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Abstract

As an important part of the smart grid, the micro-grid interfaces with distributed energy sources,
loads and control devices. A doubly fed induction generator (DFIG) based wind turbine (WT) is the main
power source of the presented project. The DFIG system is connected to the three phase AC grid via back-
to-back power converter and an LCL filter. Decoupled g-d control strategies are investigated for the DFIG
system. Matlab/Simulink results will show the performance of the proposed system. Hardware validation
results are also presented and discussed.

As a rapidly increasing research interest area the dc micro-grid has been extensively investigated.
A topology is proposed to connect the DFIG based WT system to a dc link using a diode bridge and a three
phase power converter. The rotor side of the DFIG is connected to the dc link through a converter while the
stator is connecting to a three phase diode bridge with the dc side connected to a dc link. The control method
is developed to regulate the stator frequency and the d-q axis voltage of the diode bridge to operate the DFIG
at a desired stator frequency and generate the required power.

Undesired harmonics in the three phase system will lead to excessive THD, a decrease the power
quality and an increase the power loss of the system. An novel methods to compensate the current harmonics
by controlling the power converter of the DFIG system is also proposed. With the DFIG connected to the
three phase AC gird, the focus has been put into a scenario: a nonlinear load connected to the same node of
the DFIG point of common coupling (PCC) to the gird, to draw the harmonics to the system. In the proposed
dc link system, the diode bridge will introduce harmonics to the stator current of the DFIG. In both cases,
the selected low-order harmonics are detected and calculated by a multiple reference frame estimator. The
control methods of how to regulate the harmonics are developed for both the grid-side converter and the
rotor-side converter based on multiple reference frame theory.

A hybrid state observer for speed-sensorless motor drives of induction machines is also proposed.

The hybrid observer comprises of a Luenberger observer and a sliding mode observer. For a conventional
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induction motor with shorted rotor, the stator currents and rotor flux linkages are estimating following a
Luenberger observer. While, for a DFIG the similar approach will apply to the stator currents and rotor
currents. The rotor speed is estimated using a sliding mode observer. The combination of two observers takes
advantage of both approaches. The Luenberger observer is easy to realize and the computational burden is
small. The sliding mode observer is known for its robustness with respect to model parameter errors and
it will also provide a fast convergence rate. The chattering of the sliding mode observer is addressed by

applying a boundary layer.
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Chapter 1

Introduction

1.1 Background Introduction

Nowadays with more and more concern being drawn in the problems of the traditional power sys-
tems such as environmental pollution, fossil fuel price, depletion of fuel resource, efforts have gone to de-
veloping the smart grid [1-3]. Typically, a battery energy storage system, photovoltaic (PV), wind turbine,
back-up diesel generators are used as energy sources of a smart grid [4,5] . A modern, locally, small-scale
of the centralized smart grid is the concept of micro-grid [6-9].

Figure 1.1 shows the configuration of the planned Clemson micro-grid. Most of the energy sources
are connected to the micro-grid via grid connected inverters followed by passive filters. Control of power
the electronic inverters are needed to keep the output of the inverters at an acceptable voltage and frequency.

This dissertation studies the DFIG based WT in the micro-grid.

Diesel Generator

Utility Grid

G Critical Controllable PV
Load Load

Figure 1.1: Clemson micro-grid configuration.



Wind power is one of the renewable energies that become more and more popular. Wind generators
can operate at either fixed speed or variable speed. The DFIG was chosen to be the wind generator for
this micro-grid. As a variable speed wind generator, the DFIG has a number of advantages compared to
fixed-speed generators including that the machine can operate in sub-synchronous mode, synchronous mode
as well as super- synchronous mode, decoupled control of active and reactive power, better energy capture,
mechanical stress reduction and low cost with the development of the power electronics converters [10-13].

The basic topology of the DFIG based wind turbine is shown in Figure 1.2. The wind turbine is
driving the DFIG through a gearbox. The stator windings of the machine are directly connected to the grid.
The rotor side converter (RSC) and the grid side converter (GSC) connected back to back through a dc link.
The rotor is connected to the LCL filter through the back-to-back converter, the LCL filter is then connected

to the grid to filter out the harmonics. LCL filters have been employed in the system because of their smaller

%&:@} grid

{bF LS S F

RSC \ G5C
A}

L ik
de link

Figure 1.2: DFIG based WT topology.

size and weight, faster dynamic response and better current ripple attenuation [14,15].

The dc micro grid is extensively investigated by engineers and researches nowadays. The rapid
increasing research interest of the dc micro grid is mainly caused by the advantages compared to the ac micro
grid as: high quality of power supply, no reactive power flow, less copper loss [16—-19]. A topology as shown
in Figure 1.3 is proposed to connect the DFIG to a dc link through a three phase diode bridge and RSC. The

DFIG based wind turbine has been used widely when connecting to the ac grid. The stator directly connects



to the grid to synchronize the stator frequency of the DFIG to the grid frequency in steady-state operation.
Connecting the DFIG to a dc system, the problem encountered firstly is to regulate the frequency of the stator
of the DFIG and correctly align the stator voltage of the DFIG to the proper rotating reference frame. A
flux-oriented control based on the stator current and stator voltage of the DFIG is employed to synchronize
the stator frequency to the reference value and achieve the flux angle to align the stator voltage of the DFIG.
With the stator voltage properly aligned, the decoupled d-q control method can easily implemented to control

the stator power.

|

E ia?jcs
\ + |
DFIG .
} 7T Vac
~'----...//

LT

RSC

Figure 1.3: Topology of DFIG connect to dc-link.

The problem of harmonics in a power system has been investigated for quite some time. Unwanted
harmonics in the system can decrease the power quality, causes overheating, lowers the power factor, in-
creases losses, and possibly effects sensitive electronic equipment [20]. IEEE 519 [21] and IECEN 61000-
3 [22] standards specify required regulations governing harmonic compliance. With the development of
power electronic devices, proliferation of the diode and thyristor rectifier type front-end nonlinear load has
resulted in serious utility interface issues. To elaborate on this problem in three phase ac system, a nonlinear
load is connected to the same node of the DFIG point of common coupling (PCC) to the grid, to draw the
harmonics to the system as shown in Figure 1.4. In the proposed dc system, the DFIG stator is connected to
the grid via a diode bridge. As an uncontrolled power electronic component, the diode bridge will introduce
harmonics to the stator current of the DFIG.

Compensating the harmonics using a shunt active filter connecting at the same point with the har-
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grid

DFIG

ey

I-f:".:-:T TI""M
|_ —I | Lo Monlinear

filter load

- ‘| &sc

Figure 1.4: Nonlinear load connected to the PCC of DFIG WT system.

monic source is a standard method. One drawback of this is expense due to required power electronic com-
ponents. In the DFIG system, a power converter is built-in component to regulate the machine. It is easy to
make use of the built-in converters to compensate the harmonics without extra cost. In [20] the current of
the nonlinear load is measured, and the RSC is used to cancel the harmonics. Whereas, in [23] the authors
use a similar approach. Unlike the work presented in [20], the GSC is used as a shunt active filter.

In this dissertation a novel method to detect and regulate the selected order harmonics under a
multiple reference frame is introduced. The harmonics with selected order is estimated using a multiple
reference frame estimator, and then compensated using a multiple reference frame harmonic regulator. In
Figure 1.4, the RSC is used to cancel the current harmonics in the machine stator, and GSC is used to
compensate the harmonic draw from the nonlinear load. In the proposed dc system, the diode bridge is
connected directly to the machine stator, and so the RSC is a natural choice to enhance the stator power
quality. Vector control for induction machines is commonly used because it is easy to implement and has a
good dynamic performance [24-26]. In most cases, the machine current and the rotor speed are measured
using physical current and speed sensors [27,28]. In past decades, research efforts have been devoted to
developing speed-sensorless drive algorithms which can eliminate the speed sensor. Eliminating the speed
sensor can avoid problems such as speed sensor mounting difficulty, sensor’s revolution and fragility issues,

and reduce the overall system cost.



