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Abstract

Studies on wind power generation systems are becoming a topical research area
because of the increasingly scarcity of hydrocarbon fuels. The rise in petroleum price
is also creating heavy demands on renewable energy sources such as wind, hydro,
solar, bio-mass and so on. Hitherto, wind energy is most promising in terms of cost
effectiveness. Among existing wind generation systems, variable speed wind
turbines with doubly fed induction generators (DFIGs) are most common because of
their high energy yields and ease of implementation that allows the users to control
the reactive power of these wind generators with relatively simple and low power
rating control gears. Only simple algorithms are needed for effective and robust

control of wind power generation using DFIG.

In this research, direct control algorithms for normal operations of DFIGs,
including synchronization and power generation, are developed. Mathematical
models, computer simulation, and experimental results are included for the
validation of various schemes being studied. The algorithms developed in the
research are model-based designs with direct feedback of the control variables to
minimize the number of parameters and to simplify numerical operations, with no
compromise in performance. A direct voltage control scheme for the synchronization
of DFIGs to grids is therefore presented. The beauty of the proposed methodology is
that the scheme is a single loop design with no current control loops, and only those
parameters which are required for tuning the voltage controller are needed. In

comparison with conventional control schemes for DFIGs, the proposed controller



requires no mathematical coordinate transformation of currents and hence is simpler

and faster.

Direct torque control of DFIGs with constant switching frequency is also
developed in the research. The control scheme utilizes direct feedback of torque and
reactive power to avoid the need to build current control loops. Hence, the scheme
does not require alignment of currents to the synchronous frames, as torque and
reactive power can be evaluated in any coordinate frames. The proposed scheme
inherits the simplicity of classical direct torque control scheme, but not the
disadvantages of classical schemes such as variable switching frequencies and
relatively poor steady state accuracy. Overall, the power quality of power generation

is improved in the proposed scheme.

Direct torque control of DFIGs in grids with large source impedances is
proposed. The control method automatically adjusts the controller parameters in
accordance to changes in grid voltage, in that the control performance and dynamics
of the power generation systems are decoupled from fluctuations in the grid voltage,
which is a common constraint in wind farms having weak connection to grids due to

the presence of long transmission lines.

A control scheme for DFIGs to operate in grids with voltage unbalance is also
developed. Variables of the DFIGs are separated into sequence components and are
independently controlled. As the degree of freedom is increased by the separation of
sequence components, coordination of the components can be performed in the
scheme to achieve different objectives, to suit the needs of grids with different

operating conditions.
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1 Introduction

1.1 Background

Because of increasing public awareness of global warming, fast depletion of
existing non-renewable energy sources, and the introduction of Kyoto Protocol,
researchers are seeking for new alternative energy sources that are sustainable and
renewable. Among the possible energy sources, wind energy is one of the most
promising and feasible sources in densely populated areas like Hong Kong [1]. Wind
energy, as a renewable energy source, has the potential of being cost effective and
has a high capacity factor. Currently, most commercially operating wind turbines
have horizontal axis designs with variable speed electric power generation. Variable
speed wind power generation is superior to fixed speed generation in that, when
compared to the latter, it has a high energy yield [2], allows good and robust control

of power generation, and has lower power and torque pulsations [3].

A typical configuration of a wind energy generation system is shown in Fig.
1.1. Naturally, the blades interact with wind and convert wind energy into
mechanical energy at the shaft. The wind turbine, which includes couplings,
dampers, and gear boxes, conveys the mechanical energy harvested at the blade shaft
to the shaft of the generator system. The generator system, with its generator and
power electronics, performs electro-mechanical energy conversion to generate
electrical power to the power grid. Typical wind turbine characteristics are shown in
Fig. 1.2 [4]. The turbine speed has to vary, according to the wind speed, to maximize
the energy being harvested. If the wind speed is higher than the rated wind speed, the

turbine speed has to be decreased to limit the power output to its rated value. As



controlling the blade pitch angle can only limit but not to maximize the power
output, a good design to the control of the generator system becomes essential for

variable speed systems so as to maximize as well as to limit the power generation

[5].

Generator [ Power
System [ Grid

Wind
Turbine

N

Fig. 1.1 Configuration of a wind energy generation system
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Fig. 1.2 Wind turbine characteristics

There are several types of generators for variable speed wind power generation,
which are, namely, cage induction generators, synchronous generators, wound rotor
induction generators with variable rotor resistances, doubly fed induction generators

(DFIGs), brushless doubly fed induction generators, and switched reluctance



generators [6, 7]. Among them, cage induction generators, synchronous generators
and switched reluctance generators require power electronic converters having the
same ratings as that of generators, because all generated electric power has to be
processed by the converters. The large ratings of these converters, apart from being
very costly, will lead to large size and hence overall heavy generation units. In
contrast, the ratings of the power electronic converters of DFIGs and brushless
doubly fed induction generators are only fractions of the total generator output
power, hence these controllers are cheaper, simpler and more reliable. For wound
rotor induction generators with variable rotor resistances, slip rings are unnecessary,
however, the feasible operating speed range is limited to 100% to 110% of the
synchronous speed of the generators. They also suffer from having poor control of
real and reactive power. The rotor power in wound rotor induction generators with
variable rotor resistances is dissipated as heat, instead of being recovered as
electrical energy in DFIGs [8]. In the wind power industry, brushless doubly fed
induction generators are however not popular because they are conceptually new to
the wind turbine manufacturers [9]. On the other hand, DFIGs have the largest
market share and highest annual growth rate in the wind power industry [8, 10],
because of their low converter power ratings, high energy output, good utilization of
the generators [11] and features that allow independent control of real and reactive

output power over a wide speed range.

1.2 Literature Review

1.2.1  General Characteristics of Doubly Fed Induction Generators

The static and dynamic operation of DFIGs has been well known for more than

half a century [12]. At times before the wide applications of power electronics for



machine drives, DFIGs have been commonly used as series or shunt induction
machines. They are also operated together with rotary frequency changers connected
to the rotors for variable speed operation, because of the absence of power
electronics for machine control at that time. Most reported researches on DFIGs are
focused on their steady state characteristics [13] and operating limits [14]. The most
important characteristic is that the rotor power of DFIGs is proportional to the
product of the slip and stator power, by assuming the power losses are negligible. It
implies that if DFIGs are operated with relatively low slips, the rotor power will only
be fractions of the stator power. In other words, within speed ranges around the
synchronous frequency, the rotor converters in DFIGs only need to process a portion

of the total input mechanical power to the wind turbine.

1.2.2  Synchronization of Doubly Fed Induction Generators

In order to make the best use of generated power from the wind turbines, it is
desirable to connect the power output from these turbines to a common grid. To
connect the DFIGs to a common grid, these machines must have their stator voltages
synchronized to the power grids [15]. The most basic form of synchronization is to
employ field-oriented control (FOC) to regulate the rotor currents in order to adjust
the stator voltage before synchronization [16]. For simple FOC method with no
stator voltage feedback, there may be voltage differences between the stator and the
grid voltage at the synchronization stage, thus there might be large current inrush at
the instant at which the DFIGs are connected to the grids. In [17 —21], outer voltage
control loops providing the reference rotor currents for the inner current control

loops are proposed to regulate the stator voltage to track the grid voltage. Once the



discrepancy between output from the DFIG and the grid supply are minimized

during the synchronization process, soft synchronization can be realized.

Direct torque control (DTC) of DFIG for synchronization is proposed in [22].
In the scheme, the inner current control loops in FOC are replaced by feedbacks of
the rotor flux, together with the hysteresis controllers. Outer control loops are formed
by regulating the frequency and magnitude of the stator voltage to the grid values. A
further outer loop is formed with a phase controller, which compares the phase
difference between the stator and the grid voltage, to provide the frequency reference
of the outer loop. Although DTC has no current control loops, the complexity of the
overall structure is comparable to the FOC approach because of the outer loops. DTC
has an additional disadvantage in that a large amount of harmonic contents with
variable frequencies are generated in the stator voltage due to the hysteresis control

method, thereby degrading the power quality of the generation system [23].

1.2.3  Control of Doubly Fed Induction Generators in Balanced Grids

Before the advent of modern high speed electronic switches, power electronics
control of DFIG was implemented using thyristors [24, 25]. Since the firing angles
of the thyristors are the only control variables and thyristors are naturally

commutated devices, only scalar control can be implemented.

As high frequency force commutated switching devices emerge, vector control
of DFIG could be implemented. The most common vector control algorithm for
DFIGs is FOC, which is realized by converting firstly all three-phase variables to

two-phase orthogonal variables with Clark transformation. The two-phase rotor



current is then transformed to the air gap flux [26], stator flux [5, 16, 18-21, 27], or
stator voltage [28] reference frames, using Park transformation. The direct and
guadrature components of the transformed rotor current are compared with their
respective reference values for the current controllers to compute the required
orthogonal components of the rotor voltage. The rotor voltage is transformed from
the reference frame to the rotor natural frame, and modulated using three-phase
sinusoidal pulse width modulation (SPWM) [27] or space vector modulation (SVM)
[18] for the rotor side converter to control the voltage being applied to the rotor
winding of the DFIG. The DC link of the rotor side converter is connected to a grid
side converter, which regulates the DC link voltage by controlling the power flow
between the DC link and the grid. One of the rotor current references is provided by
an outer loop controller, which computes the difference between the reference and
feedback speeds [15, 16, 27, 29], torque [26, 30, 31], or stator real power [5, 18-20,
28, 32 —38]. The other current reference is given by another outer loop controller,

which compares the reference and feedback reactive power.

As FOC requires inner loops for current regulation and outer loops for reactive
power control and torque or stator real power control, the implementation of FOC
requires a processor with high computational power, because of the large number of
Park transformations and numerous controllers in FOC. Therefore, DTC is proposed
in [39-41] to simplify the controller design and reduce the parameter dependence of
the system. In DTC, the current control loops in FOC are replaced by a torque loop
together with a flux loop and hysteresis controllers. Since both the torque and
magnitude of the rotor flux can be estimated without the transformation of the

currents to any synchronous frame, the number of Park transformation in DTC is less



than that in FOC. However, DTC inherits the disadvantages of hysteresis control,
including the need to operate at variable switching frequencies, large current
distortions, and the requirement of high sampling frequencies for digital
implementation [23, 42]. Moreover, in DTC, the control of reactive power requires
an additional outer loop controller, which compares the reference and the feedback
reactive powers to provide the reference rotor flux for the hysteresis controller to

regulate the rotor flux.

Similar to DTC, direct power control (DPC) is developed to eliminate the
current control loop [43 —46], but DPC employs the feedback of real and reactive
power instead of torque and rotor flux. As the computation of the instantaneous real
and reactive power also requires no Park transformation of the currents to any
synchronous frame, the computational burden is also reduced. However, as
hysteresis control is used in DPC, the disadvantages of DTC also exist in DPC. DPC
with constant switching frequency deadbeat controllers, instead of hysteresis
controllers, is proposed in [47] to address those problems arising from variable
frequency switching based on hysteresis control. It is well known that, in order to
control the rotor speed accurately, the total output power of the DFIG must be
evaluated. However, as the rotor power of the DFIG is not considered explicitly in
DPC, the tuning of the speed controller in DPC is complicated because insufficient
information is available to the speed controller. Under such circumstances, the
controller parameters have to be adjusted adaptively as the turbine speed changes in

order to optimize the performance of the system.

In prior arts on the control of DFIGs, voltage fluctuations and source

impedances of the grids are not considered. Nonetheless, there are significant voltage



fluctuations in wind farms, especially in systems having weak links due to long
transmission lines [48]. More specifically, weak connection is characterised by high
source impedances and rapid and significant changes of grid voltage as the generated
output power fluctuates. In order to address these issues arising from transmission
over long lines, high voltage direct current (HVDC) is proposed in [49]. However,
the majority of the offshore wind farms still employs AC transmission because it is

less expensive [50, 51].

1.2.4  Control of Doubly Fed Induction Generators in Grids with
Unbalanced Voltage

Most of the analyses on DFIG are based on the assumption that DFIGs are
connected to girds with balanced voltages [13-22, 24-47]. However, field
measurement on the power qualities of wind farms indicates that most grids have
various degrees of voltage unbalance [52]. Induction generators operating in a grid
with voltage unbalance would generate unbalanced currents, which increase the
winding temperature, and introduce torque and power pulsations [53]. Even if the
negative sequence voltage is within the limit of 3% of the positive sequence voltage
as stipulated in the European standard [54], the negative sequence stator current of a

DFIG may be as high as 18.3% of the positive sequence current [55].

In [56], the torque and reactive power ripples of the DFIG resulting from
voltage unbalance are eliminated by the addition of auxiliary control loops to the
current control loops of the FOC designed for balanced grid voltage operation. Each
auxiliary control loop comprises a band-pass filter tuned to twice synchronous

frequency, and a high gain controller, to take care of the additional rotor voltage. The



auxiliary control loops have high gains at twice synchronous frequency such that the
torque and reactive power ripples at twice mains frequency are attenuated by the
injection of the compensating rotor voltage at the same frequency. An alternative
method, as proposed in [57], can be exploited to reduce the torque and reactive
power ripples by incorporating compensating rotor currents into the reference
currents. In such schemes, the compensating rotor currents are derived from the
oscillating amplitudes of the magnetizing currents. Both methods, however, are
limited to the reduction of torque and reactive power ripples only, and they are not
capable of reducing stator real power ripples or maintaining balanced stator currents.
Minimization of stator current ripples with fuzzy controller is proposed in [58].
However, the method has the limitation of being able to address one specific

minimization objective only.

Independent control of the positive and negative sequence components of stator
currents is proposed in [59, 60]. The sequence components of the stator current are
extracted and transformed from the stator frame to their respective stator flux
reference frames. The transformed current components are compared with their
reference values to act on the appropriate controllers. The controllers compute the
required rotor voltages, which are transformed to the rotor frame and then combined
before controlling the voltage to be impressed on the rotor windings through the

rotor converter.

