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CONTROL METHOD FOR THE WIND TURBINE DRIVEN BY
DOUBLY FED INDUCTION GENERATOR UNDER THE

UNBALANCED OPERATING CONDITIONS

XIANGPENG ZHENG

ABSTRACT

This thesis illustrates the principle and the behavior for doubly fed electric
machines used in variable speed wind power systems under the balanced and
unbalanced operating conditions. A generalized control method for complete stator
pulsating power elimination and harmonic elimination in grid currents with adjustable
power factor of a doubly fed induction generator under the unbalanced operating
conditions is proposed. The theoretical analysis of this proposed control method is
presented and then demonstrated by the simulation in Powersim®. The grid ride-

through-fault ability by using the proposed method is also tested.
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DFEM: doulbly fed electric machine
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FFT: fast Fourier transform

GSC.: grid side converter

IGBT: insulated-gate bipolar transistor
RSC: rotor side converter

PWM: pulse width modulation

rms: root mean square

SCIG: Squirrel Cage Induction Generator
SFOC: stator flux oriented control

SVOC: stator voltage oriented control
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CHAPTERI I

INTRODUCTION AND LITERATURE SEARCH

1.1 Introduction

Wind generation is a fast growing form of electrical energy generation[1]. The
$787 billion economic stimulus bill passed in the Senate on February 2009 contains
various provisions to benefit the wind and other renewable energy projects. By the
end of 2010, the installed cumulative capacity of wind power in United States was
over 40,000 Megawatts[2, 3], which is the second place in the world right after China.
The installed wind power has grown exponentially over the past decade in the United
States, which is shown in Figure 1.1[4]. There are currently 5,600 MW of projects
under construction in 2011[2]. In Department of Energy’s 2008 report, it stated that
"the U.S. possesses sufficient and affordable wind resources to obtain at least 20% of

its electricity from the wind by 2030" [5].

In the past decade, many types of generator concepts have been developed and

applied to generate electric power to the three phase utility grid[6]. The utility grid



with a specific frequency always requests the wind turbine to run at a given rotating
speed if it is directly connected to the grid. With the pitch control strategy, wind
turbine can still run and maintain at a constant speed during the inscrutable wind
profile. However, the gear box coupled with the generator also brings in the
significant aerodynamically generated noise. Moreover, the nonlinear aerodynamic
characteristics make this application more complex to deal with the increased
sensitivity by the pitch control strategy. This leads to the increasing interests of
variable speed wind energy conversion systems, which can effectively deliver twenty

to thirty percents more energy to the grid.

50000
45000
40000 7
35000

30000 /
25000 /
20000

15000 d
10000

5000 ————
0 S —

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 1.1: Annual installed wind power in United States over the past decade[4]

Recent work shows that the a typical wind energy conversion system has some
major components as following, a wind turbine, generator, interconnection apparatus
and control systems. Basically, the frequency conversion can be achieved by using
two power electronics converters connected between the grid and the generator. These
power electronics converters are also called as back-to-back (BTB) PWM converters.
The machine side converter keeps track of the torque demand based on the wind
speed to obtain the optimal wind power and then delivers to the DC link. The grid

side inverter, delivers the DC link power to the grid with desired magnitude and
2



frequency. Meanwhile, the desired DC link voltage is maintained as constant by
controlling the grid side converter [7-10]. It has been shown in [11, 12] that
unbalanced grid voltages can create a significant second-order harmonic in DC link

voltage and then lead to the third-order harmonics in line currents.

In this thesis, a generalized control method with complete stator pulsating power
elimination and adjustable power factor is proposed for the wind turbine driven by
doubly fed induction generator (DFIG) under the balanced and unbalanced operating
conditions. This research method is on the basic of the harmonic elimination control,
which was proposed and implemented for a PWM rectifier [13-17]. The method
proposed in a wind turbine inverter [18-22] has been adjusted and applied to a wind

turbine driven DFIG application.

1.2 Literature search

In this section, the previous related research and topic were reviewed and then

presented. The following five general categories are shown as below.

1. Wind turbine's characteristics and typical types of variable-speed wind energy

system;

2. Comparison of DFIG and the other basic variable-speed wind energy conversion

application;
3. Rotor side converter control of DFIG;

4. Grid side converter control of DFIG;



5. The recent studies on the control strategy of DFIG under the balanced and

unbalanced grid voltage conditions.

1.2.1 Wind turbine's characteristics and typical types of variable-speed wind

energy system

Variable speed wind energy system allows the turbine to operate most efficiently
and generate the optimal power over a wide range wind speed profile. In mechanical

aspect, the output power obtained by a wind turbine is expressed as below.

Pu = 5 PaAbiade Cp (B, D)3 (1.1)
, Where p, is the density of air [kg/m3]; A is the area swept the rotor blades [m?]; Cp
is the power performance coefficient; and v,, is the wind speed [m/s]. The power
performance coefficient is a function of the pitch angle of the rotor blades  and the
tip-speed-ratio A, which also can be represented as below.

1=R% (1.2)

w

In the above equation, R is the radius of the wind turbine's rotor blades [m], and w,,
is the wind turbine angular speed [rad/s]. As seen in Equation (1.1), wind energy can
be extracted most efficiently when the highest power performance coefficient C,, 4
is obtained. The optimal tip-speed-ratio 4,,, is inherent characteristic and determined
by the turbine itself. Since the rotor speed of the generator changes as the wind speed
changes, the electromagnetic torque has to be controlled so that the optimum wind
power can be exploited most efficiently, which can be expressed as following:

Topt = Kope wgpt (1.3)



Pope = Kopt wgpt (1.4)
, Where K, is the optimum power performance coefficient.

In order to transfer the output mechanical power as mentioned above into electrical
power, the electromagnetic torque of the generator has to be controlled by the stator
currents or rotor currents depends on the control strategy. The machine side converter ,
which normally as a PWM voltage source rectifier (VSR), keeps track of the torque
demand based on the wind speed, obtains and delivers the optimal wind power to the

DC link.

Due to the different wind potential capability and different level of wind power
penetration in the world, wind turbine generator (WTG) designs nowadays vary
considerably from OEM to OEM. Regardless of the fix-speed wind energy system
and variable-speed wind energy system with pitch control strategy as discussed
previously, variable-speed wind energy conversion systems can be sort out into three
basic types generally, which are displayed in Figure 1.2 to 1.4[19]. However, it should
be known that these three types cover majority of the variable-speed wind generation.

But not all wind generation falls into these three categories.

1.2.2 Comparison of DFIG and the other basic variable-speed wind energy

conversion applications

As shown in Figure 1.2, Type 1 WTG is as same as an induction generator which is
directly connected to the grid, except that the generator includes a wound rotor and a
circuit to quickly adjust the rotor current by manipulating the resistance value of the

rotor side circuit. The main benefit of this type is the current control strategy at the

5



rotor side circuit. It enables relatively fast torque control, and shortens the response
time of such dynamic events as the wind gust. It also decreases the torque fluctuation
and power pulsation within the drive train. Variable slip in a narrow range is achieved
with absence of slip rings, which led to an improved operating speed range with

respect to the Squirrel Cage Induction Generator(SCIG).

WOUND ROTOR

INDUCTION GENERATOR TRANSFORMER
(T
e | “ GRID
\_) /3
GEAR BOX é
. IGBTR
Rectifier Confio

X[ K} 3

Figure 1.2: Type 1 WTG: Wound Rotor Induction Generator with variable slip[19]

However, this type of WTG highly depends on the wind turbine active power
production at the shaft. A reactive power compensation system is still requisite. The
speed range is typically restricted between zero percent to ten percents, more than its
synchronous speed, as it is count on the range of the variable rotor resistance. The slip

power dissipated on the rotor is considered to be a losses based on variable resistance.

As shown in Figure 1.3, Type 2 WTG passes all wind turbine power to the grid
through a BTB power electronic converter. The main preponderance of this type is its
omnibearing control of the reactive power and speed. At the same time, the BTB
converter enables the voltage control, output power control during the grid

disturbance or fault. The gearbox is designed so that maximum rotor speed can be

6



achieved with the rated speed of the generator. Or the gearbox is not necessary if a
multi-pole synchronous generator is applied. Type 2 WTG is compatible with the

recent grid code requirements.

SYNCHRONOUS
GENERATOR TRANSFORMER

alk %K} A — ==

GEAR BOX Rectifier IGBT
Inverter

Figure 1.3: Type 2 WTG: Synchronous Generator with a BTB converter[19]

However, this type of WTG highly depends on the power converter, which ought to
be rated and limited as the total system power. All the components in the BTB
converter should be rated at one per unit output power also, making the filter design
costly. Converter efficiency will affect the system efficiency over the entire operating

range significantly.

As displayed in Figure 1.4, DFIG, which is used extensively for high level wind
power applications, has the rotor connected to a BTB converter and the stator is
connected to the grid directly. Compared with Type 1, DFIG operates at a wide range
of variable speeds, which improves the power efficiency and controllability of the
WTG. Rotor side converter enables reactive power control and variable speed
operation. The wind turbine can operate #33% around the synchronous speed with

maximum efficiency. Compared with Type 2 WTG, the power converters of DFIG
7



just need to be rated as proportional as the total output power, around twenty to thirty
percents typically. This design is attractive from an economic perspective and more
suitable for high power wind turbines. It makes the ratings of all the components in
the BTB converter small, and in return, lower cost, lower power dissipation and lower

power losses would be achieved.

