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This research presents a comprehensive analysis of the
performance of direct power control (DPC) for doubly-fed
induction generator (DFIG) under both balanced and unbalanced
network voltages. Voltage unbalance in three-phase systems
results in the presence of positive and negative sequences in both
voltages and currents. This unbalance leads to many issues,
including active power ripple, reactive power ripple, and an
increase in the Total Harmonic Distortion (THD) of the stator
current. Therefore, it is crucial to have efficient control of the
system to reduce power fluctuations. This research presents two
solutions that aim to mitigate the fluctuations in both active and
reactive power. The first strategy employs PI regulators within the
controller system. A high selectivity filter (HSF) is employed to
separate the fundamental component of stator phase currents from
the harmonic components. The second option utilizes DPC (Direct
Power Control) based on stator flux. The suggested method
computes the active and reactive powers that correspond to
positive sequence variables. Since grid unbalance has a smaller
impact on stator flux compared to stator voltage, it can be
demonstrated that the second suggested controller exhibits
superior performance to the conventional DPC controller in
unbalanced situations. To evaluate the effectiveness of the
suggested techniques, a simulation is conducted on a 2MW Doubly-
Fed Induction Generator (DFIG) system using the
MATLAB/Simulink environment. The results demonstrate that
both of the suggested DPC control approaches outperform the
conventional DPC controller in terms of control system
performance, even under unbalanced situations. Furthermore,
these improvements are achieved without significantly increasing
the complexity of the control system.

1. Introduction

In recent years, the capacity of installed wind power plants has increased rapidly. Wind

energy conversion systems can be classified into two main categories: fixed-speed

turbines and variable-speed turbines. Variable-speed turbines operate at or near the point

of maximum aerodynamic efficiency. Among the main features of variable speed wind

turbines are increased annual energy production due to adaptation of turbine speed to

wind speed leading to maximum turbine output power, reduced mechanical stress on
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turbine, smooth power injection to network under fault conditions, reduced noise, and
higher power quality [ 1]. Despite the significant benefits of a variable-speed wind turbine,
its performance incurs additional expenses. Furthermore, a power electronic converter
increases the complexity between the network and the generator. Nevertheless, its
utilization is increasing due to its advantageous features. For variable-speed wind
turbines, a power electronic converter is used between the wind generator and the grid.
Doubly-Fed Induction Generators (DFIGs), permanent magnet synchronous generators,
and wound rotor synchronous generators are the most commonly used types of machines
in variable speed wind systems. DFIG has numerous advantages over other generators |2|
due to its variable speed operation capability and low-cost partial scale converter, among
others. Figure 1 shows a DFIG connected to the network. The rotor side converter controls
the active and reactive powers of the stator while the grid side converter controls the DC
link voltage and the reactive power exchanged.

Despite DFIG's numerous advantages, its primary drawback is that grid disturbances
affect the machine due to the stator's direct connection to the grid. If no measures are
taken, unbalanced network voltages may result in oscillations in active power, reactive
power, and electromagnetic torque [2]. DFIG control methods can be classified into two
categories: field-oriented control (FOC) and direct power control (DPC). A wide range of
combinations, each with its specific advantages and disadvantages can be utilized [3-9].
Applying direct torque control (DTC) to DFIG in 2002 [9] was a solution to address control
drawbacks and simplify PI controller tuning in the vector control method. The DTC control
structure consists of an estimation block, hysteresis controllers, and a DTC switching
table. The main control variables are the values of electromagnetic torque T, and rotor

flux w,” [9]. Just like the DTC, the DPC was developed over a decade ago primarily for

controlling three-phase rectifiers [10]. In the DPC method, the main controlled variables
are the stator active power P, and stator reactive power Q. [10]. Furthermore, DPC does
not require estimation of the control variables as the stator's active and reactive powers

may be computed using the stator's voltages and currents. Figure 2 shows the diagram of
direct power control.
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Figure 1. Schematic of a DFIG-based wind turbine connected to the grid.
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Figure 2. DPC controller structure.

