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Abstract – This paper presents a type-IV wind turbine generator 
model developed in MATLAB/Simulink. An aerodynamic model is 
used to improve an electromagnetic transient model. This model is 
further developed by incorporating a single-mass model of the 
turbine and including generator torque control from an 
aerodynamic model. The model is validated using field data 
collected from the Scaled Wind Farm Technology (SWiFT) 
facility. The model takes wind speed as an input. The nacelle wind 
speed is known to have additional measurement and process noise. 
To ensure the model and SWiFT are compared accurately the 
nacelle wind speed is estimated using a Kalman filter. Simulation 
results shows that using a single-mass model instead of a two-mass 
model for aerodynamic torque, including generator torque control 
from SWiFT estimating the wind speed via the Kalman filter and 
tunning the synchronous generator to match SWiFT. The model 
can accurately represent the generator torque, speed, and power.

Keywords – wind turbine generator, aerodynamic, electromagnetic 
transient

NOMENCLATURE

Arotor Rotor area

β Pitch angle

Cp(λ,β) Power coefficient

H Inertia time constant

J Inertia

Jr Rotor inertia

𝑀𝑉𝐴𝑟𝑎𝑡𝑒𝑑 Rated power

Pmec Mechanical power

Pe Electrical Power

GBRatio Gear box ratio

Ta Aerodynamic torque

λ Tip-speed ratio

U Wind speed

Tg Generator torque

TL Torque losses

Te Electrical torque

ωn Rated generator speed

ωr Rotor speed

ωg Generator speed

𝜔g Generator at full speed

Kd Damping coefficient synchronous generator

ρ Air Density

I. INTRODUCTION

o help reduce harmful carbon dioxide (CO2) emissions, 
more renewable energy sources (RES) such as wind 
turbine generators (WTGs) are being integrated into the 

electric grid to replace conventional generation sources, 
decreasing the dependency on fossil fuel. With an increasing 
role of wind power, there is a need for developing reliable 
simplified WTG models that can capture the aerodynamics as 
well provide analysis of electromagnetic transients (EMT). 
These WTG models can be used to help identify any adverse 
effects that may occur when interconnecting these large 
generation sources into the power grid [1]. While modeling 
WTGs remains a challenge, field data can aid in developing and 
validating models that can adequately capture a WTGs dynamic 
performance [2]. 

Herein, a MATLAB/Simulink power system simulation model 
that represents the EMT and aerodynamics of a WTG is 
presented. Both EMT and aerodynamic models have been 
shown to have drawbacks. The proposed solution is to model 
power more accurately by combining the aerodynamic model 
with the EMT model. The aerodynamic model will provide 
more accurate generator torque. And the EMT model will 
provide more accurate generator speed. The hybrid model will 
replace the EMT models 2-mass model with a single-mass 
model to improve aerodynamic torque and include generator 
torque control to obtain accurate generator torque. It will also 
replace the synchronous generator. Field measurements used 
for comparison were collected from the Scaled Wind Farm 
Technology (SWiFT) facility, located in Lubbock, Texas, are 
used to validate the simulation model. Ture wind speed in front 
of the rotor is unavailable, Nacelle measured wind speed from 
SWiFT is used as an input to the models. Nacelle wind speed is 
known to have noise due to disturbances and wake effect. A 
Kalman filter estimates the true wind speed to ensure that the 
generator speed, generator torque and generator power seen at 
the SWiFT WTG can be accurately represented by the model. 
Previous papers used known wind speeds with known noise 
characteristics. This paper will seek to estimate the true wind 
speed without such knowledge

II. WIND TURBINE GENERATOR DYNAMICS

WTGs convert the wind’s kinetic energy into mechanical 
energy and then generators are used to convert this to electrical 
power. The relationship between a WTGs output power and 
wind speed is represented by their power curve. Fig. 1 
illustrates an example of a typical WTG power curve. 
Depending on the wind speed, a WTG can operate under four 
regions within the power curve.

T
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Fig. 1. Wind turbine generator power curve.