WOUND ROTOR
INDUCTION GENERATOR TRANSFORMER
3
GEAR BOX é
1} K}
IGBT POWER CONVERTORS

Figure 1.4: Type 3 WTG: Doubly Fed Induction Generator[19]

Although the features of DFIG are competitive and attractive, it has its own
drawbacks. As we known, the BTB converter is connected to the power grid through
the transformer. In such a case, the grid side converter is very sensitive to the
unbalanced grid voltage which lead to the low order harmonics in line currents as well
as the huge pulsation in a DC link voltage. This can present difficulties to deal with
the torque pulsations, active power pulsations and unbalanced currents with lots of
harmonics. These problems make the entire wind turbine system instable and

noneffective.

Recently, many different control algorithms have been proposed and applied to

control the DFIG under the balanced and unbalanced grid voltage conditions.
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1.2.3 Rotor side converter control of DFIG

The rotor side converter is displayed in Figure 1.5. Stator voltage oriented control

(SVOC) [23] and stator flux oriented control (SFOC) [24] are discussed.

i JK}S JK}S

DFIG / / 1

3 a3

Figure 1.5: Rotor side converter of DFIG

- -

jwlq’s _]a)sq,r

Figure 1.6: DFIG equivalent circuit in dq synchronous rotating frame[25]

In dq synchronous rotating frame as displayed in Figure 1.6, the stator voltage

vector and the rotor voltage vector can be obtained as following:

Ay

V=Rl +5

av, .
V. =R.I. + - + jw P, (1.6)

, Where V;, V. are the stator and rotor voltage vector which can be represented as



Vi = Vsq +jVsq and V. = Vg + jVi4; R, R, are the stator and rotor resistance; Ig, I,
are the stator and rotor current vector which can be represented as Iy = I;q + jl,, and
L. = Lq + jI.4;¥, W, are the stator and rotor flux vector which can be represented as
W, = Wsq +j¥q and ¥, = ¥,; + j¥,,. w1, w, are the synchronous angular speed
and slip angular speed; L,s, Ly and L., are the stator leakage inductance, rotor
leakage inductance and the magnetizing inductance respectively.

Stator and rotor flux can be obtained as following.
W, = Ly + L1, (1.7)
Y. =L 4L, (1.8)
,where Ly = Ly + L, and L, = L, + Ly,
From Equation (1.7), the stator current vector can be represented as,

W I
s LS

By substituting the above equation into Equation (1.8), the following equation is

obtained and given by,

L L%, L
‘E=:%+MQ@—M)=Z%+MMA (1.9)
L2
,Whereg =1 — 2.
LgL,

The magnetizing current vector can be represented as:

1m=“=ig+g=%wu%q (1.10)

m L

|

By substituting (1.9) and (1.10) into (1.5) and (1.6), the following equation is

obtained,

Vo = Ryls + Ly S + joo ¥ (1.11)
ar, . . 12, dl,

Vr = err + O'Lr ar +](1)5qu + L—S? (112)

10



For both traditional stator voltage oriented control and stator flux oriented control,
stator voltage vectorV, and stator flux vector W in Equation (1.11) are usually

assumed to be constant[25]. So it yields that,

dlp

ac =V

Then the rotor voltage vector can be simplified as below,
Vo =Rl + 0L, S5+ jo,¥, (1.13)

From Equation (1.13), dg components of rotor voltage can be represented as below.

dl,
Vg = oL, d—td + R 1g — wsWrqg (1.14)
dl,
Vig = oLy — L+ Ry + 0¥ (1.15)

As shown on the right hand sides of the equations above, the first two terms are used
for designing a P1 current controller as an inner loop in the RSC. The third term is used
for elimination of the cross coupling.

The stator active power and reactive power can be expressed as following:

3
P = 5 (Vsd lsq + Vsq Isq) (1-16)

3
Qs = 5 (Vsq Isg = Vsa Isq) (1.17)

The electromagnetic torque can be obtained as below:

Te = gp(q]sd Isq - lIJsq Isd)

, Where p is the number of the poles.

11
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Figure 1.7: Vector diagram of stator voltage oriented control method (SVOC)[23]

As shown in Figure 1.7, stator voltage vector position is along with the d-axis of the
dg synchronous rotating frame if SVOC is implemented.

Then we can obtain the dg components of the stator voltage vector as following:
Vsa = Vs (1.18)

Vs

g =0 (1.19)

Neglecting the stator resistance value, then Equation (1.11) can be adjusted as

below:
Vg = —01¥5q = —w1(Lglgg + Linlq) = Vi (1.20)
Vrsq = w1 Wsq = wl(LsIsd + Lmlrd) =0 (1.21)

By substituting Equations (1.18-21) into Equations (1.16) and (1.17), the stator
active power and the stator reactive power can be approximately controlled by I,; and

I, respectively as following:

3 L

b= =37 Vsl (1.22)
3V, (Vs

Qs = EL_S (w_e — Ly, Irq) (123)
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Figure 1.8: Diagram of the traditional SVOC[25]

As shown in Figure 1.8, the traditional SVOC method is implemented[25]. The
stator active power and the stator reactive power are controlled by using Equations
(1.22-23). And the PI controllers are implemented to regulate the rotor voltage
reference by using Equations (1.14-15). Space vector PWM control is then used to

generate the switch sequence for the IGBTSs of the rotor side converter.
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Figure 1.9: Vector diagram of stator flux oriented control method (SFOC)[24]
As shown in Figure 1.9, stator flux vector position is along with the d-axis of the dq
synchronous rotating frame. The dg components of the stator flux vector are obtained

as following:
13



y, =, (1.24)
W, =0 (1.25)

Neglecting the stator resistance value, then Equation (1.11) can be adjusted as

below:
Vsd = —01%sq = —w1(Llsq + Linlyq) =0 (1.26)
Vsq = wllpsd = wl(LsIsd + LmIrd) = wlqjs (127)

By substituting Equations (1.24-27) into Equations (1.16) and (1.17), the stator
active power and the stator reactive power can be approximately controlled by I, and

I,.4 as following:

3 L

Py = _EwlL_S squ (1.28)
3 WLy,

Qs = ;01 ¥s (Td) (1.29)

As shown in Figure 1.10, the traditional SFOC method is implemented[25]. The
stator active power and the stator reactive power are controlled by using Equations
(1.28-29). And the rotor voltage reference are regulated by using the PI controllers as
indicated in Equations (1.14-15). Space vector PWM control is implemented to

generate the switch sequence for the rotor side converter.

0¥,
0¥, ’_1 }_'
Y .
R :
v | i@ |y | sSvPwM S, _| Rotor side

+ >
1 o S. converter
]

calculation
r T

3¢ supply

Figure 1.10: Diagram of the traditional SFOC [25]
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1.2.4 Grid side converter control of DFIG

The grid side converter is displayed in Figure 1.11.

0 43

L1
ifaaanl e
L2 U2
Taaanl
vidc T c I
L3 Uz
> YV {0

A& A% %

Figure 1.11: Grid side converter of DFIG

Based on Kirchhoff's current laws and Kirchhoff's voltage laws, the following

equation in matrix form can be defined as in the GSC of DFIG.

Ug Usq
Uy | = |Ugp
U Ugc

, Where L and R are the line inductance and resistance in the GSC; u,, u, and u, are

Iq
— R|i,
I

lg
_L%PJ (1.30)

e

the output voltages of the GSC; ug,, uy, and u,, are the IGBT bridge's output

voltages; i,, i, and i, are the line currents in the GSC.

The grid side converter balances and delivers the power between the three phase
grid and the DC link capacitor. Also the DC link voltage needs to be controlled and
maintain as a constant value under the balanced and unbalanced operating conditions.
The direct power control method for the grid side converter is one of the major

control strategies and has been proposed in references [24, 26, 27].
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The dynamic model of the grid side converter can be represented by the following

equations using the synchronous rotating frame:

. di .
Uy = Ugg — Rig — L—L+ w,Li

- (1.31)

q

Uy =gy — Rig — L4 — w, Lig (1.32)

q q

Under the balanced operating condition, the three phase output voltages of GSC are
with identical magnitude and frequency. In such a case, the dg components after the
transformation uy and u, are consider as the constant values. The g-axis component
u, is then set as zero when the d-axis oriented along the output voltage position. It

follows that the GSC's active power and reactive power can be simplified as following.
3 . . 3.
P = E(udld + uqlq) = Eudld (133)

Q= %(udiq +ugig) = %udiq (1.34)

Since the grid side converter balances and delivers the power between the three
phase grid and the DC link capacitor. The DC link power should be equal to the grid
side converter's output power. It follows that the grid side converter's active power
can be manipulated by the d-axis component of line current i; which can be expressed

as below.

Viaclae = %udid (1.35)

Also the reactive power in GSC in Equation (1.34) can be set as a injecting
reference based on the demand of the BTB converter and the grid operating
conditions. In such a case, the g-axis component of the line current i, will be

controlled.

16



One of the other major control strategies is the indirect current control[28]. It can

be applied to the grid side converter control of DFIG.

The voltage error between the actual DC link voltage and the reference DC link
voltage is multiplied by a constant so that it can be derived as the sinusoidal line
current reference of GSC. Consequently, a phase shift is applied to this sinusoidal line
current reference which is proportional to output voltage of the GSC. Since the power
factor is determined by the phase angle difference between the line current and output
voltage of the GSC, variable power factor can be achieved by manipulating the phase
shift angle. By using the hysteresis controller, the line current of the GSC is then

controlled with a varying switching frequency to keep tracks of the current reference.