Several researchers have been studying DPC and DTC for DFIG to minimize output
ripple and maintain a constant switching frequency on the rotor side converter. These
methods include space vector modulation (SVM) [11], discrete space vector modulation
technique (DSVM), and predictive direct power control (PDPC) method [12]. All of these
approaches have the potential to enhance the performance of DPC but at the cost of
increased complexity. Although DPC has a fast response, its main limitation lies in the
variable switching frequency. This issue can be resolved by replacing hysteresis
controllers with PI controllers or implementing space vector modulation.

A model utilizing predictive control, a subset of space vector modulation, is employed
in [12]. This model employs Predictive Direct Power Control (PDPC) to determine active
and reactive power errors at the start of the sampling period. Following this phase and
upon completion of the sampling time, the active and reactive power errors should be
eliminated. Space vector modulation is utilized to generate the necessary switching
pulses. The primary drawbacks of PDPC are the online computing issues of
microprocessors and the complexity of control.

In [13], the required rotor voltage vectors over a constant period are applied using
space vector modulation. Although this method leads to constant switching frequency, the
calculation of duty ratios of each voltage vector increases the mathematical computation.
Space vector modulation can be performed based on voltage and virtual flux. The DPC
controller is characterized by the absence of current loops and the ability to directly
control active and reactive powers. The power estimation block is comparable to that of
conventional DPC. Direct power control with space vector modulation combines the
benefits of direct power control, such as fast dynamic response, with the advantages of
vector control, such as a reduced switching frequency. However, the control algorithm's
complexity and slower dynamic response compared to direct power control are the main
disadvantages of this method. The discrete SVM technique [ 14] utilizes three rotor voltage
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vectors throughout the switching period. These vectors are chosen by the implementation
of a modified lookup table and a 5-level hysteresis comparator.

A study is conducted in [15-17] on model predictive DPC (PDPC) control under
unbalanced grid voltage conditions. In [15] a low-complexity model predictive control
(LC-DPC) based on three voltage vectors is proposed. The results showed that LC-MPDPC
can mitigate the current harmonics and reduce power and torque ripples. Reference |[16]
employs the principle outlined in reference [15]. This paper demonstrates the
enhancement of the steady state and dynamic response of the machine by incorporating
a second-order generalized integrator (SOGI). Reference [ 17] utilizes four voltage vectors
instead of three, with one voltage vector being applied within a fixed sampling period. In
this method, there is no requirement to estimate the rotor flux, and the selection of voltage
vector sequences is determined by a straightforward algorithm. While the suggested
control strategy exhibits a smoother response under both balanced and unbalanced
voltage conditions, it is more complicated compared to previous (PDPC) techniques. A
more advanced method for controlling the DFIG in the synchronous reference frame is
proposed in [18]. This method is designed to work effectively under both balanced and
unbalanced voltage conditions. The direct-resonant method employs a dual-frequency
frequency to effectively eliminate negative sequence and harmonic components, resulting
in the generation of sinusoidal currents.

The performance is enhanced in [ 19] through the integration of a disturbance observer
and a proportional controller. PI controllers are employed to eliminate the second
harmonic oscillatory component of power. Despite the improved power control
demonstrated by the simulation results under unbalanced conditions, controller gains
must still be adjusted due to the use of PI controllers. On the other hand, the control
structure is highly complicated, which necessitates complicated computations and can be
quite costly. A proposal was suggested in [20] to integrate vector control and direct torque
control to optimize the performance of current, flux, and electromagnetic torque. This
approach is preferred over using direct torque control or vector control alone. It
ultimately improves the machine's performance in situations where the network is
balanced. Compared to the DTC method, the power oscillations are reduced and a
smoother response is observed. Compared to the vector control method, it demonstrates
a faster dynamic response and reduced dependence on system parameters.