At region I, the generator torque is zero, 𝑇𝑔 = 0, operating 
below cut in wind speed. At region II the cut in wind speed is 
reached and aerodynamic torque is approximated by 
equation (1). 

𝑇𝑎 = 𝜌 ∙ 𝜋 ∙ 𝑅3 ∙ 𝑈2 ∙ 𝐶𝑝

𝜆
#(1)  

In this equation variables ρ, R, U, λ, and Cp are air density, rotor 
radius, wind speed, tip speed ratio, and power coefficient, 
respectively. During region II the rotor speed changes as a 
function of the difference between aerodynamic torque, 
GBratio of generator torque and torque losses divided by rotor 
inertia equation (2).

𝐽𝑟 ∙
𝑑𝜔𝑟
𝑑𝑡 = 𝑇𝑎 ―

𝐺𝐵𝑅𝑎𝑡𝑖𝑜
𝑇𝑔

― 𝑇𝐿#(2)

In this equation, the variable GBRatio is the gear box ratio, 𝑇𝐿is 
torque losses, 𝐽𝑟 is rotor inertia and 𝑑𝜔𝑟 𝑑𝑡 is the change in 
rotor speed per unit time. When the generator torque, Tg and 
generator speed, 𝜔𝑔 increase, the power output reaches the 
rated power. The mathematical representation for the electrical 
power is shown in equation (3).  

𝑃𝑒 = 𝑇𝑔 ∙ 𝜔𝑔#(3) 

At rated power, operating in region III, the WTG adjusts the 
pitch to maintain a steady output of power. This occurs until the 
maximum rated wind speed is reached at region IV where the 
WTG stops producing power. 

III. WIND TURBINE GENERATOR MODELING

 Typical WTG modeling approaches rely on aerodynamic 
models [8], or EMT models [3]. Aerodynamic models have 
shown to be reliable in modeling WTGs and wind farm 
characteristics such as generator torque, generator speed and 
generator power [8], however these models do not include grid 
interconnections making them insufficient in representing load 
or fault conditions. EMT models can accurately depict grid 
interconnection interactions, allowing EMT models to 
accurately depict load or fault conditions at the generator [3]. 
In most EMT models there is a model of the turbine and drive 
train, however it does not include logic control of generator 
torque. Therefore, a model that accurately represents generator 
torque dynamics is needed. The aerodynamic model has a 

control strategy which is the same as the control for the SWiFT 
facility WTGs. The single-mass model which yields 
aerodynamic torque allows for simplification because the 
parameters necessary for a two-mass model are unavailable. 

In [5] a widely accepted method for model validation of a 
WTG is presented. To accomplish this validation, model 
adequacy is determined by using SWiFT WTG field 
measurements of generator torque, generator speed and 
generator power as target values to determine the effectiveness 
of obtaining aerodynamic torque via the single-mass model, 
generator torque via the SWiFT logic generator torque control, 
rand tuning the damping coefficient of the SG to match 
generator speed and power. 

A. Electromagnetic Transient Model
For this simulation, the EMT model used is a type-IV WTG. 

A type-IV WTG is defined as a full converter wind turbine 
(FCWT) which employs a SG, a three-phase rectifier, a DC-DC 
boost converter (average model), a three-phase inverter 
(average model), an RLC filter and a three-phase 
transformer [6]. Fig. 2 illustrates the block diagram for the 
WTG model. The kinetic energy from the wind is converted to 
mechanical energy via the turbine. This mechanical energy is 
converted to electrical energy using the S. which then goes 
through the three-phase rectifier circuit, a DC/DC boost 
converter and then through a three-phase inverter. Finally, it is 
filtered using an RLC filter. The mechanical energy produced 
by the turbined is shown in equation (4).