1.3 The recent research on the control strategy of DFIG under the balanced

and unbalanced grid voltage conditions

In [29], Ali et al proposed an effective control method for maximum power point
tracking (MPPT) from the wind energy system. Rotor side converter's active power is
controlled by the d-axis component of the rotor current in outer control layer. Rotor
side converter's reactive power is controlled by g-axis component of the rotor current.
The control method of the rotor side converter is based on SFOC. For the grid side
converter, it is a vector control strategy with the grid voltage orientation[29]. The d-
axis voltage component is along with the position of grid voltage space vector, and
the g-axis voltage component is regarded as zero. So the grid side converter's active
power and reactive power can be manipulated by using d-axis and g-axis components

of grid side converter's line current respectively. The control diagram is shown in

17



Figure 1.12. However, DFIG under the unbalanced conditions is not discussed in this

paper.
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Figure 1.12: Control scheme in ref. [29]

In [30], Vijay et al proposed a control method for unity power factor operation
with the loss minimization strategy. By keeping track of the maximize power point of
the wind turbine, the active and reactive power are under control so that maximum
power can be extracted from the shaft. For the rotor side converter, stator flux-
oriented reference frame is chosen to control the rotor currents in such a way to
maintain the active and reactive power flow. For the grid side converter, the active
power control is implemented to regulate the DC link voltage. The DC link reference
voltage is proportional to the reference of the GSC's active power. Unity power factor
of the GSC is achieved when the reference of the GSC's reactive power is set to be

zero. The control schemes for both of the RSC and GSC are shown in Figure 1.13.
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The performance of DFIG under sub-synchronous speed and super-synchronous
speed are also discussed in this paper. However, DFIG under the unbalanced grid

voltage conditions is not analyzed in this paper at all.
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Figure 1.13: Control scheme in ref. [30]

In [31], Vishal proposed an indirect current control method to regulate the power
flow in the RSC of DFIG. Also, unity power factor of the GSC is achieved when the
reference of the GSC's reactive power is set to be zero. The power is balanced
between the GSC and DC link capacitor so that the DC link voltage is maintained as a
constant value. The control scheme in this paper is displayed in Figure 1.14. The rotor
side converter's active and reactive power are decoupled and controlled independently.
The actual active power and the reactive power are measured and compared with the
reference power separately. These differences errors are then are fed to PI controller
to determine the dqg reference values of the rotor current. The d-q components of the
rotor current can be transformed and expressed in the abc reference frame. The
hysteresis current control is implemented to generate the switching table for the

IGBTSs in the RSC. The GSC's active power and reactive power are controlled in the
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similar way using the PI control and hysteresis current control strategies. The unity
power factor is also achieved when the g-axis component of the reference rotor
current is kept at zero ion. Instead of using the constant switching frequency of the
space vector PWM controller in ref. [29, 30], the hysteresis controller in ref. [31] has

a variable switching frequency.
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Figure 1.14: Control scheme in ref. [31]

As discussed above, the reported research focuses on the DFIG control under the
balanced operating condition. However, under the unbalanced operating condition, the
three phase stator voltages supplied by the grid may have different magnitudes and
phase shift angles. In such cases, the grid voltage and current will contain the negative
sequence components and cause the low order harmonics to flow between the grid
and the GSC, also between the rotor and RSC. The torque generated by the induction
generator will have periodic pulsating terms at twice the grid frequency. The grid
voltage disturbance may lead to the appearance of low order harmonics in GSC's line
currents as well as a huge pulsation the DC link voltage. Stator currents and rotor
currents in DFIG will bump up if no further control efforts are adopted for the RSC.

Even more, during the asymmetrical grid disturbance, two slip frequency sf; and
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|2 — s|f; can be seen in the rotor windings. Details about the effect and behavior of
DFIG under unbalance grid voltage will be discussed in Chapter 1. In sum,
unbalanced operating condition requires additional control efforts in order to avoid
pulsating electromagnetic torque, pulsating stator and rotor power, distorted grid

currents and huge ripple on the DC link capacitor.

Until recently, the issues and the corresponding control strategies of DFIG under
the unbalanced operating conditions have not been a main research topic. To enhance
the grid's fault ride through capability by a DFIG, the first solution is to protect the
rotor side converter by shorting the rotor windings circuit with so-called crowbar as
shown in Figure 1.15[32]. The crowbar is a bypass resistor as to limit the inrush
current when the voltage disturbance occurs. The configuration is connected to the
rotor windings directly with the switches. With this scheme, the wind turbine should
be disconnected from the grid which may conflict with the grid codes. The other
approach is introduced by Patrick[33] using a series-connected GSC. In such
configuration, DFIG low voltage ride through capability is significantly improved.

However, the required additional converters configuration is costly and complicated.

Figure 1.15: Traditional crowbar configuration in ref. [32]

In absence of the crowbar or additional GSC configuration, Miguel [34] et al

proposed and implemented a direct rotor current mode control for the RSC of DFIG,
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which improve both of the transient and dynamic performance. However, during the
generalized unsymmetrical unbalanced grid voltage conditions, the positive sequence
components and negative sequence components are employed into the rotor side
controller which makes the control variables complicated and hard to implement. The
proposed control method is shown in Figure 1.16. Even more, this control strategy

lacks the investigation of GSC.
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Figure 1.16: Rotor side converter control scheme in ref. [34]

Unlike the control method based on the synchronous dq reference frame, Alvaro
Luna et al[35] proposed and developed a control strategy so called voltage oriented
control in the rotor reference frame. It employed such a method to control the
generator under the unbalanced operating conditions without introducing the torque
ripples. As shown in Figure 1.17, the control loops are simplified as the adaptive
frequency resonant controllers are implemented to extract the positive and the
negative sequences. Moreover, a fed-forward concept is proposed to finalize the
injecting rotor currents. However, this control strategy still lacks the investigation of

GSC.
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Figure 1.17: Rotor side converter control scheme in ref. [35]

As a generalized unbalanced operating condition stated in[36], the stator active
power and reactive power can be controlled as constant, while electromagnetic torque
oscillations and rotor current distortions will occur as a trade-off. In this paper,
Gonzalo et al developed a direct power control to eliminate the electromagnetic
torque oscillation, where active power reference of the RSC are generated without any
sequence component extraction compared with ref [34]. However, the GSC must
handle the disturbances caused by the unbalanced grid voltages and the rotor active
pulsating power. Thus, this will increase the stress on the RSC and the DC link

capacitor, leading to the nonsinusoidal rotor side currents unstable DC link voltage.

Jun Yao et al [37] proposed an instantaneous power feedback control method on
RSC to minimize the DC link ripple voltage of DFIG. However, in this paper, only
the symmetrical grid disturbance is discussed to demonstrate grid ride-through-fault

ability.

Dawei Xiang et el [38] proposed a new control method at RSC to compensate the
distorted components in the stator flux linkage. The control objective in this paper is
to constrain the instantaneous rotor current below 2.0 per unit, while the converter DC

link voltage is also maintained below the device's voltage rating.
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David et al[39, 40] analyzed and presented the effect of the grid voltage disturbance
of DFIG and proposed a novel control strategy so called dynamic programming power
control plus, by adjusting the dynamic programming control strategy based on their
previous research. As analyzed in this paper, the stator power injected to grid can be
maintained as constant by implementing the proposed method into the RSC under the
balanced operating conditions. Under the unbalanced operating conditions, this
accomplishment is inconspicuous if the stator current is nonsinusoidal as a result.
Therefore, different control targets can be defined and chosen depending on the
severity of the perturbation as following[39, 40]: 1) maintain constant stator active
power and reactive power; 2) maintain sinusoidal stator currents; 3) maintain constant
electromagnetic torque; and 4) inject stator currents while the stator active power and
reactive power have as little pulsations as possible. It can be seen that not all the

control targets as above could be adopted simultaneously.

In summary, unbalanced operation conditions of wind turbine include unbalanced
grid voltage (symmetrical and asymmetrical voltage dips), unbalanced line impedance
and both unbalanced grid voltage and line impedance[18]. The corresponding
problems include undesirable distortions in line currents and huge ripple voltage on
the DC link capacitor[18,19]. Moreover, the disturbance occurs at the grid side

voltage will increase the control difficulty regarding of lots of variable control targets.

A generalized control method for DFIG under extreme network disturbances is
proposed in this thesis. The proposed grid side converter control method is based on
the abc reference frame which make it unnecessary to extract and transform the
sequence components. Also, this generalized control method can be applied to all

kinds of the unbalance operating conditions, including unbalanced grid voltages and
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unbalanced line impedances. The power factor can be adjusted and set as unity as well.
The main control target is to eliminate the stator power pulsations, maintain the DC
link voltage constant, and inject the sinusoidal stator currents while inevitably
sacrificing the pulsating torque. Simulation results of a variable speed wind turbine
system driven by DFIG under the balanced and unbalanced operating conditions are
presented. The proposed control is implemented into the BTB converter of DFIG

when the event of severe voltage disturbances occur.

In Chapter Il, the principle and behavior for the doubly fed electric machine
(DFEM) used in variable speed wind power systems under the balanced and
unbalanced operating conditions is presented in details. Simulation results of DFEM
operating in a four-quadrant plain is also presented in this chapter. Under the
unbalanced grid voltages, the stator power, rotor power and electromagnetic torque

contain undesirable pulsations.

In Chapter Ill, a general scheme for stator pulsating power elimination under the
unbalanced operating conditions is analyzed and presented in details. Complete
harmonic elimination for line currents is achieved and adjustable power factor of the

GSC is also obtained by implementing the proposed method.

In Chapter IV, the model of a wind turbine driven DFIG is developed and
simulated by using the software Powersim. The simulation results for a wind turbine
driven DFIG with proposed method under the balanced and unbalanced voltages are

presented.