Coordination of the negative sequence real and reactive power in accordance to
the minimization objectives and the magnitude of the negative sequence voltage is
proposed in [61]. The positive and negative sequence components of the stator

current are regulated to their respective reference values, whereas the reference



currents are derived from the positive and negative power controllers. The power
controllers compare the differences between the power and their reference values in
the same manner as that of FOC for balanced grid voltages. The method is capable of
minimizing the torque and reactive power ripples, stator real power ripples or
restoring balanced stators current. It is also possible to reduce the torque and power
ripples by coordinating the positive and negative sequence currents, instead of
coordinating the real and reactive power [62]. In [63, 64], the negative sequence
reference rotor currents are derived from the positive sequence rotor currents,

according to the minimization objective.

1.3 Research Objectives and Scope

As the power ratings of newly built wind turbines increase [65] and wind farms,
especially those operating offshore, are emerging, most of the wind turbines are now
connected to power grids. Furthermore, since DFIGs have the largest market share,
the research project shall focus on grid-connected control of DFIGs. Because of the
complicated designs and sophisticated tuning of existing control methods for grid
connected DFIGs, the objective of this research project is to investigate and develop
direct control methods to realize simple and robust operation of DFIGs with different

network conditions.

The existing synchronization methods for DFIGs either have no stator voltage
feedback, which may introduce current inrushes upon connections of the DFIGs; or
involve cascaded current and voltage control loops, which are computationally
demanding and require complicated tuning of controller parameters. On the other

hand, the use of DTC for synchronization generates harmful harmonics having a
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wide range of frequencies, thereby degrading the power quality. A direct voltage
control (DVC) scheme for DFIGs is developed in the research to synchronize a
DFIG to the grid with voltage feedback. The scheme is a stator-voltage-orientated
single-loop design, which can minimize the impact on the DFIG as well as on the
power system upon connection. As the stator voltage is directly controlled, instead of
passing through a chain of cascaded loops, the number of parameters and hence the

demand on the computational power are significantly reduced.

As FOC for DFIGs has current loops, cascaded with a reactive power loop, and
a stator real power or torque control loop, FOC requires the tuning of several
parameters and a large number of coordinate transformation and controllers. Even
DTC and DPC reduce the number of control loops, the hysteresis switching may
degrade the quality of the generated currents. DPC with constant frequency also
suffer from having the disadvantage of requiring the feedback of part of the power
generated, and this limits its use in speed control of DFIG. A direct torque control
with space vector modulation (DTC-SVM) scheme is proposed in the research to
utilize direct feedback of torque and reactive power to simplify the controller design,
and it also makes use of a constant switching frequency to avoid switching
harmonics of variable frequencies and other problems arising from hysteresis

switching.

As some of the DFIGs are weakly connected to existing grids with significant
source impedance, the effects of the source impedance on the operations and control
of DFIG are investigated. A direct control algorithm, which automatically adjusts the
parameters of the controllers in accordance to the voltage level of the grid, is

developed to ensure that the control targets of the DFIGs are met.
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Voltage unbalance is not uncommon in wind farms. However, existing control
methods are incapable of achieving objectives such as reducing stator real power
ripples, or require complicated FOC that independently regulates the sequence
components of currents, together with power regulating outer control loops. A direct
control scheme, with torque and reactive power feedback for independent regulation
of the positive and negative sequence components of the torque and reactive power,
is developed in the research. Similar to the FOC, the scheme can achieve different
ripple minimization objectives to suit the needs of different grids in various grid
conditions. For the proposed direct control scheme, the computational demand is
less, and tuning of the algorithm is simpler than that in FOC because of the direct

feedback of the control variables.

1.4 Thesis Organization

The direct voltage control for the synchronization of DFIGs to the power grids
is presented in Chapter 2. In Chapter 3, direct torque control of DFIG with space
vector modulation in grids with balanced voltage is developed. An algorithm to
alleviate the impact of source impedances on the operations of DFIGs with DTC is
discussed in Chapter 4. An algorithm for direct torque control of DFIGs in grids with
voltage unbalance is reported in Chapter 5. Conclusions on the research and possible

further developments are given in Chapter 6.
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2 Direct Voltage Control for Grid

Synchronization

2.1 Introduction

A scheme for synchronization of DFIGs to grids is developed in this chapter.
The proposed topology is a vector control scheme with direct feedback of the stator
voltage for the minimization of the differences in voltage between the stator and the
grid. Since no current feedback is required and the scheme is a single-loop design,
the scheme is less demanding, when compared to existing methods, on the

processing power of the controllers.

2.2 Topology

The topology of a DFIG during synchronization is shown in Fig. 2.1. The DFIG
iIs mechanically coupled to a wind turbine. The rotor converter is a three-phase
full-bridge inverter that controls the voltage applied to the rotor winding of the
DFIG. The grid converter controls the power flow between the DC link and the grid
to keep the DC link voltage constant. The controllers monitor i) the grid, stator and
DC link voltages, ii) the rotor current, and iii) the rotor position. All these

information are used intelligently to control the operations of the two converters.
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Fig. 2.1 Topology of a DFIG during synchronization to the grid

2.3 Mathematical Model

The three-phase rotor current in Fig. 2.1 is transformed into a complex value

with Clark transformation:

i, =i, /3/2 (2.1)
irB = (ira +2irb )/\/E (22)
e =iy + Jig (2.3)

Similarly, the stator voltage vs and grid voltage v are transformed from

line-to-line quantities to phasors with Clark transformation as given below:

v, = (v, +V,. /2)~2/3 (2.4)
Vy =V /42 (2.5)
Vap =V, + |V, (2.6)

As all voltage and current quantities of the DFIG are controllable with the rotor

converter, the grid voltage is the only quantity not affected by the operation of the
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DFIG before the machine is connected to the grid. Therefore, the grid voltage is
taken as the reference value. Park transformation of the rotor current to the grid

voltage reference frame yields

iy =ims exp(— j(arg(\_/gaﬂ )— po, )) (2.7)

The stator voltage is transformed into the grid voltage reference frame with

Voy =Vsap expl— jarg(vees ). (2.8)

The complex equations describing the operation of the DFIG in a synchronous

reference frame aligned to the grid voltage are:

Voy =Voy| = Voo (2.9)
Vg = d 2y + jo, Asy (2.10)
dt
Viy = iR, + d 2oy + j(o, — o, Vry (2.11)
Ay = (L, + L, Jiny (2.12)
Asy =L iny (2.13)
w, = ddet, (2.14)

The real parts of the complex variables are direct variables aligned to the grid
voltage, and the imaginary parts of them are the quadrature variables orthogonal to

the grid voltage.
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The equivalent circuit of (2.9)—-(2.14) is shown in Fig. 2.2. The stator leakage
inductance L, is not included in the above equations because there is no stator

current before the machine is connected to the grid.

\_/gxy x GSxy Lm @) \_/rxy

o——0

ja)s Lmirxy J(a)s ~ Ppo, )(Lm +L, )I Xy

Fig. 2.2 Equivalent circuit of DFIG in the grid voltage reference frame

2.4 Control Strategy

The control objective is to control the stator voltage in a grid voltage reference
frame, such that the stator voltage and the grid voltage will have equal magnitude,
frequency, and zero phase difference. The controller has a general structure as shown

in Fig. 2.3.

Vsab

Vsaﬂ‘
Vsbe Three-phase [_ | Voltage v
Vgab to Complex [Y9as | Control >Vro
ngc

b— 1

Fig. 2.3 Machine controller structure

The three-phase to complex operation transforms the stator and grid voltages
using (2.4)—(2.6). The voltage controller computes the required rotor voltage and it

will be described fully in section 2.4.1. The SVM operation in the voltage control
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modulates the required rotor voltage into pulse-width patterns to control the

switching state of the rotor converter.

2.4.1  Voltage Controller Design

To relate the stator voltages to the rotor voltages, (2.11) is firstly expressed as

the following Laplace equations:

Vo (5) =l (S)R, + 52, (5)— (@, — pe, )4, (s) (2.15)

Vo, (s)=iy (S)R, +54,(s)+ (e, — pev, )4, (s) (2.16)

Substituting the Laplace form of (2.12) into (2.15) and (2.16) gives

Vo (8) =1 ()R, + (L, + Ly Jine(s)— (o0, — P, XLy + Ly, iy () (2.17)

V,,(8)=1i, ()R, + (L, + Lyy iy (8)+ (0, — pe, Ly + Ly, i (). (2.18)

The last terms in (2.17) and (2.18) can be compensated with feed-forward
compensation. It can also be regarded as a disturbance, especially when the
magnitude of the last term is much smaller than that of the second term in transient

state. With

\_/rxy': ery - J(a)s - pa)r)(Lm + Lra )irxy, (219)

equation (2.17) and (2.18) become

v, '(s)=i. (s)s(L, +L,)+R,) (2.20)

V,,'(s) =i, (s)s(Ly + Ly )+ R,). (2.21)
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Rearranging (2.20) and (2.21) yields

i (s)=v, '(s)/(s(L, +L,,)+R) (2.22)

i, (s)=v,'(s)/(s(L, + L, )+R,). (2.23)

From (2.13), (2.22) and (2.23), the stator flux can be expressed as

25(8) =V, ()L /((Ly + Ly )+ R, ) (2.24)

Ay (s)=V,,'(s)Ly /(s(Lyy + Lo )+ R, ). (2.25)

As the stator voltage and flux have a multi-input multi-output relationship,
appropriate pairs of the voltage and flux components have to be identified to close
the control loop correctly. The degrees of relevance between the input and output
variables can be calculated using the relative gain array (RGA) methodology [66].
RGA is an array with elements indicating the open-loop gain to closed-loop gain
ratio between the corresponding input and output variables. The closer the open-loop
gain and the closed-loop gain, the closer is the interaction between the corresponding
variables. RGA is computed as an element-by-element product of the system transfer
matrix and the inverse of its transposed matrix. An RGA element close to unity
indicates that the input and output variables constitute a suitable pair to form a
control loop, while a small positive RGA element implies low correlation between
the input and output variables. As the row and column sums of the RGA elements
must be unity, any element larger than one will result in negative values in other
elements, which implies that the gain of the input-output pairs will be reversed upon
closing the control loops. The RGA is usually evaluated at zero frequency to have

valid control input and output pairs at steady state.
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Separating (2.10) into real and imaginary parts, the following system of Laplace

equations is formed:

st (S) _ S - C()S /’i’sx (S)
(vsy (s)j - (a)s s J(lsy (s)] (2.26)

The RGA of the matrix is

S - s —a. ) B 1 2w’
| 1 ===, %I (2.27)
o, S o, S s+ | s

where *x’ is the element-by-element multiplication operator.

01
As the RGA becomes (1 Oj when the Laplace variable approaches zero, the

direct stator flux controls the quadrature voltage and the quadrature stator flux
controls the direct voltage at steady state. The following matrix is obtained by

decomposing (2.26):

v, (S 0 - 0\ 4., (s
() _ ANC «(9) 2.28)
vy ) (Lo, 0 )0 s)){4,0)
The cross coupling term composing of s can be regarded as a disturbance again.

Therefore, at steady state, (2.28) becomes

st (S) . O - Ct)s }“sx (S)
[vsy (s)J _(a)s 0 ] [ﬂsy (s)]’ (2.29)
or, in complex notation:
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\_/sxy = ja)Ssty (230)

Substitutions of (2.24) and (2.25) into (2.29) yield

st (S) _ Lm 0 — @ Vlrx(s)
[VSY (S)J B S(Lm + Lra)‘f‘ R, (Ct)s 0 ] (V‘ry (S)J (2.31)

Since the transfer equation between the stator and rotor voltages is established

in (2.31) and the appropriate control pairs are identified, the control system shown in
Fig. 2.4 is designed, in which the e3” and e/ blocks represent the Park and inverse
Park transformations, respectively. The blocks denoted by Pl are

proportional-integral controllers.

+

) - vV
_ - VSX Vry Vv L —»Vra
Vsas —p{e1? /"5 SVM [—>Vib
T Vsy B er _|_>VFC
+
0—»o——» PI

arg(Voos ) arg(Vgas )-por

Fig. 2.4 Voltage control diagram of direct voltage control

As the variables are aligned to the grid voltage reference frame, the direct and
quadrature controller reference voltages should correspond to the magnitude of the
grid voltage and zero, respectively, before one can synchronize the stator voltage of
the DFIG to the grid voltage. The proportional-integral controller for the direct stator

voltage is implemented with the following equation:

)+ | —(VSX o )dt

T

(2.32)

Vry = K p (VSX _‘Vgxy
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To have a first order closed-loop step response to the reference input, pole
placement is implemented with the proportional and integral time constants which

are designed as:

L +L
K =—"T_To 2.33
P I‘m a)sTcI ( )
T-bntle ; L, (2.34)

Similar implementation for the quadrature stator voltage is used with the same
parameters, but with an opposite sign for the proportional gain, because of the
similarity between the direct and quadrature stator voltages. The outputs of the
proportional-integral controllers are transformed into the rotor coordinate with

inverse Park transformation:

Viag = Vi exp(j(arg(ggaﬁ )— po. )) (2.35)

The output rotor voltage is modulated with SVM to form a constant frequency
pulse-width modulation pattern to control the switching operations of the rotor

converter.