Despite demonstrating enhanced dynamic response and reduced torque and power
fluctuations, it still encounters power fluctuations when exposed to unbalanced voltage
conditions. In addition, the system utilizes hysteresis controllers leading to a variable
switching frequency. Direct power control based on voltage and virtual flux is proposed
in [21] for unbalanced voltage and distorted network conditions. By utilizing virtual flux
rather than voltage to calculate power, the proposed method eliminates the effect of
unbalanced voltage on instantaneous power and, consequently, oscillating active power.
However, there are still fluctuations in reactive power.

Two four-switch three-phase converters (FSTPCs) have been implemented in place of
two six-switch three-phase converters (SSTPCs) on the rotor and grid side converters
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[22]. This method will generate four unbalanced voltage vectors. Three distinct targets
are applied to compensate for active and reactive power, electromagnetic torque, and
stator current to achieve balance among these four voltage vectors during unbalanced
grid voltage conditions. While these objectives result in a reduction of active and reactive
power fluctuations, the mitigation of electromagnetic torque variations, and the
achievement of balanced stator currents, power oscillations remain. While using FSTPCs
lowers costs and switching losses, there are drawbacks to this approach as well. For
instance, the voltage gain is decreased for the same rated power, which results in an
additional issue. A proposal is made in [23] to combine vector control and direct power
control. The combination control method offers the advantages of both vector control and
direct power control. The benefits of combining vector and direct power control over the
conventional DPC method include a decrease in current THD, enhancement of both active
and reactive powers, and fast dynamic response. However, this method exhibits higher
THD and power oscillations compared to vector control. Additionally, its performance
during voltage dips is deemed unsatisfactory. An investigation was conducted in [24] to
study the control of electromagnetic torque and reactive power under unbalanced grid
voltage conditions. The study focused on using a stator-flux-oriented reference frame and
obtaining the stator flux through an observer. The controller produces sinusoidal currents
that are injected into the grid. In the case of an unbalanced grid voltage, the authors of
[25] suggest a Voltage Modulated (VM)-DPC approach for DFIGs that makes use of the
extended power theory. The absence of sequence extractions causes fluctuations under
unbalanced conditions, even though the combination of PI and VM-DPC strategy slightly
improves control in normal situations.

A simplified DPC of DFIGs under both normal and unbalanced grid voltage conditions
in a stationary reference frame is presented in [26]. This approach offers the advantages
of eliminating the decomposition process, axes transformation, and compensation power
terms. Stator active and reactive powers are controlled using Vector proportional-integral
(VPI) controllers and the performance is compared with proportional-integral-resonant
(PIR) controllers through simulations. In [27] a VM-DPC is designed to improve steady-
state and transient performances under unbalanced grid voltage conditions. In
conjunction with the VM-DPC, a parallel compensator regulates negative-sequence stator
current, resulting in improved waveforms for stator current, stator active power, and
stator reactive power. For the stator current and voltage, this technique necessitates the
extraction of positive and negative sequences. To calculate positive and negative
sequences, the authors of [28] devised a mixed integrator, which is a combination of
second and third-order integrators. The hysteresis controllers of rotor currents and grid
currents generate switching patterns for the rotor side converter and grid side converter,
respectively. This method is claimed to possess superior capability in tracking reference
currents when compared to the conventional DPC method. Additionally, it eliminates the
requirement of tuning eight PI current regulators. A low-complexity model predictive
direct power control method is proposed in [29]. This method aims to reduce power
ripples and utilizes the extended reactive pq theory. This has decreased the computational
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burden of the controller as it now only requires one prediction to determine the voltage
vector for the next step. This approach offers several advantages, including the reduction
of total harmonic distortion in grid current, fast dynamic response, and robustness to
parameter variations.