𝑃𝑚𝑒𝑐 =
𝜌
2 ∙ 𝐴𝑟𝑜𝑡𝑜𝑟 ∙ 𝑈3 ∙ 𝐶𝑝(𝜆,𝛽)#(4)

In this equation, the variable 𝑃𝑚𝑒𝑐 is the mechanical power 
extracted from the wind, 𝜌 is the air density in 𝑘𝑔/𝑚3, 𝐴𝑟𝑜𝑡𝑜𝑟 
is the area of the rotor in 𝑚2, 𝑈 is the wind speed measured in 
m/s [4] and 𝐶𝑝(𝜆,𝛽) is the power coefficient a function, where  
variables 𝜆 and 𝛽 are the tip speed ratio and the pitch angle in 
degrees, respectively. 𝐶𝑝(𝜆,𝛽) is commonly derived using an 
approximation equation found in [6]. The turbine transfers the 
mechanical power to the drive train which converts the 
mechanical power into mechanical torque [3]. The mechanical 
power is then converted to electrical power as shown in [3]. 
However, the proposed model replaces the induction machine 
with a SG.

Fig. 2. Block diagram of the type-IV wind turbine generator.
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B. Aerodynamic Model
Fig. 3 depicts the block diagram for the aerodynamic model 

which accurately represents the control logic and power 
coefficient of the SWiFT WTG. This model relies on the 
difference in generator torque and aerodynamic torque to yield 
generator and rotor speed. The aerodynamic model uses a look-
up table for the SWiFT WTG 𝐶𝑝(𝜆,𝛽). 

Fig. 3. Block diagram for the aerodynamic model.

C. Electromagnetic Transient and Aerodynamics Model
The aerodynamic model developed at Sandia is known to 

accurately predict generator power, speed, and torque. The 
EMT model is thus adjusted to match the aerodynamic model. 
Without sacrificing grid interconnection capabilities, the EMT 
model replaces the 2-mass model from [3] and uses the 
aerodynamic model’s single mass model as values weren’t 
available to use the 2-mass model. This provides a more 
accurate representation of 𝑇𝑎 because 𝐶𝑝(𝜆,𝛽) is calculated 
with real data captured from SWiFT in a lookup table while [6] 
fits data to a curve. Fig 4a. Shows the power coefficient 
equation derived in [6] and figure 4b shows the power 
coefficient from the lookup table. A clear discrepancy exists 
around 𝛽 = 0.  The EMT model had no generator torque 
control, the generator torque control from the aerodynamic 
model is applied to yield accurate generator torque. 

Fig. 4a. Cp (λ, β) curve from equations summarized in [6].

Fig. 4b. Cp (λ, β) curve obtained from the look-up table.

Next, the EMT model replaces the original SG with a simple 
SG. Since the input torque to the SG is inherited from the 
aerodynamics model, the only difference in the EMT model 
affecting generator power is generator speed via equation (2). 
Generator speed defined by the simplified SG is summarized in 
equation (6) and equation (7).

∆𝜔𝑔(𝑡) =
1

2 ∙ 𝐻 ∙

𝑡

0

𝑇𝑔 ― 𝑇𝑒 ― 𝐾𝑑 ∙ ∆𝜔𝑔(𝑡)𝑑𝑡#(6)

𝜔𝑔(𝑡) = ∆𝜔𝑔(𝑡) + 𝜔𝑔(𝑡)#(7)

Where, 𝜔𝑔, is the generator speed at full load. The closed loop 
control diagram for the generator speed developed within the 
simplified SG is shown in Fig. 5. 

Fig. 5. Block Diagram for Traditional Control.

It can be deduced that 𝐻  acts as an integral gain referred to as 
𝐾𝐻. The block diagram of the control system depicts the 
difference in generator torque and mechanical torque. The 
transfer function that represents the control in Fig. 5 is 
summarized in equation (8).

∆𝜔𝑔(𝑡)
∆𝑇

=
𝐾𝐻

𝑠 + 𝐾𝑑 ∙ 𝐾𝐻
#(8)

The integral gain 𝐾𝐻 is a fixed constant and the damping ratio 
can increase the speed of the single pole. In turn the system has 
the ability to react to changes. The tuning process to determine 
the accurate damping coefficient required setting the internal 
resistances 𝑅 = 0.02,𝑋𝑑 = 0.3, and the damping coefficient 𝐾𝑑
= 0, and slowly ramping the damping coefficient until the 
generator speed accurately represent the SWiFT WTG. 