In Chapter V, the conclusion as well as future work is presented.
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CHAPTER II

DFIG AND DFIM - PRINCIPLE OF OPERATION

2.1 Operating mode of DFEM

Doubly fed electric machine is generally an electric motor or electric generator,
where it depends on the torque and rotating speed. It has its stator windings and rotor
windings connected to some electric parts, where both windings absorb or deliver the
power between shaft and the entire electrical system. When a motoring torque is
produced, which means the torque is positive, the DFEM operates as a doubly fed
induction motor. When a generating torque is produced, which means the torque is

negative, the DFEM operates as a doubly fed induction generator.
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Figure 2.1: Operation modes of DFEM

Also DFEM can be operated in two different modes as following, depending on the
rotating speed. Sub-synchronous speed represents a speed below the synchronous
speed while super-synchronous mode represents a speed above the synchronous speed.
Therefore, the rotor power can flow in both directions correspondingly, for example,
from the grid to the RSC or from RSC to the grid. The four operating modes of the
DFEM are displayed in Figure 2.1.

In this chapter, characteristics of DFEM in four operating modes under the
balanced operating conditions are discussed in details. The simulation results
demonstrate the characteristics of these four operating modes. Then DFIG under the

unbalanced operating conditions is then discussed and analyzed.
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2.2 DFEM Principle of Operation

Tm

wm

Vs

Figure 2.2: Configuration of a DFEM supplied by two AC sources

As shown in Figure 2.2, DFEM can be emulated by injecting two three phase
sinusoidal voltages at both stator windings and rotor windings based on a wound rotor
induction machine. The shaft speed, n, can be set above or below the synchronous
speed to emulate the super-synchronous and sub-synchronous operating modes. It is
known that the synchronous speed of the wound rotor induction machine, n, is given
by,

120+,
n, =k (2.1)

, Where f; is the frequency of the stator voltage[Hz], P is the number of the poles of
the wound rotor induction machine.
One of the important characteristics of DFEM is the slip, which is given by,

s = fr _Men
fs Ne

, Where f; and f,. are the frequency of the stator and rotor voltage.
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The balanced positive phase sequence stator voltages (ABC) are given,

Vo = Vs sin(2mfst) (2.2)
Vo, = Ve sin(2nf,t — 120°) (2.3)
Vee = Ve sin(2nfit + —120°) (2.4)

By changing the shaft speed n,, rotor voltage V,, rotor frequency f. and phase
sequence of the rotor voltages (ABC or ACB), the DFEM can operate in four modes
as analyzed in Figure 2.1. The parameters of the wound rotor induction machine are
displayed in Table 2.1. The simulation results demonstrate the power flow

characteristics of DFEM.

Table 2.1: Parameters of the wound rotor induction machine used in the simulation

stator winding resistance (Ohms) 1.115
stator inductance (H) 0.005974
rotor winding resistance (Ohms) 1.083
rotor inductance (H) 0.005974
number of poles 4
mutual inductance (H) 0.2037
rated voltage (V) 460
rated speed (Rpm) 1800
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2.2.1 DFIM at sub-synchronous speed
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Figure 2.3: Power flow of DFIM at sub-synchronous speed

As displayed in Figure 2.3, DFEM operates as a motor at a sub-synchronous speed.
In this mode, a motoring torque which is positive is produced on the shaft. The slip is
positive as seen from Equation (2.2). Both the rotor circuit and the shaft are
consuming power from the stator circuit. By neglecting the power losses both of the

stator windings and rotor windings and the friction losses, the following equations are

obtained:
R ~LIR|> 0P <0 (2.5)
Po~|P|—|P|=—P,—P ~T, xn+>Z (2.6)

60

DFIM in the sub-synchronous speed mode is simulated and shown in Figure 2.4. In
such a case, the magnitude of the stator voltage V; is chosen as 311.1V. Shaft speed is
chosen as 1500 rpm which is smaller than the synchronous speed (1800 rpm). The
stator voltages and stator currents of DFIM are measured and shown in Figure 2.5.
The rotor voltages and rotor currents of DFIM are measured and shown in Figure 2.6.

Stator power, rotor power and electromagnetic torque of DFIM are measured and
30



shown in Figure 2.7. The simulation results with all the measurements are

summarized in Table 2.2.

S

o

Figure 2.4: Simulation configuration of DFIM in the sub-synchronous mode
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Figure 2.5: Stator voltage and stator current of DFIM at sub-synchronous speed
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Figure 2.6: Rotor voltage and rotor current of DFIM at sub-synchronous speed mode
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Figure 2.7: Stator power, rotor power and electromagnetic torque of DFIM at sub-

synchronous speed mode

As depicted in Table 2.2, the stator active power P, and the rotor active power P.

measured in the simulation demonstrate the power flow in Figure 2.3.
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Table 2.2: Simulation results of DFIM at sub-synchronous speed

stator rotor
voltage magnitude (V) 311.10 45.00
frequency (Hz) (phase sequence) 60 (ABC) 10 (ABC)
current magnitude (A) 6.20 3.74

active power (W) -1625.17 237.46

speed (Rpm) 1500

slip 1/6

torque (N*m) 8.28

2.2.2 DFIM at super-synchronous speed
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Figure 2.8: Power flow of DFIM at super-synchronous speed

As shown in Figure 2.8, DFEM operates as a motor at a super-synchronous speed.
In this mode, a motoring torque which is positive is produced at the shaft. The slip is
negative from Equation (2.2) and both the stator and rotor circuit are generating power.

A negative slip also means the phase sequence of the injecting rotor voltage is
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changed from ABC to ACB. By neglecting the power losses both of the stator
windings and rotor windings and the friction losses, the following equations are

obtained:

Prz—]}:—r|PS|<0;PS<O (2.7)

2%
Po =PI+ 1Pl = =P =P = T, xn*— (2.8)

W)
)

ol
G}

it

Figure 2.9: Simulation configuration of DFIM at super-synchronous speed

DFIM at super-synchronous speed is simulated as shown in Figure 2.9. In such a
case, the magnitude of the stator voltage V is still chosen to be 311.1V. Shaft speed is
chosen to be 2100 rpm which is larger than the synchronous speed (1800 rpm). The
stator voltages and stator currents of DFIM are measured and shown in Figure 2.10.
The rotor voltages and rotor currents of DFIM are measured and shown in Figure 2.11.
Stator power, rotor power and electromagnetic torque of DFIM are measured and
shown in Figure 2.12. The simulation results with all the measurements are

summarized in Table 2.3.
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Figure 2.10: Stator voltage and stator current of DFIM at super-synchronous speed
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Figure 2.11: Rotor voltage and rotor current of DFIM at super-synchronous speed
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Figure 2.12: Stator power, rotor power and electromagnetic torque of DFIM at super-

synchronous speed
As depicted in Table 2.3, the stator active power P, and the rotor active power B.
measured in the simulation demonstrates the power flow in Figure 2.8.

Table 2.3: Simulation results of DFIM at super-synchronous speed

stator rotor
voltage magnitude (V) 311.10 55.00
frequency (Hz) (phase sequence) 60 (ABC) 10 (ACB)
current magnitude (A) 4.25 4.08
active power (W) -1692.80 -304.11

speed (Rpm) 2100

slip -1/6

torque (N*m) 8.82

36



2.2.3 DFIG at sub-synchronous speed
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Figure 2.13: Power flow of DFIG at sub-synchronous speed

As shown in Figure 2.13, DFEM operates as a generator at a sub-synchronous
speed. In this mode, a generating torque which is negative is produced at the shaft.
The slip is positive as seen from Equation (2.2) and both of the rotor circuit and the
shaft are generating power. By neglecting the power losses both of the stator windings

and rotor windings and the friction losses, the following equations are obtained:

P ~ ;—T(—Ps) <0;P,>0 (2.9)

2x
Pn~=(PI =B =P =P =T, +n*— (2.10)
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Figure 2.14: Simulation configuration of DFIG at sub-synchronous speed

DFIG at sub-synchronous speed is simulated as shown in Figure 2.14. In such a
case, the magnitude of the stator voltage V; is settled as 311.1V. Shaft speed is chosen
to be 1500 rpm which is smaller than the synchronous speed (1800 rpm). The stator
voltages and stator currents of DFIG are measured and shown in Figure 2.15. The
rotor voltages and rotor currents of DFIG are measured and shown in Figure 2.16.
Stator power, rotor power and electromagnetic torque of DFIG are measured and
shown in Figure 2.17. The simulation results with all the measurements are tabulated

in Table 2.4.
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Figure 2.16: Rotor voltage and rotor current of DFIG at sub-synchronous speed
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Figure 2.17: Stator power, rotor power and electromagnetic torque of DFIG at sub-

synchronous speed
As shown in Table 2.4, the stator active power P, and the rotor active power B.
measured in the simulation demonstrates the power flow in Figure 2.13.

Table 2.4: Simulation results of DFIG at sub-synchronous speed

stator rotor
voltage magnitude (V) 311.10 60.00
frequency (Hz) (phase sequence) 60 (ABC) 10 (ABC)
current magnitude (A) 5.15 6.63
active power (W) 2401.86 -479.20
speed (Rpm) 1500
slip 1/6
torque (N*m) -12.98
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2.2.4 DFIG at super-synchronous speed
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As displayed in Figure 2.18, DFEM operates as a generator at a super-synchronous

speed. In this mode, a generating torque which is negative is produced at the shaft.