Various estimation algorithms have been presented in the area of speed-sensorless drives for induc-
tion machines. Applying Luenberger observer schemes to build up speed adaptive observers are presented and
widely used to estimate the squirrel cage machine states as [29-32]. A rotor position phase lock loop [33-35]
is presented to solve the sensor-less drive for a wound rotor machine. In these solutions the speed is a state
to identify. The speed estimation accuracy is affected by the model parameter error and noise. When the
noise covariances of the measurements and the system process is known, extended Kalman filter (EKF) can
be used as optimal filtering to accomplish the state estimation. Work in [36-38] assumes that the derivative
of rotor speed is zero, turning the rotor speed (one of the states in EKF) to be an adaptive parameter,wherein
EKF is applied to the system to drive the machine. Based on the EKF algorithm, in order to get the observer
gain, an n *n dimension matrix inverse has to be calculated each iteration [39-42](where n is the number of
the state variables). A high dimension matrix inverse not only requires extensive resources to calculate in a
micro-controller, it also dramatically increases the difficulty for engineers to program.Using sliding mode ob-
server (SMO) to estimate the IM states has drawn increasing interest in the research area of speed-sensorless
drives [43-46]. The SMO is robust against parameter variations and disturbances. The comparative high
observer gain of SMO ensures a fast converge rate. However, the SMO takes all the non-linear elements in
the system dynamics as disturbances which necessarily results in conservative design.

A novel hybrid state observer combining a Luenberger observer and an SMO is proposed in this
paper. A fourth-order Luenberger observer is built to estimate the four electrical variables for the induction
machine, while the rotor speed estimation is performed via the SMO. By separating the rotor speed from
the electrical states of the machine, the electrical states are in a linear relationship. Luenberger observer for
a linear system can be easily established. The estimation of the rotor speed is feeding to the Luenberger
observer as a parameter. SMO is proven to have a decent level of robustness against disturbances, parameter
errors and system noise [47-50].The rotor speed can be accurately estimated with a desired converge rate

using the SMO.

1.2 Contributions

The unique contributions of this dissertation can be expressed as:

e The DFIG wind turbine system topologies for ac and dc systems are presented. Decoupling control

strategies for each are developed.



o A multiple reference frame based harmonics estimator and regulator is proposed using the back-to-back

converter of the DFIG system for both the ac and dc DFIG system.

e A hybrid observer is presented for induction machine speed estimation that has a low computation

burden and good dynamic performance.

1.3 Dissertation Organization

This dissertation is organized as follows. Chapter 2 proposed a normal way to connect the DFIG
based wind turbine to a 3 phase ac system. The d-q decoupled control is developed for the system. Chapter 3
proposes a topology to connect the DFIG based wind turbine to a dc grid. All the challenges and control
algorithm are detailed. In Chapter 4 a multiple reference based harmonics estimator and regulator is proposed.
The novel method proposed here handles each harmonic as a dc quantities and controlled in parallel with the
main control. Chapter 5 details the design of a novel hybrid observer to perform the speed sensor-less drive
for an induction machine. Chapter 6 presents the simulation results for the presented problems. Chapter 7

shows some hardware validation results . Chapter 8 concludes the dissertation.



Chapter 2

DFIG 3 Phase AC system

As shown in Figure 1.2, the wind generator in the system, the wind turbine driving the DFIG
through a gearbox. The stator windings of the machine are directly connected to the grid. The RSC and
the GSC connected back to back through a dc link. The rotor is connected to the LCL filter through the

back-to-back converter, the LCL filter is then connected to the grid to filter out the harmonics.

2.1 Operation of the DFIG Wind Generation

DFIG-based wind turbine now is the most popular wind turbine system in the industry. DFIG can
generate electrical power to the grid at variable speed. The operation is controlled by the back-to-back
converter connected between the rotor side of the machine and the three phase ac grid.

Decoupled d-q control for both RSC and GSC are developed based on the reference frame theory,



the three phase abc quantities to d-q two phase quantities transformation can be represent as

fqus = stabcs

cos(0) cos(0— %) cos(0+%)
2
Ks:3 sin(0)  sin(6 — 2F) sin(@—i—%—”)
1 1 1
2 2 7
2.1)
cos(0) sin(0) 1
(Ks)™ = |cos(0— %) sin(6—2%F) 1
cos(G—f—%”) sin(6—|—%”) 1
6= [ ({)ag+6(0)

where f can be voltage, current or flux linkage. @ is reference frame speed (rad/sec). 0 is reference frame

position (rad) [51-54].

2.1.1 RSC Control Strategy

The equivalent circuits of the induction machine under the d-q axis can be simplified as [55]:

'
® ld\' r L Lr i.f ((ﬂ = (Dr) ;\‘ dr Y,
5 Is ir r f,—.\ i gr
—
+
'
Vv qr
7]
oy
+
v
dr

Figure 2.1: Induction machine equivalent circuit.

Figure 2.1 is formed under arbitrary speed . From the equivalent circuit the stator side d-q voltage



can be expressed as:

Vgs = rsiqs + oA+ p)%]s

Vas = TFslgs — co)qu + p?Lds
where:

! ’
)qu = Lsslqs +L1r1qr

! !
la’s = Lsslds + L[rldr

(2.2)

(2.3)

2.4)

(2.5)

p dedicates the derivative of the certain value. The stator of DFIG is directly connect to the grid, a phase lock

loop (PLL) can align the grid voltage to q axis making v, = ﬁVs,vfiS = 0. Superscribe e means the variables

are under synchronous reference frame. Superscribe  means the rotor side variables are referred to the stator

side. Under system steady state, the derivative goes to 0. Applying the measured the electrical speed of the

grid @, , and the corresponding angle 8, to equation (2.2) (2.3),

-1
/
I{j‘\‘ s weLsA\‘ qus - weLM I der

/
Ic?s — @, Lys s Vjs + weLMIqi

consider the fact that w,Lg, > ry leading:

(2.6)

2.7)

(2.8)

Under the synchronous frame, the stator active and reactive power can be computed using d-q axis component

as:

3 3

b= _E (quSI;S + ijlﬁx) = _E\fzvslz;s
3 3

O = _E (qus 25 _Vdeslgs) = —5\/§VSI§S

(2.9)

(2.10)



In terms of the rotor currents

3 V2ViLy .

P~ 2.11

s 2 Lss qr ( )
3V2ViLy 3y2

stﬂfs Mpe - 25 (2.12)
2 LSS weLss

From (2.11) (2.12) ,the DFIG stator power can be controlled using rotor current, following the contorl dia-

gram: Figure 2.2. The superscribe * indicates the reference value of the PI controller, N, /Nj is the rotot to

stator turns ratio. The outer control loop contorl the stator active and reactive power independently, output

of the PI contorller is the g-d axis reference signals iz, and g, respectively. The inner control loop regulates

the g-axis and d-axis rotor currents. The output of the two current controllers are compensated by the corre-

sponding cross-coupling terms to get the voltage signals vg; and v . These voltage control signals are then

used by the PWM module to produce gate signals to drive the RSC [56-59].
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Figure 2.2: RSC control diagram.

2.1.2 GSC Control Strategy

From Figure 1.2, the GSC is connected to the grid through a LCL filter. LCL filters have been

employed in the system because of their smaller size and weight, faster dynamic response and better current

ripple attenuation [15,60] The LCL is connected as in Figure 2.3, having a cutoff frequency of

Li+L,
3L,L,C

(61,

62]. Using the GSC to regulate the dc link voltage of the back-to-back converter is straight forward following

10
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Figure 2.4. The control scheme consisit two cascaded control loops. The outer control loop regulates the dc
link voltage v, and generates the g-axis current reference signal ig*. The d-axis current component i{; is set to
be regulated to zero because no reactive power is desired through the GSC. The inner current loop regulates
the g-axis and d-axis. components of current. The output of the two current controllers are compensated by
the corresponding cross-coupling terms to get the voltage signals to generate the switching signals for the

converter [63-65].
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Figure 2.3: LCL filter topology.
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Figure 2.4: GSC control diagram.
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Chapter 3

DFIG DC system

The conventional topology, dc link voltage is connected between the back to back converter. The
RSC is connected to the rotor controlling the active and reactive power of the stator of the DFIG. The GSC
is regulating the dc link voltage with the ac side to the converter connecting to the grid. In this system, the
low speed wind turbine drives the DFIG through a gearbox, making the rotor speed around the grid frequency
fitting the slip in the range of 25% [66, 67]. The stator directly connects to the grid synchronize the stator
frequency of the DFIG to the grid frequency in steady-state operation. In this paper the DFIG is connected to
a dc link through a three phase diode bridge and RSC. The proposed dc system topology is shown in Figure

1.3. The dc link in the system is assumed to be a constant dc voltage which is not deliberated here.

3.1 Stator Flux Oriented Control Scheme

The problem encountered firstly is to regulate the frequency of the stator of the DFIG and correctly
align the stator component. A stator flux-oriented control based on the stator current and stator voltage of the
DFIG is employed to synchronize the stator frequency to the reference value and achieve the flux angle to

align the stator flux of the DFIG.