Consider the Park’s equations which define a SG from [13], 
as shown in equations (9) through equations (11).

𝑇𝑒 = 𝜓𝑞 ∙ 𝑖𝑑 ― 𝜓𝑑 ∙ 𝑖𝑞#(9)

𝜓𝑞 = ―(𝐿𝑚1 + 𝐿𝑙) ∙ 𝑖𝑑 + 𝐿𝑚𝑞 ∙ 𝑖𝑘𝑞 + 𝐿𝑚𝑞 ∙ 𝑖𝑓𝑞#(10)

𝜓𝑑 = ―(𝐿𝑚𝑑 + 𝐿𝑙) ∙ 𝑖𝑑 + 𝐿𝑚𝑑 ∙ 𝑖𝑘𝑑 + 𝐿𝑚𝑑 ∙ 𝑖𝑓𝑑#(11)

The simplified model ignores the self and magnetizing 
inductances of the armature, field, and damper windings. The 
internal voltage 𝑉𝑓 to 𝜓𝑑 direct axes synchronous machine 
circuit, will thus be only the resistance and reactance in series. 
Meaning that a change in the resistance or reactance will result 
in an equivalent reduction or rise in electric torque. The effect 
is equivalent to tuning 𝐾𝑑. Let 𝐶 = 𝑅 + 𝑋𝑑 = 𝐾𝑑, this yields 
equation (12) and equation (13). 
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∆𝜔𝑔(𝑡) =
1

2 ∙ 𝐻

𝑡

0

𝑇𝑔 ― 𝐶 ∗ 𝑇𝑒 ― 𝐶 ∙ ∆𝜔𝑔(𝑡)𝑑𝑡#(12)

∆𝜔𝑔(𝑡) =
1

2 ∙ 𝐻 ∙
𝑡

0
𝑇𝑔𝑑𝑡 #(13)

A reduction in resistance or reactance will result in an increase 
in generator speed and vice versa for the simplified SG model.

IV. KALMAN FILTER WIND ESTIMATION

Accurate wind speed information is required to represent the 
true tip speed ratio, power coefficient and pitch. This value 
directly impacts the aerodynamic torque as well as the output 
power of the WTG. Wind speed measurements captured at the 
nacelle can add inaccuracies due to wake effects and machine 
noise [14, 15]. Moreover, a single measurement point is not 
realistic as the wind speed is captured across the entire 
rotor [14, 15]. A Kalman filter can be used to accurately 
estimate wind speed [15]. As the Kalman filter is typically used 
to measure an unknown state or to obtain a more accurate 
measurement of a known state. The wind speed will be solved 
by obtaining the unknown state of the aerodynamic torque, then 
using the Newton-Raphson method, the tip speed ratio is 
obtained [15]. Finally, the relationship between tip speed ratio, 
rotor radius and the filtered rotor speed is used to solve for wind 
speed. The drive train equation is shown in equation (2). The 
state space equations that describe the torque and speed is 
shown in equation (15) and equation (16) [16].

𝜔𝑟

𝑇𝑎
= 0

1
𝐽𝑟

0 0
∙

𝜔𝑟

𝑇𝑎
+ ―

𝐺𝐵𝑅𝑎𝑡𝑖𝑜
𝐽𝑟

0
∙ 𝑇𝑔 + 𝑤#(15)

𝑦 = [1 0] ∙
𝜔𝑟

𝑇𝑎
+ 𝑣#(16)

In these equations, variables 𝑣 and 𝑤 are the measurement noise 
and process noise characteristics, respectively. The process 
noise and measurement noise covariance matrices are chosen in 
order to satisfy equation (17) and equation (18).

𝐸 𝑤(𝑡) ∙ 𝑤𝑇(𝑡) = 𝑄(𝑡)#(17)

𝐸 𝑣(𝑡) ∙ 𝑣𝑇(𝑡) = 𝑅(𝑡)#(18)

The initial measurement noise covariance and the process noise 
covariance matrix are shown in equation (19) and equation (20).

