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CHAPTER 1.  INTRODUCTION 

This work details the impact and development of utilizing a capability curve for a 

doubly fed induction generator (DFIG) wind plant. The steady state and dynamic power 

system response to the reactive capability of the machines are tested with high wind 

penetration levels. This work was motivated by the interconnection requirements set forth by 

FERC in order 661-A which mandate the operation of wind parks within a power factor 

range of 0.95 leading and lagging. This restricted operation drastically under-utilizes the 

reactive output of the machine and hence creates a potential negative impact to the power 

system. 

The results presented in this work outline a methodology for determining the 

penetration level of a system based on voltage and power transfer criteria defined for the 

system. DFIG wind model control enhancements were also developed which improve post 

fault voltage profiles and damp system swings, preventing overshoot immediately after a 

disturbance. In the presented case study the extended reactive limits of the plant were found 

to prevent system collapse. 

 

1.1 Trends, Regulation, and Concerns with Wind Generators 

In today’s world, with rising global fuel prices and concerns relating to climate 

change, there is an increasing focus on renewable sources to satisfy energy requirements.  

Among the renewable resources, wind generation is gaining prominence due to available 

technologies that allow for large-scale power generation [1], [2]. The year 2007 was a record 
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year for wind generation in the United States with a total increase of 45% in wind 

installations that accounted for 30% of all newly added generation [3], [4]. 

Federal policy in the form of production tax credits and state regulations in the form 

of renewable portfolio standards (RPS) [5] have contributed to encouraging the development 

of wind generation in the United States [6]. Over 25 states have accepted RPS by requiring a 

substantial contribution from renewables to their power generation portfolio [7]. Considering 

these incentives and mandates, wind generation technology appears to be the most popular 

renewable option for developers. Although, the same types of regulatory policy that is 

helping stimulate construction, may be counter productive to power system operation. 

In 2005, FERC orders 661 and 661-A [23] [24] were released which mandate the 

interconnection requirements for large wind parks over 20MW. According to this order, a 

key requirement for plant operation is that the power factor at the point of interconnection 

(POI) must remain between 0.95 leading and 0.95 lagging. Reference [24] states that the 

reason for this ruling is that reactive power capability for a wind plant is a significant 

additional cost compared to conventional units that possess inherent reactive capability.  As 

more wind installations appear in years to come, policy rulings may need modification to 

allow for healthy performance of the power system. 

The majority of the newly installed wind generation consists of doubly fed induction 

generators, but it has not always this way [8]. Figure 1 shows the percentage of the different 

types of wind turbines installed each year from 1995 through 2005. There are four types of 

wind units: type A – Fixed Speed (FSG), type B – FSG with Variable Rotor Resistance 

(WRIG), type C – Doubly Fed Induction Generators (DFIG), and type D – Full Scale 

Frequency Converter (WRSG). 
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Figure 1. Yearly installed types of turbines by percentage from 1995-2005 [8] 
 

 

It should be noted that traditional wind generating units (type A&B) do not possess 

reactive capability. They were, contrast to DFIG units, reactive power consumers whose 

inherent downfall lead to the inability to regulate terminal voltage [51]. To mitigate this 

reactive demand, many FSG and WRIG wind parks were equipped with external sources of 

reactive power. Static source installations such as shunt capacitors are relatively inexpensive 

as compared to dynamic resources such as SVCs [18]. On the other hand, newer wind parks 

consisting of DFIG units have reactive power capability [19]. The presence of power 

electronic controls in DFIGs makes them a fast acting dynamic reactive resource as 

compared to synchronous generators [20]. This allows for voltage regulation and reactive 

power control by a wind park [21], [22].  As more and more DFIGs come online, the threat 

of increasing levels of wind penetration have generated a widespread concern over potential 

impacts to power system performance. 
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There are primarily two reasons for such a concern, the variability of the resource and 

the nature of the generator, both of which imply the restructuring of system operation and the 

inclusion of non-traditional system equipment [9]. Therefore, the effect of high wind 

penetration levels on system performance becomes a critical factor in power system 

operation and planning of future units. To accommodate this new style of generation, precise 

modeling of DFIG units is important for both static and dynamic analysis of power system 

performance [1]. When considering performance criterion, system frequency and voltage 

levels must be maintained within strict tolerance for proper operation [53]. Compared to 

other turbine configurations DFIG wind units possess the superiority to operate during low 

voltage conditions as well as regulate system voltage levels [52]. Therefore, it was decided to 

study the system impact of DFIG wind turbines with a focus on the voltage regulating 

features within the machine. 

The following work demonstrates reliability improvements in both static and dynamic 

power system operation through application of an extended capability curve. It is shown that, 

contrary to FERC order 661-A, DFIG wind parks may and should operate at much lower 

power factors without incurring additional costs to the plant owner. This extended reactive 

capability allows for not only improved voltage recovery following a grid disturbance, but 

may aid in the prevention of a system collapse. The results provide valuable information that 

help to accurately assess the stability of a system and to prevent voltage violations with 

studies involving high penetration levels [10]. 

It will be shown that imposing this power factor restriction limits the performance of 

DFIG wind parks, which directly influence the system performance. Thus utilizing the DFIG 

capability curve can lead to improved static and dynamic system response as well as reduce 
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the amount of committed conventional reactive reserve. The FERC order 661-A gives 

general guidelines for interconnecting wind parks, but for specific parks employing DFIG 

units the restriction on power factor should be lifted because additional performance may be 

obtained at no extra cost to the wind farm owner.  

 

1.2 Fundamentals of Doubly Fed Induction Generators 

Doubly fed induction generators are a type of variable speed wind turbine that include 

operational advantages of both synchronous and induction machines. As with any induction 

machine variable speed operation can easily be achieved. In DFIG turbines this feature 

allows the capture of maximum wind potential over a wide range of wind speeds using a 

control strategy termed maximum power tracking (MPT). This tracking characteristic is 

accomplished by regulating the power extracted by the rotor blades at a given operating 

speed from the wind [54]. The MPT superiority is observed economically when compared to 

a fixed speed turbine with upwards of a 10% increase in energy efficiency [1]. 

Figure 2 lays out a high level diagram that contains the systems and subsystems 

involved with a DFIG machine. As with other electrical machines, DFIGs have both 

electrical and mechanical components. The main mechanical system contains rotor blades 

that are fixed to a prime mover that are controlled with a pitching mechanism to adjust the 

associated aerodynamic characteristics. The prime mover then connects to a step up gearbox 

that drives the generator. The electrical system is comprised of a wound rotor induction 

generator and power electronic converter (PEC) control that functions as the generator 

exciter [55]. 
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Figure 2. High-level system overview of a DFIG wind turbine 

 

Since the PEC acts as the machines excitation system, complete control of reactive 

power is handled here. This is accomplished through a back-to-back converter that couples 

the rotor windings of the machine to the grid side of the machine. Figure 3 displays the 

converter architecture that consists of IGBT controlled switches that have a common DC bus 

linking the AC circuits [56]. 

 

Figure 3. Power electronic converter architecture 

 

As such the PEC is comprised of two independently controlled three-phase inverters that can 

function in four-quadrant operation. The names of these converters will be referred to as the 

RSC and GSC, which are the respective rotor and grid side converters. The back-to-back 
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RSC and GSC configuration allows for bi-directional power flow between the rotor side 

windings and the stator side output terminals of the machine. This system of power transfer 

resembles an HVDC set up wherein two asynchronous systems are interconnected. This 

versatility lends itself to the nature of the machine as the mechanical speed is constantly 

changing with fluctuations in the wind. Therefore, in order to maintain an internal rotating 

magnetic field with respect to the grid frequency (as in synchronous machines) the RSC is 

constantly adjusting its current injections to the rotor.  Thus, excitation of the generator is 

supplied by the RSC shown in Figure 4.  The frequency of the current injections is defined by 

equations 1. 

mrs ωωω +=      (1) 

In this manner the RSC maintains a rotating magnetic field at synchronous speed sω by 

injecting currents at a frequency rω  given the mechanical rotation of the machine mω .  

 

 

Figure 4. DFIG high level power balance schematic 

  

Figure 4 also shows the flow of power within the machine, where the total 

mechanical, stator and rotor electrical powers are respectively defined by Pm, Ps, Pr. Since 

the generator is an induction machine the slip (s) is given by: 
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s

ms

p

s
ω

ωω
2

−

=      (2) 

where p is the number or poles.  Relations of the above powers can be approximately 

expressed using the slip of the machine to derive the total electrical real (Ptot) power output. 

)1( sPPPPP smrstot −≈≈+=    (3) 

The next chapter will present details regarding the derivations of the total electrical active 

and reactive capability from the machine and power electronic converters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

   

 

9

CHAPTER 2. STATIC MODELING OF DFIG WIND PLANTS 

References [34], [35] make claims of 20% penetration levels from wind resources in 

the U.S. At these levels, misrepresenting the actual power capability of DFIG plants at high 

penetration levels may cause large discrepancies between the actual power flows and 

misrepresent limits on the power system. Although DFIG parks may be modeled in various 

ways, considering the true reactive ability of the plant is paramount for studying future 

system operation. 