When it comes to control methods, direct power control offers the fastest dynamic
response at the lowest cost. Nevertheless, there are a few downsides to this approach,
such as increased power ripples and variable switching frequency. Table 1 represents and
compares the performance of the different control methods. Different aspects are
considered in this comparison, such as dynamic response, power ripple, dependence on
machine parameters, converter switching frequency, computational burden, and cost.
Low power ripple and a constant switching frequency characterize the FOC method. In
contrast to DPC, however, it has several drawbacks, including a sluggish dynamic
response, a heavy dependence on machine parameters, and a greater computational
burden. Although direct torque control offers fast dynamic response and minimal
dependence on machine parameters, it is not without its limitations, including variable
switching frequency and relatively higher power ripples. Both DTC and FOC require
measurements of rotor current, which raises the cost of the control system.

High dynamic response and variable switching frequency are typical characteristics of
controllers based on switching tables. DPC-SVM combines the advantages of DPC and FOC.
DPC-SVM's key features are a constant switching frequency, straightforward
implementation, a lower cost compared to alternative controllers, and a low power ripple.
Predictive direct power control (P-DPC) has the potential to address the primary
challenges associated with DPC. Nevertheless, its implementation is costlier due to the
computational burden imposed by the control algorithm's complexity and the
requirement for rotor current information. As an alternative to DTC, DPC eliminates the
requirement to measure rotor currents, thereby decreasing the cost of control.

Table 1. Comparison of different control methods for DFIG.

. Dependence L. Output
Control Dynamic | Power ] Switching | Ease of
. on machine . . current | Cost
method response | Ripple frequency | implementation
parameters THD
FOC Slow Low High Constant Complicated Low High
Very . . .
DTC Fast Hich Low Variable Simple Normal High
18
DPC Fast High Very Low Variable Simple Normal | Low
SVM-DPC Fast Low Low Constant Simple Normal | Low
Predictive Fast Low Very High Constant Complicated Low High
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However, similar to DTC, higher power ripple and variable switching frequency are the
primary drawbacks of DPC employing a switching table.
The key contributions of this paper are outlined below:
e Conducting a thorough examination of DFIG performance in the presence of
unbalanced grid voltage conditions
e Presenting two strategies aimed at mitigating active and reactive power
oscillations
e Introducing a high selectivity filter (HSF) to separate the fundamental component
of stator phase currents from the harmonic components
e Demonstrating the effectiveness of the proposed method compared to traditional
DPC controllers through extensive simulations
The structure of this paper is as follows: The second section examines the dynamic
model of DFIG. Direct power control, various hysteresis band controllers, and switching
tables are examined in the third section. The performance of DFIG in an unbalanced
voltage condition was addressed in the fourth section. In the fifth section, proposed
control approaches are outlined and compared to standard DPC. Finally, in sections six
and seven, the simulation findings and conclusions are presented.

2. Structure and Dynamic Modeling of DFIG

Given the presence of feedback loops in the DFIG control system, it is important to take
into account its dynamic behavior. DFIG control methods, such as DPC and FOC, are
discussed using a two-axis model. The DFIG equivalent circuit can be defined in various
reference frames, including the stator reference frame, rotor reference frame, and
synchronous reference frame [30]. The rotor voltage equations are written in the rotor
(natural) reference frame since the DFIG is controlled from the rotor side by the rotor side
converter. The DFIG equivalent circuit in the rotor reference frame is depicted in Figure
3. It is important to mention that the model neglects saturation and core loss effects.
Additionally, the grid is simplified as a pure voltage source, meaning the internal Thévenin
impedance of the grid is not taken into account.

R i

S Is

Figure 3. DFIG equivalent circuit in the rotor reference frame [30].
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3. Conventional Direct Power Control Principles

Referring to Figure 3, the stator active and reactive power expressions can be derived
in the rotor reference frame. Active power consumed and reactive power injected by the
stator of the machine are taken to be positive [31]. Accordingly, the input active power of
the stator from the network side, neglecting the stator resistance, is as follows:

3 _'.r - —r =k
Ps = E Re{(l//s * Jouys ) A } (1)
Similarly, the output reactive power is calculated as follows:
3 Sr oy
Q ==2 Im{(y; + Jo )i} (2)

The relative position of the stator and rotor flux space vectors in the rotor reference
frame is shown in Figure 4, where 6, is the spacial angle between the stator and rotor flux
space vectors.