2.4.2  Comparison with Existing Methods

In comparison to the control diagram of cascaded synchronization scheme as
shown in Fig. 2.5 [17, 18], the direct voltage control scheme has two voltage control
loops only, whereas the cascaded voltage control scheme has two inner current
control loops and two outer stator voltage control loops. If the feed-forward

compensation is not implemented, the direct voltage control has a further advantage
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as no Park transformation on the rotor currents is needed. Because the number of
control loops is reduced by half, the proposed direct voltage control requires less

tuning parameters and is less demanding on the computational power of the

controller.
Vs oo o i
s> P g P!
Vsx iry Vy - Vv
- r - - Yo 7 1Vag ——» Vra
Vsap —pl g7 v ye’ 5 SVM > Vi
* Vsy * Irx Vix * 1 Vic
arg(Voes) | arg(Voes )-por arg(Voes )-por
+ Vv + v

0—>®>» p| %> Pl

Fig. 2.5 Voltage control diagram of cascaded synchronization scheme

A direct torque control scheme is shown in Fig. 2.6 [22]. It is comprised of two
cascaded loops with hysteresis controllers in the inner loops and a switching look-up
table to synthesize the rotor voltage. Even it requires no Park transformation to align
the variables to a common reference frame, the hysteresis switching look-up table
based modulation has drawbacks as there are severe sub-harmonic components with
variable frequencies in the output voltage. In comparison, the proposed direct
voltage control is implemented with a constant switching frequency and has a

relatively simple single loop design.
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Fig. 2.6 Voltage control diagram of direct torque control
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2.5 Conditions of Synchronization

The steady state equations of (2.17) and (2.18) become

Vix = Rrirx _(a)s - pa)r)(Lm + chr)iry

Vry = I:Qriry +(ws — P, )(Lm + Lra )irx'

Rearranging (2.13) and substituting into (2.36) and (2.37) give

)(Lm : Lra)ﬂ

SX *

R
Vyy :L—r/lsy + (o, - po,

m m

Substituting the rearranged form of (2.30) into (2.38) and (2.39) gives

er = Rr Vsy + (a)s — pa)r )Mvsx
L, @y I-m
R, L +L,
ry:_a)SLm st+(a)s_pa)r)( COSLm )Vsy'

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

Since the direct and quadrature stator voltage is the same as the direct and

quadrature grid voltages, respectively, at steady state, the direct stator voltage is the
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same as the grid voltage, while the quadrature stator voltage is zero, because, as
shown in (2.9), the direct component of the grid voltage is equal to the magnitude of
the grid voltage. Furthermore, as the rotor resistance and the product of the
synchronous frequency and the rotor leakage inductance are much smaller than the
product of the synchronous frequency and the magnetizing inductance, (2.40)

becomes

(1- po, o), (2.42)

er = ‘Vg“ﬂ

while the quadrature rotor voltage is zero at or after synchronization.

With SVM, the maximum line-to-line output voltage of the rotor converter is

given by [23]:

—v,. /2 (2.43)

Vrxy

Substituting (2.42) into the (2.43), the minimum DC link voltage required is

Ve = \/E‘\_/gaﬂ(l— P, /a)s)

. (2.44)

(2.44) shows that the rotor voltage required to bring the stator voltage to the
grid voltage is dependent on the rotor speed. The required rotor voltage decreases as
the rotor speed increases from zero to synchronous speed. On the other hand, the
required rotor voltage will increase as the rotor speed increases beyond synchronous
speed. As the rotor converter of DFIG is usually designed to handle a fraction of the
gross power output [17], the DFIG would not generate adequate stator voltage if the

rotor speed is outside its designed speed range.
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In addition to the conditions stated above, the stator voltage and the grid voltage
must have the following quantities equalized before synchronization in order to

minimize the impact to the power system:

® voltage
® frequency

® phase

Since the proportional-integral controllers in Fig. 2.4 adjust the rotor voltage
until the error between the stator voltage and grid voltage is zero, the direct stator
voltage will be the same as the grid voltage and the quadrature stator voltage will be
zero at steady state. Therefore, the voltages and the phases will be equal. As for the
frequency, the stator voltage will have the same frequency as that of the gird voltage
because the stator voltage rotates in a synchronous frame that is aligned to the grid

voltage.

2.6 Simulation Results

The direct voltage control scheme is simulated with Matlab/Simulink. The
machine parameters are given in the Appendices and the controllers are tuned to
have a closed-loop time constant of 0.04 s. The rotor converter is modelled as a
voltage source to simulate the state-averaged operation of the converter. The
A-phase to B-phase grid and stator voltages of the DFIG are shown in Fig. 2.7 at a
rotor speed of 1200 RPM, and the corresponding direct and quadrature voltages are
shown in Fig. 2.8. The grid voltage is applied at time equals to 0.05 s. The stator
voltage tracks the grid voltage rapidly and has its amplitude, frequency and phase

equalized to those of the grid voltage at 0.33 s. Fig. 2.8 shows that the stator direct
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voltage follows the grid voltage and shows a first order response, while the cross
coupling between the stator direct and quadrature voltages are compensated at steady
state as the quadrature voltage converges to zero. The simulation results are very
similar for turbine speeds from 1200 RPM (20 % slip) to 1800 RPM (-20 % slip) as
shown in Fig. 2.7 to Fig. 2.14, respectively. It verifies that the control scheme is

capable of synchronizing the DFIG over a wide speed range.
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Fig. 2.7 Simulated line-to-line voltages during synchronization at 1200 RPM
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Fig. 2.8 Simulated grid, stator direct and quadrature voltages during

synchronization at 1200 RPM
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Fig. 2.10 Simulated grid, stator direct and quadrature voltages during
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Fig. 2.11 Simulated line-to-line voltages during synchronization at 1686 RPM
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Fig. 2.12 Simulated grid, stator direct and quadrature voltages during

synchronization at 1686 RPM
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Fig. 2.14 Simulated grid, stator direct and quadrature voltages during

synchronization at 1800 RPM

2.7 Practical Consideration on Stator VVoltage Acquisition

As SVM is implemented in the control scheme, it operates at a constant
switching frequency and hence is able to offer a controller with very little low
frequency switching harmonics. However, in SVM and other pulse-width
modulation methods, the output voltages of the converter require rapid switching
between either the DC link voltage or zero in every switching cycle. The rotor
voltage is thus comprised of a high frequency component, which is about the
switching frequency, and a low frequency component near zero frequency in the
synchronous reference frame. The effects of high frequency component of the rotor
voltage on the stator voltage can be evaluated from the transfer equation between

them. Substituting (2.24) and (2.25) into the Laplace equation of (2.10) yields
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) L 2.45
"s(L, +L,,)+R (2.45)

v, (s)= (svrX '(s)- @y, (s)

: : L
v, (s)=(sv,,'(5)+ @y, (s))S(L LR (2.46)

Substitution of joo to s gives the high frequency characteristics:

Vo (Joo) /vy, (joo) = Ly /(L + Ly ) (2.47)

v, (joo)/ vy, (joo) = L, /(L + Ly, ) (2.48)

Since the leakage inductance is much smaller than the magnetizing inductance,
(2.47) and (2.48) are near unity. Therefore, the stator voltage will contain high
frequency components of the rotor voltage. The phenomenon is studied using
computer simulation as shown in Fig. 2.15, where a space-vector modulated
three-phase sine wave is applied to the rotor winding. The stator voltage is seen to
contain both high frequency and low frequency components. The amplitude of the

high frequency component is comparable to those of the low frequency components.
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Fig. 2.15 Induced stator voltage with switching rotor voltage

Unlike the rotor currents, the harmonics in the stator voltage cannot be
eliminated by employing synchronous sampling technique, which is commonly used
in current sensing algorithms for motor drives, because the stator voltage is always at
the extremes due to the presence of high frequency components. To eliminate these
harmonics, high frequency capacitors are attached to the stator winding terminals
because the capacitors and leakage inductances of DFIG behave as a low pass filter,
which has a high attenuation to high frequency induced voltages, but not to the low
frequency components. The capacitor must have a small contribution to reactive
power, in comparison with the reactive power of the DFIG, in order to avoid

excessive phase shifts in the stator voltage.
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2.8 Experimental Setup

A test rig as shown in Fig. 2.16 is built to verify the proposed control scheme.

The speed of the DFIG is regulated by adjusting the voltage applied to the coupled

DC machine. The sensors attenuate and convert the voltages into low voltage

analogue signals. The dSpace DS1104 is a prototyping card, which acquires signals

from the sensors and the encoder and processes them with the proposed algorithm

implemented with Matlalb/Simulink at a rate of 2 kHz, which is much higher than

the closed-loop bandwidth to provide satisfactory approximation between the

continuous-time and discrete-time designs. The card then generates the SVM pattern

at 10 kHz for the rotor converter, which controls and switches the voltage applied to

the rotor windings accordingly. The card, together with a personal computer, also

forms a user interface for control and data acquisition.

Personal
Computer

dSpace
DS1104

Fig. 2.16 Experimental setup

2.9 Experimental Results

The grid and stator voltages during synchronization at a rotor speed 1325 RPM

are shown in Fig. 2.17 and Fig. 2.18. The stator voltage follows the grid voltage as

the grid voltage is applied at 0.05 s. They are synchronized at 0.35 s with equal
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amplitude, phase and frequency. Even with the presence of high frequency
harmonics, the stator direct voltage follows the grid voltage and the quadrature
voltage is reduced to zero after the starting transient has lapsed. Similarly, the stator
voltage is synchronized to the grid voltage at the rotor speed of 1686 RPM, as shown

in Fig. 2.19 and Fig. 2.20.
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Fig. 2.17 Line-to-line voltages during synchronization at 1325 RPM

(a) Grid, (b) Stator
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Fig. 2.19 Line-to-line voltages during synchronization at 1686 RPM
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Fig. 2.20 Grid, stator direct and stator quadrature voltages during synchronization at

1686 RPM

To evaluate the harmonic contents of the stator voltage, the line-to-line stator
voltage spectrum is recorded as shown in Fig. 2.21 and Fig. 2.22. The DFIG is
operated at a rotor speed of 1325 RPM and the grid voltage is 380 V. The dominant
peak frequency is at the grid frequency of 50 Hz, the second dominant frequency is
at 1 kHz, half of the sampling frequency. The distortions are very small, and should
have insignificant interferences to the generation equipments. The frequency

spectrum is similar for the DFIG operating at a rotor speed of 1686 RPM.
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2.10 Summary

The chapter presents a single-loop direct voltage control scheme for the
synchronization of the DFIG to the power grid. The derivation of control strategy
from first principles is reported. Comparison with the cascaded scheme is given to
highlight the significance of the proposed scheme that are, namely, simple control
loop design, low demand on computational power, and constant switching frequency
to avoid low frequency switching harmonic distortion. Consideration in respect to
practical implementation is also made to address possible errors arising from
switching harmonics. Simulation results are provided to validate the control
algorithm and to demonstrate the good performance of the proposed algorithm under
different operating speeds. Experimental results, showing good conformance with
the simulation results, prove that the algorithm also performs reliably in a practical
environment, even with the presence of environmental and measurement noises and
disturbances. The results show that the proposed scheme is an effective algorithm to

synchronize the DFIG output to the grid system rapidly over a wide speed range.

38



3 Direct Torgue Control in Grids with
Balanced Voltage

3.1 Introduction

In this chapter, DTC-SVM for DFIGs is proposed to control the operation of
DFIGs for electric power generation. The scheme controls the torque and reactive
power production by processing the feedback variables directly. Being a direct
control scheme, the proposed scheme has a simpler structure when compared to the
conventional FOC method as shown in Fig. 3.1 [33]. Furthermore, the proposed
scheme does not inherit the drawbacks of other direct control schemes, such as the
hysteresis switching operation of DTC shown in Fig. 3.2 [39, 40], and the feedback

of part of the power generated as in DPC [46, 47].
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Fig. 3.1 Stator field oriented control of DFIG
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Fig. 3.2 Direct torque control of DFIG

3.2 Mathematical Model

The topology of DFIG during power generation is shown in Fig. 3.3, which is
similar to Fig. 2.1 but with the stator winding of the DFIG directly connected to the
grid and the stator current acquired. The currents and voltages are transformed to

complex variables with (2.1) to (2.6). The stator flux can be obtained from the stator

and rotor currents:

zsaﬂ = (LSU + I-m )imﬂ + I-mi"AB eXp(JpHr) (31)

The rotor current is than transformed to the stator flux reference frame with

Park transformation:

irdq = iras exp(— j(arg(zmﬁ)— pé. )) (3.2)
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Similarly, the stator current in the stator flux reference frame is derived with

g = 5o XD jarg(Zsas ).

(3.3)

With the same transformations on the stator and rotor voltages, the following

equations describe the operation of DFIG during power generation, in the stator flux

reference frame.

d zsdq

Vsdg = Rsisdq + + ja)sﬂasdq

+ j(a)s - Po, )zrdq

- : dAn
Vrdq = errdq + o

zsdq = stq = ( LSU + Lm)isdq + Lmirdq

Arg = Lyisag + (L, + Ly ireg

Lm

T=— /15 |
L [l
Cl)s stq —
- /15 - I_mir
Q |_w+|_m( . o)

The corresponding equivalent circuit is shown in Fig. 3.4.

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)
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Fig. 3.3 Topology of DFIG during power generation
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Fig. 3.4 Equivalent circuit of DFIG in the stator flux reference frame

3.3 Control of DFIG

The proposed control scheme of DFIG is shown in Fig. 3.5
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Fig. 3.5 DTC-SVM scheme of DFIG system

The scheme is a vector control scheme composing of a reactive power control
loop and a torque loop. The reactive power is regulated by comparing the reference
reactive power Qgrer With the stator reactive power to control the real part of the rotor
voltage vig in the stator flux frame, which is aligned with the stator flux
appropriately. Similarly, the torque is controlled by comparing the reference torque
ret With the generator torque so as to control the imaginary part of the rotor voltage
Vig- The rotor voltage in the rotor coordinate is derived from the corresponding
voltage in the stator flux frame using inverse Park transformation. SVM is used to
synthesize the output rotor voltage from the rotor converter. The reference torque is
derived from the measured generator speed to provide a tracking on the maximum
power and to limit the output power if the output runs into the danger of exceeding

its rated power.