The slip is negative from Equation (2.2) and both the stator and rotor circuit are

consuming power from the shaft. A negative slip also means the phase sequence of the

injecting rotor voltage is changed from ABC to ACB. By neglecting the power losses

both of the stator windings and rotor windings and the friction losses, the following

equations are obtained:
P~-2(=P)>0;R>0

2%T

P~ =(RI+IRD) =R —PF ~T,+ns2
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Figure 2.19: Simulation configuration of DFIG at super-synchronous speed mode

DFEM operates as a generator at super-synchronous speed mode is simulated and
shown in Figure 2.19. In such a case, the magnitude of the stator voltage V; is pick as
311.1V. Shaft speed is chosen to be 2100 rpm which is larger than the synchronous
speed (1800 rpm). The stator voltages and stator currents of DFIG are measured and
shown in Figure 2.20. The rotor voltages and rotor currents of DFIG are measured and
shown in Figure 2.21. Stator power, rotor power and electromagnetic torque of DFIG
are measured and shown in Figure 2.22. The simulation results with all the

measurements are summarized in Table 2.5.
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Figure 2.22: Stator power, rotor power and electromagnetic torque of DFIG at super-

synchronous speed
As depicted in Table 2.5, the stator active power P, and the rotor active power B.
measured in the simulation demonstrates the power flow in Figure 2.18.

Table 2.5: Simulation results of DFIG at super-synchronous speed

stator rotor
voltage magnitude (V) 311.10 45.00
frequency (Hz) (phase sequence) 60 (ABC) 10 (ACB)
current magnitude (A) 8.00 4.67

active power (W) 1286.15 196.67

speed (Rpm) 2100

slip -1/6

torque (N*m) -7.39

2.3 DFIG under the unbalanced conditions

By using the symmetrical component theory, any given set of unbalanced voltages
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V., Vop and V. can be expressed in terms of the positive, negative and zero sequence
components as below:

1) Zero sequence components, which include of three phasors with an identical
magnitude V,, and a zero phase displacement, is depicted in Figure 2.23(a).

2) Positive sequence components, which include of three phasors with an identical
magnitude V,; and #120“phase displacement in order of a positive ABC sequence, is
depicted in Figure 2.23(b).

3) Negative sequence components, which include of three phasors with an identical
magnitude V,, and #120“phase displacement in order of a negative ACB sequence, is
depicted in Figure 2.23(c).

The stator voltages can be obtained in terms of symmetrical components as

displayed below:

Vsa 1 1 1 VsO

Val=11 a®> all|Va (2.13)
Vse 1 a a? Vs2

, Where a=1/120°=— % + \/2_§

Similarly, the stator currents can be expressed in terms of symmetrical components as

shown below:
Isa 1 1 1 IsO
=11 a’ a I (214)
Ig. 1 a a? I,

As seen in Figure 2.2, in any three-wire Y-connected system with an ungrounded
neutral, line currents have no zero sequence components according to KCL. I;, = 0.
In other words, zero sequence components of the stator voltage have no impact on the

operation of the DFIG.
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Figure 2.23: Diagram of resolving stator voltages into three sets of symmetrical components
Under the balanced operating conditions, the stator voltage has no zero sequence or
negative sequence components. By adjusting Equation (2.2), the frequency of the

rotor voltage can be simplified as,

ne—n

fri=fs* = sfs (2.15)

ne

As seen in this equation, a negative rotor frequency indicates that the phase
sequence is ACB for super-synchronous speed. The rotor frequency is positive and
with ABC sequence when operating in sub-synchronous speed. The steady state
equivalent circuit of DFIG under the balanced operating conditions is displayed in
Figure 2.24(a). It can be noticed that, the power flow direction is determined by the
phase sequence of the rotor frequency under the balanced conditions. When DFIG

operates under a sub-synchronous speed, the active power flows from the rotor side to

the stator side, which means that the rotor circuit is generating power to the grid.
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When DFIG operates in the super-synchronous speed mode, the active power flows
from the shaft to the rotor circuit, which means that the rotor circuit is absorbing
power from the shaft.

Under the unbalanced operating conditions, the stator voltage of DFIG can be

represented with symmetrical components as following;

VSO 1 1 1 1 Vsa
Vsi| = 3 1 a a Vsb (2.16)
VSZ 1 az a Vsc

Since the zero components of the stator voltage have no impact on the operation of
DFIG, the steady state equivalent circuit of DFIG under the unbalanced operating
conditions is displayed in Figure 2.24(b).

The frequency of the negative sequence rotor voltage can be represented as shown

below:

fro=—frit= —f e o g (2-220) = (s - 2)f, (2.17)

—MNe N Ne

Since the slip, s, has a range between -1 and 1, the rotor frequency will always be
negative regardless of the mode of operation (sub-synchronous speed or super-
synchronous speed).

In summary, under the unbalanced operating conditions, the injected three phase
rotor voltage may have two components V,.; with the frequency |s|f; (in ABC or ACB
sequence) and V,., with the frequency |(s — 2)|f; (only in ACB sequence). The steady

state model of the DFIG under the unbalanced voltages is shown in Fig.2.24
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Figure 2.24: Equivalent circuit of a DFIG in the steady state steady: a) positive sequence; b)

negative sequence

The open loop operation of DFIG under the unbalanced voltage supply at super-
synchronous speed is simulated and displayed in Figure 2.25. The stator phase B
voltage is then set to zero as a line fault condition. The stator voltages represented as
phasors
are shown below,

Vea =220/0% Vij, = 0/-120 V;, = 220/120%

The rotor circuit is replaced with a three-phase resistive load R; = 48 Ohms. Shaft
speed is chosen as 2100 rpm which is larger than the synchronous speed (1800 rpm).
The stator voltages and stator currents of DFIG are displayed in Figure 2.26. The rotor
voltages and rotor currents of DFIG are displayed in Figure 2.27. Stator power, rotor
power and electromagnetic torque of DFIG are displayed in Figure 2.28.

As shown in Figure 2.30, the rotor frequency has two components:
f.q =sf, = —%* 60 = —10Hz (in ACB sequence);

fio=(—=2)f = —%* 60 = —130Hz (in ACB sequence).
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The stator active power, rotor active power and electromagnetic torque have pulsations

at 2f,=120Hz as depicted in Figure 2.28.
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Figure 2.25: Simulation configuration of DFIG under the unbalanced condition (Vy, = 0)

Stator voltage

Vsabc (V)

Time (sec)

Stator current

----- Isa

0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Time (sec)

0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Figure 2.26: Stator voltage and stator current of DFIG under the unbalanced condition
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Figure 2.29: Spectrum of stator current of DFIG under the unbalanced condition

Spectrum of rotor current

5
----- Y (Ira)| Y (Irb)| -==]Y(Irc)]
4 4 4
3
B z g
= =2 =2
= = =
1 1 1
! !
i
Hi
I
L
VIU 50 100 150 200 250 300 -10 50 100 150 200 250 300 -10 50 100 150 200 250 300

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 2.30: Spectrum of rotor current of DFIG under the unbalanced condition

o1



CHAPTER 111

THEORETICAL ANALYSIS

3.1 Awind turbine driven DFIG connected to an unbalanced grid

A wind turbine driven by DFIG is basically a standard wound rotor induction
machine, which its stator windings is directly connected to the grid and its rotor
windings is connected to the grid through a BTB PWM converter and a three phase
transformer. The BTB converter includes of a RSC, a GSC and a DC link capacitor
between them. The RSC is connecting between the rotor windings and DC link
capacitor, while the GSC is connecting between the DC link capacitor and the three
phase transformer. The other side of the transformer is connecting to the grid directly.
Both PWM converters in the BTB circuits can work as a rectifier or an inverter
depending on the rotating speed. Under the balanced condition, the active power
flows from the rotor via the BTB converter and transformer to the grid at a super-
synchronous speed, whereas it flows in the opposite direction in a sub-synchronous

speed.
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Under the unbalanced grid voltage operation, the stator voltage and the stator
current will contain both of the positive and negative sequence components. These
negative sequence components will force the stator power to create the periodic
pulsating terms at twice the grid frequency. This leads to the appearance of the low
order harmonics in the line current, as well as the huge pulsation in a DC link voltage

pulsation.

3.2 Control strategy for the RSC of DFIG under the unbalanced operating

conditions

The equivalent circuit of a DFIG in dg synchronous rotating frame is shown in

Figure 3.1[25].

g ’ U=

Jjw. Py Jwgs1ip'Pr
Figure 3.1: DFIG equivalent circuit in dq synchronous rotating frame[25]

As displayed in the above figure, the stator voltage vector and the rotor voltage

vector can be obtained as following[25].

dw,
dt

U = Ryl + — 4 jwo ¥s (3.1)
d¥, .
Ur = err + ? + ](,L)Slip lpr (32)
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, Where U, U, are the stator and rotor voltage vectors separately, which can be

represented as U = ugq +jugq and U, = uy + ju,q; I, I are the stator and rotor

rq ;
current vectors respectively, which can be represented as I = igq + jigq and I, =
irq + Jirq; Ws, ¥y are the stator flux vector and rotor flux vector separately, which can
be represented as Wy = Ygq +jlsq and Wy =Yg +jdq 5 we , wg;, are the
synchronous angular speed and slip angular speed respectively; R, and R, are the
stator and rotor resistance; L, and L, are the stator leakage inductance and rotor
leakage inductance; L,, is the magnetizing inductance which can be measured by
using different approaches[41,42].