Power flow simulations are used to derive bus voltages and network line flows for 

given load conditions. Typically generating units are modeled with a finite operating region 

for real and reactive power outputs. In recent years appropriate representation of wind plants 

have been of increasing interest. 

2.1 Introduction 

Proper machine modeling is necessary to understand the actual reactive power 

capability of a DFIG wind park. These machines can be represented using the simplified 

traditional induction machine T-model (figure 5) with an additional voltage source connected 

to the rotor. This voltage source represents the rotor side converter (RSC) that excites the 

machine. 

 

Figure 5. DFIG static machine model 
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In the above figure the stator and rotor voltage (Vs, Vr) and flux ),( rs ψψ equations can 

be derived from the machine currents (Is, Ir) [25]. In equations 4-7, (Rs,Lls) and (Rr, Llr) are 

the respective stator and rotor resistance and leakage inductance with Llm defining the 

magnetizing inductance.  

 

)()( rsmssssss IILjILjRV +++= ωω    (4) 

)( rsmsrrs

rr IILjILj
s

R

s

V
++








+= ωω    (5) 

rlmsss ILIL −=ψ
    

(6) 

slmrrr ILIL −=ψ
    

(7) 

 

The grid frequency is given by ws, the machine slip is s, and Ls=Lls+Llm and Lr=Llr+Llm. 

The RSC size is computed from the ratings of the rotor side voltage source by 

combining the above basic KVL loop equations with the stator and rotor flux equations. 

Eliminating the stator flux from these equations, expressions for the rotor current, voltage, 

and converter MVA rating can be computed [25].  

 

rsmrr LILI )( −= ψ     (8) 

])([])[( rrmssrrrr RLLIsjLRV −+= ωψ         (9) 

)(3 *

rrr IVS =
     

(10) 

The converter that excites the DFIG machine is constructed with a back-to-back 

power electronic converter (PEC) that is fed from a DC voltage source [26]. Given the 
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highest AC voltage connected to the bi-directional converter the DC link voltage can be 

obtained using the following relation where Pm is the modulation index. 

 

  ac

m

linkdc V
P

V
3

22
=−      (11) 

2.1.1 DFIG Plant Capability Curve 

It is well known that electro-mechanical machines have inherent limitations that 

allow for a fixed amount of power production.  The operating characteristics of any generator 

are important for representing a machine’s true power capability. The limitations that define 

a DFIGs electrical power capability are influenced by two factors – the generator and power 

electronics.  Referring to the maximum power tracking characteristic (Appendix A) it should 

be noted that only a finite amount of power is able from a given wind speed. Therefore the 

real power limits are set by the availability of the wind. The maximum reactive capability of 

the machine is determined by the generator design where the applied currents and voltages 

set limitations on the stator and rotor. Therefore, the maximum power capability is 

completely limited by the design of the machine although the back-to-back power converter, 

which will be addressed in section 2.1.4, defines the actual capability. 

A capability curve for a DFIG wind park was formulated using the method followed 

in [31] with a maximum power tracking characteristic given in Appendix A. This technique 

is given for only a single machine, but it is assumed that the power capability of one machine 

can be scaled up to accurately aggregate the behavior of a DFIG wind park.  
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Figure 6. DFIG wind park static power capability curve in per units 

 

This is made under the assumption that the DFIG wind park network is not considered such 

as each machine feeder line and transformer. Additional impedance may be added to the 

model, which accounts for these simplifications [32]. 

The plot in figure 6 displays the operation of a DFIG within the specified 0.95 leading 

and 0.95 lagging power factors. Superimposed is the capability curve for the DFIG at 

different wind speeds corresponding to variable levels of power output. Given in the plot are 

the capability curves for slips 0.25, 0.1, -0.05, -0.15 and -0.25. This spans the entire spectrum 

of wind speeds from cut-in speed that corresponds to 0.25 slip to just before cut-out speed 

that corresponds to -0.25 slip. Thus by utilizing the capability curve in network analysis 

additional reactive power and hence improved power system performance may be attained 

over a regulated power factor. It is evident from the figure that at 100% plant output the use 
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of the capability curve does not give much additional reactive support compared to the 0.95 

leading operation. In contrast additional reactive consumption may be realized in lagging 

operation. Wind parks will never continuously operate at 100% output and therefore in the 

periods of operation below 100% there is significant additional reactive power available that 

could aid in improved system performance.   

2.1.2 DFIG Wind Park Load Flow Models 

For any power system analysis it is important to appropriately model the 

characteristics of a system device. In the case of DFIG machines and machines that make up 

the response of a DFIG wind park, models for static analysis are still being developed. The 

following section will briefly discuss several model representations of DFIG wind plants.  

2.1.2.1 Negative Load Representation 

  One of the most simplified DFIG wind park representations can be defined by 

a negative load [36].  During the load flow this representation will inject real power (P) and 

either leading or lagging reactive power (+/-Q) into the grid. The farm is modeled as a PQ 

bus. This model assumes that the wind farm operates at a fixed power factor and cannot 

regulate its reactive output. 

2.1.2.2 Synchronous Machine Representation 

 A wind park may be modeled as a synchronous generator with either fixed real and 

reactive power limits or by employing a capability curve. Both models are representative of a 

PV bus that contains terminal voltage control. The capability curve is the more accurate 

representation. The only disadvantage of this strategy is that the steady state set points cannot 
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directly be used in dynamic simulations. Therefore, the initial set points must be recomputed 

for the dynamic DFIG models. 

2.1.2.3 DFIG Representation 

 Several software manufacturers now appropriately account for DFIG wind park 

models in load flow studies. Notable are PSS/E [37], [38], PowerFactory [30], and Eurostag 

[39] simulation software for including models that can automatically be initialized for 

dynamic analysis. For the strict purpose of steady state analysis, synchronous machine 

representation can accurately portray the behavior of a wind plant. As such, employing a 

DFIG capability curve using a synchronous machine model proves advantageous when 

studying high levels of wind penetration. 

 

2.1.3 Wind Park Aggregation 

Although models of DFIG turbines have been well studied [27] there is no industry 

standard and as such each software package may contain its own DFIG model. Moreover 

since larger scale wind parks will contain upwards of several hundred units, modeling of 

individual units for power system dynamic studies would result in large simulation times and 

require greater computation capability. Therefore model simplification and park aggregation 

is justified in certain power system analysis. 

The inclusion of a wind farm into a power system for simulation purposes is often 

best represented by a condensed model. Aggregation techniques of variable speed wind 

turbines have been thoroughly discussed and their significance described in [28]. Studies 



www.manaraa.com

   

 

15

comparing the results between detailed and aggregated models conclude that an aggregated 

electrical system and non-aggregated mechanical system is an efficient and accurate model 

for mid and long term simulations [29]. For short-term simulations both electrical and 

mechanical systems may be aggregated. 

For the purpose of dynamic simulation, an aggregated park of approximately 100 

DFIG units was modeled in PowerFactory simulation software by DIgSILENT [30]. The 

park was constructed with a fully aggregated technique that condenses the behavior of each 

individual turbine’s electrical and mechanical models into a single machine model 

representing both electrical and mechanical characteristics. 

 

2.1.4 Reactive Capability Validation 

The DFIG parks used in this study are 1.5 MW units that contain a power electronic 

converter rated to 30% of the machine rating (Appendix B). This assumption is justified by 

calculating and comparing the required PEC rating necessary to operate between a +/- 0.95 

power factor as well as over the entire range of the capability curve in figure 6. The 

procedure outlined in [25] was followed to compute Ir, Vr, Vdc, and Sconv corresponding to 

several operating points given respective active and reactive powers. Rows 1-5 of table 1 

detail the converter calculations for several operational points taken from the DFIG 

capability curve. Row 6 shows the ratings necessary to operate at 0.95 leading power factor 

at rated output. Observe in figure 6 that at each real power (P) operating point the reactive 

limitation (Q) of the restricted power factor regulation is less than the capability curve 

(except near 100% real output). It is apparent in table 1 that as the DFIG active output (Ptot) 
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increases likewise does the current magnitude (Ir). Near 50% output the machine reaches its 

synchronous speed and the voltage applied to the rotor is minimal and therefore the required 

converter rating is at its lowest. Near 100% output the required rotor current, voltage, and 

converter ratings are at their highest value. This implies that the leading reactive output (Qtot) 

determines the converter ratings and size at 100% output. Hence, only the maximum 

operating point for the power factor regulation was displayed. 

Table 1. Converter Sizing for Theoretical Reactive Operation 

 Ptot 

[p.u.] 