3.1.1 Flux Estimator

The first paper detailing flux oriented control is presented by F. Blaschke in early 1970s to control
the induction motor [24]. As a vector control method flux oriented control has to be operated in d-q reference

frame. According to Parks transform equation (2.1), just like equations(2.2),(2.3) The stator side voltage can

13



be described as:

Vgs = rsiqs + oA+ p)qu 3.D

Vs = Fslas + wlqs + P Ads (3.2)

Here, the stator flux reference frame is chosen to accomplish the FOC. The flux will be aligned on d-axis.

Under the stationary frame with @=0, equation (2) (3) can be represented as :

Vs = Tslgs + P Ay (3.3)
vfls = rsifis + p)LL}s (34)

. . . o . S s s s
Superscript s means the values are in stationary frame. p means derivative of the certain value.vy, vy, iy, i

is the stator voltage and current q d axis value of DFIG and A},

qs,ljs is the flux q d axis value, r; is the rotor

resistor of the machine. Figure3.1 shows the flux estimator blocks implemented to calculate the flux and the

angle of the flux base on the equation (3.3),(3.4).

1 |4 7
- (g ) +(2) >
1 ,&;5 tanl[ﬂ‘;‘;ﬁJ gﬁ;’;
S “

Figure 3.1: Flux Estimator Blocks

@, is the angle captured from the flux estimator block. To properly align the flux on d-axis,f8, =
¢; + % is picked to form the rotating frame. The corresponding angular speed of this angle is @,. As shown
in Figure3.2 , q d axis flux then becomes A, =0, A7 = A, superscript e means the component is aligned using

6, with speed w, and the q d axis voltage under the stator flux synchronous rotating frame becomes

14



Vs = Tslgs + @pAgg (3.5)

qs
Vi = il + A 0
qA — axis
B Vs 'gs — axis
A
ds Qs
A
eS| P dA — axis
ds — axis

Figure 3.2: Stator Flux Angle Diagram

3.1.2 Frequency Control and Regulation

Conventionally, the stator of DFIG directly connects to the grid the frequency of the stator is imposed
by the grid. Whereas, the proposed dc DFIG system, the machine is connected to a dc link through a diode
bridge. The frequency of the stator should be controlled closed to the rated value of the machine. In an ac
DFIG system the frequency can be obtained by a simple PI controller forcing the g/d axis voltage/current to
be zero, then the error goes to another PI controller to compare with the reference constant frequency. This
way both the frequency and the phase can be regulated. However, the same procedure is not suitable in the
proposed system. The simple two PI loops will just guarantee either the frequency or the phase. The rigid

frequency will also cause stator current discontinuous in due to the dc link [68—70].
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The method to control the frequency is by implementing a frequency controller as shown in Figure
3.3. The reference angle 6*, using to align the flux is generating by integrating the reference constant fre-
quency @*. Compared 6, with 6* , the error & goes through a gain and pure integrator then add back to the

angle 6* to correct the reference angle [68].

OO

S
e

k
S

Figure 3.3: Frequency Controller

3.2 Control Of the DC system DFIG

In the topology of the proposed system, RSC is implemented to control the stator power by q axis
current and d axis current is used to regulate the frequency and keep the flux. The electrical torque 7, of the

DFIG can be presented using the stator current and flux variables as [71]

3P
1, = T (Adsiqs - A'qsids) (3~7)

P is the number of poles of the machine. Since the stator flux is properly aligned on the d axis, leading the

electrical torque equation to be
3P

T, = Ikdsiqs (3.8)
According to the stator q axis flux equation
Ags = Lssigs + Luiy, (3.9)
e _ —Lue

Under stator flux synchronous rotating frame, lqes =0 leading the electrical torque is propor-

»lgs = T lar
tional to rotor side q axis current. In a dc system, there is no reactive power transfer between DFIG and the
dc source, the power of the machine can be regulated by the rotor side q axis current i/qer.

In a steady operation state, the derivative part of stator voltage equation will be 0. Equation (3.3),(3.4)

16



will be further simplified to

VE = rydly + @ (Lys Sy + LuLf) (3.10)

Vi = rlS (3.11)

The capital letter means the variables are in steady operation state. In DFIG, ry < @w.Ly < ®,Lys, the g
term can be neglected. Leads Vj, ~ 0, this will be proved and shown in the simulation results. With the
approximation that d axis voltage is O, the stator voltage which is imposed by the dc source is aligned on
q axis. With a diode bridge connect to a dc source, the line to neutral fundamental RMS values should be

%VdC which Vdc is the value of the dc source voltage. At the stator side:

2

Vis=—Vae (3.12)
Vi Ly

s L——l (3.13)

d
@, Ly Lys "

The dc source is assumed to be a constant value, it can be conclude that the frequency . can be controlled by
rotor side g axis current.

Figure 3.4 shows the g-d decoupled control of RSC. The error of the request output power and the
DFIG provided power will go through a PI controller to generate the q axis reference rotor current i:;,*. The
angle error o is feed to a PI controller to generate the d axis reference rotor currenti;er* . The output of the
two current controllers on q d axis are compensated by the corresponding cross-coupling terms to generate
the voltage signals vgy and vg . These voltage control signals are then used by the PWM module to produce
gate signals to drive the RSC. Herein, superscipt * means command value. Subscript 1 for the command
voltage means the fundamental frequency and also to keep the consistency with the following harmonics
compensation sections. The flux linkages A(;i and lfr are the rator q-d axis flux linkage. N, /Nj is the rotot to

stator turns ratio.
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Chapter 4

Multiple Reference Frame Harmonics

Regulation

The idea presented is compensating grid current harmonics using the back-to-back converter of
the DFIG wind generator. The power rating of the back-to-back converter of the DFIG is normally 25% of
apparent power of the system. Under certain speeds, the power capability left to compensating harmonics is
limited. Under these circumstances, using both sides of the back-to-back converter can extend the potential
capacity of the harmonic regulation. Previous work [20, 23] also make use of the back to back converter to
accomplish the harmonics compensation. They use the back to back converter and the dc link as a shunt active
filter [72,73].The way a shunt active filter works is : the three phase current is measured, and transferred to
g-d variables under synchronous frame using equation (2.1). The component at fundamental frequency are
transferred to dc quantities , whereas all harmonics are transformed to ac quantities with a frequency shift of
60hz (assume the fundamental frequency is 60hz). Extraction of the dc quantity is achieved by low pass filter
(LPF), which is insensitive to phase errors [74—76]. The remaining ac quantities is the harmonics component.
Using a pi controller to generate the voltage signals to control the converter. The reference signal will be the
negative of harmonics component. Which is a ac signal that contents all the high order frequency. Multiple
reference frame regulators are detailed for both RSC and GSC. The control of the harmonic regulator is
parallel with the main control of the DFIG system. The harmonic regulation methods presented deal with
the dc component in different reference frames. Comparing to the conventional active filter, the multiple

reference frame harmonics regulator feed the PI controllers a slowly changing dc component as the reference
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signal. This way, the high order dynamics of the system will not be excited, ensure the controller has a better
performance. Therefore making the control strategy of the proposed method straightforward to implement.

Further, the proposed control has good dynamic stability under variable wind speed.

4.1 Multiple Reference Frame Harmonics Estimator

The idea of the multiple reference frame estimator is proposed in [77]. The multiple reference frame
estimator operates as a parallel combination of certain synchronous current estimators at different harmonics
orders. Due to the existence of the diode bridge connecting between the DFIG stator and the dc link, the stator
current is full of the harmonics in order of n=6m=+1 m=1, 2... respect to the fundament frequency. A multiple
reference frame harmonics estimator is proposed in this paper to detect these harmonics and separated the
harmonics noise from the fundamental component.

The current transformation under the multiple reference frame can be denoted as:

i;dO = Kniabc
cos(nf,) cos(n(6,—3)) cos(n(6,+ %))

K" =2 | sin(6,) sin(n(6,—F)) sin(n(6,+ )
4.1)

D=
N—

6, is the angle getting from the flux estimator. The input of the multiple reference frame estimator in this paper
is the DFIG stator current which containing all the harmonics. The input goes through each transformation
block, low pass filter (LPF) will filter out all the ac component, only the corresponding order harmonics
will be detected as d-q axis dc current component. Transferring the variables after each LPF back to abc
frame using the multiple reference frame theory, add them together. At the input point of each specific
harmonic order, subtract this add-up values, and add the corresponding back-transfered abc signals. The
output obtaining from the proposed estimator is the different order isolated harmonics dc component in d-q
axis under the multiple reference frame [78-81]. The blocks of the multiple reference frame estimator is

shown in Figure 4.1.