𝑅 =  10 ∙ 10―2#(19)

𝑄 =
10 ∙ 10―2 0

0 6 ∙ 106
#(20)

While [15] used a known wind speed input and had the ability 
to choose the noise covariance, this analysis only utilizes the 
nacelle measurement. A true measurement of the process noise 

and measurement noise covariances is typically unavailable, 
but methods exist to find a reasonable estimate [17]. The state-
space equation from (15) is unstable. It is possible to track the 
states of a non-stable system [18] and using the relationship 
derived in equation (2) it is possible to determine a range of the 
aerodynamic torque. The Kalman filter yields the results for the 
aerodynamic torque and rotor radius. A non-linear equation can 
be derived where the tip speed ratio is the only unknown 
variable [16], as shown by equation (21).

𝐶𝑝

𝜆3 =
2 ∙ 𝑇𝑎

𝜌 ∙ 𝜋 ∙ 𝑅3 ∙ 𝑈2 ∙ 𝜔2
𝑟

#(21)

The tip speed ratio is solved using Newton-Raphson rather than 
a look-up table. A look-up table is most reliable when 
calculating the aerodynamics of the system given the inputs are 
not approximations, but measured values. Because the values 
of the right-hand side of (22) are approximate estimates and 
because the lookup table has values which are close, the tip 
speed ratio was shown to oscillate and at times yield values out 
of range. Therefore, linear interpolation is used instead to find 
tip speed ratio, in [19] a variety of power coefficient models are 
provided. The sinusoid provides an accurate solution but may 
also cause oscillatory behavior outside the range of possible tip 
speed ratio. To prevent this behavior the tip speed ratio can be 
bounded by the upper and lower limits of the tip speed ratio 
using nacelle measurements as the Kalman Filter values will lie 
within the bounds of the measured data. Using the Kalman 
filtered rotor speed and tip speed ratio, the wind speed can be 
obtained, as shown in equation (22).

𝑈 =
𝑅 ∙ 𝜔𝑟

𝜆 #(22)

The Kalman filtered wind speed can be bounded by the lower 
and upper bounds of the nacelle wind speed. Process and 
measurement noise covariance was tuned at the Kalman filter 
to reduce noise. The noise covariance of the Kalman filter is 
tuned to accurately represent the shape of the torque response 
of the model with that of the data collected from the SWiFT 
facility. The Kalman filter can over-filter the WSE dynamics, 
therefore noise can be reintroduced to the system to capture 
these dynamics. Fig. 6 illustrates a comparison between the 
measured nacelle wind speed the results obtained from 
implementing the Kalman filter.

Fig. 6. Comparison between measured nacelle wind speed and Kalman 
filtered wind speed.

V. MODEL VALIDATION METHODOLOGY
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A comparison is made between the proposed WTG model 
with field measurements from the SWiFT WTGs. The results 
illustrate that there exists a correlation between the generator 
torque, generator power and generator speed of the SWiFT 
facility compared to the WTG model given the nacelle wind 
speed and the Kalman filtered estimated wind speed. The 
statistical analysis will consist of the mean absolute error 
(MAE) as defined in equation (23).

𝑀𝐴𝐸 =
∑𝑛

𝑖=1|𝑥 ― 𝑥𝑖|
𝑛 #(23)

In this equation, the prediction, true value, and number of 
samples are denoted as, 𝑥,𝑥𝑖,𝑛. The standard deviation is 
denoted in equation (24).

𝜎 = ∑𝑛
𝑖=1 𝑥𝑖 ― 𝑀𝐴𝐸

𝑛
#(24)

VI. SIMULATION RESULTS

A WTG model that combines both aerodynamics and EMT 
dynamics is simulated using MATLAB/Simulink. Table I 
summarizes the WTGs control and electrical parameters. Many 
of the initial values were inherited from models in [3,4]. For 
this model, the inertia constant is calculated, using 
equation (5) [11].