The stator flux vector and the rotor flux vector can be expressed as following.
W, = Ly + LI, (3.3)
W =LI 4Ll (3.4)
,where Ly = Ly + L, and L, = L + Ly,

Equations (3.1) - (3.4) are valid not only under the balanced operating conditions,
but also the unbalanced operating conditions. Under the balanced condition, the
wound rotor induction generator is being controlled in dq synchronous rotating frame,

where the d-axis is along with the stator flux vector's position.
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Figure 3.2: Vector diagram of stator flux oriented control method (SFOC) under the balanced
conditions[24]

As displayed in Figure 3.2, the stator flux vector in dg-axis is obtained as following.
Poq = W5 = Lgigq + Lipirg (3.5)
Wsq = 0 = Lyigg + Linirg (3.6)

Under the balanced operating conditions, the resistance of the stator windings is
small and negligible, as well as the stator flux can be considered constant. With such
consideration, Equation (3.1) can be substituted by Equations (3.5) and (3.6), where

the dq components of the stator voltage vector can be approximately represented as

below:
Ugqg = _weqjsq =0 (37)
Usq = weqjsd = Us (38)

The stator active power P, and reactive power Q can be represented as below:

P, = %(usd isq + Ugq isq) (3.9

Qs =2 (Usqisa — Usaisq) (3.10)
From Equation (3.6) the following equation is obtained and given by:

g = — iy (3.11)
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By combining Equations (3.7), (3.8),(3.11) and (3.9) the following equation is
obtained,
3Ly ¢v .
Ps = —EI Usqu (312)
By combining Equations (3.8) and (3.5) the following equation is obtained and
given by,
l-psd = (li_s = Lsisd + Lm ird (313)
icq can be expressed as:
Us L

— —lg (3.14)

welLs Ls

isd =
By substituting variables in Equations (3.7), (3.8) and (3.14) into Equations

(3.10)the following equation is obtained and given by,

0. =3 (1) @19

As expressed in Equations (3.12) and (3.15), the stator active power and the stator
reactive power are controlled by i, and iq only. However, under the unbalanced
operating conditions, the approximately linear characteristics as shown in these two
equations are no longer valid. Under the unbalanced operating conditions, the active
stator power will contain a second order harmonic. This will in turn generate pulsating
power in the RSC and DC link capacitor. In addition, the grid currents will no longer
be sinusoidal.

In such consideration, a generalized control method with both positive sequence
controller and negative sequence controller is proposed and implemented in this
chapter. The positive sequence controller is to regulate the average stator active power

and the average stator reactive power at some certain levels, while the negative

sequence controller is to eliminate the oscillation and pulsation of the stator active
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Figure 3.3: Vector diagram of stator flux oriented control method under the unbalanced
operating conditions

As shown in Figure 3.3, under the unbalanced operating conditions, stator flux
vector can be decomposed and extracted into two symmetrical components which are

the positive sequence components and negative sequence components[43].

W = WP el©et00) 4 ppel ot = (Yh) 4 jyly Jelvet + (g + jurly Je et
(3.16)

, Where ljﬂs’d and Lpfq are the dq components of stator flux vector's positive sequence

quantities, ygq and g, are the dg components of stator flux vector's negative

sequence quantities.

Similarly, stator current and stator voltage vectors can be represented in the

following two equations.

IS = (ils)d + jiSq)ejmet + (igd + ji?q)e_jwet (317)
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, Where igd and ifq are represented as the dq components of stator current vector's
positive sequence quantities separately, igq and ig, are defined as the dg components

of stator current vector's negative sequence quantities respectively.

Us = (ufy + jugq)ejwet + (uly +july JeTIeet (3.18)
, Where usd and u‘;q are the dq components of stator voltage vector's positive sequence
quantities, ugq and ug, are the dq components of stator voltage vector's negative

sequence quantities.

Under the unbalanced operating conditions, positive dq reference frame is chosen
in which the positive d-axis is along the stator flux's position. Then the stator voltage

and stator flux vector can also be expressed by following two equations[44]:

Y, = PP 4 pneI2oet (3.19)
Ug = UP + UleI2wet (3.20)

Under the unbalanced operating conditions, the stator flux cannot be considered
constant. By neglecting the stator resistance and substituting Equation (3.19) into (3.1)

the following equation is obtained and given by,

_ d(wp+wleI20et)
N dt

U, +jwe (PP + Whe20et) = jo, WP — jo, Whe 120et (3.21)

From Equations (3.20) and (3.21), the relationships between the positive sequence
components of the stator voltage vector and stator flux vector, as well as the negative
sequence components of the stator voltage and stator flux are obtained by,

US = joe ¥ = joe (W +Wi,) (3.22)
Ul = —jo W = —joe (W5g + W) (3.23)

Since the positive d-axis is along the stator flux's vector, it yields as below.
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P =0 (3.24)

Equations (3.22) and (3.23) can be simplified as,

Uy = —wePgy =0 (3.25)
ufq = ooeL|J§d (3.26)
Ugg = WeWrsq (3.27)
Usg = —WeWgq (3.28)

Under the unbalanced operating conditions, the stator active power and stator
reactive power at the point of common coupling (PCC) are expressed as [43].
Py = P ayg + Ps gin SIN(2wet) + Py o5 cOS(20, 1) (3.29)
Qs = Qs avg T Qs sin SIN(2w,t) + Qs o5 COS(2W, 1) (3.30)

As shown above, the stator active power has three terms: DC average active power
P .vg, pulsating active power P g, and P .o, at twice the input frequency; the stator
reactive power also has three terms: DC average reactive power Qs ,.5, pulsating
reactive power Qg i, and Qg s at twice the input frequency. All these six variables

are given by the following equation[45].

— p p n n A
Py oo Usqg  Usq Usd  Usq
s_avg N n p P | .p
Ps sin Usq  ~Usd Usq  Usa Isq
} n n p p 1l.p
Pscos | _ 3| Usd  Usq Usa  Usq []igq 3.31
Q 2| WP —uP u" —u || ( : )
s_avg sq sd sq sd | 1sq
; n n p p in
gs_sm —Ugq _usq uSd usq 1Sq
L Xs_cos - n —uy p p
- | Usq Ugq Ugqg  —Ugg ]

Under the unbalanced operating conditions, Equation (3.3) can be expressed as,

igq = i(‘l’Sd — Liniyy) (3.32)
i%y = = (Wl — Lmify) (333)
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. 1 .
isq = L (Wsq — Linirg)

igq = Ll_S(Llqu - Lm i?q)

(3.34)

(3.35)

, where i’, and if, are the dg components of the rotor current vector's positive

rq

sequence quantities, iry and if; are the dg components of the rotor current vector's

negative sequence quantities.

By replacing Equations (3.32) -(3.35) into Equation (3.31) the following equation is

obtained and given by,

- P p
u u
_Ps avg i sd s4
) u, —ul
Ps sin 5q sd
- n n
Ps_cos _ Usq Usq
- p p
Qs_avg 2Ls usq —Ugq
: n n
gs_sm —Ugq _usq
L Ns_cos - n —q
- | usq Ugq

u?d ugq_
—Ugy Uy /
Uy Uy |
u?q _ugd
usd uSq \
Ugq  —Ugy]

[W5y [ifﬂ\

[P [.p |

[Wsa| ||| (3.36)
[Weq | [if |/

lon, ] Li

By substituting Equations (3.25) - (3.28) into Equation (3.36), the following

equation is obtained and expressed as below:

P P

_Ps_avg ] ufld us?l
P s_sin usq ~Usd
Rs_cos _ u?d ugq
Qsavg | 2Lsf ugq  —ugy
Qs_sin —u?d —u;lq

L Qs_cos - i u;lq _u;ld

n n -
Ugq u

sq
—uP p .

Usq  Ugg / u, i \

p p .
u u P p

sd - Tsa ) 17U |y |l (3.37)
ul,  —ugy || @e|—un M n '

sq sd Ugq 14

p p n in
usd usq Ugq qu

P _.p
usq uSd—

Then Equation (3.37) can be simplified as:
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_Ps_avg i
Ps_sin
Ps_cos _
Qs_avg
Qs_sin
-Qs_cos—
— p p n n —
- 0 . Ugq usq Usq Usq
p n n _.n _4P p .
2usdusd usq Ugq usq Usq [lfd—l
P . n n n 14 14 ,
3 —2UgyUsq 3Ly | Ysd  Usq Uy Ugg Ilfq I
2els | (P )2 + (2 )2 — Wh)? - (w )2 Coag | ul, —uly o ul, —uly ||
Ugg Usq Usqg Usq rd
0 un ut uP uP in
“Usd T Ugq sd sq rq
| i n —qyn 14 p
O | usq uSd uSq _usd_

(3.38)
To eliminate the pulsating stator active power, the following condition should be

satisfied:

Ps_sin = Ps_cos =0 (339)
From Equations (3.25), (3.38) and (3.39), the dq components of the rotor current

vector negative sequence quantities have to satisfy the following conditions

um l-P i l-P
n o °Sq'rd sd‘rq
if = St (3.40)
sq

n .p n ;P
_ “Usdlrd “Usqlrg
qu = —ugq

(3.41)

By replacing Equations (3.40) and (3.41) into (3.38), the stator average active

power and reactive power can be represented as,

Y
Py = =52 [()" — 080 = (uz)] (3.42)

Y
Quuang = 7 [ (400" = () = ()| = it [ ()" + (i) o+ ()]

(3.43)
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As shown in Equations (3.42) and (3.43), the stator active power and stator
reactive power are controlled by ifq and i, respectively, after the proposed method is

implemented.

3.3 Control strategy for the GSC of DFIG under the unbalanced operating

conditions

In this section, the method for harmonic elimination of the line current and DC link
voltage in the GSC under a generalized unbalanced operating condition is proposed.
The adjustable power factor of the GSC is also achieved. This generalized control
method in ABC frame can be applied to all kinds of the unbalanced operating
conditions of a wind turbine driven DFIG, including unbalanced grid voltages and

unbalanced line impedances.