20



Figure 4.1: Control of the RSC

4.2 Harmonics Regulation in Three Phase AC DFIG System

According to the figure 1.4, based on the KCL
g = i+ Igsc + inon 4.2)

Where i, is the current flow in to the grid, i is the DFIG stator current, i, is the current from the GSC, and
inon 18 the current draw from the nonlinear load.

The goal is to compensate the harmonics in the grid current ig, so it is straight that we can achieve
this by control the three component on the left side of equation (4.2). The current from the nonlinear load is
the source of the harmonics and it is off control in the system. So the harmonics should be compensate from
neither the stator current of the DFIG ij,or i the output current of the LCL filter which connected to the
GSC of the back-to-back converter of the DFIG wind generator. However, if the harmonics is compensated by
the RSC, compensating harmonics current will be injected to the generator to cause unnecessary power in the
DFIG, extra heat will also be generator by the machine, big harmonics might also cause unbalanced current
in the generator, jeopardize the machine. The DFIG should be used only for the purpose for which it has

been installed, i.e.,supplying active power only. Following this, the RSC should be used to regulate the stator
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power of the DFIG also help to enhance the power quality of the machine itself. Meaning to compensate the
harmonics in the stator current i;. GSC is the more natural option to compensate the harmonics draw from

the nonlinear load [23].

4.2.1 Harmonics Regulation By GSC

The basic idea of this control method is by adding the same order of harmonics with negative ampli-
tude to i, , the harmonics in will be compensated. The topology of the GSC harmonics regulator is shown as
Figure 4.2. The d-q axis grid current getting from the multiple reference harmonics estimator of the certain
order bm £ 1, m = 1,2... are the dc quantities. To compensate the gird current harmonics from GSC, the
power converter needs to generate the same amplitude dc quantities at each harmonics order with a negative
sign. The command signal " , ig* are the detected harmonics signals value times —1 at each harmonic order.
This signal compare with the GSC out-put current at each harmonic order 7; , 7. The error goes to a well-
tuned PI controller and adding a cross coupling term to get the voltage signals under each reference frame
respectively [81]. Under the synchronous frame the command voltage to compensate each harmonics will
be add up together with fundamental frequency g-d axis voltage using Equation (4.3). to control GSC and

regulating the harmonics is .

n=6m=+1
ex ex ex
vir= Y v+ (4.3)
m=1
n=6m=+1
Vg = Z Vor V5" (4.4)
m=1
- i
Iy A
Pl ——
v £
= Vo
=+ -n* * %
g ne, (L + L)ig | gyt [ Vi o K -
* £ 1",5:};
vcm —
E o
I n* %
d
Va
Pl
| . ¥
i new, (L, +L,)i; ne, o,

Figure 4.2: GSC Harmonics Regulation
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4.2.2 Harmonics Regulation By RSC

When the machine is operated in steady state, the relation between the current in the stator respect

to the rotor current under the same multiple reference frame is [82]

Ly s
=My 45
a Ly a (4-5)

Ly
s = L. 0r (4.6)

As the harmonics of the order n=6m-1 m=1,2...will rotate at the backward direction respect to the electrical
speed of the stator, resulting the harmonics on the rotor will be detected at frequency n®, + w,. The harmonics
detected at the frequency n@, — @, on rotor corresponding to those harmonics order of n=6m+1 m=1,2... on
the stator.The harmonics regulators show as Figure4.3. The well-tuned PI controller will firstly force the
stator harmonics at different order to be 0. Then the error will goes to the inner loop PI controller to get
voltage control signals in the n order multiple reference fram. This voltage signal have to be transferred back
to stationary reference frame then again transfer to synchronous stator flux frame to get the command voltage
to cancel out the harmonics. The voltage signals using to control the RSC will be generated following
the same approach as GSC control. Each harmonics compensation voltage will be add up together with
fundamental frequency g-d axis voltage using Equation (4.5). The voltage vy ,and vg; will be used to by the
PWM module to produce gate signals to drive the RSC to generate the desired power and compensated all

the targeted harmonics [81] [83].

n=6m=1

Vir= Y Vo v (4.7)
m=1
n=6m=1

= Y vt (48)
m=1

4.3 Harmonics Regulation in DFIG DC System

In the proposed DFIG dc system, Due to the existence of the diode bridge connecting between the
DFIG stator and the dc link, the stator current is full of the harmonics in order of n = 6m+1 m=1, 2. .. respect
to the fundamental frequency. The harmonics component is the stator current is compensate using the RSC
similarly to the section 4.2.2. A multiple reference frame harmonics estimator is applied to detect these har-

monics and separated the harmonics noise from the fundamental component. The dc harmonics component
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under each reference frame is regulated using the multiple reference frame RSC harmonics compensator.
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Chapter 5

Hybrid Observer for Induction Machine

The three phase induction machine (IM) is prevalently used in industry because of advantages:
simple and rugged in construction, low cost, and high operation reliability. Vector control as a commonly
applied method to drive the IM has a good dynamic performance. In most cases, the knowledge of rotor
speed is essential part to the vector control. In this section, a hybrid observer is proposed to estimated the
rotor speed of the IM. The induction machine model under arbitrary reference frame can be described in

continuous time model as: [51]

Vs = Fsigs + P;qu + 0Ags

Vds = Fslgs + plds - w}qu

Vgr = Tylgr + Py + (0 — 0) Ay, (5.1)
Var = Tyler+ PAgy — (0 — @),
P(T,—Tp)
0 =-——=
PO=5"7

Where P is the number of poles of the machine. Note that equation (5.1) is universal expression for induction
machine under arbitrary frame. The objective of this section is to build a observer has the general construction

could be applied to estimated the rotor speed, regardless the machine is squirrel cage type or wound rotor.
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Apply Euler discretization [84] to the rotor speed dynamics gives in equation (5.1)

(I)rk+l = wrk +pwrkTs

P (T,—T;
:a)rk_|_§(e.]714)]"s

(5.2)

Where T is the time step for the discretization. In equation (5.2), 7, is the electrical torque of the machine.
The electrical torque of a induction machine can be computed with the knowledge of other machine states .i.e
machine currents and flux linkage. If the machine states are measured using a physical sensor and estimated
using a state observer. The difference between the estimated speeds based on the measured states and the
estimated states can be introduced and defined as a coefficient s.

Based on how the machine states are measured, the electrical torque can be estimated differently.
For a squirrel cage machine, only by measuring the stator voltage and current, the full knowledge of machine
can be comprehended,and the machine can be properly controlled.

For the squirrel cage machine, the electrical torque 7, can be computed as:

3PLy . /
= —— (A dps— A igs 53

e 29 er( drqs qr ds) ( )

The wound rotor machine provide the access of the rotor. Both stator and rotor current and voltage

can be measured. To accomplish the vector control for the wound rotor machine, current and voltage values at

both side of the machine is imperative. The electrical torque 7, of the wound rotor machine can be expressed

as:

3P /

Te = 5 ELM(idriqs - iqrids) (5~4)

From equation (5.3) (5.16), it can be seen that four machine states are needed to obtained the
knowledge of the electrical torque of the machine. From (5.1), if the rotor electrical speed w, is treated
as a time-variant parameter, the dynamics of iy, iy, Agr and 7Lqr (for squirrel cage), and the dynamics of
Ids, lgs, i;r, and i;,, (for wound rotor machine) are linear, and a Luenberger observer is capable of solving
this problem. To further simplify the problem, the observer is built in the stationary frame, with @ = 0.
The idea of the proposed hybrid observer is using the 4x4 Luenberger observer to estimated the four picked
electrical states of the machine. The estimated states is utilized to build a sliding mode observer to predict

the rotor speed @,. The rotor speed is then feed to the Luenberger observer as a time-variant parameter. The
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construction of the hybrid observer is shown in Figure 5.1.