43



To allow proper design of the proportional-integral (PI) controllers, the transfer
equations among the feedback variables, the torque and the reactive power, as well

as the output variables, the rotor voltages, have to be established.

3.3.1  Torque Control

(3.8) shows that the torque is a scaled product of the stator flux and the
imaginary part of the rotor current. In the stator reference frame, the stator flux can

be represented as

Asap = j (Vsap — R.isep)dt (3.10)

With the generator data as given in the Appendices, it is found that the product
of the stator resistance and current is about 4% of the stator voltage at rated
condition. Therefore, as indicated in (3.10), the stator flux is largely dominated by
the stator voltage and will be assumed constant in the following analysis. Moreover,
as the stator winding is directly connected to the grid, the stator voltage and hence
the stator flux cannot be controlled by the rotor converter. In other words, the torque

can only be controlled with the imaginary part of the rotor current.

In the stator flux reference frame, expressing the rotor flux with the stator flux

by substituting (3.6) into (3.7), one obtains:

zrdq = zsdq - LSGisdq + Lmirdq (311)

Substituting (3.11) into (3.5) gives

44



\_/rdq — Rrirdq " d(Asig — Ly, Tsq + Ly irdq)
dt (3.12)
+ J(a)s - pa)r)(Zqu - I—Soi_sdq + Lroi"dQ)

The last term is considered as a feed forward term, in which the difference in
speeds is limited to 20% of the synchronous speed of the machine. The feed forward
term can be interpreted as a negligibly small disturbance which can be compensated
by the controller, because of the small speed difference [67]. As for the second term,
the stator flux is constant and hence the derivative of the stator flux would be zero.

Consequently, (3.12) becomes

- d(_Lso_isdq + Lro_irdq)

Vrdg = R.ivag + " (3.13)
Differentiating (3.6) with respect to time and rearranging the terms yields
disg __ Lm dirag . (314)
dt (L, +L,) dt
Substitution of (3.14) into (3.13) gives
- - d L. L -
Vidg = R lvgg +—| | —="—+ L, [irdq |- 3.15
dg rirdg dt({ LSO_+Lm raJ dq] ( )

Let Lk = LsLn/(Lss+Lm)+Lr, the transfer equations relating the real and

imaginary rotor currents and the rotor voltages become

ird (S) = mvrd (S) (316)

r r
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and

I (S) = R#vrq (s). (3.17)

r + Ser

(3.16) and (3.17) indicate that the real and imaginary rotor voltages are
controlling the real and imaginary rotor currents independently. However, if the rotor
current is selected alongside with the stator flux to form the control loops as in FOC,
a relatively complex coordinate transformation on the rotor current must be
performed. To avoid the need for such transformation, it is proposed that the torque
is to be used to form the control loop. Substituting (3.17) into the Laplace form of

(3.8), the torque can be expressed as

pL. |2
(L, + L, )(R, +sL,)

sdq

7(s)=—

Vo (9). (3.18)

As the dynamics between the imaginary part of the rotor voltage and the torque
is established with (3.18), the proportional-integral controller can be designed. The

controller is described with the following equation

Vi, =K p((z'ref - 2')+ Tij‘(rref - r)dtj +V,(0), (3.19)

where vi4(0) is the initial value of the output voltage which is zero as the transfer
equation between the torque and the imaginary rotor voltage has no offset. To obtain
a first order closed-loop response with a time constant T, the parameters of the

controller are assigned as
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K —(L AL ( SG+1)j -1 (3.20)

m Zqu pT
To|tebn o |1 (3.21)
L, +L, R,

The instantaneous torque is calculated, without Park transformation to the stator

flux frame, as the scaled cross product of the stator and rotor currents:

T= pL (sB rA IsAirB) (322)
3.3.2 Reactive Power Control

Substitution of (3.16) to the Laplace form of (3.9) gives

ﬁvsdq

—(\_ - 3 +sL vrd(s)j. (3.23)

Q.(s) =

Equation (3.23) indicates that the stator reactive power is composed of a
constant part and a variable part. Since the integral action of the proportional-integral
controller compensates for the constant part of the reactive power, the dynamics
between the reactive power and the rotor voltage would rely on the coefficient of the
imaginary rotor voltage only. Hence, the parameters of the proportional-integral
controller can be derived. The implementation of the controller is similar to (3.19),

with the following parameters:

K _[L +L, (5 L +1)] 1 (3.24)
m /lsdq Q)T
Ti — Lso‘ I—m + Lro_ i (3.25)
L, +L, R,

47



The imaginary rotor voltage in (3.19) is replaced by the real rotor voltage, while

the torque is replaced by the reactive power.

To have a smooth transition from synchronization to power generation, the
initial real rotor voltage v,4(0) must be assigned first. Since the reactive power during
the transition must be zero, the initial real rotor voltage is deduced by calculating the
real rotor voltage corresponding to zero reactive power at steady state. Substituting s

=0 and Qs(0) = 0 VAR into (3.23), one has

R —
Vl’d (0) =—r ﬂ/sdq

L

m

. (3.26)

As similar to torque computation, the instantaneous reactive power can be

efficiently computed from

Q. =V, —V_i (3.27)
S sp sa sa'sp

3.4 Simulation Results

The proposed control scheme of DFIG with the parameters given in the
Appendices is simulated in Matlab/Simulink for different operating conditions. The
total inertia of the turbine and generator is 0.292 kgm?. The closed-loop time
constants of both the reactive power loop and the torque loop are 5 ms. The wind
speed is 8 m/s. The turbine characteristics are given in Fig. 1.2. In this simulation,
the torque command is manually input instead of being derived from the generator

speed so as to test the performance of the torque control.
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The responses to a torque step from 0 Nm to -10 Nm at the simulation time of
0.1 s are shown in Fig. 3.6. It is observed that a step change in the reference torque is
tracked by the generator quickly. The torque and reactive power are settled within
0.05 s. Oscillations in the reactive power, when the step change in torque is applied,
come from the cross coupling of the feed forward term in (3.12) and changes in
stator flux. It can be seen that oscillations in the reactive power are compensated by
the controller and it settles to a steady value as the torque stops changing. Even
though the generator decelerates from super-synchronous speed to sub-synchronous
speed, as the magnitude of the generator torque is larger than that of the turbine after
the torque step is applied, the generator torque and reactive power remain roughly
the same at the reference levels. The DFIG generates power continuously subsequent

to the application of the step change in torque.
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Fig. 3.6 Simulated responses to a step change in the torque reference value

(@) Torque, (b) Speed, (c) Stator reactive power
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The speed and torque responses to a step change in the reactive power
reference, from 500 VAR to 1000 VAR at a generator speed of 1600 RPM, are
shown in Fig. 3.7. The reactive power follows the change in the reference and
reaches a steady state within about 0.05 s. The torque oscillations introduced by the
step change in reactive power are dampened by the controller. The simulation results

are very similar for other speeds within +/- 20 % of the synchronous speed.
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Fig. 3.7 Simulated responses to a step change in the reactive power reference

(a) Torque, (b) Stator reactive power

As the thermal insulation class of the DFIG is class B, the operating
temperature of the DFIG is 130 °C [68]. Since the temperature coefficient of copper
is 0.39 %K™ at 20 °C, the winding resistance may vary by 42.9 % over the operating
temperature. To investigate the effects of possible model mismatches, which may

arise from the variations in the operating temperature, on the system performance,
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the parameters of the controller such as the rotor resistance, leakage and magnetizing
inductances are varied. Step changes in the reactive power demand with different
controller parameters are simulated with the responses plotted in Fig. 3.8, the DFIG
is operated at -5 Nm, 1600 RPM throughout the simulation. Although the step
responses vary as the parameters change, they converge to the reference value after

the transients. Therefore, the algorithm is robust against parameter variations.
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Fig. 3.8 Simulated responses to changes in the reactive power reference with

different parameters

3.5 Experimental Results

The experimental setup is shown in Fig. 3.9, which is similar to Fig. 2.16.
However, in the setup shown in Fig. 3.9, the stator winding of the DFIG is connected
to the grid directly and the stator current is sampled, together with the signals from

the rotor current, stator voltage and the encoder, to control the operation of the
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DFIG. The closed-loop time constant is 5 ms, which is much higher than the
sampling period to give a close approximation between the continuous-time and

discrete-time designs.

~

Personal dSpace
Computer| DS1104

Fig. 3.9 Experimental setup

The measured torque and the stator reactive power, in response to a step change
in the reference torque, at the time 0.1 s, are shown in Fig. 3.10. The simulated
responses with the experimental parameters and DC motor characteristics are also
plotted for comparison. The corresponding rotor and stator currents are also shown
in Fig. 3.11. The torque reaches the new reference of -10 Nm within 0.05 s. The
cross coupling between the torque and the reactive power is quickly compensated.
Even the generator slows down from 1680 RPM to 1420 RPM in 0.4 s after the step
is applied, the reactive power and the torque are observed to be following the
reference values, and the generator delivers energy continuously. The experimental
responses are similar to the simulated responses, showing that the experimental
results and the theoretical derivations are coherent. One may notice that the
deceleration of the generator in the experiment is much faster than that in the
simulation shown in Fig. 3.6 because the combined inertia of the generator and DC

motor used in the experiment is lower than that of the turbine and the generator in
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the simulation. It also confirms that the turbine characteristic does not affect the

control of the reactive power and torque of the DFIG.

Torque, Nm

Speed, RPM

Reactive Power,

0 -'\'"”A‘AE Experiment
51 } Simulation
1ol A Reference

_1 5 L 1 (a) | | |
1800
M_A._A._\__\ Experiment
1600 Mo Simulation
1400 e -
1200 : ' ' ' '
(b)
1000 A - 7
500 Experiment
Simulation
o- | Reference
0.0 0.2 0.4 0.6 0.8 1.0
Time, s
(c)

Fig. 3.10 Responses to a step change in the torque reference

(a) Torque, (b) Speed, (c) Stator reactive power
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In Fig. 3.12 and Fig. 3.13, a step change in the reference reactive power is

introduced with a generator speed of 1600 RPM. The reactive power follows the step

and reaches a plateau in 0.05 s. The torque remains unchanged throughout the

period. The experimental results are also in agreement with the simulation results.

54



§ 5 A a4 ¥V AV T
5
>
g 10 Experiment
= Simulation
--------- Reference
-15 '
(a)
%
> 1000F oA 7 = S
> i
o :
o :
.g 500 potran Experiment
‘g Simulation
& ; | | | . Reference .
0.0 02 04 06 0.8 1.0
Time, s
(b)
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The frequency spectrum of the rotor line-to-line voltage of the DFIG operating
with a torque of -10 Nm and a reactive power of 1000 VAR at 1438 RPM are shown
in Fig. 3.14 and Fig. 3.15. The dominant frequencies of the rotor voltage are 2.5 Hz
and 10 kHz, which are the slip frequency and the switching frequency respectively.
The constant frequency employed in the proposed DTC-SVM scheme does not
introduce low frequency sub-harmonics, which are common in conventional DTC
schemes. The corresponding spectrum of the rotor current is shown in Fig. 3.16 and
Fig. 3.17. The rotor current has a single dominant frequency at the slip frequency.
No component at the switching frequency is observed. Similarly, the stator current
has a dominant frequency at the grid frequency of 50 Hz, as shown in Fig. 3.18 and

Fig. 3.19.
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Fig. 3.14 Frequency spectrum of the rotor line-voltage

(frequency span: 500 Hz, probe gain: 200 V/V)
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3.6 Summary

A DTC-SVM control scheme for DFIG has been proposed. The scheme has a
simple structure because of the elimination of the decoupled current control loops
and the doing away of the coordinate transformation. Fast response time is obtained
from the simple structure and direct feedback of the control variables with the
proposed algorithm. In contrast with DTC scheme, the proposed DTC-SVM employs
a constant switching frequency, and hence the generated harmonics and the
switching loss are easily predictable. As DTC-SVM also allows independent control
of its torque and reactive power throughout the operating speed range, stall control
and optimal power control of the wind turbine can be realized readily. Simulation
and experimental results show that DTC-SVM is reliable and practical for industrial

applications.
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4 Direct Torque Control in Grids with
Balanced Voltage and High Source

Impedances

4.1 Introduction

In this chapter, DTC-SVM for DFIGs in grids with considerable source
impedances is investigated. The effects of source impedance on the control and
operation of DFIGs are minimized with the proposed algorithm so as to increase the
robustness of the system. Derivations of the controller structure and the parameters
with internal model control (IMC) design method are discussed. The robustness of
the system against parameter variations and comparison with existing algorithm are

reported to highlight the significance of the proposed algorithm.

4.2 Mathematical Model

The structure of the DFIG system is similar to that in Fig. 3.3, but with the
presence of the source impedance contributed by the power transmission components

such as transmission lines and transformers, as shown in Fig. 4.1.
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Fig. 4.1 Topology of DFIG during power generation with source impedance

(3.4)—(3.9) are also valid for DFIG with source impedance. To approximate the
stator voltage variation, the following equation is included in the mathematical

model [69]:

R, P + o L Q
Vsaﬂ

-85 (4.1)
Vo

‘V gop

The effect of the rotor real power is excluded from (4.1) because the rotor
power is only a fraction of the stator output power [6], and the effect of the real

power on the voltage difference is much smaller than that due to the reactive power.