Ana V. Stankovic and Thomos A. Lipo proposed and implemented a general
method of completely harmonic elimination for PWM boost type rectifiers under
severe unbalanced voltage disturbances in the power system [14, 17]. However, the
power factor is not adjustable and the sequence component decoupling is required
with this method. To overcome these disadvantages, A.V. Stankovic and Ke Chen
developed and implemented a new control method in the ABC reference frame for
completely input-output harmonic elimination of PWM boost-type rectifier under
extremely unbalanced operating conditions, which includes the unbalanced input
voltages and unbalanced line impedances[13]. Shuang Wu and Xiangpeng Zheng
proposed a new control method for the grid side PWM inverter and implemented it on

a permanent-magnet generator and a squirrel-cage induction generator[18-22].
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In the GSC of a wind turbine driven DFIG, the power can flow bidirectionally
depending on the rotating of the shaft. At a super-synchronous speed, the GSC
operates as an inverter, while at a sub-synchronous speed, it operates as a rectifier.
The power flow of the grid side converter is displayed in Figure 3.4. The grid side
converter circuit of a DFIG is analyzed and investigated under the following

assumptions[18]:

1) The three phase output voltages of the GSC are unbalanced.
2) The line impedances of the GSC are unbalanced.

3) The converter is lossless.

Figure 3.5 shows the steady state equivalent circuits of the GSC under the
unbalanced operating conditions[18]. The line current flows into the grid at a super-

synchronous speed, while it flows from the gird at a sub-synchronous speed.

- S_super.sync.speed

; I S_sub.sync.speed
q}j}: sWi Hg} Swz ‘4@ SW3

Ul

A
uz2

A
At N
ot

us

4}2} SWe HK} W5 AE} SWid

Figure 3.4: The GSC of a DFIG[18]
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——— |1_supersync speed +  12_super.sync.speed ——— |13_super.sync.speed

11_sub.sync.speed . 12_sub.sync.speed . 13_sub.sync.speed
A 21 B 2 c z
") st “0 vs2 ) w2 "0 v hO) e
N N N

Figure 3.5: The GSC steady state equivalent circuits under unbalance operating conditions

According to Kirchhoff's voltage law, the following equations are obtained from

Figure 3.5:

Va1 = U + kZ 1 (3.44)
VSZ = U2 + kZzIz (345)
VS3 = U3 + ngIg (346)

, Where Uy, Uy, Us, 11, I, I3, Z1, Z5, Z3, V1, Vs, and V3 are three phase line voltages,
line currents, line impedances and synthesized voltages of the GSC respectively,

represented as phasors.

When Kk is equal to -1, the converter operates as an inverter, while it operates as a

rectifier when k=1. Synthesized voltagesV, V, and Vg3 can be expressed as,

Vc

Vsl = SWl 2\/5 (347)
Vac

Vsz = SWZ 235 (348)
Vac

Viz = SWs 37 (3.49)

, Where V.. is the DC link voltage.

On the basis of the Kirchhoff's current law, the following equation is obtained:

11 == —12 - 13 (350)
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To eliminate the second order harmonics in line currents of the GSC, the following

condition should be satisfied:
SWlll + SWzlz + SW3I3 = 0 (351)

By replacing Equations (3.47) - (3.49) into Equations (3.44) - (3.46), the following

set of equations is obtained:

Uy = SW, zvjz + kZ,1 (3.52)
U, = SW, ZV% + kZ,1, (3.53)
Us = SW; 2% + kZsls (3.54)

By multiplying Equations (3.52) - (3.54) by I, I, and I3 separately, and then adding
them up, the following equation is satisfied:

ULy + Uyly + Usly = k(Z11% — Z,15 — Z51%) + %(swll1 + SW,1, + SWs13) (3.55)

By substituting Equation (3.51) into (3.55), the following equation is obtained:

Uil + Uyly + Usls = k(Zy13 — Z,12 — Z31%) (3.56)

The complex conjugate value of the complex power can be represented as:

S*=k(UilL + U1, + U3l3) (3.57)
By substituting Equation (3.50) into Equations (3.56) and (3.57), the following

equations are obtained:

Ui(=I, — I3) + Uyly + Usly = kZ; (=1, — 1I3)? + kZ,1% + kZ51% (3.58)

Then the above two equations can be simplified as below:

LUy —Uy) + I3(Us — Uy) = k(Zy + Z)I3 + k(Zy + Z3)12 + 2kZ 1,15 (3.60)

_ kS*-I3(U3-UY)

I
2 U;-U;

(3.61)
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Finally by replacing Equation (3.61) into Equation (3.60), the following equation is

satisfied:
kS*—I3(U3-U7) _ _ _ §*2—2kS*I3(U3—UD)+I3(U5-UD?
—Uiur Uy = Uy) + I3(Us — Uy) = k(Zy + Z3) EETRE +
k(Zy + Z)1F + 2kz, 200D (3.62)
27 Y1
Equation (3.62) can be simplified as following:
221 (U3-UD)  (Z+Z)U3-UD* 2 _ _ W3-UDWUa-Uy)
[k Us-U; k (U3-U})2 k(Z, +Z3)] Iy + [(U3 U1) Us-U;
2218* | 28*(Z1+Z3)(U3-U7) S*(Up=U1) _, (Z1+Z2)S** _
U3—U; (U3-UD)? ]I3 tk U;-U; k ws-unz 0 (3.63)

The quadratic equation as above in terms of the line currents I3 can be resolved by

using the quadratic general solution formula:

I; = —bVbe—4ac Vzbj_‘}ac (3.64)

, Where the coefficients of the complex quadratic equation are given by:

221 (U5-U7) (Zl+Zz)(U§‘—Uf)2]
= A Z2) — .
a=1k|Z+25) - 220 o (3.65)
oy W3EUDW=UD w3-ups* s*
b=—(Us;—-U) TR 2(Z, + Z,) R T (3.66)
_ o [srwa-un | @ivzs?
c=k [ TR TRETRE (3.67)

Equations (3.50), (3.61) and (3.64) represent the general solution at steady state for
completely harmonic elimination in line currents under any kind of the unbalanced
operating conditions. There is no solutions resolved by Equation (3.63) only if all the

coefficients of the quadratic formula are set to zero.

By setting the reference value for the complex power in Equations (3.61) and (3.63),

the adjustable power factor is then achieved as follows:
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P

pf = N (3.68)
, Where P and Q are the GSC's active power and reactive power. The power factor can
be set as unit only when the GSC's reactive power Q is set to zero in Equations (3.61)

and (3.63).
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CHAPTER IV

PROPOSED CONTROL STRATEGY AND SIMULATION

RESULTS

Based on the analysis of the open loop as described in the previous chapter, the
closed loop method for DFIG control under generalized unbalanced operating
conditions is proposed. Under severe unbalanced operating conditions, DFIG power
control is proposed and achieved with complete elimination of pulsating power and
harmonics in grid currents. A wind turbine driven DFIG is simulated in PSIM. Five

different cases of voltage unbalance are simulated to validate the theoretical analysis.

4.1 Control strategy for a wind turbine driven DFIG

The proposed generalized control scheme for DFIG under the balanced and
unbalanced operating conditions is depicted in Figure 4.1. It can be noticed that a
standard wound rotor induction machine is presented, where its stator windings is
connected to the grid directly while its rotor windings is connected to the grid through

a BTB PWM converter and a three phase transformer. The BTB converter consists of
68
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Figure 4.1: Generalized control scheme for DFIG under the balanced and unbalanced conditions
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a RSC and a GSC. The RSC is connected between the DC link capacitor and the rotor
windings of the wound rotor induction generator, while the GSC is connected
between the DC link capacitor and through the transformer to the grid. In other word,
the DC link capacitor is connected between the RSC and the GSC. The control

strategy will be discussed in details in this chapter.

The operation of the proposed variable wind turbine power system for a wind
turbine driven DFIG is simulated using PSIM. The overall systems circuit diagram is
displayed in Figure 4.2. The RSC is displayed in Figure 4.3 and the GSC is depicted
in Figure 4.4. Both of the RSC and GSC consist of six IGBTs and six anti-parallel
diodes separately to form the three phase AC/DC or DC/AC bridges. The gating

sequence signals for the IGBTS are generated by the control circuits.

ne0

Figure 4.2: Diagram of a wind turbine driven DFIG simulated by PSIM
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Figure 4.3: Diagram of the RSC of a wind turbine driven DFIG simulated by PSIM
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Figure 4.4: Diagram of the GSC of a wind turbine driven DFIG simulated by PSIM
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4.2 Control strategy for the RSC of DFIG

Figure 4.5 presents the block diagram of the RSC's control system. As shown in

this figure, stator voltage and stator current are measured during real time simulation.
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Figure 4.5: Block diagram of rotor side converter control system

Once the unbalanced operating conditions are detected, the average stator active

power and average stator reactive power references are obtained to generate the
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positive sequence components of the rotor current, which based on Equations (3.42,
43). The positive sequence controller is then activated to regulate the average stator
power while the negative sequence controller is used to eliminate the oscillations and
pulsations of the stator power based on Equations (3.40, 41). Under the balanced
operating conditions, stator voltages and currents are without negative and zero
components. In such a case, the negative sequence controller is inactive. Equations
(3.42, 43) can be simplified as Equations (3.12, 15) to calculate the dq components of
the rotor current in the RSC.