Qtot 

[p.u.] 

slip 

[%] 

Vrotor 

[V] 

Irotor 

[A] 

Vdc-link 

[V] 

Sconverter  

[kVA] 

1 0.05 0.80 25.26 244 352 440 258.5 

2 0.25 0.72 11.50 108 449 195 146.2 

3 0.50 0.63 1.33 8 425 14 10.2 

4 0.75 0.49 -9.28 97 428 175 125.4 

5 1.00 0.37 -25.14 254 468 460 357.9 

6 1.00 0.33 -25.14 254 458 460 348.6 

  

 The required DC link capacitor voltage based on the stator side voltage is calculated 

using equation 11 with a maximum modulation index of 0.9. The stator side rated voltage is 

575 V and therefore the corresponding DC link voltage is 938 V. From the above table the 

required Vdc-link from the rotor side voltage is lower compared to that required by the stator 

side voltage. This implies that no change in the actual DC link capacitor voltage rating is 

necessary to implement the capability curve. The implemented PEC rating was derived using 

a margin of safety based on the highest kVA rating from table 1. The DC capacitor voltage 

was designed from the stator side voltage and rated to 1150 V with the PEC rated at 450 

kVA.  
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 It is very important to note that operation of a DFIG with a power factor regulation 

must produce a Qtot of 0.33 and for the capability curve it must produce 0.37 at rated active 

power. Comparing Ir and Sconverter for rows 5 and 6 in table 1 show that only a 2% increase in 

the ratings is necessary to implement this capability curve over a regulated power factor 

scheme. Therefore converters installed in operational and newly commissioned DFIG wind 

farms abiding by the FERC 661-A orders have additional reactive capability that may be 

utilized. This demonstrates that operating the DFIG within a power factor regulation greatly 

under-utilizes the machines overall reactive ability. 
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CHAPTER 3.  DFIG PLANT DYNAMIC MODELING AND CONTROL 

To ascertain the dynamic performance of a power system with large amounts of 

DFIG wind penetration, appropriate modeling of DFIG wind parks is necessary. Each 

machine in a wind park has several sub system models in order to accurately reproduce the 

response of each machine. Since wind parks are made up of any where from several to 

hundreds of turbines, steps must be taken to lump the individual responses into one large or 

aggregated model that represents the behavior of the wind park. The sub systems that will be 

discussed in this chapter are the aerodynamic, mechanical, electrical, and control subsystems 

that comprise the DFIG wind turbine system.  The block diagram of the DFIG machine that 

relates the all the systems and sub systems is displayed in Figure 7. 

 

 

Figure 7. DFIG Main Block Diagram [30] 
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3.1 Dynamic Modeling Principles 

All wind turbines perform the function of converting mechanical to electrical energy 

for transportation via the electric transmission network. The energy conversion process 

begins with the energy input source: the wind, which obeys certain aerodynamic 

characteristics. The following section introduces the principles of how a turbine extracts 

power from the wind. 

3.1.1 Aerodynamic Characteristics 

As wind flows past the blades of a machine, whether rotating or stationary, 

mechanical lift is produced and an aerodynamic torque (Tae) is applied to the blades. 

Depending on the rotation of the blades, this torque produces a mechanical power (
mP ). The 

mechanical power that the turbine extracts from the wind and applied to the electrical 

subsystem for conversion is given by the following relationship 

32),(
2

1
wairm VRcpP πρβλ=       (12) 

This power (Pm) is function of the speed of the wind (Vw), the blade radius (R), the density of 

the air ( airρ ), and the performance coefficient of the rotor blades (cp).  

Due to the physical nature of the energy capturing process, not all the power available 

from the wind may be extracted by the turbine blades as described by Betz’ law [57]. This 

fact is quantitatively illustrated as the performance coefficient of the rotor (cp). It is a 

manufacturer specified parameter that is determined from a method outlined in [57]. The 

performance coefficient is a highly non-linear variable defined by a function based on the 

parameters ),( βλ  as shown in 12.  
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The tip-speed ratio )(λ  is given in equation 13 as the speed at the tip of the rotor blade 

divided by the upstream wind velocity (Vw) where turr ,ω  is the angular speed of the turbines 

rotor. 

w

turr

V

R,ω
λ =      (13) 

The parameter β  is the pitch angle of the rotor blades with units in degrees. The pitch angle 

of the turbine blades can be controlled to influence the value of cp, which in turn limits the 

amount of mechanical power available for extraction from the wind.  

Figure 8 presents a graphical representation of cp with respect to a continuously 

varying λ over different discrete values of β . From this plot it can easily be observed as the 

pitch angle ( β ) increases the performance coefficient is reduced and thus decreases the 

extracted power from the wind. S. Heier explains how to analytically calculate the 

performance coefficient of a wind turbine [57].  

 

Figure 8. Rotor performance coefficient cp vs. tip-speed ratio λ for various pitch angles 
β  
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Using this method, equations 14 and 15 were derived and the above rotor performance 

coefficient curves were developed for the DFIG model used in this study. It should be noted 

that a turbines mechanical power depends on cp and therefore is deemed a design parameter.  

  







 −









−−−= ieC

i

p

λ
ββ

λ
βλ

4.18

14.0 2.13002.06.0
150

71.0),(   (14) 

   

1

3
1

01.

002.0

1
−


















+

−
−









−
=

ββλ
λi     (15) 

Since the calculation of these curves can be computationally cumbersome with an explicit 

function, discrete points from ),( βλ  indices may be defined by a two-dimensional lookup 

table )(Α . 

    βλβλ ,),( Α=cp     (16) 

For values not located in discrete entries of the table an interpolation method, such as a cubic 

spline function, may be used to determine these points. Thus, the aerodynamic curves 

developed in MATLAB were then entered as discrete input points into the dynamic 

simulation software.  

 

 

3.1.2 Mechanical Drive Train Characteristics 

The mechanical system of the Doubly Fed machines used in this project only model 

the dynamic response of the drive train inertias. These simplifications are made due to the 

fact that the drive train has the most significant impact on power fluctuations [59]. Any other 

mechanical elements are thus not considered in this model. Additionally, the mechanical 
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model is more general in nature and may apply to any type of wind turbine. As such, the 

purpose of the drive train is to convert the aerodynamic torque (Tae) from the wind into 

mechanical torque on the low speed shaft (Tshaft) that couples to the generator via a gearbox 

[58]. The gearbox is assumed to be lossless with a gear ratio of 1:ngear. 

PowerFactory simulation software considers a two mass lumped model with one large 

mass symbolizing the rotor inertia and a smaller mass representing the generator inertia [55].  

These general details regarding the drive train lead to expressions for the system of equations 

that make up the mechanical model [60]. 

 mmmgmmm DkTH ωθω −−=&2     (17) 

  ggemggg DTkH ωθω −−=&2     (18) 

 )( gmomg ωωωθ −=&     (19) 

Tm is the accelerating torque from the wind and Te is the decelerating electric torque. K is the 

shaft stiffness and mgθ is the angular torsion in the shaft. mmD ω  and ggD ω  are the damping 

torques of the turbine and generator where gmo ωωω ,, are the system, rotor, and generator 

speeds.  This system of differential equations comprises the two-mass drive train model used 

in the simulations. 

 

3.1.3 Generator Characteristics 

The electrical system is made up of a system of differential equations modeling the 

dynamic response of the DFIG machine. The differential equations that make up this 

machine are very similar to that of a traditional induction machine, but do not contain short-
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circuited rotor windings.  Instead a voltage source generated by the RSC is connected to the 

rotor windings of the wound rotor induction machine.  A fifth order set of differential 

equations can be written in dq0 coordinates as displayed below.  The voltage, current, and 

flux indices are referred by the direct (d) and quadrature (q) axes while (s) and (r) represent 

the respective stator and rotor quantities [60]. 

 

dsqssdssds iRV ψψω &+−−=     (20) 

qsdssqssqs iRV ψψω &+−−=     (21) 

   drqrsdrrdr siRV ψψω &+−−=     (22) 

   qrdrsqrrqr siRV ψψω &+−−=     (23) 

)(
2

1
em TT

H
−=ω&      (24) 

Of this set of equations 24 describes the motion of the machine.  From expressions 

20-23 the flux linkages can be derived as shown in 25-28. 

   drmdsmsds iLiLL −+−= )(ψ     (25)

 qrmqsmsqs iLiLL −+−= )(ψ     (26) 

   dsmdrmsdr iLiLL −+−= )(ψ     (27) 

qsmqrmsqr iLiLL −+−= )(ψ    (28) 

Combining 25-28 and if the stator transients, the flux derivatives in 20-23, are 

neglected algebraic definitions for voltages may be derived [61]. 