4.3 Control Strategy

The overall control structure is shown in Fig. 4.2. The reactive power, torque
and the stator flux are processed by the IMC controller to generate the command
rotor voltage, which is transformed into the rotor coordinates and modulated as

switching voltage with SVM.
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Fig. 4.2 Overall control structure

The IMC [70] structure of the DFIG is shown in Fig. 4.3, where G(s) is the

model of the DFIG in the form of

Qi(s)) Vi (8)
(r@)j_GG{wﬁﬁj' (4.2)

The differences between the measured and the estimated torque and reactive
power are computed and compared with the reference inputs to act on the controller.
The controller then computes the rotor voltages accordingly. If the internal model is
the exact model of the DFIG, the difference between the estimated and the real
torque and reactive power will be zero. Consequently, the feedback path to the
controller will be zero and the system becomes an open-loop system. If the controller
is the inverse of the DFIG model, the outputs will follow the inputs immediately.

However, as the controller may generate over-reacted rotor voltage commands at
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high frequencies, a low-pass filter is incorporated into the controller to filter out the
noises. The DFIG transfer equations are derived from the generator characteristics so
as to have a correct internal model of the DFIG and the controller is then designed

accordingly.

Controller DFIG Plant
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I+ Vidg | | |
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| A Y 1 A |
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| i'QSTI | |
| o 11 |
R B R
stq

Fig. 4.3 Internal model control structure of DFIG

4.3.1  DFIG Transfer Equation

As the stator flux is a time integral of the stator voltage as shown in (3.10), the
stator flux will not change abruptly, and it can be assumed to be constant in the
quasi-steady-state [71]. Hence, in the stator flux reference frame, the stator voltage
can be approximated with the stator flux and the synchronous frequency as
zsdq

Vsig % ]

@, . 4.3)

Perturbation of the rotor and stator currents in (3.6) yields the following

equation:

5isdq =—m§irdq (44)
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For a small change in the rotor flux, (3.11) becomes

5zrdq = - L50§i5dq + Lro_é‘irdq . (45)

Substituting (4.4) for the stator current term, (4.5) becomes

5Zrdq = eré‘irdq- (46)

Substitution of (4.6) into the perturbed form of (3.5) gives the following system

of Laplace equation:

&/fd (S) _ Rr + Ser - er (a)s - pa)r) 5ird (S) (4 7)
Ny (5) L (o, - pa,) R, +sL,, ) '
The torque and the quadrature rotor current can be expressed explicitly from

(3.8) to become

L, +L,
me zsdq

g =

T. (4.8)

The equation for the stator reactive power in (3.9) can be rearranged as

_ LSO‘ + Lm

Iy = L —
m (O Lm isdq

Q. (4.9)

Perturbation of the current and reactive power in (4.9) yields

PR o (4.10)
, L lsdq

s—m
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Substitution of (4.10) and the perturbed form of (4.8) into (4.7) gives

&/rd (S) - _ Lsa + Lm ( Rr + Ser - er (a)s - po, ))(6(\)5 (s)/a)sj (4 11)
é‘qu (S) Lm stq er (a)s - pa)r) Rr + Ser 57(5)/ p . '

Hence, the inverse of the internal model of the DFIG becomes

A R +sL, )/ -L - /
G(S)—l __ Lsgi' L, ( ( r S rk) 2 rk(a)s pa)r) p]. (4.12)
Lm ﬂsdq er (a)s - pa)r)/ws (Rr + Ser)/ p
(4.12) can be decomposed into
G(s)* = D(s) +W (s). (4.13)

The diagonal component and the off-diagonal component are as shown below:

D(S): _ LSO’i_ Lm ((Rr + Ser)/ (28 0 J (414)
Lm /,Lqu O (Rr + Ser )/ p
—L _
W(s)=—te=thn 0 o—pa)ip) o
I‘m ﬂ“qu er (a)s - pa)r)/a)s 0

4.3.2 Internal Model Controller

To identify appropriate control pairs between the inputs and outputs, the RGA

for the transfer equation has to be evaluated. The RGA of (4.12) at zero frequency is
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Since most DFIGs operate at around their synchronous frequencies [10], the
product of the rotor speed and number of pole pairs may be close to the synchronous
speed, and the difference between them are nearly zero if this is the case. Therefore,
the RGA may become an identity matrix in the normal speed range of DFIG. The
RGA, which is evaluated as an identity matrix, indicates that real part of the rotor
voltage interacts closely with the reactive power, while the imaginary part of the
rotor voltage interacts closely with the torque. As a result, the reactive power should
be regulated by controlling the real part of the rotor voltage, and the torque is

controlled by altering the imaginary part of the rotor voltage.

As mentioned in section 4.3, the internal model controller is comprised of the

inverse of the internal model and a low pass filter as

C(s)=L(s)G(s)?, (4.17)

where the number of poles of the low pass filter should be larger than or equal to the
number of zeros minus the number of poles of the inverse of the internal model for
the controller to be practically realizable. Since the inverse of the internal model is a
multi-input multi-output matrix and the off-diagonal elements of the RGA may
approach zero, the off-diagonal component of the inverse of the transfer matrix is to
be compensated as a feed-forward term to reduce the complexity of the controller.
The controller design hence involves the diagonal terms only. As the diagonal terms

include first-order zeros, the minimum order of the filter will be one. In other words,

L(s) L (l Oj. (4.18)

TsT,+1(0 1
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4.3.3 Realization of the Controller

Practical implementation of the IMC involves computations for the internal
model and the controller as shown in Fig. 4.3, and it can be reduced to a simpler

form as shown in Fig. 4.4. F(s) can be described with

F(s)=(1-C(s)D(s)*) "c(s). (4.19)

Substitution of (4.14), (4.17) and (4.18) to (4.19) yields

1 L. +L (Yo, O
F(s)=——(R, +sL, )—o=—"| " , 4.20
()= (R s ) [ 0 Up] (4.20)

which is a first order transfer equation and can be realized with a general
proportional-integral controller. Even the stator flux is assumed constant in the
quasi-steady state, it will change as the grid voltage varies and the power flow
between the DFIG and the grid varies. Therefore, adjustments to the proportional
part of (4.20) have to be made according to the magnitude of the stator flux, as

calculated from the following equation:

zsdq = \/((LSO— + Lm )isA + I-mirA)2 + ((LSG' + I‘m )isB + I-mirB )2 (421)
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4.3.4  Disturbance Rejection
The supply voltage with disturbances can be expressed as v, +\;sd and

Vi, +Vsq. The stator currents with disturbances will be i, +iw and iy +is. The

stator reactive power can be expressed as

Q. +Q, = (vsq Ve )(isd i j —(vsd Ve j(isq + qu . (4.22)

By ignoring the product between the disturbance terms, which should be small,

the disturbance in the reactive power becomes

és = (Vsq isd + isd \N/sq)— (Vsd Esq+ isq \;sdj . (423)

Therefore, the disturbance in the supply voltage and the stator current will
become disturbance in the reactive power. With reference to Fig. 4.4, if the

feed-forward term W(s) completely compensates the off diagonal term in G(s)™ and
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the gain of the controller is correctly adjusted in conjunction with the stator flux, the

transfer function between the reactive power and its disturbance becomes
S
«Q__ s (4.24)

As a result, the DC components of the disturbance will be completely rejected,
but the attenuation of the disturbance will decrease as the frequency increases. Since
the reactive disturbance will be of finite amplitude and will not be amplified by the
control loops, the DFIG will be stable regardless of the influence due to the

disturbances.

Similarly, the torque disturbance can be expressed as

= me[(isq oty qu —(isd g o D . (4.25)

As the control loop design for the torque is similar to that for the reactive
power, the performance of the controller in rejecting the torque disturbances will be

the same.

4.3.5  Comparison with Existing Control Algorithm

In contrast to the FOC approaches employed in [32, 33], the proposed algorithm
is comprised of a reactive power control loop and a torque control loop; whereas the
FOC requires two current control loops for the currents in parallel and perpendicular
to the stator flux, and there are also two outer loops in FOC to individually regulate

the real and reactive power. The response time of FOC is relatively long, because the
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outer power loops must have a settling time longer than that of the inner current loop
to ensure the overall control loop is stable [72]. For instance, the current loop
settling time in [33] is tuned to 40 ms; while the settling time of the outer power loop
is tuned to 70 ms, and this explains why it is commented as ‘a slower power control
loop’ in [32]. Furthermore, in the proposed algorithm, only two coordinate
transformations are needed; one to change the stator current to the rotor reference
frame for stator flux and torque calculation, and another one to change the rotor
voltage command from the stator flux reference frame to the rotor reference frame.
However, in FOC [33], two additional transformations are required: one to align the
rotor current to the flux frame, and another one to align the stator current to the flux
frame for the computation of real and reactive power. The proposed single loop
approach could have disturbance rejection that is comparable with that of the inner
loop of FOC, if the closed-loop setting time is tuned to be the same as that in the
inner loop of the FOC. This is because the disturbance rejection is mainly related to
the closed-loop settling time [70]. Another feature of FOC, which is to impose a
current limit, can also be realized in the proposed algorithm as the generator power

limit can be derived from the current limit [33].

As for DTC [39], even though it utilizes feedbacks of torque and flux to
eliminate the need for coordinate transformation, it still needs one transformation to
calculate the rotor flux. DTC also possesses an outer control loop to regulate the
reactive power, while the proposed algorithm requires a single loop to control the
reactive power. Besides, both DTC and DPC [43, 46] suffer from similar drawbacks
of hysteresis control, such as variable switching frequencies, current and torque

distortions from the sector changes in the rotor voltage, and the need for a high
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sampling frequency with limited steady state accuracy [42]. However, these
undesirable features are eliminated in the proposed algorithm because of the use of

constant switching frequency.

In DPC with constant switching frequency [47], deadbeat controller instead of
hysteresis controller is used, and the stator real and reactive powers are used as
feedback variables. The stator power, which can be measured easily, is a fraction of
the full output power of the DFIG, whereas the remaining fraction of the full output
power will flow between the DFIG and the grid through the rotor winding and the
power electronics converters. However, to control the speed of the generator, the
generator torque or the full output power by the DFIG has to be controlled, instead of
the stator power alone, because the speed of the DFIG is dependent on the net torque
difference between the turbine and the DFIG, or the power difference between them,
divided by the turbine speed. As the conventional control algorithm of DFIG uses the
stator output power, which is a fraction of the full output power, as the feedback
signal, whereas the feedback signal of the proposed algorithm is the generator
torque, which is readily computed using measured currents and inductance, it is
obvious that the proposed algorithm is simpler for speed control in terms of

implementation.

4.4 Simulations Results

A simulation environment in Matlab/Simulink is set up with the parameters as
given in the Appendices. The designed closed-loop bandwidth is 200 Hz. The
per-phase source inductance of 0.0497 H, or 15.6 Q at 50 Hz, in the experimental

setup is much larger than that in real practice so as to test the operation of the DFIG

71



in extreme conditions. In Fig. 4.5, the generator operates initially at 600 VAR, 1400
RPM and generates a torque of -4 Nm, while the grid voltage is 380 V and the stator
voltage is 350 V. Subsequent to a step change in the reactive power reference to
1000 VAR at 0.2 s, the reactive power reaches the reference within 0.02 s with an
overshoot of 40 VAR. The torque oscillates slightly with an amplitude of 0.15 Nm.
During the same period, the voltage drops to 330 V, due to an increase in the voltage
drop across the transmission line because of changes in the reactive power. It can be
seen in the figure that the transients are over at the simulation time of 0.25 s and the
system reaches a new state of equilibrium. The overshoot and the torque oscillations
are attributed to changes in the stator flux, which are compensated by the controller.

The speed is constant at 1400 RPM throughout the simulation.
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Fig. 4.5 Simulated responses to a change in the reactive power reference

(a) Reactive power, (b) Torgue, (c) Stator voltage
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The effects of a step change in the torque are shown in Fig. 4.6. From start to
0.2 s, the torque is 0 Nm, and the generator accelerates as the turbine supplies power
to the generator. At 0.2 s, the torque reference decreases from 0 Nm to -8 Nm.
Oscillations with an amplitude of 72 VAR are present in the reactive power while the
torque undershoots the reference level. From 0.2 s to 1.0 s, even the rotor speed
decreases from 1530 RPM to 1480 RPM, it can be seen that the reactive power and
torque are remaining at their respective references. Unlike the simulation for the case
that studies a change in the reactive power reference, the stator voltage in this

simulation stays at 340 V, as there is no change in the reactive power.
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Fig. 4.6 Simulated responses to a change in the torque reference

(a) Reactive power, (b) Torque, (c) Rotor Speed

To investigate the effects of model mismatch, which may arise from the

variations in the operating temperature, on the system performance, the parameters
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of the controller such as the rotor resistance, leakage and magnetizing inductances
are varied. By assuming that the feed-forward term W(s) in (4.13) perfectly matches
the plant parameters, the transfer equation between the stator reactive power and the

direct rotor voltage becomes

Q.(s) L.

_ L L AR L
GQ 1(5) — Vig (S) — ( so T mz)(d ra)+ S rk) (426)
sdq [0

If the controller F(s) in (4.20) is designed with mismatched parameters, the

mismatched controller F,(s)' for the stator reactive power control is

Vi (s) 1 L, +L,"
Fo(s)'=—¢ — —— (R, +sL, ) (4.27)
° eref (S)_Qs (S) STcI ( ‘ ) Lm' ﬂsdq I [OR

Further assume that the magnetizing inductance is much larger than the leakage

inductances, the product of the controller and the plant transfer equations becomes

(GRS

Gy (S)F,(9)'= —. (4.28)
T STL(R, sl A
The corresponding closed-loop transfer equation is
G, (S)F, ()" R "+sL,, '\ As
Q(s) _ Go()Fe(s) _ ( s (4.29)

Quer (5)  1+Go()Fo(s)  sT, (R, +sL, )(stq \ +(R, sk, ')(stq '

As the real part of the roots of (4.29) is negative for positive parameters, the system
is always stable, despite the parameter mismatch may generate over-damped or

under-damped transient step responses.
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Step changes in the reactive power demand with different controller parameters
are simulated with the responses plotted in Fig. 4.7. The DFIG is operated at -4 Nm,
1400 RPM. With parameters of both the resistance and inductances being halved or
doubled, the step responses of the controller are similar to those with matched

parameters, and there are unnoticeable changes in the rise times.