The desired rotor currents with both positive and negative dq components are then
transformed to ABC coordinate through the entire simulation process. Hysteresis
controller is used to generate six gating signals, making the rotor currents track the
reference currents. The RSC communicates with the GSC by commanding the power

reference signal to keep the power balance constant between each other,

4.3 Control strategy for the GSC of DFIG

As depicted in Figure 4.6, the closed loop operation of the GSC maintains the DC
link voltage at a constant value. The actual DC link voltage is measured and fed back
to the controller. The difference between the actual measured DC link voltage and the
reference DC voltage is used to create an error signal. This error signal is updated
along with the setting of the DC link power reference. The GSC communicates and
talks with the RSC by receiving this power reference signal to keep the power balance
constant between each other. In other word, the power flows through the GSC should
be equal to the power flows through the DC-link bus, also the power flows through

the DC-link bus should be equal to the power flows through the RSC.
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The three phase reference of the GSC's line currents are generated based on
Equations (3.50, 61, 64). Hysteresis controller is used to generate six gating signals,
making the grid side currents track the reference currents all the time. The RSC
communicates and talks with GSC by commanding the power reference signal to keep
the power balance constant between each other. Variable power factor of the GSC

including a unity power factor can be accomplished also.
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Figure 4.6: Block diagram of grid side converter control system
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4.4 Simulation results of a wind turbine driven DFIG

Five simulation cases are selected to verify and demonstrate the proposed control

method for a wind turbine driven DFIG. Table 4.1 lists all the parameters of a wind

turbine driven DFIG used in the simulation program. Table 4.2 shows all of the five

simulation cases.

Table 4.1: Parameters of the DFIG used in the PSIM simulation program

Stator resistance 1.115 Ohm Rated Speed 1750 rpm
Stator inductance 0.005974 H Rated Voltage 220V
Rotor resistance 1.083 Ohm Grid frequency 60 Hz
Rotor inductance 0.005974 H Hysteresis band 0.02 A
Mutual inductance 0.2037 H DC link capacitor 270 uF
Poles 4 Sampling Time 2e-6s
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Table 4.2: Five cases of different operating conditions used in the PSIM simulation program

Power

Case Grid voltage Line impedance factor

V,, = 22020, V,, = 2202 — 120,
1 L1=L2=L3=5mL 1
V. = 2202120

V. = 11020, V,, = 1602 — 120,
2 L1=L2=L3=5mL 1
V. = 2202120

Vi, = 11020, V,, = 02 — 120,
3 L1=L2=L3=5mL 1
V,, = 2202120

) Vsa =11020, Vsb =04 -—120, Li=L,= 5mlL; 1
Vi = 2202120 by =2ml

5 Vip = 11020, Vy, = 02 — 120, Ly = L, = 5ml; 0.7laging
Ve = 2202120 fs=2ml |

As depicted in Table 4.2, the operation of DFIG is simulated under the balanced
condition, with balanced grid voltages and balanced line impedance in case 1. In case
2 and case 3, the grid voltages are unbalanced at different levels while the line
impedances are balanced. In case 4, both the grid voltages and line impedances are
unbalanced while the power factor is equal to unity as in the previous cases. In case 5,
both the grid voltages and line impedances are unbalanced with its power factor set at
0.7 lagging. All these five cases are simulated at a constant rotating speed as 2100rpm.
In case 2 to case 5, the system is changed from balanced condition to different

unbalanced conditions at 1.0 second.

Figure 4.7, 4.19, 4.31, 4.43 and 4.55 show the three phase grid voltage for all the
five cases separately. Figure 4.8, 4.20, 4.32, 4.44 and 4.56 show the DC link voltage
for all the five cases separately. Figure 4.9, 4.21, 4.33, 4.45 and 4.57 show the

electromagnetic torque for all the five cases separately. Figure 4.10, 4.22, 4.34, 4.46
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and 4.58 show the stator active power and the stator reactive power for all the five
cases separately. Figure 4.11, 4.23, 4.35, 4.47 and 4.59 show the RSC's active power
and reactive power for all the five cases separately. Figure 4.12, 4.24, 4.36, 4.48 and
4.60 show the DC link active power for all the five cases separately. Figure 4.13, 4.25,
4.37, 4.49 and 4.61 show the GSC's active power and reactive power for all the five
cases separately. Figure 4.14, 4.26, 4.38, 4.50 and 4.62 show the stator current for all
the five cases separately. Figure 4.15, 4.27, 4.39, 4.51 and 4.63 show the rotor current
for all the five cases separately. Figure 4.16, 4.28, 4.40, 4.52 and 4.64 show the line
impedance current for all the five cases separately. Figure 4.17, 4.29, 4.41, 4.53 and
4.65 show the spectrum of the rotor current for all the five cases separately. Figure
4.18, 4.30, 4.42, 4.54 and 4.66 show the spectrum of the line impedance current for all

the five cases separately.

Grid voltage

Vsabc (V)

0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
Time (sec)

Figure 4.7: Three phase grid voltage (phase to neutral) for case 1
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Figure 4.8: DC link voltage for case 1
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Figure 4.9: Electromagnetic torque for case 1

78



Ps (W) & Qs (VAR)

-3000
-4000
-5000

-6000
0

Prsc (W) & Qrsc (VAR)

-1000

-2000

Stator active power and reactive power

4000

3000

2000

1000

R

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Figure 4.10: Stator active power and reactive power for casel
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Figure 4.11: Rotor side converter's active power and reactive power for case 1
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Figure 4.12: DC link active power for case 1
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Figure 4.13: Grid side converter's active power and reactive power for case 1

80



888 =] >
i PR,
i \”V..lﬂ“\ — \V
P >
e _
AIV.. l...\l\\n.UIIV...n,/.
T T
<_ [ -
. L gt
T >
A .\..\“. xﬂ.Vul\'h.\I\J
- e — i
.
ey \lnll\‘
S
T [
A —— \Vﬁ.\lf}{llr»
. e
e g
A/{ P———
-\-_.\ilﬁ.'l.l\..ﬂ...lll V
‘- i
el >
< =
o —wll ] L
\\\. - i
Al:;} A\.\.\\HVAI\I
\\.\I.u iy L
i
< [——— -
v,A.lll:li: V
Av \;\\Hu.i«AJ
— I
et 2
e,
S >
I
< ___ >
e —
T —
| T
'd iy

0 < ™ ~ — S — ~ ™ 5 =)

/\

\

\/ \/

\

\ /f'\ /- I

)

ime (sec;

81

Figure 4.15: Rotor current for case 1

Figure 4.14: Stator current for case 1
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Figure 4.16: Line impedance current for case 1
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Figure 4.17: Spectrum of rotor current for case 1
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Spectrum of line impedance current
3

Figure 4.19: Three phase grid voltage (phase to neutral) for case 2

83

3
----- 1Y(loa)| [Y(lob)| ==Y (loc)|
25 25 25
2 2 2
15 15 15
5 3 3
S ) 2
= = =
1 1 1
05 05 05
0.5 0.5 -0.5
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250
Frequency (Hz) Frequency (Hz) Frequency (Hz)
Figure 4.18: Spectrum of line impedance current for case 1
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Figure 4.20: DC link voltage for case 2
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Figure 4.21: Electromagnetic torque for case 2
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Figure 4.31: Three phase grid voltage (phase to neutral) for case 3
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Figure 4.33: Electromagnetic torque for case 3
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Figure 4.43: Three phase grid voltage (phase to neutral) for case 4
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Figure 4.47: Rotor side converter's active power and reactive power for case 4
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Figure 4.63: Rotor current for case 5
105

1.82

1.8



20

Line impedance current

N

NN

i

NN AN NN =S

\ I
YRR
i i
\

7
Al
N\

{

\ i
H

{

WITRERY

|

/

SN/

!
i
!
\

loabc (V)
o o
\
/
T
/

\ ' |
! \ ' \i i \
WARI/ARYA

¥
/ \‘:;'
[N
M
[

P
|
—— .
—
[

i
|
Vo

i

\/\/ \\/\/ \/f\/\v;/\/vvv

-29.9 1.91 1.92 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2
Time (sec)
Figure 4.64: Line impedance current for case 5
Spectrum of rotor current
6 6
----- [Y(Ira)| = |Y(Irb)] -===]Y(Ire)|

g 5 g
S S S

50 250 300 o 50 250 300 o 50 250 300

100 150 200
Frequency (Hz)

100 150 200 100 150 200
Frequency (Hz) Frequency (Hz)

Figure 4.65: Spectrum of rotor current for case 5

106



[Y(loa)|

Spectrum of line impedance current

1Y(loa)|

[Y(lob)|

- Y (lob)|

[Y(loc)|

[Y(loc)|

0

50

100 150 200
Frequency (Hz)

250

300

0

50

100 150

200 250

Frequency (Hz)

300

0

50

100 150 200
Frequency (Hz)

Figure 4.66: Spectrum of line impedance current for case 5

107

250

300



CHAPTER V

CONCLUSION AND FUTURE STUDY

5.1 Conclusion

This thesis presented and developed a generalized control method for pulsating
power elimination and harmonic elimination in grid currents of a DFIG under the
unbalanced operating conditions. It proposed and derived an analytical solution for
complete pulsating power elimination as well as harmonic elimination in grid currents
for a wind turbine driven DFIG under the unbalanced operating conditions. It
achieved with adjustable power factor also. Based on this resolved open loop solution,
the closed loop control method is verified and demonstrated by using the software
Powersim. The simulation results demonstrate that stabilized stator power, rotor
power, free harmonics of the line currents and constant DC link voltage are obtained

when proposed method is used and implemented.
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5.2 Future study

(1) A wind turbine driven DFIG under the balanced and unbalanced operating
conditions is simulated by using PSIM program in this thesis. However, the
experiment is not done to verify this proposed method.

(2) This thesis proposed a generalized pulsating power elimination and harmonic
elimination control method. However, it inevitably sacrifices with the pulsating
electromagnetic torque at the same time. In the future, different control target like the
pulsating electromagnetic toque elimination while scarifying the stator pulsating

power can be studied further.
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