4*4
Luenberger
observers

Estimated Estimated
states

speed

Sliding
Mode
observer

Figure 5.1: The Construction of the Hybrid Observer

5.1 Observer Design for Squirrel Cage Machine
The basic equation for the Luenberger state observer [85-88] can be written as:

pi =A%+ Bu+ G(%—x) (5.5)

The superscript ” indicates the value is estimated from the observer. The matrix A is the state space
matrix, B is the input matrix, G is the gain matrix, to ensure the observer is negative-semidefinite. One
desirable character of induction machine is that the motor is self stable, so G can be 0 to predigest the design

[89,90]. With the electrical state picked as iy, igs, Agr and A, and a shorted rotor making the input are
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Vds, Vgs the state space matrix , and the input matrix B can be denoted as:

-7 0 (Xﬁ ﬁwr
0 — —Bo, o
oLy 0 -0 —o
0 oLy o, -
- -
5 0
o L
B— o (5.7
0 O
0 O
Where
rl LM
o= _r =
er ﬁ c’er
I 1 —LM2
= =4 afL L
V=g TPl o= oL,

From equation (5.3) the the electrical torque based on the estimated valued form the Luenberger

observer is

A 3P Ly 4 P
T, = 22 L, (/’Ldrlqs lquds) (5-8)

The coefficient s introduce previously can be defined as:

P 3PL A A A a
2] ( ) LM (()“drlqs - quds) (Adrlqs - quds)))Ts
P 3P er (5:9)
M
2] ( ) 2 L, (ldreqs )Lqreds))Tf
The SMO for the rotor electrical speed then can be designed using the variable s by
@y 11 = @y, + (K1 T, + Kasgn(s))T, (5.10)
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The function sgn is defined as

sgn(x)=1 ifx>0
sgn(x)=0 ifx=0
sgn(x)=—1 ifx<0

In (5.10) both K| and K, are positive constants. To reduce the chattering of the SMO, the sgn function in

(5.10) is replaced by a boundary layer sat(x) which is given by.

sat(x) =1 ifx>d
sat(x)=—1 ifx<—9o

sat(x) =s/0 else

The SMO has the following dynamics

@y, 1 = O, + (K, T, + Kpsat (s ,8))T; (5.11)

where
Tg = ﬁfdriqs - ﬁfqu.dx (5.12)
S = Adregs — Agreas (5.13)

5.2 Observer Design for Wound Rotor Machine

Similar design approach can be applied to the observer of wound rotor machine with slightly

]

. . . . ./ o
changes. With the states chosen for wound rotor machine are igs, igs, iy,, and iy,

input variables are

30



!

/
Vdss Vas) Vs and Vars

!

the space matrix A and input matrix B changes to:

The estimated electrical torque will be calculated as:
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0 c 0 c |
3P doa a4 oa
I, = E ELM(ldrqu — lyrlds

(5.14)

(5.15)

(5.16)

Rotor Position Phase Lock Loop is presented by research in [33-35]. Researchers estimate the rotor

speed and position in a very easy and straight forward way. From Figure 5.2 based on Kirchhoff’s current

law at the node of the mutual inductance Ly,

igs

ids

iqm

idm

Where iy, 14, is the magnetization currents. Rearrange the equation (5.17)

Argument i; is introduced as i; = iy +1i,. The stator voltage after passing through the block

magnetization current i,

31

(5.17)

(5.18)

yield the

(5.19)



-
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Figure 5.2: T-type Equivalent Circuit for IM

When the estimated speed is equal to the rotor speed and the angle is aligned correctly from the equation

(5.19)

/ / / /

iqsidr - iqsidr = O (520)

The SMO can follow the same dynamics as in equation (5.11), with Te/ and s change to

of a4 o2 a4 o
e = larlgs — lgrlds (5.21)
A
S = lyglgr — lgslyy (5.22)

Theoretically, as stated in section 5.1, with the A matrix in equation (5.5) being semi-negative, the G matrix
can be chosen as 0. However, unlike the squirrel cage machine in the lab, which the parameters of the machine
are provided by Texas Instruments with accurate values. The DFIG parameter are calculated from the test
results conducted in the lab which are not guaranteed to be precise. To ensure a fast converge rate and have
a robust performance against system errors, G matrix is not picked as 0 for DFIG. When the system goes to
steady state, the rotor speed is accurately predicted and the angle is aligned correctly, equation (5.20) equals
to 0, otherwise, the result of equation (5.20) is referred as rotor position error e,. The dynamic observer gain

G could be easily pick as

!

G = g« [abs(e,),abs(e,),abs(e,),abs(e,)] (5.23)
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abs is the absolute value, g is a constant value, and the gain matrix G is changing with the rotor error. When
the error is big, the gain matrix is big. When the error is zero, means the system enters the steady state, the
gain matrix is 0.

From (5.2), the acceleration of the rotor speed depends on the inertia of the machine and the attached
load torque. In many cases, the knowledge of the inertia value is absent. Even if the inertia can be precisely
measured offline, load change could still be possible during the drive process. Slightly different from (5.10),
in (5.11) the sgn function is replaced by a boundary layer function sat, and fel and s are introduced instead
of using T, and s. In (5.10), T, and s both depend on machine parameters, while 72/ and s only require the
state values estimated from the Luenberger observer. Notice that the gain K| and K3 in the designed SMO
(5.11) absorbs the machine parameters used in (5.10) making the designed SMO such that it does not require
knowledge of the machine inertia or any other machine parameter. This ensures the hybrid observer has less
dependency of machine model accuracy. Since the speed estimation not require accurate machine parameters,

it ensures the observer good robustness, and better performance when encountering a load disturbance.
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Chapter 6

Simulation Results

6.1 Simulation Results For AC DFIG Topology

All the proposed topology and the control algorithm are simulated employing Matlab/Simulink to

prove the performance. The machine parameter is calculated based on some laboratory test as:

ry = 0.0492Q r. = 0.0492Q
Ly = 5.9mH L, =Ly
LM =5.3mH

The grid is a three-phase balanced set at 120V 60Hz . The changing wind speed driving the wound-
rotor induction machine. The mechanical power from the wind turbine will be tracked by a maximum power

point tracking(MPPT) [91-93]. The optimum curve of the turbine will follows [94-97]:
Papt = Kopf (1)3 6.1)

kop: 1s the optimum power coefficient, which is picked as 230. Figure 6.1 shows the wind speed profile used
to driving the machine, and the corresponding K, pr. Note that the maximum power is set to be 23Kw.

The decoupled g-d control strategy is developed for RSC and GSC control. The RSC control is
to trace the stator active and reactive power. The power factor is set to be unity. The GSC control fixes

the dc link voltage. Figure 6.2 shows the machine RSC is properly controlled to trace the command power.
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Figure 6.1: Wind Profile and The Corresponding Power

With a command unity power factor, the reactive of the machine should equals to 0. At every beginning, the

machine should use some active power from the grid to build up the magnetic field, as shown in Figure 6.3

T T
— Actual Stator Power
— Command Power

20

15)

10|

Active Power(Kw)

5 I I I I L L L L L
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10
Time(s)
Figure 6.2: Stator Command and Actual Power

The command dc-link voltage is set to be 360V. GSC is used to regulated the voltage, the simulation results

is shown below in Figure 6.3

6.2 Simulation Results For DC DFIG Topology

With the DFIG connected to a fixed dc link. As the topology shown in Figure 3. If the frequency
controller woks as expected, the angle error ¢ should goes to zero. The frequency can be assumed equal to

the reference value. The reference frequency is set to be 60hz. The figure 6.5 and Figure 6.6 elaborate the
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Figure 6.4: The Voltage of The DC-link of The Back-to-Back Converter
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performance of the frequency controller. When system enters the steady state, from Equation (3.10),(3.11),
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Figure 6.5: Angle Error Obtained From the Controller
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Figure 6.6: Frequency Of the DFIG Stator

if ignore the stator resistor, the d axis voltage is close to zero. Stator voltage is mainly aligning on the q axis.
The dc link is a constant voltage 360 by hypothesis. V7 = %360 =229.1831 [98]. The stator q d axis voltage
is deliberate in Figure.6.7. The wind profile used to drive the machine is the same as the one in the Figure

6.1. The power from the machine with the fixed dc-link is shown as in Figure 6.8
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6.3 Simulation Results For Multiple Reference Frame Based Harmon-
ics Regulation

With a nonlinear load connected to the PCC of the three phase ac DFIG system as shown in figure
1.4, the current of the grid will be deteriorated. The nonlinear load is simulated by a three phase idea ac-dc
thyristor bridge triggered at fixed firing angle. The ac side of the thyristor bridge connected to the PCC, a 34
ohms resistor is connected to the dc side. The nonlinear load draws order of n = 6m =+ 1m = 1,2.. . harmonics
to the grid making the grid current highly distorted. The current draw from the nonlinear load is shown in

Figure 6.9

T T
' M [—Nonlinear-load Current]

Current(A)

ARRARRARRRARANNAANAND

— I I I I
J169.5 19.55 19.6 19.65 19.7 19.75 19.8 19.85 19.9 19.95 20
Time(s)

Figure 6.9: Current Draw From the Nonlinear Load

Figure 6.10 is the a-phase grid current with harmonics, the amplitude is varying with the changing
of the power flowing into the grid.