This is because the time constant of the controller is the same as that of the
DFIG, hence the variations affect the closed-loop bandwidth only. With the
parameters of double resistance and half inductances, the step change introduces a
220 VAR overshoot of the reactive power with oscillations at 30 Hz; while an
under-damped response is obtained with parameters having half resistance and
double inductances. The changes in shape of the responses are arising from a shift in
the location of the zero contributed by the controller. For all controller parameters,
the reactive power reaches the reference value within 0.3 s after a step change in the
reference at the simulation time of 0.2 s. The torque oscillations and stator voltage
changes during the reactive power transients are similar to those in Fig. 4.5. The
effects of model mismatches on the torque step responses are similar to those on the
reactive power step responses, and will not be repeated here. As the DFIG has stable
operation even with large variations in the controller parameters, the control

algorithm is robust with respect to plant model mismatches.

The effects of source impedance on the system stability and dynamics are
shown in Fig. 4.8. Despite the source impedance varies from 0.0497 H to 0 H, and
the stator voltage fluctuates because of the variation in the source impedance, the

dynamics response to step changes in the reactive power are similar.
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4.5 Experimental Results

The experimental setup is similar to the setup in Fig. 3.9, but with an inductor
connected between the DFIG and the grid to emulate the source impedance of the

grid as shown in Fig. 4.9.

Personal dSpace
Computer| DS1104

Fig. 4.9 Experimental setup

The reactive power, torque and stator voltage responses subjected to a step
change in reactive power are shown in Fig. 4.10, whereas computer simulation with
the experimental settings are also shown for references. The corresponding current
waveforms are shown in Fig. 4.11. The rotor speed is 1430 RPM. The initial reactive
power reference and the torque reference are 600 VAR and -4 Nm respectively. The
reactive power reference increases from 600 VAR to 1000 VAR at the time 0.2 s.
The reactive power follows the change and reaches the reference at the time 0.23 s
without noticeable overshoot. Even the stator voltage is reduced from its initial value
of 360 V to 340 V as the reactive power demand changes, the torque remains at -4
Nm. Despite the torque and reactive power ripples, which are attributed to the
flexible mechanical coupling linking the DC motor and the DFIG, the experimental

and simulation results are matched.
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To study the torque step response, a step change in the torque reference from 0
Nm to -8 Nm is applied at the time 0.2 s as shown in Fig. 4.12, with current
waveforms shown in Fig. 4.13. The stator voltage is constant at 350 V because the
reactive power remains unchanged at 800 VAR. The generator torque tracks the
reference torque quickly and settles at the time 0.23 s. The speed of the DFIG
decreases gradually from 1600 RPM to 1400 RPM as the magnitude of the torque
increases, until the motoring torque of the DC motor is equal to the generator torque
at the time 0.53 s. The simulation results with the DC generator characteristics are
similar to the experimental results. The deceleration of the DFIG is more rapid than
that in the computer simulation as shown in Fig. 4.6, because of the low inertia of the
DFIG and the DC motor, as compared with the inertia of a realistic wind turbine in
the simulation. It shows that the algorithm is independent of the turbine
characteristics. Despite the rapid deceleration, the torque and the reactive power
reach the references from the time of 0.24 s onwards. The change in ripple
frequencies of the reactive power further confirms that they are from the mechanical
coupling. It is because as the speed decreases, the ripple frequencies decrease and the
magnitudes increase, which are characteristic features arising from mechanical
oscillations due to coupling. The principle behind is that the stator and rotor current
harmonics are dependent on the slip. Hence, the speed of the DFIG, which is
dependent on the slip, affects the current harmonics as well [73]. It is worth noting
that the harmonics and the speed ripples cause beating in the stator current which
gives rise to fluctuations in the torque and reactive power [74]. The torque and
reactive power spectra show that the magnitudes of the ripples are less than 2% of

the zero frequency components.
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Fig. 4.14 to Fig. 4.17 show the frequency spectra of the stator and rotor currents
when the DFIG operates at 1419 RPM, -8 Nm, and 800 VAR. For the stator current,
the dominating current component is at the operating frequency of the grid; whereas
for the rotor current, the most prominent component is at the slip frequency of 2.5
Hz. The unique peak frequencies in the spectra imply low harmonic distortions
generated by the DFIG. The corresponding waveforms of the phase A currents are
plotted in Fig. 4.18. No noticeable switching current ripples are found in the spectra
of both currents. The shape distortion of the fundamental components of the rotor
current is from the non-linear magnetizing characteristic of the DFIG. Comparing the
experimental waveforms with the simulation waveforms from DTC [39] with ideal
supply voltage and DFIG characteristics, the current harmonic distortions from the
experimental results is lower than that from DTC, and is of lower frequency. It is
because the distortions in the experiment are from non-ideal characteristics in a
realistic situation, while those in DTC simulation are contributed by the hysteresis

switching of the controller.
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Fig. 4.18 Waveforms of the measured phase A currents

(a) Stator, (b) Rotor

4.6 Summary

The torque and reactive power control algorithm for DFIG has been presented.
The algorithm makes use of direct feedback and control of torque and reactive
power. Since only one control loop is necessary for each control variable, the tuning
is simpler than those of the multi-loop design. Furthermore, a reduction in the
number of control loops reduces the response time and computational requirements
of the DFIG system. The internal model control method provides an in-depth
knowledge based on the operation of the DFIG and forms the basis of tuning.
Comparison with existing algorithms shows that the proposed algorithm does not
inherit drawbacks of either of them. The computer simulation verifies that the
algorithm is capable of independently controlling the torque and reactive power,

even in the presence of large source impedance and changes in rotor speed. The
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robustness of the algorithm is verified as the DFIG operates stably despite there are
large variations in the controller parameters. Experimental data have a high degree of
conformance with those obtained from simulations and theoretical derivations. The
mechanical oscillations as observed in the experiment do not affect the performance
of the algorithm either. The low distortions in the rotor and stator currents indicate
that the switching operation of the converter does not introduce switching harmonics

to the grid, therefore no harmonic filters are required.
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5 Direct Torgue Control in Grids with
Unbalanced Voltage

5.1 Introduction

In this chapter, torque and reactive power controls for both positive and
negative sequence components of DFIG are developed to formulate a direct control
scheme. As the positive and negative sequence components of the torque and
reactive power are extracted and independently regulated, the scheme can realise
different objectives, such as minimization of reactive power and torque ripples, or

minimization of stator real power ripples.

5.2 Mathematical Model

As the neutral point of the DFIG is not connected to the external grid, the zero
sequence component in the stator voltage will not affect the operation of the DFIG
and hence will not be considered in the following analysis. With the Clark
transformation defined in (2.4)—(2.6), in the stator reference frame, the unbalanced

stator voltage includes a positive sequence vector and a negative sequence vector:

gsaﬂ = \_/s+aﬂ +gs—aﬂ ’ (51)

whereas the sequence components are defined as complex values rotating in opposite

directions:

\_/S+aﬁ == \_/s+ejwSt (52)
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gs—aﬁ' = \_/s—eijwst (53)

As the stator flux is essentially a time integral of the stator voltage as shown in
(3.10), the stator flux in the stator reference frame can also be expressed as the sum

of two rotating vectors:

zsaﬁ = stzﬁ + Zs—aﬂ (54)

A stator current is assumed to possess both positive and negative sequence

components as shown in the following equation:

isaﬂ = is+aﬂ + is—aﬂ (55)

In the positive sequence stator flux reference frame, the following space vector

equations describe the relationship among the positive sequence variables:

zs+dq = /_13+dq = (LSG + Lm )is+dq + Lmir+dq (56)
szq = Lm is+dq + (Lm + Lm )ir+dq (57)
\_/s+dq = Rsierdq + dﬁ«s+dq + ja)515+dq (58)

d zwdq .

Vr+dq = Rrir+dq + + J(C()S - pa)r )/1r+dq (59)

The equivalent circuit is shown in Fig. 5.1.
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is+dq RS LS(T Lrn Rr i

gs+dq@> Lm \_/r+dq

jo, (Lyireaa + (Lo, + Ly Jissan) 3@, = P, MLy, + Ly fiesa + Lyiicac)

Fig. 5.1 Positive sequence equivalent circuit of DFIG in the flux reference frame

Equations (5.6) and (5.7) are also valid for the negative sequence current and
flux in the negative sequence stator flux reference frame. However, the voltage
equations in the negative sequence frame are different from those of their positive
sequence counterparts because the positive and negative sequence frames are

rotating in opposite directions:

Vsdg = Ryis aq + dist‘dq — jo, As-dg (5.10)
Vesa=Riir o+ 3 4 i b Vs (5.11)
The equivalent circuit is shown in Fig. 5.2.
is aq R Lso Le  Re g
\_/s—dq Lm \_/r—dq

- jo, (Lmir—dq +(L, +L, )is—dq) (o, - po, )((Lrcr + L, Jirdg + Lmis—dq)

Fig. 5.2 Negative sequence equivalent circuit of DFIG in the flux reference frame
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The stator side apparent power can be expressed as the product of the stator

voltage and the conjugate of the stator current:

—% —% —% -

S s = ngﬂ isgﬂ = Vg4 is+ + Vs—is— +Vs- | s+e—j2wst + Vst is—e 20 (512)

Alternatively, substituting the voltage and currents by their respective flux

reference frame counterparts gives

— —% —*

- oo v X S V7 NS  TOX S V7
Ss :V5+dq|s+dq +stdq|squ +stdq|s+dqe 146% eJ - +Vs+dq|squej @ e 145+ ,(513)

*

where ZA,, is the difference in argument between the negative and positive

sequence components of the stator flux:

£, =arg(As-) —arg(s:) (5.14)

The electromagnetic torque is the cross product of the stator flux and the stator

current:

T=— Im(zsaﬁi:aﬂ )p

(5.15)
S A T A F S U N
Expressing (5.15) with the stator flux frame variables yields
T=- |m(Zs+dq is+dq + zs—dq is—dq + (516)

— —* — —* *
H -j2ot 4 jZ H 2ot A—jZL
2«5—dq|s+dqe ]2 e] j's+— +ﬂ«s+dq|s—dqej (2 e ] }~s+—)p
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5.3 Controller Design

Similar to the control objective of DFIG controllers in balanced grids in
Chapter 3 and Chapter 4, the most common and primary control objective of DFIG
controller in an unbalanced grid is to regulate the stator reactive power and torque.
The second objective is to minimize ripples in the stator real power, reactive power,
or torque arising from unbalance in the grid voltage. As indicated in (5.12) and
(5.15), terms having complex exponents contribute to ripples at twice synchronous
frequency in both power and torque. Coefficients of the complex exponent terms in
(5.12) and (5.15) comprise of the positive sequence and negative sequence
components of stator voltage, stator flux, and stator current. As the positive sequence
current is related to the primary objective, the controller can only minimize the

power or torque ripples by regulating the negative sequence stator current [63].

For both positive and negative sequence components, in their respective stator
flux reference frames, the stator flux has real parts only. By assuming that the
products of the stator currents and resistances are small in (5.8) and (5.10), when
compared to other terms, the stator voltages have imaginary parts only at steady

state:

\_/s+dq = ja)s Zs+dq (517)
Vosa == O[] (5.18)

A positive sequence reactive power Qs is defined as
Qs+ = Im(gsmq i;dq ) (519)
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It can alternatively be defined in terms of the stator frame variables as

Q., = ImfVcapivean ). (5.20)

Substituting (5.17) into (5.19), the positive sequence reactive power becomes

Qs+ = Wy ﬁvs+dq

(N (5.21)
A positive sequence torque is defined as the cross product of the stator flux and

current:

7, =~ Im{Zessaisnaa)p (5.22)

which is equivalent to

r, =— |m(15+aﬂi;aﬁ )p . (5.23)

As the stator flux in per se reference frame has real part only, the torque can be

derived as

7, = P Assaalic.q (5.24)
Similarly, by defining a negative sequence stator reactive power Qs. as
Qs— = |m(\_/s—dqi:—dq ), (525)

or equivalently,
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YR v | (5.26)
then by substituting (5.18) into (5.25), the negative sequence stator reactive power

becomes

Qs— =~ As-dq

i . (5.27)

Moreover, the negative sequence torque can be defined as

r =— |m(15_aﬂi;aﬁ )p . |m(Zs_dq e g )p , (5.28)

which can be derived as

ﬂ/s—dq

r=p (5.29)

ig_q -

As the real and imaginary parts of the stator currents are proportional to the
stator reactive powers and torques, the second objective of minimizing the stator real
power, reactive power, or the torque ripples can be realized by regulating the

negative sequence stator reactive power and torque.