𝐻 =
𝐽 ∙ 𝜔𝑛

2 ∙ 𝑀𝑉𝐴𝑟𝑎𝑡𝑒𝑑
#(5)

Given the rated values, the calculated inertia time constant is 
2.77 s. 

TABLE I:
WIND TURBINE GENERATOR PARAMETERS

Parameter Variable Value Units
Rotating inertia 𝐽𝑟 52,472.5 kg·m2

Gearbox ratio 𝐺𝐵𝑅𝑎𝑡𝑖𝑜 27.5 -
Speed at full load 𝜔𝑔 1,776.0 RPM
Full load torque 𝑇𝑔

1,603.9 Nm

Synchronous speed 𝜔𝑛 1,800 RPM
DC link-bus voltage VDC 695 V
Nominal power 𝑃𝑛 200 kVA
Inertia Constant 𝐻 2.77 S
Damping coefficient 𝐾𝑑 0.01 Pu
Number of pole pairs 𝑃 2 -

Fig. 7 illustrates the comparison between the EMT model and 
aerodynamic model after tuning the SG, inserting the one-mass 
model, and including generator torque control. The results 
demonstrate that the fused model can accurately represent 
generator dynamics with similar precision to the aerodynamic 
model that was shown to depict the generator torque better 
accurately, generator speed and generator power of the WTG. 
The simulation results comparing the unfiltered wind speed, the 
post Kalman filtering wind speed and the measured SWiFT 
WTG field data for generator power, generator speed and 

generator torque are illustrated in Fig. 7 through Fig. 10, 
respectively. 

Fig. 7. Results obtained from comparing the generator power of the 
electromechanical transient model and the aerodynamic model.

Fig. 8. Results obtained from comparing the generator power of the 
wind turbine generator model and field data with and without the 
Kalman filter.

Fig. 9 Results obtained from comparing the generator torque of the 
wind turbine generator model and field data with and without the 
Kalman filter.

Fig. 10. Results obtained from comparing the generator torque of the 
wind turbine generator model and field data with and without the 
Kalman filter.
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MAE and STD results are obtained for the 1000 s simulation 
duration. Table II illustrates the results obtained when 
comparing the aerodynamic and the EMT models. Table III 
contains the MAE and standard deviation of results obtained 
when comparing the model and filed data for generator power, 
generator speed and generator torque before and after 
implementing the Kalman filter.

TABLE II:
COMPARISON AERODYNAMIC AND EMT MODELS

Parameter MAE STD (σ)
Generator power/speed 5.8 4.5

TABLE III:
COMPARISON BETWEEN MODEL AND SWIFT FIELD DATA

Parameter MAE STD (σ)
Pre-KF KF Pre-KF KF

Generator power 33.97 15.20 35.57 11.68
Generator speed 9.08 7.71 9.00 8.18
Generator torque 25.64 12.32 29.59 10.20

These results demonstrate that a model using the discussed 
Kalman filtered wind speed approach can improve model 
adequacy substantially. The MAE is lower for the generator 
power, generator speed and generator torque. The lower STD 
shows that the data is closer to the lower MAE. Therefore, the 
model is adequate over region II of the WTG power curve.

VII. CONCLUSION

In this paper a MATLAB/Simulink power system simulation 
model that represents the aerodynamics and EMT dynamics of 
a WTG is presented. The model is designed to represent a 
SWiFT WTG. The model is validated using measurement data 
collected from the SWiFT facility. Wind speed from the nacelle 
contains process and measurement noise, the Kalman filter was 
used to estimate the true wind speed that exists in front of the 
rotor. The simulation model demonstrated that by using a 
single-mass model for aerodynamic torque, torque control from 
SWiFT to obtain generator torque and estimating the wind 
speed via Newton-Raphson Kalman filter approach and 
reconfiguring the SG the system can accurately represent the 
dynamics measured at the SWiFT facility. Improvements of SG 
modeling and accurate process/measurement noise can lead to 
further improvements. More accurate SWiFT data showing a 
true power curve transition will allow for further model 
adequacy.
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