The fast Fourier transform (FFT) analyzes is carried to the current, the results shows in the Figure
6.11

In the three phase ac DFIG system, GSC is picked to compensate the harmonics draw from the
nonlinear load. After the compensation the current flows in to the grid changes to Figure 6.12 Applying FFT
to the current, the results is shown in Figure 6.13 Using the GSC to compensate the harmonics draw from
the nonlinear load, the current from the GSC will generate the same harmonics at the same frequency with
negative amplitude. Figure6.14 and 6.15 shows the current of GSC changes after compensating the harmonics

Table.6.1 explicitly presents the selected order harmonics changing before and after the harmonics regulation.
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Figure 6.11: FFT Before the Compensation
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Figure 6.12: a-phase grid current after GSC compensation
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Figure 6.13: FFT After GSC Compensation
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Table 6.1: HARMONICS VALUES OF DIFFERENT ORDER

Harmonics Order | Before Regulation | After Regulation
5 5.23% 0.18%
7 2.14% 0.39%
11 1.37% 0.01%
13 0.91% 0.03%
17 0.61% 0.02%
19 0.47% 0.08%

As stated in section 3, the uncontrollable diode bridge will introduce harmonics at n = 6m £ 1

m=1,2... The stator current waveform and the FFT results before the compensation is shown as Figure6.16,

T m
it an

Time(s)

Figure 6.16: DC DFIG Stator a-phase Current Before Harmonics Compensation

The multiple reference frame estimator is used to detect the harmonics in the stator, and the har-
monics component then compensated by a multiple reference harmonics regulator. After compensation, the
A phase stator current waveform and the FFT analysis results are presented in Figure6.18 and Figure6.19

The table 6.2 details the performance of the harmonics compensation of each selected harmonics
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Figure 6.19: FFT Results After Harmonics Compensation
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Table 6.2: HARMONICS VALUES OF DIFFERENT ORDER OF THE DC DFIG SYSTEM

Harmonics Order | Before Regulation | After Regulation
5 5.02% 0.34%
7 2.55% 0.12%
11 1.45% 0.03%
13 0.86% 0.03%
17 0.65% 0.07%
19 0.53% 0.02%
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6.4 Simulation Results For Hybrid Observer Sensor-less Drive

6.4.1 Sensor-less Drive for squirrel cage machine

The hybrid observer sensor-less control performance is presented for applying to the squirrel cage
induction machine in this section. The gain matrix of the Luenberger observer is kept as the 0 matrix to
simplify the problem. For SMO, the initial guess of the rotor speed is ®= 0 RPM and K] and K, of (12) are
chosen as 4 x 10° and 5 x 10* respectively. The boundary layer was chosen as §=10.

The induction machine’s initial states are all zero. At Os, the machine is first controlled to run at
constant electrical speed of @,=600 RPM. The system is then facing three different command scenarios to
test the performance: a positive step, a negative step and hold-to-zero speed. During the whole process there
is no load attached to the shaft. In Figure6.20 and 6.21 show the speed and a-phase current response to a
positive step input at 5s; increasing the rotor speed from 600RPM to 900RPM. From Figure6.20, the system
takes around 0.1s to respond to the 300RPM positive step change, with a very small speed overshoot. The
estimated speed from the observer is equal to the actual rotor speed. The current has a impulse at 5s to

generate the acceleration toraue. then comes back to the value that holds the magenetic field of the machine.
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Figure 6.20: Speed response to a positive step

The speed and current response of the negative speed step is demonstrated in Figure6.22 and 6.23.
With a -1500RPM step, the rotor speed jumps from 600RPM to -900RPM in less than 0.2s. A big current
jump happens at 5s to deaccelerate the machine speed, then goes back to steady-state values.

The zero speed condition has always been a challenge for speed-sensorless control. Figure6.24 and
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Figure 6.22: Speed response to a negative step
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Figure 6.23: Current response to a negative step

6.25 show the behavior of the proposed hybrid observer under zero-speed operation. The rotor speed takes
0.1s from 600RPM to stabilize at zero speed. The current will generate an accordingly deceleration torque to
bring the machine speed to zero, then the current will not goes to zero. The current value will keeps the very

last value of the decelerate period.
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Figure 6.24: Speed response to a zero speed command

6.4.2 Sensor-less Drive for Wound Rotor Machine

To test the speed sensor-less algorithm of the hybrid observer presented in 5.2. The DFIG is facing

a step up and step down in the simulation. The gain matrix of the Luenberger observer is picked as equation
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Figure 6.25: Current response to a zero speed command

(5.23), and constant g is picked as 1000.

For SMO, the initial guess of the rotor speed is @,0= 0 RPM and K| and K of (12) are chosen as
2x 10’ and 1 x 10* respectively. The boundary layer was chosen as §=5. As shown in Fig 6.26, the machine
is running at 55Hz at the beginning. At 3.2 second the DFIG rotor electrical speed jumps to 60Hz. The rotor
electrical speed steps down to 52Hz at 7.2 second. The green curve is the actual speed and the blue curve is
the estimated speed from the hybrid observer. The simulation last 9 second, and the entire simulation period
the estimated speed is tracing the actual rotor speed.

The first stage of the simulation, the machine is running from zero speed to 52Hz. From O to almost
1 second the estimated speed has a big oscillation. After the transit period, the estimated speed enters the
steady state, the chattering is around 1%. When the machine is facing a positive speed step, the estimated
speed from the hybrid observer will have a overshot, the transit period is very short. At 7.2 second, the
machine rotor speed is step down from 60Hz to 52Hz. After a big overshot, the estimated speed has a 0.5s
transit period then enters the steady state.

The Figure 6.27, 6.28elaborates the d-axis stator and rotor current behavior when facing a positive
speed step. In Figure 6.28 the current i;zro is the rotor current referred to the stator value. Both stator and
rotor currents will increase the frequency and the amplitude at 3.2second, when the speed step occurs.

The Figure 6.29, 6.30 shows the d-axis stator and rotor current behavior when facing a negative
speed step. Both stator and rotor currents will decrease the frequency and the amplitude at 7.2second, when
the speed step occurs.

In Figure 6.27, 6.28,6.29, 6.30 the estimated currents from the hybrid observer are able trace the
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Figure 6.28: Rotor current response to a positive speed step

actual current the entire time, even during the transit period.
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Figure 6.29: Stator current response to a negative speed step
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Chapter 7

Experimental Results

7.1 Experimental Results For AC DFIG System

The hardware setup is shown as in Figure 7.1. The DIFG (on the left) is driven by a dc motor (on
the right). The dc motor is controlled using a SCR 4 quadratic algorithm. The control is a speed control, the
reference speed will compare with the real speed and the error compare with armature current of the machine

to generate the switching signals.

Figure 7.1: Lab Hardware Setup

The power converter and the LCL filter is shown in Figure. 7.2. The IGBT power converter is the

Semikron IGD-1-424-P1N4-DL-FA. The LCL filter is chosen as L; = 0.85mH, Ly = 0.3mH, C=80u f. The
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micro controller to control the converter FPGA based NI single board sbRIO-9607. To have a better interface
between sbRIO-9607 to the power converter, a interface PCB board is also designed as presented in Figure

7.3.

Figure 7.3: sbRIO-9607 Attached with Interface Board

The DFIG is a 40hp machine. The DFIG has been down-grade the machine to 15Kw to meet the
safety require of the Clemson University. Because the machine is down-grade so the machine is given a
reference power equals to 13Kw with all the wind speed.

When the machine is operates during sub-synchronous mode. With a slip s equals to 10% The stator
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current waveform is shown in figure 7.4. With the reference active power of the stator being 13Kw, the stator

is suppose to have a current with the amplitude of 50 A.
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Figure 7.4: Stator A Phase Sub-synchronous Mode

With the synchronous speed 60Hz, the rotor will have a current rotating at slip frequency which is

10% of the synchronous speed 6Hz. The rotor current waveform is shown in figure 7.5.
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Figure 7.5: Rotor A Phase Sub-synchronous Mode

The GSC is there to hold the dc-link voltage, at the GSC current will also has the same grid frequency
equals to 60Hz. The GSC current waveform is shown in figure 7.6.
The Figure 7.7 present the performance of the RSC. With a reference power equals to 13Kw the

RSC is able to trace the power.
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Theoretically, the rotor active power should follows the equation:

P = —SP (7.1)

In equation (7.1):S is the slip, P, Ps is the rotor and stator active power. With a S = 10% The rotor is supposed

to draw around 1.3Kw from the grid. The rotor active power is shown in Figure7.8
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Figure 7.8: Active Power From the Stator Sub-synchronous Mode

The power converter is rating at the apparent power of the DFIG, it is common to command the
DFIG to have a unit power factor. The unit power factor will lead to a zero reactive power. The reactive
power of the stator and rotor is shown in Figure 7.9 and 7.10

When the machine is operates during synchronous mode. With a slip s equals to 0. The stator will
still rotating at 60Hz, while the rotor will have a dc current. The stator and rotor current waveform is show in
Figure 7.11 and 7.12 respectively.