 

))(( qrmqsmssdssds iLiLLiRv +++−= ω     (29) 
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))(( drmdsmssqssqs iLiLLiRv ++−−= ω     (30) 

))(( qsmqrmrsqsrdr iLiLLsiRv +++−= ω    (31) 

))(( dsmdrmrsqrrqr iLiLLsiRv +++−= ω    (32) 

3.1.4 Vector Control 

Consider a rotating reference frame rotating in at the same angular velocity ( 1ω ) as 

the power grid ( sω ).  Revisiting equation set 4-7 and rewriting expression 4 and 5 in the time 

domain the following stator and rotor expressions may be derived [25].   

 ssssss jVRI ψωψ −−=+ &     (33) 

  rrsrrrr jVRI ψωωψ )( −−−=+ &    (34) 

Under the same assumptions above, the d axis of the d-q coordinates is selected to be in line 

with the stator flux sψ . Now, dψ remains constant since the stator flux is constant, and thus 

0=dψ&  and 0=qψ .  These terms can be inputs to the above expressions (33,34) to obtain 

0=dV  and dqV ψω1−= .  If the stator flux equations are rewritten in terms of Is then we have 

r

s

m

ss I
L

L
I −=ψ  where msls LLL +=    (35) 

Combining the voltage and flux equations (25-28 and 29-32), one can generate 

expressions that relate dq voltage and current quantities to real and reactive power output of 

the machine. 

qrqrdrdrqsqsdsds ivivivivP +++=     (35) 

qrdrdrqrqsdsdsqs ivivivivQ −+−=     (36) 
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Under the assumptions above the stator real and reactive powers may be formulated as 

follows. 

)(2/3)(2/3)(2/3 1 qr

s

m

dqqqqdds I
L

L
IVIVIVP ψω==+=   (37) 

)((2/3)(2/3)(2/3 1 qr

s

m

dddqdqdds I
L

L
IVIVIVQ −=−=−= ψψω   (38) 

It should be noted that the expression for the stator real power is regulated by the qrI  

component whereas reactive power is controlled by drI .  Now if the rotor flux equations (27 

and 28) are used by substitution into 35 for sI the following can be derived. 

r

s

m

rs

s

m

r I
L

L
L

L

L
)(

2

−+= ψψ     (39) 

If expression (34) is considered in the steady state 0=rψ& and using equation (39) with 

)(
2

s

m

rsc
L

L
LL −= , the rotor voltage equations may be derived as follows. 

qrrscdrrdr ILIRV )( 1 ωω −+−=    (40) 

)(( 1 d

s

m

drscrqrrqr
L

L
ILIRV ψωω +−−−=   (41) 

 From the above equations it should be observed that applying appropriate control to 

the rotor side converter can produce the necessary voltages to control the stator power.  

Therefore, the active and reactive power of the DFIG machine may be controlled with the 

decoupled vector control strategy. 
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3.1.5 Pitch Control Characteristics 

The pitch controller of a DFIG wind turbine is used to regulate the mechanical power 

extracted from the wind.  This strategy becomes useful when mechanical power input to the 

turbine becomes excessive at high wind speeds.  Revisiting expression 12 it is apparent that 

the mechanical power can be approximated as the cube of the wind speed.  Thus a small 

change in wind speed produces a large change in mechanical power.   

    

 In order to help control the turbine input within its design specifications the 

performance coefficient (cp) in 12 must be regulated.  It was discussed earlier that the 

function for cp is derived with two variables, ),( βλ . 

 The pitch controller can be represented by the transfer function in a block diagram as 

shown in Figure 9. The entire subsystem response is comprised of a PI controller that 

governs the output of the controller, which is then feed into a pitch-actuated servomotor.   

 

 

Figure 9. Pitch Controller Block Diagram [30] 
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The pitch controller modeled in PowerFactory is a generic model that does not 

represent any individual turbine manufacturer.  The model was adjusted to produce a 

reasonable response as compared with other documented results [59]. Details regarding the 

design of the pitch controller can be found in numerous literatures [62].  

3.2 Dynamic Model Validation 

All of the following simulation studies were based on the GE 1.5 xle MW wind 

turbine. All data regarding the electrical and mechanical machine model can be found in 

Appendix B.  

The default model given in DigSILENT PowerFactory was a 7 MW DFIG wind 

turbine presumably representative of an off shore machine. In order to appropriately address 

the effectiveness of adjustments to the default model, a wind speed ramp was applied to the 

newly configured 1.5 MW machine. This test would demonstrate the accurate operation of 

the machine by stressing the electrical converter and blade pitch control systems from cut-in 

to cut-out operation. 

3.2.1 Dynamic Model Validation 

The below simulations were run to model 400 seconds or approximately 6.5 minutes 

of a constant linearly increasing wind gust. This wind gust was made to begin at cut-in speed 

around 4 m/s and increase until cut-out wind speed of 20 m/s. Figure 10 contains eight time 

simulation plots that contain variables of interest to validate the simulation over the 400 

seconds.  The output is comprised of 100 wind turbines, which represent the aggregated 

response of a wind plant and not just one unit. 
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As the wind ramp gradually increases it can be noticed that the performance 

coefficient increases from 0.05 at cut-in until around 0.40 at rated wind.  At this point the 

pitch controller activates at around 150 seconds and cp begins to exponentially decay until 

cut-out wind speed.   Throughout the entire simulation the total electrical power output of the 

machine positively increases from around zero.  It should also be noted that the rotor power 

is negative during the sub synchronous operation and positive for super synchronous 

operation.  

And at exactly 1.0 pu shaft speed (synchronous speed) the rotor power is 0.  The shaft 

speed cuts in around 0.75 pu and hits rated speed around 1.25 pu.  This corresponds to the +/- 

25% speed range designed for this machine.  Thus based on the results in Figure 10 it was 

determined that a wind plant model had been appropriately developed for the scope of this 

project. 

3.3 DFIG Control Enhancements 

This section provides information regarding the control structure of the power 

electronic converter and control enhancements to the default model. The control over the 

power electronic converter is independent on both the rotor and grid side converters.  

Information regarding details on the control theory behind this can be found in literature [63]. 

3.3.1 Electrical PEC Control Structure 

The control structure used in the PowerFactory model is depicted in Figure 11.  This 

figure shows three subsection control functions.  The “Current” and “Power” subsections 

were default control loops for the PowerFactory DFIG wind turbine model. The “Protection” 
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subsection control loop was developed as a part of this work and is meant to be a means of 

protecting the machine. 

 

 

Figure 10. DFIG Dynamic Model Validation 
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The blocks labeled “DC OV”, “GSC Boost”, and “Re-trip” will be covered in the 

following section. DC OV is an overvoltage protection circuit and control logic built into the 

PEC DC link.  The GSC Boost allows for the grid side converter to be utilized to provide 

reactive power when the RSC circuit is in a protected state. And the Re-trip is another 

hardware circuit and logic to prevent the default DFIG protection circuit from retriggering in 

the presence of a severe disturbance.   

 

 

Figure 11. DFIG Power Electronic Control Block Diagram 
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3.3.2 Controller Development 

In this section the development of enhancements made to the DFIG wind turbine 

control structure will be covered. The control developments are in regards to improvements 

made to the machine, which increase the likelihood of the plant to contribute to secure 

operation of the system. In order to test the claimed improvements to the control structure the 

DFIG wind plant was subject to a severe disturbance as defined by the Federal Energy 

Regulatory Commission (FERC). 

3.3.2.1 Zero Voltage Ride Thorough 

As mandated by FERC Order 661-A wind-generating plants are to remain online in 

the presence of severe voltage disturbances for a defined period and voltage profile [24]. This 

section will address issues regarding the Post-transition Period that takes affect on all newly 

installed wind generation from January 1, 2008 to present.  

The regulations state that wind plants are to remain on-line during three-phase faults 

with normal clearing times (4-9 cycles) and single line to ground faults with delayed 

clearing.  The post-fault voltage recovery must return to the pre-fault voltage level.  The 

clearing time requirement for a three-phase fault will be determined by the transmission 

provider and may not have a clearing time greater than 9 cycles (150 ms).  In the event that a 

fault remains greater than the clearing duration or the post-fault voltage does not recover 

above the determined value, the wind park may disconnect from the transmission system.  

Wind generating plants must remain connected during such faults with voltage levels down 

to 0 volts, as measured at the high side of the POI transformer.  Figure 12 summarizes the 

fault ride through criteria graphically.   
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Figure 12. FERC Order 661-A (Black) v.s. POI Bus Voltage (Red) 

 

All DFIG control enhancements were tested with a 3-phase short circuit at the high 

side POI using the test system described in Chapter 5. The following sections elaborate on 

each control enhancement individually and then draw a comparison between the simulation 

model before and after the control improvement. 

3.3.2.1 Protection Response of DFIG Wind Turbines 

The main problem inherent in a DFIG machine is the current sensitivity of the IGBTs 

that make up the power electronics converter [66].  These devices may be subject to damage 

if converter current limitations are exceeded. Since the RSC of the PEC is connected to the 
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rotor via slip rings a crowbar circuit may be short circuited in parallel to the rotor windings 

as depicted in Figure 13. 

 

Figure 13. DFIG Crowbar Protection Response Schematic 

 

This action electrically isolates the RSC from damaging transient currents that may be 

induced into the rotor winds from the stator side of the machine during a disturbance. Figure 

14 shows a time dependent simulation of the current through the RSC from pre to post fault.  