Fig. 5.3 shows the overall control system of the DFIG. Park transformation is
performed on the rotor current to change the rotor current from the rotor reference
frame to the stator reference frame. The positive and negative sequence components
of the stator voltage, stator current, and rotor current are then extracted for the
computation of the positive and negative sequence reactive power, torque, and flux
angle. The reactive power and torque are compared with their reference values,

whereas the negative sequence reference values are derived from the positive
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sequence reference values and the ratio of the magnitude of the positive sequence
flux to the magnitude of the negative sequence flux. The proportional-integral
controllers and the integral controllers are used to compute the required rotor
voltages from the differences between feedback and reference values. The sum of the

positive and negative sequence voltages is modulated with SVM to act on the rotor

winding.
Vsab Vsbe isa' isb ira1 irb 9,»
v
3/2 Pole Pairs
v
3/2 3/2 e |«
v v v
Positive and Negative
_Sequence ExtracEion v
Vs+—ap i s+—af i r+—af > Stator
v v v v » Flux Angle
Reactive Torque P o
Power Calcu?ation arg(Asvap)| - |arg(As-as)
Calculation s T
Qs+ Qs. »  Feed
» Forward
A 4
. +
+ 1
| Vriig Y+
T+ > + X
»>1o Pl o

v 7' y Qs-ref v- Vrq
Ripple —— e Integralg.
L T v - Vi
Minimization ref »@—»| Integral,. 2
+

Fig. 5.3 Direct torque control system for DFIG with voltage unbalance

53.1  Ripple Minimization

Terms with exponents in (5.16) contribute to torque ripples from the negative

sequence components. The torque ripples zripple Can be expressed as

T = — Im(zS—dq is+dqe_j 2ws'[e 1% + 15+dq is—dqejzwste_jliwf ) p . (530)

ripple
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Expanding the exponents, the torque ripple terms become

Zs—dq iS+d Sin(— 2a)st + 42«5+_)+ 15+dq iS—d Sln(2a)st - Lﬂ«s+_)

Tripple = _(

_ (5.31)
ls—dq

COS(— 2@t + £ A, )~ |Asiaalis_q COSQart — ZA,,_))p

|s+q

There are no ripples if i) the coefficients of the first two terms are equal, and ii)
the coefficients of the last two terms are equal in magnitude and opposite in sign.
Equating the coefficients of the first two terms of (5.31) yields

ﬂ«s+dq

is—dq

i, (5.32)

|s+d

Multiplying both sides with the positive sequence stator flux, negative sequence

stator flux, and the synchronous frequency, and rearranging, (5.32) becomes

[OX Zs+dq is+d = qzsmq /Zs—dq ‘)20)5 zs—dq is—d . (533)

Substitutions of (5.21) and (5.27) into (5.33) gives

Q= —QZW / Zsqu\)zQs, : (5.34)

By defining a negative sequence ratio n.. as the ratio of the magnitude of the

negative sequence flux to the magnitude of the positive sequence flux

ls—dq ‘

ﬂs+dq

n =

+—

, (5.35)

the required negative sequence reactive power becomes
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Qs = _nf—Qs+ . (536)

If the coefficients of the last two terms of (5.31) have the same magnitude, but

opposite in sign, they become

ﬂ«s+dq

ﬂ«s—dq

i,y =~ Zealic (5.37)

Multiplying both sides with the positive sequence stator flux, negative sequence

stator flux, and the number of pole pairs, (5.37) becomes

I 7 A0 7

ﬂvs+dq

i, (5.38)

p

Substituting (5.24), (5.29), and (5.35) into (5.38), the relationship between the

negative and positive sequence torque for minimal torque ripples becomes

r =-nz,. (5.39)

Therefore, (5.36) and (5.39) define the conditions for minimal torque ripples

from unbalanced voltage.

As for the reactive power ripples Qs ripple, they can be expressed as the

imaginary parts of the last two terms of (5.13):

— —%

T 2t LA - P20t A— L2
eripple = Im(VS—dq|5+dqe Jeostgdedse -I-Vs+dq|s—dqeJ @ste™) 5*’) (540)

Substituting (5.17) and (5.18) into (5.40) and expanding, the reactive power

ripples become
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As-daig,q SiN(= 20t + ZA,, )+ |Asraqiy_q SiN(20,t — £ A, )

eri e = We\—
e =5 { (5.41)

ﬂs—dq

Is+q

i, COS(—2mt + LA, )+|Assaqi,_q 0820t — ZA,, )

To obtain no ripples, the coefficients of the first two terms of (5.41) should be
equal, which is the same as (5.37), and the coefficients of the last two terms of (5.41)
should be equal but with opposite sign, which is equivalent to (5.32). Therefore, the
conditions for minimal reactive power ripples are the same as the conditions for

minimal torque ripples, as given in (5.36) and (5.39).

Similarly, the expression for the stator real power ripples Ps rigpie 1S the real parts

of the last two terms of (5.13):

P =Re(vs,dqismqe-j“}st 1k +vs+dqis,dqe“ws‘e-ww) (5.42)

sripple €

Replacing the stator voltages with (5.17)and (5.18), (5.42) becomes

Zs—dq iS+d Sln(— Zwst + 4/1“7)— Zs+dq iS*d Sln(za)st - 4//{«5+7)

. (5.43)

Ps ripple = a)s(

ﬂ«s—dq

_ ' i, COS(2at — £ A, )

cos(—2m,t + £A,,_)+|Asiq

|s+q

For minimal stator real power ripples, the following two conditions have to be

fulfilled:

ﬂvs+dq

ﬂs—dq

I 4 (5.44)

g =~

is#—dq

ﬂ«s—dq

i, (5.45)

IS+C|
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As (5.44) and (5.45) are similar to (5.32) and (5.37) respectively, but with
opposite signs on their right hand sides, the following conditions for minimal stator

real power ripples can be similarly derived:

Q. =nZQ,, (5.46)
r =n2z, (5.47)

53.2 Positive and Negative Sequence Extraction

The positive and negative sequence components of the stator voltage, stator and
rotor currents have to be extracted for the subsequent computation of the positive
sequence and negative sequence stator reactive power, torque and flux. The
extraction method is based on [75], but without the need to have harmonic and zero
sequence detections. To perform the sequence component extraction, the stator
voltage defined in (5.1) is firstly delayed for one-fourth of the fundamental period:

(t-7120,)

Vsapso = Vs +vs g Jesltori2e) (5.48)

The sum of the original stator voltage and the product of the delayed voltage

and j becomes

Veap + jVsapao = (vs+e""’5t +v57e*""’5‘)+ j(vs+e"”s(”’2“’s) +vsfe*"“’5(‘*”’2‘”s)), (5.49)

which can be simplified and rearranged to yield the instantaneous positive sequence

stator voltage:

65+aﬂ = (gsaﬁ + jgsaﬁgo )/ 2 (5.50)
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Hence, the positive sequence stator voltage component rotating in the stator
frame can be computed from the instantaneous and delayed stator voltages.
Similarly, the difference between the original stator voltage and the product of the

delayed voltage and j becomes

Voap — [Vsapso = (Vs @9 4571 )= j(vs eI (720) Ly, grietri2e)) - (5 1)

Simplifying (5.51) gives the instantaneous negative sequence stator voltage:

Vsap = (\_/saﬁ — jVsape0 )/ 2 (5.52)

The scheme shown in Fig. 5.4 is used to extract the positive and negative
components of the stator voltage. The scheme is also applied to the stator and rotor

currents in the stator frame.

\Y

Sa

v Re > 1]v
\Y vV S+ o -
saf Im sp ?; > Frﬁ—bvswzﬂ
Delay M+ Vo |
M (20) >+
>+ sta =N —
> Delay >+ 7Fni—>Vs—aﬂ
7l(2s) S|V, , i

Fig. 5.4 Extraction of positive and negative sequence components

5.3.3  Control of Sequence Components

As equations governing the positive sequence components, as shown in
(5.6)-(5.9), (5.19) and (5.24), are the same as (3.4)-(3.9), the control strategy
developed in Chapter 4 can be used to control the positive sequence component

reactive power and torque. However, the control of the negative sequence
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components is different from that of the positive sequence components. With the
derivation of the transfer equation similar to that shown in section 4.3.1, the

following equation for the negative sequence components can be obtained:

Rr + Ser _ er (a)s + pa)r)

Ny (S)) L, +L, o p R, (s)
e s (553)

8y () L[Tew||  Lul@ctpo)  Reotsby, | or(s)

Wy p
The corresponding RGA at zero frequency is
R 2 2 L 2
> l > > r ) , (a)s + pa)zr) rk ] (554)
Rr + (a)s + pa)r) er (a)s + pa)r) er Rr

Substituting the parameters as listed in the Appendices into (5.54), the
numerical result of the RGA is computed for the DFIG operating at synchronous

frequency as

0.0381 0.9619
( ] . (5.55)

0.9619 0.0381

Similar results would be obtained if the DFIG operates at other rotor speeds in
the vicinity of the synchronous frequency. Unlike the RGA for the positive sequence
components, the off-diagonal elements are much larger than the diagonal elements
for negative sequence components. It implies that the negative sequence reactive
power interacts closely with the imaginary part of the negative sequence rotor
voltage, while the negative sequence torque and the real part of the negative
sequence rotor voltage are strongly correlated. Therefore, the negative sequence

reactive power should be controlled by the imaginary part of the negative sequence
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rotor voltage, and the torque should be controlled by the real part of the rotor
voltage. As the off diagonal elements in (5.53) have no transient terms, the integral
controllers implemented in accordance to (5.56) and (5.57) would give rise to first

order closed-loop step responses.

LI’ (a)S + pa)l’ XLSO' + Lm)
Vr_q - Lm ZS—dq COSTC| I(QS‘rEf B QS‘ )dt (5'56)
=— er (a)S + pa)r )(LSO' + Lm) . 5.57
Yr-d L, Zs—dQ‘ pT, J.(T_ref - )dt >0

(5.26) and (5.28) are used to compute the negative sequence reactive power and

torque from the voltage, current and flux in the stator reference frame.

5.4 Simulation Results

The proposed scheme is simulated with Matlab/Simulink. The DFIG, with
parameters as listed in the Appendices, operates at 1400 RPM with phase A and
phase B voltages at the nominal values. The phase C voltage is reduced to introduce
an unbalanced three-phase voltage source with a negative sequence ratio of 0.1. The
closed-loop time constant of the control loops is 0.05 s. The simulation results with
torque and reactive power ripple minimization are shown in Fig. 5.5. The reference
torque and reactive power are the values of the positive sequence references, while
the measured values are the instantaneous values calculated with (5.12) and (5.15).
Throughout the simulation, the torque remains at the reference value of -4 Nm with
no ripples. The average value of the stator real power is -580 W and the amplitude of
the power ripples at twice synchronous frequency is 232 W from the simulation time

of 0 s to 0.5 s. The reactive power follows the step change in the reactive power
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reference from 1000 VAR to 600 VAR at the simulation time of 0.5 s. The reactive
power possesses no ripples in the simulation. As indicated in (5.21) and (5.27), the
reactive power is dependent on the real part of the stator current, which contributes
to the stator real power ripples as the first two terms in (5.43). Therefore, the
amplitude of the stator real power ripple is reduced from 232 W to 171 W when the

reactive power decreases from 1000 VAR to 600 VAR.

Simulated
0 | Reference

(@)

Torque, Nm
n

1500

Simulated

1000 —\ ————————— Reference

500

VAR

Reactive Power,

(b)
500

-500 §
-1000

-1500 1 1 1 1 1
0.0 05 1.0 1.5 2.0 25

Time, s

(c)
Fig. 5.5 Simulation results with torque and reactive power ripple minimization

Real Power, W

(@) Torque, (b) Reactive power, (c) Stator real power

With similar simulation settings, the operation of the DFIG with stator real
power ripple minimization is simulated, with the results as shown in Fig. 5.6. The
DFIG generates a stator real power of 600 W without ripples. The average torque is
at the positive sequence reference of -4 Nm, while the average reactive power

follows the step change in the reference from 1000 VAR to 600 VAR. The
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amplitudes of the torque and reactive power ripples are changed from 1.46 Nm to
1.08 Nm and from 222 VAR to 173 VAR, respectively, as the reactive power

reference changes.

_5 ittt il il i [ st il i POt YT P PR Fueyt] PPN IO i

0 | Reference

Torque, Nm

1500

Simulated
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1000
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500

Reactive Power,

(b)
500 -

-500 |
-1000 -

-1500 1 1 1 1 1
0.0 05 1.0 1.5 2.0 25

Time, s

(c)
Fig. 5.6 Simulation results with stator real power ripple minimization

Real Power, W

(a) Torque, (b) Reactive power, (c) Stator real power

5.5 Experimental Results

An experimental setup similar to Fig. 3.9, as shown in Fig. 5.7, is used to verify
the proposed algorithm. A-phase and B-phase of the stator windings of the DFIG are
directly connected to the three-phase mains at the rated voltage, and the Phase C
winding is connected to the output of the auto-transformer, which attenuates the
voltage from the mains to provide an unbalanced three-phase voltage to the DFIG,

with a negative sequence ratio of 0.1.
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Fig. 5.7 Experimental setup

The experimental results for the DFIG operating at 1418 RPM with torque and
reactive power ripple minimization, together with the simulation results are shown in
Fig. 5.8 and Fig. 5.9. The average torque is regulated to the reference level of -4 Nm
in the experiment. The average reactive power tracks the step change in reactive
power from 1000 VAR to 600 VAR at 0.5 s. The DFIG generates an average stator
power of 535 W. The amplitudes of the 100 Hz ripples in the torque and reactive
power are 0.64 Nm and 28 VAR, respectively. The amplitude of the 100 Hz ripples
of the stator real power is changed from 190 W to 125 W as the reactive power
decreases. Fig. 5.10 and Fig. 5.11 show the experimental and simulation results of
the DFIG operating with stator real power ripple minimization. The average torque,
reactive power and stator real power are analogous to that of the DFIG operating
with torque and reactive power ripple minimization. However, the amplitudes of the
100 Hz ripples of the torque, reactive power and the stator real power are 1.65 Nm,
135 VAR, and 12 W, respectively. The simulation results are very similar to the
experimental results, which implies that the experimental results and the theoretical

derivations are strongly correlated.
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(a) Torque, (b) Reactive power, (c) Stator real power
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Fig. 5.9 Results with torque and reactive power ripple minimization