The GSC current will still have the frequency equals 60Hz, the current is as shown in Figure 7.13

With a zero slip, the power transfered between the rotor and the grid is expected to be zero. The
active power of the stator and rotor is shown in Figure 7.14, 7.15. The reactive power of the stator and rotor

is shown in Figure 7.16 and 7.17.
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Figure 7.17: Reactive Power From the Rotor Synchronous Mode
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When the machine is operates during super-synchronous mode. With a slip s equals to -10%, the
rotor is now faster than synchronous speed, the rotor current frequency will be 6Hz. The current of the

machine stator, rotor and the GSC are displayed down below in Figure 7.18, 7.19 and 7.20
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Figure 7.18: Stator A Phase Super-synchronous Mode
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Figure 7.19: Rotor A Phase Super-synchronous Mode

Under the super-synchronous mode, both the stator and the rotor are transfer power to the grid. The
active power of the stator and rotor is shown in Figure 7.21, 7.22.
With a unit power factor the reactive power of the stator and rotor is zero under super-synchronous

mode.
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7.2 Experimental Results Multiple Reference Frame Based Harmon-

ics Regulation For AC DFIG System

With the nonlinear load connected to the PCC of the three phase ac DFIG system. Harmonics will
be drawn to the grid. The three phase diode bridge connect a 34 ohms resistor bank is the nonlinear load

used in the lab. The current draw from the grid to the load is shown in Figure 7.26 Unlike the running the

Figure 7.25: Nonlinear Load in Lab

simulation, which is in a ideal environment. Conducting the experimental in the lab, harmonics will also been
seen in the stator current. In this section, the RSC is used to compensate the harmonics in the stator and GSC
will compensate the harmonics in drawn from the non-linear load. When the nonlinear load connect to the
PCC the stator current waveform is as in Figure 7.27 Running the FFT to the stator current. The Figure 7.28
shows the most significant harmonics is at 5th order.

The rotor current is shown in Figure7.29 The GSC current before the compensation is shown as
Figure 7.30

The current flows into the grid follows equation (4.2) is shown as Figure 7.31
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Figure 7.27: Stator Current With Nonlinear Load Connect to PCC Sub-Synchronous Mode
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Figure 7.28: FFT of The Stator Current Sub-Synchronous Mode
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Figure 7.29: Rotor Current With Nonlinear Load Connect to PCC Sub-Synchronous Mode
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Figure 7.30: GSC Current With Nonlinear Load Connect to PCC Sub-Synchronous Mode
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Figure 7.31: Grid Current With Nonlinear Load Connect to PCC Sub-Synchronous Mode
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Running FFT for the grid current the results is shown in Figure 7.32
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Figure 7.32: FFT of The Grid Current Sub-Synchronous Mode

Using a Multiple Reference Frame harmonics estimator to estimate the harmonics in stator and grid
current. Applying the RSC and GSC to compensate the harmonics, the result for the sub-synchronous mode
will be presented below.

The stator current is compensated by the rotor current using RSC 7.33.
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Figure 7.33: Stator Current After the Compensation Sub-Synchronous Mode

Applying FFT algorithm to the stator current after compensation the results shows in Figure 7.34
proves that the 5th order harmonics has been compensated. The rotor current changes to Figure 7.35

The nonlinear load current is compensated by the GSC current. The current waveform after com-
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pensation and the FFT results is presented in Figure 7.36 and 7.37.
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Figure 7.36: Grid Current After the Compensation Sub-Synchronous Mode
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Figure 7.37: Grid Current FFT After the Compensation Sub-Synchronous Mode

The GSC current changes to Figure 7.38

Similar approaches can be applied to the machine running at synchronous speed and super syn-
chronous mode. Under synchronous mode the stator current before the compensation is Figure 7.39 Running
the FFT to the stator current. The Figure 7.40 shows the most significant harmonics is at 5th order.

The rotor current is shown in Figure7.41

The GSC current before the compensation is shown as Figure 7.42
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Figure 7.38: GSC Current After the Compensation Sub-Synchronous Mode
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Figure 7.39: Stator Current With Nonlinear Load Connect to PCC Synchronous Mode
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Figure 7.40: FFT of The Stator Current Synchronous Mode
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Figure 7.41: Rotor Current With Nonlinear Load Connect to PCC Synchronous Mode
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Figure 7.42: GSC Current With Nonlinear Load Connect to PCC Synchronous Mode

The current flows into the grid is shown as Figure 7.43
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Figure 7.43: Grid Current With Nonlinear Load Connect to PCC Synchronous Mode

Running FFT for the grid current the results is shown in Figure 7.44

The stator current is compensated by the rotor current using RSC, the stator current waveform is
Figure 7.45.

Running FFT for the grid current the results is shown in Figure 7.46

The rotor current changes to Figure 7.47

The grid current waveform after compensation and the FFT results is presented in Figure 7.48 and
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Figure 7.45: Stator Current After the Compensation Synchronous Mode
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Figure 7.47: Stator Current After the Compensation Synchronous Mode
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Figure 7.48: Grid Current After the Compensation Synchronous Mode
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Figure 7.49: Grid Current FFT After the Compensation Synchronous Mode

The GSC current changes to Figure 7.50
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Figure 7.50: GSC Current After the Compensation Synchronous Mode
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The stator current before the compensation when driving at super-synchronous mode waveform and

FFT results is shown in Figure 7.51, 7.52
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Figure 7.51: Stator Current With Nonlinear Load Connect to PCC Super-Synchronous Mode
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Figure 7.52: FFT of The Stator Current Super-Synchronous Mode

The rotor current is shown in Figure7.53

The GSC current before the compensation is shown as Figure 7.54
The current flows into the grid is shown as Figure 7.55

Running FFT for the grid current the results is shown in Figure 7.56

The stator current is compensated by the rotor current using RSC, the stator current waveform is
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Figure 7.53: Rotor Current With Nonlinear Load Connect to PCC Super-synchronous Mode
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Figure 7.54: GSC Current With Nonlinear Load Connect to PCC Super-synchronous Mode
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Figure 7.55: Grid Current With Nonlinear Load Connect to PCC Super-synchronous Mode
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Figure 7.56: FFT of The Grid Current Super-synchronous Mode
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Figure 7.57.

60 T

— Stator A phase current

40+ E

20 8

Current(A)

Time(s)

Figure 7.57: Stator Current After the Compensation Super-synchronous Mode

Running FFT for the grid current the results is shown in Figure 7.58
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Figure 7.58: Stator Current FFT After the Compensation Super-synchronous Mode

The rotor current changes to Figure 7.59
The grid current waveform after compensation and the FFT results is presented in Figure 7.60 and
7.61.

The GSC current changes to Figure 7.62
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Figure 7.59: Rotor Current After the Compensation Super-synchronous Mode
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Figure 7.60: Grid Current After the Compensation Super-synchronous Mode
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Figure 7.61: Grid Current FFT After the Compensation Super-Synchronous Mode

Current(A)

‘ —GSC A phase current
10+ B
5 4
or 4
-5 i
-10F 4
71?7.7 11‘7.8 11‘7.9 12‘[8 11‘8.1 11‘8.2 11‘8.3 11‘8.4 118.5

Time(s)

Figure 7.62: GSC Current After the Compensation Sub-Synchronous Mode
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The multiple reference frame harmonics regulator takes use of both RSC and GSC to compensate
the harmonics in stator and grid current. RSC is used to increase the quality of the stator current and GSC
to compensate the current harmonics drawn from the nonlinear load. According to the IEEE harmonics
standard [21], under the most crucial situation : Isc/I;, <20, Isc being the maximum short circuit current and
I; referring to the maximum demand load current. The most significant harmonic component should smaller
than 4% of the fundamental component. Running the fast Fourier transform (FFT) analyzes to the stator

current at different speed mode, the results shows in table 7.1 From the table 7.1, the significant harmonics

Table 7.1: STATOR CURRENT HARMONICS VALUES OF DIFFERENT ORDER

Harmonics Order | Before Regulation sub After Regulation sub
5 8.7% 3.1%
7 3.1% 3.2%

Before Regulation syn After Regulation syn
5 5.9% 2.8%
7 2% 1.4%

Before Regulation super | After Regulation super

5 5.1% 3.2%
7 1.2% 1.1%

are the 5th and 7th for the stator. Following the IEEE harmonics standard [21], only the one that bigger than
4% is regulated.