It should be noted that at time 0.0s a short is placed at the high side POI. This action induces 

large current transients in the RSC just before the RSC protection is triggered. Small 

transients are observed at 150ms when the protection circuit is cleared and the RSC 

resynchronizes the machine with the system. The transient currents are thus smaller as the 

bus voltage has returned to its pre-fault status. 
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Figure 14. Current Flow in Power Electronics during Crowbar Operation 

 

Although this protects the RSC from potentially damaging currents, it unfortunately 

disables all excitation and power control that is needed for operation of the DFIG. During the 

protection period the machine effectively is functioning as a traditional induction generator 

that becomes an inherent reactive power consumer due to the nature of the machine. Thus, 

control improvements are presented which are used as an aid to overcome some of these 

shortcomings discussed during fault conditions in the machine. 

3.3.2.2 Grid Side Reactive Power Boosting 

During a grid fault where the RSC converter is disconnected from the rotor, as 

described in the previous section, the machine losses all controllability of real and reactive 

power. During this protection period the Grid Side Converter may be controlled to provide a 
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reactive power injection as depicted in Figure 15. Using this strategy effectively utilizes all 

components of the PEC system and increases the internal bus voltage within the wind farm 

collector system.  

 

Figure 15. Coordinated Converter Control Schematic during Crowbar Operation 

 

During this period the GSC is effectively functioning as a STATCOM device that may inject 

or consume a dynamic source of reactive power based on the local system needs [66].  

Figure 16 shows the simulation results where the zero-voltage FERC fault criteria 

were applied and the DFIG protection system triggered as noticed by the diminished 

collector system terminal voltage. The upper graph in the figure shows the instantaneous 

response in the GSC reactive injection with and without the GSC reactive power boosting 

control strategy.  
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Figure 16. Impact of Grid Side Reactive Boosting with (black) and without (red) Control 

 

The redlined simulations are using the default DFIG plant model whereas the black-lined 

results are after the reactive boosting was added. It can be noted that an approximate increase 

of 7% in the machine terminal voltage was attributed to the GSC boosting during the short-

circuited crowbar protection period. 

 

3.3.2.3 Crowbar Protection Re-trip Prevention 

 As noted earlier the natural response of the DFIG protection upon placing and 

clearing a fault is induced current transients from the stator to rotor. The transient currents 

upon fault clearing are much less than the fault initiation, but nonetheless still present in the 
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rotor and possibly through the RSC. Under certain conditions the transient current produced 

during the protection clearing has been shown to re-trigger as displayed in Figure 17. 

 

 

Figure 17. PEC Current with and without Crowbar Re-trip Prevention 

 

The redlined result is the current flow through the RSC before, during, and after the fault 

without any control modification to the existing DFIG model.  If such a scenario were to 

occur the DFIG plant would remain inoperable for another 150ms until the protection would 

again resynchronize with the grid.  This sustained loss of generation could inevitably repeat 

itself or have already produced an uncontrolled deterioration to the system during heavily 

loaded periods. 

 Either situation may prove devastating; as such the idea of a switched series 

resistance was mentioned as a potential method to contribute to fault-ride through [67]. 

Figure 18 shows the schematic representation along with the traditionally included crowbar 
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protection. That study concluded that hardware costs would out way the benefit of such 

investment and was not pursued any further.  

 

Figure 18. Crowbar Re-trip Prevention Implementation 

 

 Instead this investigation delves into the possible effectiveness of this implementation 

while neglecting the cost burden associated with the equipment.  A simulation equivalent of 

the hardware shown in Figure 18 was programmed into the PowerFactory default model and 

tested with a short circuit at the POI. The positive effect of reducing the transient rotor 

currents was observed in the previous Figure 17. It should be noted that upon re-

synchronization at 150ms the RSC rotor current (black line) has a substantially reduced 

magnitude as compared with the original model.  Thus the series crowbar implementation 

complements the already existing parallel crowbar to prevent the re-trip of the machine 

protection circuit. 
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3.3.2.4 DC Link Capacitor Over Voltage Mitigation 

The DC link capacitor in the PEC circuit is integral for bidirectional power flow 

between the rotor and grid.  Proper voltage levels must be maintained at the DC link in order 

to effectively control the excitation of the machine and to avoid damage to the capacitor.  It 

has been documented that during certain conditions the DC link may encounter a potentially 

disastrous scenario when the RSC protection is triggered [64].  Figure 19 shows the voltage 

magnitude (red-lie) of the link capacitor when the crowbar triggers due to a 3-phase short at 

the POI for 150ms. It should be noted that nominal DC link voltage is at 1.3 kV and the 

transient voltage that occurs produces levels of around 1.9 kV. 

 

Figure 19. DC Link Capacitor Voltage with and without Chopper Control 

 

This scenario presents itself when the machine is functioning in its sub-synchronous 

region of operation at high slips.  In this regard there is a relatively large amount of energy 

transfer from the grid through the PEC and to the rotor.  When the RSC crowbar trips, the 
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GSC control cannot instantaneously respond which causes overcharging of the capacitor.  

This situation can be damaging to PEC circuitry.  To mitigate such a problem the chopper 

circuit shown in Figure 20 has been implemented as found in literature [64]. 

 

 

Figure 20. DC Link Chopper Circuit Schematic 

 

The control methodology constantly senses the DC link voltage and activates the 

chopper circuit at a turn on / off thresholds.  The voltage level (black-line) in Figure 19 

shows the reduced voltage transient the results from the implemented chopper hardware and 

control logic using PowerFactory. 
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CHAPTER 4.  VOLTAGE SECURITY ASSESSMENT 

METHODOLOGY 

Reactive power is essential for the stable operation of the power system. It facilitates 

flow of active power from generation sources to load centers [11]-[13] and maintains bus 

voltages within prescribed limits [14]. Stable operation of power systems requires the 

availability of sufficient reactive generation [15]. Figure 21 shows a simplified two-bus 

power system model that demonstrates the relationship between real and reactive power 

flows given the machine angles and terminal voltages. Assuming negligible line resistance 

and transforming the above figure using a Thevenin equivalency the following relations are 

derived.  

 

Figure 21. Simplified two bus power system 

 

The sending and receiving end terminal voltages are given by, Es and Er with an 

equivalent line reactance (X) and angle of difference between the machines )(δ . From these 
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definitions the real and reactive power transfer (Ps, Pr) across the line can be define by 

equations 35 - 37. 

δsin
X

EE
PP rs

rs ==      (35) 

X

EEE
Q rrs

r

2cos −
=

δ
    (36) 

X

EEE
Q rss

s

δcos2 −
=     (37) 

Notice that if the voltage magnitudes are fixed the real power transfer is predominantly 

governed by the transmission angle (δ ). Conversely, the terminal voltages strongly influence 

the reactive power transfer. Therefore, appropriate reactive capability of machines is 

essential to maintaining proper voltage levels. Although the above approximations are 

derived from steady state conditions, the availability of dynamic reactive power sources 

following a disturbance plays an important role in voltage stability [16], [17]. 

 

4.1 Introduction 

In this chapter a methodology is outlined which was developed for assessing the 

security of a power system with high wind penetration.  This framework is a two-stage 

process that first determines the maximum wind penetration allowable into a given location 

from static analysis. The second stage of the process considers the power flow solution and 

analytical results from the first stage in order to perform dynamic simulation of the system. 

The dynamics part of the methodology assesses the integrity of the system following a select 

list of critical contingencies.   
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The two-part procedure uses industry grade reliability standards as a metric for 

evaluation of system health. Following the completion of the outlined methodology, it can be 

determined if the proposed wind penetration levels are valid based on the voltage security 

assessment. 

4.1.1 Static Security Assessment for High Wind Penetration 

A Voltage Security Assessment (VSA) was developed using criteria set forth by the 

Western Electricity Coordination Council (WECC) and North American Electric Reliability 

Corporation (NERC) [65].  The VSA methodology integrates a static security standard that 

uniquely aids in identifying system deficiencies when large wind penetration is present.  

Dynamic simulations are then run to validate that the proposed penetration level will be 

appropriate for the power system. A detailed description of how to perform the VSA will be 

introduced next. 

4.1.1.1 Methodology Description 

The VSA is formulated around a steady state power flow solution that is deemed 

secure by WECC standards. This process is the heart of the VSA, as the dynamics are only to 

validate an appropriate level of wind penetration. The steady state analysis is used to identify 

the levels to be tested.  The following descriptions will elaborate on the VSA flow chart 

depicted in Figure 22. 

1. A matrix case list of penetration levels and park outputs must be defined which 

will be tested on the base case system. Table 2 defines 16 possible combinations 

of base case scenarios that could potentially be selected. There are four 



www.manaraa.com

   

 

44

penetration levels (15%-30%) containing four plant outputs (0%-100%) that 

correspond from cut-in to cutout wind speeds.  All output levels should be run for 

the lowest penetration level being tested before moving on to the next penetration 

level. 

Table 2. Base Case Scenario List 

  Penetration Level 

 

Plant Output 

15% 20 % 25% 30% 

0% 1 2 3 4 

33% 5 6 7 8 

66% 9 10 11 12 

100% 13 14 15 16 

 

 

2. For each of the above 16 scenarios a list of critical contingencies is defined 

through a screening and ranking procedure [68]. For the purpose of this VSA only 

voltage levels are considered as a criterion for selecting the most crucial outages. 

