
As mentioned in the frequency control, any imbalance 

such as the difference between generation and consumption 
leads to deviations in the system frequency. The frequency 
drop during the AB period (in Fig. 10) depends on the total 
inertia of the system, which can be described as the 
available stored energy in the rotor of the conventional 
power plants. This stored energy is instantaneously released 
to cease the frequency drop. 

If the wind power penetration level is expected to 
increase with the converter based wind turbines, the system 
inertia response will be reduced. As a result, the system 
frequency drop during an imbalance will drop very rapidly 
to lower values than the previous case. Therefore, TSOs let 
WPPs contribute to system inertia by emulating 
synchronous machine inertial response [4]. In [29], the 
active power output of a WPP is controlled by an algorithm 
in order to contribute to the system frequency. This control 



 

is emulating the inertia response behavior of the 
synchronous power plant. It detects the frequency of the 
power system and then calculates a variation rate in the 
detected system frequency. Afterwards, an active power 
output change of the WPP is calculated based on a value of 
the WPP overall inertia and the previously calculated 
frequency variation rate. The calculated active power 
change for the overall WPP is distributed with respect to 
two embodiments, the first one is just by dividing the 
number of the wind turbines, and the second approach is by 
taking account of the WPP equivalent rotational speed and 
every individual rotational speed of the wind turbines. 
Furthermore, the method comprises the detection of the 
incoming wind speed at the WPP, and the calculation of the 
energy residing in the rotational masses of the WPP from 
the detected wind speed. Fig. 12 illustrates the whole 
detection and calculation steps of the control methodology. 
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Fig. 12.  WPP emulated inertia control based on [29] 

IV.  DISCUSSION AND CONCLUSION 
The installation of larger WPPs at both onshore and 

offshore are rapidly increasing by virtue of the recent 
developments in wind turbine technology and the incentives 
provided by the governments.  According to the wind 
integration studies performed by the TSOs and 
organizations from academy and industry, the grid code 
requirements have been revised, wind turbine 
manufacturers have been implementing new developments 
to the market, and the WPP developers have been 
conducting the connection studies considering grid codes 
and wind turbine technology. In this paper, a 
comprehensive overview of WPP control strategies is 
presented regarding active power, reactive power, voltage, 
frequency, and emulated inertia controls.  

The WPP control level is the key factor for steady state 
and dynamic operational performance of the WPP. The 
WPP control architecture as a usual concept consists of 
mainly two levels, the WPP control level and the wind 
turbine control level. The general functions of the WPP 
control level are discussed in the related part of the report 
that comprises the following functions required from the 
system operator; active power, frequency, emulated inertia, 
and reactive power (voltage control, pf control). 

FRT control function is much more related to the wind 
turbine level with respect to the response time and 
elimination of the disturbances. In the literature the 
functions of each WPP control level and the coordination of 
these levels haven’t been covered in detail. Furthermore, 
more detailed WPP models including the communication 
latency and sampling time should be developed. According 
to the grid code requirements and wind turbine technology 

a brief provision of the functions for the each level can be 
classified as follows: 

• Active power control of WPP 
WPP Control Level Functions: 

• Secondary frequency control 
• Primary frequency control 
• Reactive power control (or Voltage control) of WPP 

• Active power control of wind turbine 
Wind Turbine Control Level Functions: 

• Reactive power control of wind turbine 
• Emulated inertia control 
• FRT control 

On the other hand, AGC (Automatic Generation 
Control) for the secondary frequency control and secondary 
voltage control functions utilized in conventional 
transmission systems can be implemented to improve the 
WPP control algorithm which includes optimization of the 
active and reactive power control considering the collector 
system layout, wind prediction, and availability of the 
generation. 

Finally, communication time delays between the control 
levels should be taken into account for the WPP control 
architecture. For instance, the arrival time of the available 
wind power information from the wind turbine to the WPP 
controller will affect the primary frequency control 
performance.  
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