The FFT analysis results for the current of the grid is shown in table7.2. The gird current last
significant harmonics is the 11th. The harmonic regulation for the GSC still only applies to the harmonic

component bigger than 4%.

Table 7.2: HARMONICS VALUES OF DIFFERENT ORDER

Harmonics Order | Before Regulation sub | After Regulation sub

5 12.2% 3.1%

7 2% 2.8%

11 3% 2.5%
Before Regulation After Regulation

5 11.6% 1.4%

7 1.9% 1.3%

11 3.3% 3.1%
Before Regulation After Regulation

5 10% 1.9%

7 1.7% 0.6%

11 2.6% 2%
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7.3 Experimental Results Of Hybrid Observer Sensor-less Drive

7.3.1 Experimental Results Of The Squirrel Cage Machine Hybrid Observer Sensor-

less Drive

The squirrel cage machine used to run the hybrid observer sensor-less drive have the machine pa-

rameter:

ry = 11.05Q r.=6.11Q
Ly = 0.3165H L. =1L,
Ly = 0.2939H

To demonstrate the hardware system response to the positive step, the machine is given a same 300RPM step
change. As shown in Figure 7.63,7.64 and 9. The rotor speed will goes to the command 900RPM after 0.2s
with a small overshoot. The current waveform indicate that when the step input exert on the system, the

current will suddenly increase to accelerate the machine then enters a new steady-state value.
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Figure 7.63: Measured speed response with a positive step

A -1500RPM step will the machine speed drop from 600RPM to -900RPM in less than 0.3s. A
deceleration torque current will response to the desired speed decrease. The speed and a-phase current wave-

forms are shown in figure 7.65 7.66
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Figure 7.65: Measured speed response with a negative step
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Figure 7.66: Measured current response with a negative step

Figure 7.67, carries out the speed wave when the command machine speed changes from 600RPM
to stand still condition. The actual speed about 0.4 second to enter the zero speed, which is longer compares
to second step input case. The a-phase current is elaborated in Figure 7.68. After the machine stops, the
current will hold to the last step value of the deaccelerate process. In the hardware, the current will vibrate

with a amplitude of 0.1A.
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Figure 7.67: Measured speed response with a zero speed command

Compare the current waveform gathered form the simulations results and the hardware results. The

current is bigger in the hardware. In simulation the on load condition is ideal, however, in hardware the ideal
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Figure 7.68: Measured current response with a zero speed command

there might be a slight load torque.

7.3.2 Experimental Results Of The Wound Rotor Machine Hybrid Observer Sensor-

less Drive

The hybrid observer speed senor-less drive for the DFGI wind generation system will be operated
under sub-synchronous, synchronous and super-synchronous mode. When the machine is running at sub-
synchronous mode, the estimated and actual speed of the machine is shown in Figure 7.69. It can be conclude
that when the machine enters the steady state of the speed sensor-less drive, the estimated speed can trace the
actual speed with a chattering less than +2%.

The hybrid observer for DFIG takes the stator and rotor current as the electrical states for the control.
The Figure 7.70, 7.71 shows the estimated and measured stator and rotor current when the machine is running
at sub-synchronous mode.

When machine is driven at synchronous speed the estimated and actual speed of the machine is
shown in Figure 7.72, the chattering is around +2%. At synchronous mode, the stator measured and estimated
current under stationary frame is shown in Figure 7.73. The rotor estimated and measured current referred to
the stator the waveform is shown in Figure 7.74.

Running the speed sensor-less drive using the hybrid observer under super-synchronous mode. The
estimated and actual speed of the machine is shown in Figure 7.75. The stator and rotor current waveform

when the machine is running at super-synchronous mode is shown as in Figure 7.76 7.77.
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Figure 7.70: Stator current estimated and measured sub-synchronous mode
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Figure 7.72: Hybrid observer speed performance synchronous mode
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Figure 7.74: Rotor current estimated and measured synchronous mode
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Figure 7.76: Stator current estimated and measured synchronous mode
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Applying the hybrid observer for DFIG to operate the speed sensor-less drive, under sub-synchronous,
synchronous and super-synchronous mode, the stator and rotor currents from the observer have error com-
pares to the measured current. From the current waveforms, there are bigger harmonics content in the current
compares to the results in section 7.1. Authors believe the reason cause this problems are the machine pa-
rameter calibration is not perfect. Unlike the squirrel cage machine in section 7.3.1, which we have the full
data from the TI. The DFIG parameters are getting from the machine test conducted in the lab. The hybrid
observer designed for DFIG is a parameter depended observer, the error in the parameter will deteriorate the
performance.

The speed is calculated by counting the pules number in a certain short period of time. This method
depends on the impulses signal quality given by the encoder. The spikes of the actual speed waveforms might
caused by some bad quality input. Authors believe this condition difference cause the different in the current

waveforms. The actual speed plot is got form a 2500 pulse/rev quadrature speed encoder.
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Chapter 8

Conclusion

In this dissertation, a DFIG based wind turbine systems are proposed and researched. The basic
AC system with DFIG stator connecting to the grid and rotor connected via a back-to-back converter to the
grid. The control algorithm is detailed and simulated using matlab/simulink. The hardware experimental
conducted in the Clemson micro-grid and power electronics lab results are also carried out to validate the
simulation results under three different operation condition: sub-synchronous mode, synchronous mode, and
super-synchronous mode.

With the stator flux oriented control scheme proposed in this dissertation, the DFIG is connecting
to a dc link and exchange power through a diode bridge and a rotor-side converter. Compare to a fully
controllable power converter, the diode rectifier is much less expensive. The frequency in the stator which is
controlled by a closed loop frequency regulator, can trace the reference frequency. A custom designed DFIG
with a low rated operating speed could eliminate the gearbox using the proposed topology to connect the
DFIG to the dc grid.

The harmonics introduced by the diode bridge will cause distortion in the stator current. How-
ever, these harmonics can be detected using a multiple reference frame estimator. The harmonics regulation
method proposed in the paper handle each harmonics order at the corresponding frequency. Harmonics will
be transferred to DC component, then compensated using the RSC. Multiple reference frame harmonic reg-
ulator in the paper wont require extra device to cancel the harmonics in stator current, and the PI control is
stable and easy to achieve. The harmonics regulation control in the paper is parallel with the main DFIG
decouple control, the harmonics regulation will not affect the FOC for the DIFG.

In the three phase AC DFIG system, connecting the non-linear load to the PCC, the harmonics
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draw from the nonlinear load current will decrease the system power quality. In the simulation section,
the harmonics regulation method is applied to the harmonics components up to 19th order for the sake of
verifying the proposed method. In the hardware experimental section. Following the IEEE stander, the
harmonics regulation only applied to the ones has amplitude bigger 4% of the fundamental component.

The last part of this dissertation investigated speed-sensorless state estimation for induction ma-
chines. The proposed observer exploits the bilinear structure of the induction machine dynamics, and includes
a Luenberger observer for stator current and rotor flux estimation, and a sliding mode observer for speed es-
timation. The hybrid nature of the proposed observer allows us to exploit the simplicity of the Luenberger
observer and robustness of the sliding mode observer. The proposed observer does not require information
of the machine inertia. Lots of scenario the inertia of the machine changes during the drive process. The
changing of the inertia might due to the changing of the working condition, some load inertia might change
with the speed. For the squirrel cage machine, the simulation and the experimental results are presented when
feeding a positive step input, negative step input and enters the zero speed condition. For the DFIG the sim-
ulation and the experimental results are elaborated for three different operation condition: sub-synchronous
mode, synchronous mode, and super-synchronous mode.

The future work will be three folds. First, due to the hardware limits in the lab, there is no DC
sink which we can put around 50kw back in to it. All the topologies and control algorithms presented in
this dissertation regarding to the DC DFIG topology are not validated with experimental results. Second,
the multiple reference frame harmonics estimator and regulator works well with certain harmonics orders.
With sub-harmonics and some higher order harmonics other than m=6n 4 1, the harmonics compensation
will be fully achieved combining the the multiple reference frame harmonics estimator and regulator with
active filter. Third, for the hybrid observer for the induction machine, the observer is parameter depended for
the Luenberger observer part. With poor parameter information or some parameter variation during operating
period, the results will be deteriorated. This problem can be solved adding a on-line parameter identification

algorithm to the observer.
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