All generator and line outages were considered as possible n-1 contingencies. To 

screen the n-1 outage, the base case bus voltages were compared against the 

respective bus voltage in each n-1 scenario and ranked in order of magnitude.  A 

select number of the largest voltage differences were used for each of the 16 case 

scenarios. 
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3. PV analysis is performed using the identified list of critical contingencies [68]. At 

each incremental increase in load all critical contingences are run and all 

performance metrics are checked against the respective criteria limits. The PV 

analysis will proceed until a violation is reached. This study considered 

proportionally increasing the entire system load although a single study area may 

be of interest for large systems. 

 

4. Stopping criteria for the PV analysis is based on a combination of limits including 

WECC steady state voltage criteria and a satisfactory power transfer margin of the 

system. A transfer margin should be determined based on engineering judgment 

and as such, the base case scenario without wind was used as the metric of 

comparison. 

 

5. After completing the scenarios for all plant output levels and all given penetration 

levels, shunt placements can strategically be determined.  For each PV analysis of 

scenarios, a certain load level was determined.  The load level increase was 

stopped due to voltage violation at one bus.  This bus is then deemed the critical 

bus and each case will contain one.  Again using engineering judgment or given a 

repeated critical bus based from all scenarios, shunt compensation of a selected 

amount can then be applied. 

 

6. When the PV analysis for one case is completed a suitable transfer margin and 

voltage levels are assumed to be established.  Thus the next penetration and 
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output case file from the initial case list matrix should be loaded and run.  This 

procedure should be repeated until all cases have tried with the VSA method. 

 

7. The maximum penetration level can then be identified for the steady state. This 

penetration level is determined based on a suitable transfer margin from each of 

the tested output levels for a given tested penetration level. Here is a sample 

example. For a tested penetration level of 25%, transfer margins of 12%, 25%, 

28%, and 20% were found from each of the four plant output percentages. 

Therefore, if an acceptable system transfer margin of 10% is allowable, then a 

25% penetration level is acceptable.  But if a transfer margin of 15% is necessary, 

25% wind penetration would no be appropriate since one of the four transfer 

margins was only 12%. 

 

8. Lastly, dynamic simulation of several critical faults should be run on the system 

for various wind plant output levels. This can validate whether the system is 

stable at the now installed penetration level. 

 

4.2 Dynamic Validation of Wind Penetration Level 

Once a penetration level is defined as secure in the steady state, then dynamic 

simulation of those given load and generation conditions can be validated. The dynamic 

security aspect incorporates the results from the static assessment and therefore may validate 
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whether the steady state wind penetration level is acceptable. Thus severe or critical 

contingencies are identified and tested with appropriate simulation models. 

 

 

Figure 22. Voltage Security Assessment Flow Chart for High Wind Penetration 
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CHAPTER 5.  DISCUSSION AND ANALYSIS OF RESULTS 

This chapter consists of a two-part discussion involving the analysis of the results 

from implementing the VSA on a test power system. Section 5.1 covers the static results of 

the Voltage Security Assessment and 5.2 details the dynamic validation of the selected 

penetration level from the VSA. 

The Voltage Security Assessment methodology was performed using the VSAT 

software program found in the DSA Tools package developed by PowerTech [68].  The 

dynamic validation of the chosen wind penetration level was performed in PowerFactory 

software simulation package developed by DIgSILENT. 

 

5.1 Power System Description 

 A sample power network available in the PSS/E software was imported into VSAT 

and PowerFactory for system analysis. The original network consists of 6 conventional 

machines and 26 buses. The total load was modified to 3035 MW and 1230 MVAr with 305 

MW of motor load that has been distributed between buses 3005, 153, 203. Refer to figure 23 

for the schematic of the network. Shunt compensation (950 MVAr sum) is located at various 

buses throughout the system with a large 600 MVAr reactor at bus 151. The transmission 

voltages range from 230 – 500kV and the line parameters have been modified to reflect 

appropriate transmission distances [11]. 

 In the base case the majority of generation is concentrated in the Northern region of 

the grid.  The load centers are located in the South and Southeast portion of the system with 

major concentration at buse s 154 and 206. The Southwest part of the network contains low 
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load and low transmission capacity.  Typical high wind regions have these characteristics and 

hence it is assumed a potential site for large-scale wind facilities [43]. 

  

 

Figure 23. Simulated Power System with Wind Park Interconnection at Bus 3008 

 

 Since one of the underlying themes of this research is to address the implementation 

of large DFIG penetration levels, unit 3018 has been taken off line. Installed in place of this 

unit are 3 DFIG wind facilities strategically placed at buses 3005/ 7/ 8. The replacement of 

this unit was to simulate isolated wind generation that would emphasize the impact of high 

DFIG penetration on system performance. To facilitate the transfer of energy from these high 

wind regions to the load centers the lines (3008 – 154), (3005 – 3007), and (3007 – 3008) are 

upgraded to have sufficient transmission capacity.  
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5.1.1 Penetration Level Characteristics 

 Additionally, to analyze the impact of increased DFIG wind penetration, various 

penetration levels at 15, 20, 25, and 30% are simulated. In this study wind penetration is 

defined as the total capacity of wind generation compared to the total load. 

 

∑
∑

=
Load

capacitywindInstalled
LevelnPenetratio     (38) 

5.1.2 Transfer Margin with Extended Reactive Capability 

The transfer margin (TM) of a system was defined by as the percentage increase in 

load (MW) beyond the base case found in the PV analysis.  Equation 39 was used to define 

the transfer margin of a system for this study. 

 

aseba

asebaPV

MW

MWMW
TM

sec

sec−
=     (39) 

 

5.2 Static Analysis Results 

The results from the VSA are presented in the sequence that follows the flow from 

the chart in Figure 22 from Chapter 4.  The VSAs inner iterative “Shunt Compensation” loop 

was entered on three occasions.  This method strategically placed compensation that allowed 

for an increase in the power transfer margin and thus an overall increase in wind penetration. 

The base case list of scenarios was compiled based on the MW injections of the wind 

park outputs as shown in Table 3.  Although, the MW injections are 0 for each penetration 
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level in the 0% plant output case, this is does not mean that the power transfer of the system 

will be the same for each penetration. 

 

Table 3. MW injections for given wind penetration and park output 

 

  Penetration Level 

 

Plant Output 

15% 20 % 25% 30% 

0% 0 0 0 0 

33% 115 155 190 230 

66% 230 310 385 470 

100% 350 470 585 700 

 

 

Since the wind parks are modeled after modeled after the GE 1.5 MW wind turbine, reactive 

capability is assumed even when the plant is not producing real power [68].  It is assumed 

that reactive production is approximately 30% of 1.5MW due to a partial scale PEC 

converter.  This additional reactive capability can be drastically noticed when comparing the 

power transfer margin for 15, 20, and 25% penetration levels in the 0% output case in Figure 

24. 
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Figure 24. Power Transfer Margin from Increased Plant Output with No Reactive 

Compensation 

 

The first round of the VSA was tested with only 15, 20, and 25% penetration levels 

and 30% was initially neglected.  This is due to a limited power transfer margin as can be 

noticed at 25% penetration with 100% plant output.  Therefore, 30% penetration was not 

investigated further for the base case with no shunt compensation.   

The base power transfer (or scenario without wind) was used as a metric of 

comparison for all wind penetration cases.  Table 4 shows the numerical results of Figure 24.  

The table shows that the power transfer margin was lower at 0% output production for both 

15 and 20% penetration levels as compared with the 13.5% base scenario.  In contrast 25% 

penetration was severely limited at 100% plant output. The identified contingency that 

breached the security constraints was the loss of unit 206 (contingency A30 or B3).  
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Table 4. Power Transfer Margin at Different Penetration Levels with No Reactive 

Support 

  Penetration Level 

 

Plant Output      

15% 20 % 25% 

0% 11 12.3 13.2 

33% 13.7 14.7 16.7 

66% 16.2 17.1 18.6 

100% 15.3 14.8 7.3 

 

Following the VSA methodology, an SVC of 50 MVAr reactive support of was located at 

bus 204 as an aid to increase the power transfer margin.  The first round of the VSA provided 

valuable information regarding the current systems ability to handle an increase in DFIG 

wind penetration.  It is obvious that any wind penetration amount between 15-25% would not 

be feasible from a reliability stand point as the base case conventional system has a 13.5% 

power transfer margin.  Given the new reactive compensation placed in the system the 

second iteration of the VSA will be elaborated on.  

After the additional shunt was placed at bus 204 substantial overall increase in power 

transfer for all wind penetration levels (15-25%) was noticed.  At a 15-25% penetration 

levels, bus 204 again becomes the limiting factor at 0% output with the loss of unit 206.  

Therefore, additional shunt compensation may need to be installed at 204 before reaching 

higher transfer margins.  Figure 25 graphically depicts the transfer margins for 15-25% 

penetration against the base case (0% wind penetration) scenario.  The additional of 50 

MVAR at bus 204 allows for around a low of 14% and high of 19% power transfer for a 20% 
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wind penetration level scenario. At this level an increase in wind penetration allows for a 

higher transfer than the base scenario. 