(a) Rotor current, (b) Stator current
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(a) Torque, (b) Reactive power, (c) Stator real power
10
Ao ' A
< ﬂ.\'“hhl | “Inl M | ,l"
"qc'; '““\‘HM MI .ﬂ ‘j‘-‘l‘m“:‘h q”“i “ ) ik 'l‘ H ! \mul‘ Nl qu ,‘ *IIU
o y | l“ | ‘.‘ | | ! *“ |
N AW IR TE A ! L
) - ! ill W, lI R A \w b W
5 ?ﬁ"#“f [ il S VRV A LA
E S Nl‘ b Hﬂ|| "‘ W w‘i "‘l fl‘“‘ '|| Experiment
| L ““" ]Wm" “"l" Simulation
-10 1 LU il 1
(a)
5 —
;(_r ‘”..l,“-‘..q e ,l.l‘qp‘-l ”
[ \‘ h\“ EHEL ittt “w“' .‘I\‘“.\'h‘.\'“ i F”?‘l 1l I i I [
g HH”\‘ “‘\ ““‘ ‘“‘ “H“““‘ \““““ “\“““\‘p;‘ i ARb AR i “““u“‘ “‘\“h“u““‘\r H‘mh‘m M‘m(‘ e “‘\\““h“h
Q:) 0 “‘ HH‘M‘\H“ ‘\‘H‘ ‘\“‘ W“‘ “““““ju “”““‘\““““‘ | It ““\“ M | ,‘ “M“““\ “‘m il i ; w“ u‘ ‘u“‘“\u“;‘\\w“\\“"
o H ” ”‘ ‘\ T T e I " \\‘\ ‘u“\“\\ 1y “ ”
[@] 1t T ' 1H1 ' i ! ; ;
I i ' & Experlment
» Simulation
-5 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25
Time, s
(b)

Fig. 5.11 Results with stator real power ripple minimization

(a) Rotor current, (b) Stator current
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A control experiment with the algorithm, designed for balanced grid only as
developed in Chapter 3, and a setup as shown in Fig. 5.7 is built to facilitate
information collection on the operation of the DFIG. Since a balanced grid should
have positive sequence voltage only, the direct torque control algorithm for the
control experiment is implemented with neither sequence component extraction nor
negative sequence component control. The torque and reactive power are calculated
from the instantaneous voltage and current, and regulated by the controllers. The
average and 100 Hz components of the torque, reactive and stator real power with

different minimization objectives and in the control experiment are shown in
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Table 5.1. The positive sequence torque and reactive power references are -8 Nm
and 1000 VAR respectively, while the DFIG operates at 1400 RPM. The 100 Hz
components of the torque, reactive power, and stator real power in the control
experiment are 100 %, 121 %, and 105 % of their respective average components.
The 100 Hz components in the control experiment are much higher than those using
the proposed algorithm. It is because the 100 Hz components in the control
experiment, which are comparable to the average components, are due to stator flux
angle oscillations, which in turn introduce a fluctuating rotor voltage and thereby
generate oscillations in torque, reactive power, and stator real power. However, with
the proposed algorithm, the positive and negative sequence components of the stator

flux are extracted to provide stable flux reference angles.
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Table 5.1 Amplitudes of the average and 100 Hz components in the torque,

reactive and stator real power

Reactive power  Stator real power
(VAR) (W)

Average 100Hz Average 100Hz Average 100 Hz

Ripples being Torque (Nm)
minimized

Torque and
reactive power

Stator real power 8.08 2.77 808 184 1012 25

Control
experiment

7.91 1.26 792 46 1024 203

8.74 8.74 823 996 934 977

5.6 Summary

The direct torque control of DFIG operating with an unbalanced network has
been presented. The mathematical model describing the interaction between the
individual sequence components forms the basis of the control algorithm. Since the
algorithm extracts the positive sequence and negative sequence torque and reactive
power, and controls them independently, the DFIG can operate stably with an
unbalanced network. The torque, reactive power, and stator real power ripples are
introduced by the cross coupling between the sequence components of stator current,
stator voltage, and stator flux. Therefore, proper coordination of the sequence
components of the stator current, and hence the torque and reactive power, must be
realized in order to minimize the corresponding ripples. When compared with
existing algorithms for DFIGs operating in grids with unbalanced voltage, the direct
feedback of the torque and reactive power used in the proposed algorithm avoids the
need to align the stator current with the stator flux so as to alleviate the
computational burden of the controller. The tuning of the controller using the
proposed algorithm is simpler than its multi-loop counterpart. The simulation results

show that either the torque and reactive power ripples, or the stator real power
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ripples can be eliminated. Experimental verification provides a high degree of
correlation with the simulation results. Both simulation and experimental results
match the theoretical derivations well. The harmonic components of the torque,
reactive power, and the stator real power confirm that the ripples, attributed to
unbalance in the stator voltage, at twice mains frequency, can be substantially
minimized with the proposed algorithm. Compared with algorithms designed for
DFIGs operating under balanced grids only, the proposed algorithm has significantly
reduced the ripples because of the extraction and the use of sequence components.
The experimental results also demonstrate that the algorithm performs well in

practice, and is not affected by noises from the measurement and the environment.
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6 Conclusions and Further Development

In the research, direct control algorithms for i) synchronization of DFIGs to
grids, ii) electric power generation of DFIGs connected to infinite bus bars, iii)
power generation to grids with high source impedance, and iv) power generation to
grids with unbalanced voltage are developed. All the theoretical derivations are

supported by computer simulation and validated by experimental verifications.

As single-loop designs are employed in the algorithms being developed in the
research, the closed-loop bandwidths of the systems are higher than those of
multi-loop designs. The number of parameters and hence the effort to tune the
controllers, and the computational burden of the controllers are greatly reduced in
the proposed single-loop designs. Unlike other direct control schemes, the proposed
algorithms employ constant switching frequencies, from which the generated
harmonics and switching loss can be predicted easily. The sampling frequencies of
the proposed algorithm are lower than those required by other direct control

algorithms.

6.1 Synchronization to Power Grids

Direct voltage control for synchronization of DFIG is proposed in Chapter 2.
The algorithm utilizes direct feedback and control of the stator voltage to track the
reference voltage generated from the grid voltage. The proposed single loop design
eliminates the current control loops in cascaded designs, but preserves the voltage
feedback, to ensure that the magnitude, phase and frequency of the stator voltage are

the same as those of the grid voltage after synchronization. Therefore, the impacts to
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the power systems, at the instant at which the DFIGs are connected to the grids, are

minimized.

Theoretical derivation and simulation study show that, even if a constant high
switching frequency is employed in the proposed scheme, the switching operation of
the rotor side converters will impress voltages composing of both high and low
frequency components to the rotor windings, this in turn will induce a stator voltage
comprising of high and low frequency components. To reduce the switching
harmonics in the stator voltage, filtering capacitors are added to avoid possible errors

due to harmonics.

Experimental results show that the algorithm is capable of rapidly
synchronizing a DFIG to the grid, over a wide range of operating speed of the DFIG,

and the algorithm is immune to noises in a practical environment.

6.2 Power Generation in Normal Grids

In Chapter 3, an algorithm for direct torque and reactive power control of
DFIGs has been developed. Direct feedback and control of the torque and reactive
power are employed in the algorithm. In addition to the elimination of current
control loops, the algorithm alleviates the computation burden by reducing the
number of Park transformations because the feedback variables, the torque and
reactive power, can be computed in the rotor and stator reference frames readily. The
transfer equations relating the reactive power, torque and the rotor voltage are
derived as first order equations. Consequently, proportional-integral controllers are

utilized to provide satisfactory closed-loop responses. The initial conditions of the
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controllers are also derived to ensure a smooth transition from synchronization to

power generation.

The simulation and experimental results demonstrate that independent control
of the reactive power and torque of the DFIG can be achieved with the proposed
algorithm over a wide speed range. Changes in turbine speed do not have noticeable
effects on the operation of the DFIG. The disturbances on, as well as cross couplings
between the torque and reactive power are compensated by the proposed algorithm

and do not affect the steady state performances of the DFIG.

6.3 Power Generation in Grids with High Source

Impedance

Voltage variations from power systems and their impacts to the operation of
DFIGs are addressed in Chapter 4. The transfer equations between the feedback
variables, the torque and reactive power, and the output variables, the direct and
quadrature rotor voltages, are derived with small signal analysis. The relative gain
array shows that the torque and the quadrature rotor voltage are strongly correlated,
and the reactive power is related to the direct rotor voltage. For the closely related
pairs of variables, they can be linked together to form independent control loops and
hence two loops can be formed. In order to improve the control performance, the
cross couplings between the torque and reactive power are eliminated with
feed-forward compensation of them, so as to improve the system dynamics without
the need to compute the direct and quadrature currents in the stator flux reference
frame. With the control algorithm derived with internal model control, the

closed-loop time constant can be adjusted by tuning the filter time constant of the
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internal model controller. The parameters of the controller are adjusted in accordance
to the stator flux so as to optimise the performance of the DFIGs even if the grid

voltage fluctuates.

Robustness of the algorithm against parameter variations and disturbances is
evaluated. It is confirmed that large variations in the controller parameters and the
presences of disturbances do not have any detrimental effect on the control
performance. Simulation and experimental results indicate that even if the stator
voltage fluctuates largely as the reactive power flow changes, the DFIG still operates

stably and generates reactive power and torque according to the reference values.

6.4 Power Generation in Grids with Unbalanced Voltage

Direct torque control for DFIGs in grids with unbalanced voltage is developed
in Chapter 5. The mathematical model indicates that the stator real power, reactive
power and the torque oscillations, at twice synchronous frequency, are originating
from i) the cross product between the negative sequence voltage and the positive
sequence current, and ii) the cross product between the positive sequence voltage
and the negative sequence current. The conditions of minimal torque, real and
reactive power ripples are derived from first principles. With the introduction of the
positive and negative sequence torques and reactive powers, the conditions of
minimal ripples can be interpreted in terms of the sequence torque and reactive
power. With the direct and independent control of the positive and negative sequence
components of the torque and reactive power, different optimization objectives,
including minimization of torque and reactive power ripples, reduction of stator real

power ripples and restoration of balanced stator currents, can be achieved even a
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high degree of unbalance is present in the grid voltage. As the transfer equations
between the torque, reactive power and rotor voltage are slightly different for the
positive and negative sequence components, the structures of the controllers have a

large degree of diversification for different sequence components.

Experimental verification shows that the proposed algorithm performs well in a
practical environment, and whatever the optimization objective is, the proposed
algorithm produces much less ripples in torque, stator real power and reactive power
when compared to those of their DFIG counterparts operated with algorithms

designed for balanced grid voltage only.

6.5 Further Development

Since the synchronization scheme developed in this thesis has compensated for
the cross-coupling voltage with the integral action of the controllers only, there are
scopes to improve the performance of the controller in terms of disturbance rejection
and transients. Even if the response time is not critical during synchronization, it is
likely that with the use of advanced control methods, such as internal model control
with two degrees of freedom, can be exploited to improve the performance of

DFIGs.

In [76], active resistance is introduced to improve disturbance rejection of
DFIGs. However, the rotor current in a synchronous frame has to be evaluated in
order to implement the active resistance. Active resistance could also be
implemented in a direct control manner to further improve the algorithm for DFIGs

in grids with voltage fluctuations. Besides, flux damping is proposed in [77] to
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improve the stabilities of DFIGs by incorporating flux differential compensation in
the rotor current references in FOC. It would be beneficial to employ the
compensation in the torque and reactive power references of the direct torque control

algorithm to increase the robustness of DFIG systems.

As the popularity of DFIG gains momentum, some features of synchronous
generators, for instance the provision of fault currents, toleration of faults and
voltage dip ride through [78], have to be implemented in DFIGs to improve the
stability of the power systems, as it is no longer sufficient to consider power
generation only. Currently, fault ride through of DFIG is implemented with current
control [79]. Direct control algorithm to control DFIGs during faults can be
developed to reduce the computation time, and hence the response time to faults, so

as to protect the DFIGs from possible damages introduced by the faults.

In the proposed algorithm for DFIGs in grids with unbalanced voltage, the
source impedance is assumed to be small. However, proper coordination of the
unbalanced current can be developed to restore a balanced stator voltage, which
should be useful for wind farms with weak grid connection and unbalanced grid
voltage. Furthermore, as the proportion of non-linear loads increases in power
systems, voltage distortions become severe, especially in networks with significant
source impedance. In [80], FOC of DFIGs under distorted voltage is proposed,
which requires a coordinate transformation for each of the stator harmonic current to
be compensated. Direct algorithm for DFIGs in grid with distorted voltage may be
developed to eliminate the possible emission of harmonic currents, without the large

amount of coordinate transformation. On the other hand, harmonic current
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generations for the restoration of sinusoidal grid voltage may be developed to

enhance to power qualities of the wind generation systems.
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7 Appendices

7.1 Parameters of the DFIG Being Simulated and Tested

Stator rated voltage: 380 V

Stator rated current: 4.5 A

Rotor rated voltage: 120 V

Rotor rated current: 10 A

Operating frequency: 50 Hz

Synchronous speed: 1500 RPM

Magnetizing inductance per phase (referred to the stator): 0.3498 H
Rotor leakage inductance per phase (referred to the stator): 0.0219 H
Stator leakage inductance per phase: 0.0219 H

Rotor winding resistance per phase (referred to the stator): 5.317 Q
Stator winding resistance per phase: 2.670 Q

Stator to rotor turn ratio: 3.03

Thermal insulation class: B (130 °C)

7.2 Methods to determine the DFIG parameters

The resistances are measured as the ratios between the DC voltages and
currents. The self-reactances are measured as the open-circuit three-phase AC
voltages to currents ratios. The ratio between the inducted voltage and the AC
current is the mutual reactance. The square root of the stator to rotor self-reactance
ratio is the turn ratio. The product of the mutual reactance and the turn-ratio is the

magnetizing reactance. The differences between the self-reactances and the
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magnetizing reactance are the leakage reactances. The reactances are divided by the

supply frequency in radians to calculate the inductances.

7.3 Parameters of the Transmission Line Being Simulated

and Emulated in Chapter 4

Inductance per phase: 0.0497 H

Resistance per phase: 0.412 Q
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7.4 Experimental Circuits
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