 

Power Transfer Margin from Increased DFIG Penetation
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Figure 25. Power Transfer Margin from Increased Plant Output and 50 MVAr Support 

at 204 

 

It should be noticed that a 25% DFIG penetration level is limited by at both 0% and 

100% park output paired against the base scenario.  The limiting buses are found by the VSA 

to be 3007 and 3008 which coincidently are in the location of the installed wind facility  

Following the VSA procedure another 50 MVAr of shunt compensation was installed.  This 

time the location of the installation was at the high side of the DFIG POI at bus 3008.  Since 

the system was observed to handle 20% wind penetration reliably above the base case, the 

15% penetration level was not considered in the next round of VSA simulations.  Table 5 

marks the numeric results from the above Figure 25. 
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Table 5. Power Transfer Margin at Different Penetration Levels (50 MVAr at 204) 

  Penetration Level 

 

Plant Output      

15% 20 % 25% 

0% 12.7 14.2 13.0 

33% 15.7 16.7 18.8 

66% 18.3 19.2 20.7 

100% 17.2 17.1 9.5 

 

Again, after following the VSA with the placement of 50 MVAR at bus 3008, 

simulations for penetration levels of 20, 25, and 30% penetration were conducted.  At this 

point after running the simulations with input from the VSA it can be concluded from Figure 

26 that the total allowable DFIG wind potential in this system is at least 20% and no more 

than 25% penetration.  This is based on the assumption that no other forms of reactive 

support are investigated.  Using engineering judgment, it was concluded that a limit of 30% 

DFIG wind penetration in the test system was sufficient.  Figure 26 shows that penetration 

levels in the range of 20-25% have a power transfer margin equal to or greater than the base 

case margin of 13.5%.  Since the VSA has provided that all n-1 voltage levels are satisfactory 

for these load increases and the 20-25% penetration transfer margins are equal to or above 

the 13.5%, these conclusions are deemed valid. 
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Figure 26. Power Transfer Margin from Increased Plant Output 50 MVAr support at 

204 & 3008 

 

It is very interesting to decipher what caused a 0% transfer at 100% plant output from 

30% DFIG penetration.  In this case the poweflow solution would not converge and was 

determined to be unstable.  This was investigated further and a conclusion was reached that 

the reactive capability necessary to transfer all 700 MW from bus 3008 into the system was 

not sufficient.  Therefore a larger source of reactive capability would be needed in the local 

vicinity in order to ship this amount of power out of the wind corridor.  A possible solution 

that was not investigated would be to utilize unit 3018 that was taken off line as a source of 

reactive compensation.  Table 6 shows the numeric results from this last iteration of the 

Voltage Security Assessment for large-scale wind production facilities. 
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Table 6. Power Transfer Margin at Different Penetration Levels (50 MVAr at 204 and 

3008) 

  Penetration Level 

 

Plant Output  

20% 25 % 30% 

0% 15.1 15.3 17.1 

33% 17.1 20.6 18.5 

66% 19.5 22.5 19.4 

100% 18.1 13.1 Unstable 

 

  

5.3 Dynamic Analysis Results 

This section provides information regarding the results of dynamic simulations run on 

the test power system for a 20% DFIG wind penetration level.  These simulations are to 

validate the installation of a large amount of DFIG units put in place of unit 3018 as found in 

the VSA methodology.  These simulations not only test the validity of a 25% wind 

penetration, but also the performance of utilizing an extended reactive capability curve as 

described in the earlier Chapter 1.  Section 5.3.1 explains the details behind the reactive 

capability comparison for the DFIG plants. 

5.3.1 Voltage Control Application 

There are two voltage control strategies that are implemented to demonstrate a 

comparison between DFIG park responses on system performance. The first strategy utilizes 
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the +/- 0.95 power factor regulation set forth by FERC order 661-A, where the reactive limits 

are defined by the parks real output [24].  

 

))95.0(tan(cos
1

max

−= outputPQ     (40) 

 

The second strategy utilizes the reactive capability that is detailed in the developed 

capability curve in figure 6. Both schemes use a proportional-integral (PI) controller that 

regulates the POI voltage as outlined in figure 27 [31]. 

 

 

Figure 27. DFIG Wind Plant Voltage Controller Schematic 

 

The inputs to the controller are the set point voltage (Vref) and the voltage 

measurement (Vmeas) at the POI. The error signal between the voltages is used by the 

controller to compute the reactive power set point (Qref) of the DFIG. The range of control 
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depends on the reactive limits of the DFIG (Qmax, Qmin). This voltage controller was 

incorporated into the existing DFIG control model available in PowerFactory. The controller 

design was developed using DIgSILENT Simulation Language (DSL) to compare the 

dynamic response of the strategies. 

The main difference between the control strategies is the reactive power limitations 

(Qmax, Qmin) placed on the controller for a given real output. This variation in the limits will 

test the system response between the extended reactive limits of the capability curve over the 

regulated power factor limitations. 

 

5.3.2 Dynamic Scenario Setup 

 At each penetration level the total wind generation is simulated at 2, 15, 50, and 

100% output in order to consider various production conditions from cut-in to cut-out wind 

speeds. Since wind is not a constant resource this study aims to capture the effect of wind 

variability on system reliability.   

At 2% park output it is considered that the wind units have just cut-in and the real 

power output is at a minimum. When employing the capability curve, the reactive limits of 

the machines are the greatest at this output as compared the other output levels studied. As 

wind speeds increase the parks real output increases and consequently the reactive capability 

of the DFIG park reduces. In contrast, the FERC regulation allows wind units to increase 

their reactive capability as the real output is increased. Again referring to figure 6, at 100% 

real output the leading reactive capability of both strategies is approximately equal. 
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 Dynamic system data includes standard IEEE exciter and governor models imported 

from PSS/E for all synchronous machines. All motor loads are represented by standard 

induction machine models. 

5.3.2 System Performance Validation 

Given the static results gathered from the VSA analysis, dynamic simulation was 

carried out in DIgSILENT PowerFactory to analyze the transient response of the test system. 

Simulations were performed using RMS values (3
rd

 order simulation models) that capture the 

electromechanical transients [29]. The inherent DFIG model in PowerFactory was modified 

to incorporate the designed voltage controller and derived converter ratings from the previous 

sections. The parameters of the modified DFIG model are given in Appendix B. 

Four power output scenarios are tested in order to assess the impact of the reactive 

control strategies with a high level of DFIG wind penetration. Wind park outputs of 2% (cut-

in wind speed), 15%, 50%, and 100% generation are simulated on the previously described 

power system with a 20% penetration level of distributed DFIG wind generation. 

The area around bus 3001 was identified as a critical fault location. A 3-phase short 

circuit was applied at this bus for a duration of 0.14 seconds to compare the responses 

between the voltage control strategies. It was determined in the VSA study that as 

penetration levels increase the reactive capability of the DFIG parks was insufficient for 

secure system operation. Hence, additional switched shunt capacitor banks of 150 MVAr 

were placed at buses 3005 and 3008 to ensure an accurate comparison of both strategies. 

For each control strategy the parks were initialized to 0.95 leading power factor. This 

ensured that pre-fault conditions of all machines are identical in each scenario for both 
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control strategies. Before each simulation is performed the corresponding reactive limits are 

placed on the controller shown in Figure 27. As such, the (P, Q) coordinates are taken from 

the reactive power curve in Figure 6 and the regulated power factor limits are computed from 

(40) for the respective real outputs. The upper and lower reactive bounds, Qmax and Qmax in 

per units, are the limits for the voltage controller. The controller parameters are K=1 and 

T=0.001. 

The following plots (Figures 28-31) detail the DFIG wind park responses to the 

disturbance near the fault at park 3005 and further away at park 3008. Each figure contains 

two sets of plots to compare the voltage control strategies. The three quantities of comparison 

are: voltage at load bus 153, reactive power output, and rotor current magnitudes through the 

PEC. 

Bus 153 has been selected for monitoring its voltage performance due to the fact that 

it contains 42% of the system motor load. This bus voltage will be used as a metric of 

comparison between the voltage control strategies. Other quantities of interest are the total 

park reactive injections and rotor currents, which are integral in determining whether the 

wind plants electrical control is disabled. 

The power electronic converter protection limitations were strictly taken into account 

with an over current setting of 600A (1.27 p.u.) given the 470A nominal current magnitude 

found from the converter sizing. Once triggered a resistive crowbar short-circuits the rotor 

windings for 0.15 seconds. 
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5.3.2.1 Scenario 1: 2% Output (Cut-in speed) 

This scenario tests the system response for minimum wind levels when the turbines 

have just cut-in (4 m/s). The Q limits (p.u.) used in the controller based on the capability 

curve (CC) were (0.72,-0.92) and (0.0, 0.0) using the restricted power factor (RPF) mode. It 

can be observed from the bus 153 voltage in figure 28 that with the RPF control scheme the 

system voltages are unable to recover post fault. In both strategies the PEC crowbar 

protection does not activate thus allows reactive injections through the fault. At fault 

clearance in the CC case the DFIG plants are able to dynamically compensate for the reactive 

burden placed on the synchronous generators by the induction motors. Thus, utilizing the 

extended reactive capability in the CC case stabilizes the system and prevents collapse. 

5.3.2.2 Scenario 2: 15% Output 

At 15% park output the corresponding Q limits for this study are (0.70, -0.90) for the 

CC case and (0.08, -0.08) for the RPF case. The PEC protection again does not activate at the 

fault initiation and over loading of the converters does not occur during the transient. 

Observing the bus voltage plots in figure 29 demonstrate that the CC control case provides 

enhanced post fault clearance voltage response. This is noticed in the reduced voltage 

overshoot as well as reduced ripple magnitudes. The improved post fault system response in 

the CC case is mainly attributed to the increased reactive consumption at wind plant 3005 as 

viewed in the reactive plots. 
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5.3.2.3 Scenario 3: 50% Output  

At 50% park output the corresponding Q limits for this study are (0.60, -0.85) for the CC 

case and (0.18, -0.18) for the RPF case. The PEC protection trips at park 3005 at the fault 

initialization of the RPF case. This is depicted in the current plots of figure 30. Again the 

increased reactive consumption is very dominant in the CC case. 

 

 

Figure 28. Comparison of bus 153 voltage (p.u.), reactive power (MVAr) (parks: 3008/5 

– red/black), and rotor current (kA) (parks: 3008/5 – pink/brown) from 20% 

penetration at cut-in speed with RPF (left) and with CC (right) control 
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5.3.2.4 Scenario 4: 100% Output  

The final study considers wind plant outputs to be at maximum capacity. The reactive 

limits placed on this study are (0.36, -0.69) for the CC and (0.34, -0.34) for the RPF modes of 

operation. It can be observed from the plots in figure 31, as the active power output of a park 

increases likewise does the current magnitude.  

 

 

Figure 29. Comparison of bus 153 voltage (p.u.), reactive power (MVAr) (parks: 3008/5 

– red/black), and rotor current (kA) (parks: 3008/5 – pink/brown) from 20% 

penetration at 15% output with RPF (left) and with CC (right) control 
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The near nominal current at the initiation of the fault leads to tripping of the all wind parks 

(3005/7/8) PEC in both cases. At 0.15 seconds into both simulations the rotor protection 

clears, but due to large current transients the protection retriggers and none of the wind plants 

can regain power controllability until 0.30 seconds after the fault. In both cases the leading 

reactive limits are very similar hence the near identical reactive injections from wind farm 

3008 and the voltage recovery at bus 153. 

 

 

Figure 30. Comparison of bus 153 voltage (p.u.), reactive power (MVAr) (parks: 3008/5 

– red/black), and rotor current (kA) (parks: 3008/5 – pink/brown) from 20% 

penetration at 50% output with RPF (left) and with CC (right) control 
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Figure 31. Comparison of bus 153 voltage (p.u.), reactive power (MVAr) (parks: 3008/5 

– red/black), and rotor current (kA) (parks: 3008/5 – pink/brown) from 20% 

penetration at 100% output with RPF (left) and with CC (right) control 

 

 

Although at 100% plant output the PEC protection triggers and all electrical control 

of the wind generation (20%) was not active for 0.30 seconds, the system appears relatively 

unaffected in the short term. In contrast the system experienced it’s most dramatic recovery 

when wind resources were very low and the reactive capability was greatest with the 

capability curve.  Hence, restricting DFIG wind park operation to a fixed power factor range 

may introduce avoidable reliability risks. 
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CHAPTER 6.  PROJECT CONCLUSIONS 

This section will provide a summary to the conclusions drawn from the 

aforementioned work. Conclusions regarding the static and dynamic performance of 

enhanced DFIG machines provide the potential to operate a power system more reliably with 

large penetration levels of wind.  This will prove more relevant as the United States looks to 

become energy independent and more conscious towards the negative impact of increasing 

emissions from conventional plants. 

6.1 Introduction 

The operation of DFIG wind parks implementing a capability curve paves the way for 

regulatory changes. The FERC order 661-A, gives general guidelines for interconnecting 

wind parks, but for specific parks employing DFIG units the restriction on power factor can 

be lifted. Fully utilizing the potential of a DFIG wind park may be obtained at no extra cost 

to the wind farm owner, which not only facilitates increase power transfer margins, but also 

improves the post fault voltage recovery following a disturbance. As levels of wind 

penetration continue to increase the responsibility of wind units to adequately substitute 

conventional machines becomes a critical issue. As demonstrated in this work, amending the 

fixed power factor regulation to bolster reactive support up to PEC limitations can drastically 

extend the plants reactive capability at partial loading. 

6.1.1 Increased System Transfers 

The Voltage Security Assessment laid out in Chapter 4 provided valuable information 

regarding the determination of an appropriate level of wind penetration for a system.  This 
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systematic approach considered substation voltage levels as stopping criteria and power 

transfer margins as a metric of comparison.  The idea developed for a power system 

constrained by voltage violations was to strategically place shunt compensation at targeted 

buses where the violation occurred. 

With the aid of the VSA our test system went from having a more reliable base 

scenario to allowing between 20-25% DFIG wind penetration.  This level of wind was then 

validated with dynamic simulation comprised of a 1.5 MW DFIG wind plant modeled after 

the GE manufactured machine. 

An area of interest that could be pursued further would to include address thermal 

constraint monitoring into the VSA.  How to address the issue of sizing POI transformers due 

to wind profiles would fall into this category of investigation. 

6.1.2 Suggested Order 661-A Revisions 

Given advanced SCADA systems and wind forecasting tools it is now possible to 

receive relatively accurate hour ahead wind generation predictions [46]. This technology is 

already being incorporated by the California Independent System Operators (CAISO) to 

schedule generation dispatch around intermittent resources [47]. Under these same principles, 

operators should also have access to timely information regarding the reactive capability of 

the plant. This would allow for a more accurate assessment of available reactive power 

reserves at high penetration levels. Therefore, a policy revision mandating wind park 

owners to submit plant capability curves to system operators may lend itself to not only more 

economic dispatch, but also increased stability during voltage emergencies [48]. 
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At the plant level, the Irish grid code maintains a requirement where during a fault the 

wind park must provide the maximum possible amount of reactive current without violating 

generator limits [49]. By incorporating this rationale to include the capability curve, a revised 

U.S. grid code could implicitly define the exact injection to be commanded at the POI for a 

given operational point. As validated in the simulations, a system can be drastically improved 

from a farm that regulates its POI voltage. In all four scenarios the controller limits were 

defined by using the bounds of its capability curve. 

The suggested amendments to the current FERC 661-A policy are based on the 

preceding results. Thus it was demonstrated that the presence of the additional reactive 

capacity in high penetration scenarios is crucial to enhancing system performance.  
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APPENDIX A.  MAXIMUM POWER TRACKING (MPT) STRATEGY 

Doubly fed induction generator wind turbines control their machine’s rotational speed 

to allow operation at maximum power based on the velocity of the wind. This can be 

accomplished using a power optimization strategy as discussed in [70].  A generic MPT 

characteristic, based on the GE 1.5 MW wind turbine, was developed for the DFIG wind 

turbine parks used in this system analysis.  Figure 32 presents a graphic with various 

electrical outputs and generator rotational speeds versus the operational wind speeds with 

make up the MPT characteristic used in the simulations.  The speed range of the machine 

was designed for a cut-in speed of 3.5 m/s to a cutout wind speed of 25 m/s. 

 

 

Figure 32. DFIG wind park electrical output (p.u.) and rotor speed (p.u.) versus wind 

velocity (m/s) 
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APPENDIX B.  MACHINE PARAMETERS 

The DFIG model developed for this study was comprised of information gathered 

from several sources. The model was based around, but not limited to the GE 1.5 MW 

production DFIG wind turbine. Since proprietary information regarding the exact operation 

of this machine was not available some inferences were made. 

This paragraph explains the origin of the Table 7 simulation parameters and the 

performance characteristics. The generator electrical parameters were referenced from [31]. 

The rotor and generator mechanical parameters are defaults from DIgSILENT PowerFactory. 

The machine parameters (voltage & power ratings, gearbox ratio, etc.) were based on 

marketing documentation of the GE 1.5 MW wind turbine [69]. 

 

Table 7. DFIG Wind Park Machine Simulation Parameters 

Rated electrical power 1.5 MW 

Rated generator power 1.3 MW 

Rated stator voltage 575 V 

Rotor to stator turns ratio  3 

Machine inertia 30 kgm
2 

Rotor inertia 610000 kgm
2
 

Inductance: mutual, stator, rotor 4.7351, 0.1107, 0.1193  p.u. 

Resistance: stator, rotor 0.0059, 0.0066  p.u. 

Number of poles 3 

Grid frequency 60 Hz 

Gearbox ratio 1:72 

Nominal rotor speed 16.67 rpm 

Rotor radius 42 m 

Maximum slip range +/- 30% 
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