As shown in Appendix A, Equation (1) and (2), can be rewritten as follows:

__3 L o, |w!||w!|sing
s ZO'Ler 5 |Vs ||V v (3)
3 a)s -r Lm -r -=r
Q=§GgWgﬁﬂ%0%%—WJ 4)

Since there is a direct connection to the network, which is assumed to have a positive
sequence only in this case, the magnitude of the stator flux space vector can be taken to
be constant. The time derivatives of Eqauation (3) and (4) then yield:

a3 L, d(jy7/[sin6,)
d 2oLL °"° dt
., (5)
dQ, 3 L, _d(/|cosa,)
dt 2oLL ""° dt

Therefore, fast changes in active and reactive powers are possible with corresponding
changes in ‘1/7:

sing, and |y

cos@, , respectively. In Figure 4,

sing, and |7/

7!
represent, respectively, the components of the rotor flux perpendicular and in the
direction of stator flux space vector.

Q4

cos 9W

D

Figure 4. Stator and rotor flux space vectors in rotor reference frame [31].
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Therefore, if the rotor flux changes in the direction of the stator flux space vector, then

o

cosd, and accordingly the stator reactive power Q, changes; on the other hand, the

change in rotor flux space vector is perpendicular to the stator flux, then ‘1/7:

sing, and
stator active power P, is modified.

The rotor side converter is a three-phase voltage source converter with two switches
for each leg. In Figure 5, S_, S, and S_ represent the switching functions of every leg of

the inverter. If the upper switches are connected, the positive DC voltage is applied, and if
the lower switches are connected the applied voltage will be zero.
According to the combination of switching states, two null vectors (V,,V,) and six

active vectors (V, =V ) can be generated. By neglecting the voltage drop on the rotor

resistance, the rotor voltage equation in its natural reference frame can be expressed as
follows in Equation (6) [31]:
—Tr —Tr
vioRins Ve 4V, (6)
dt dt
The above expression shows that the rotor flux vector moves in the direction of the
voltage vector applied to the rotor and its velocity is proportional to the magnitude of the
applied voltage vector. It is thus possible to adjust the rotor flux velocity by choosing
appropriate voltage vectors.
Figure 6 shows the stator flux and rotor flux space vectors in a rotating plane attached
to the rotor with eight possible rotor voltage vectors. If the position of the stator flux is

known, the effect of using ‘1/7:

sing, and |7/

cos@, can be determined for each voltage

vector. Figure 7 shows the initial position of rotor flux at moment t, and the final position

of rotor flux at moment t, + At , assuming that the rotor flux is located in the first sector

of the rotor reference frame. It may be noted that J: is drawn ahead ofg;g as the

generating mode of operation has been considered.

to rotor winding

v Vi, v

ar

cr

Figure 5. Schematic of a rotor-side VSI.
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Using V2 and V¢ leads to the increase of the final rotor flux and increases the stator-
generated active power. Using V1 and Vs leads to the decrease of the final rotor flux and

decreases the stator-generated active power. Using Vs and V « does not affect the stator
active power.

V2(010) V6 (110)

Y,
V3(011) V4(100)
Vs
V5(101
V1(001) (101)
Figure 6. Voltage space vectors applied to the converter.
Q Q
‘/7r2 Sin 02
7l W,,5in 6, v \&
A - - P
/’4/\:(_ T Vi
AN .
D v, D
(a)
Q Q
. W,.sing, -
Wesing, DT o ; \'A
'y 7 _— .
777777777777 z/:f};.-f:'i - \ v,,5in6, 4
e . __—
T — __--—\\; g, ‘\I 0, WV, T
v D D
(b)
Q Q
l/7r2 SinHZ l/7r18in€:|. \74 l/7r2 Sinez l/_irl Sinel \73
"""""" T L L——p = o e
1 Vo 0 Vo — =
sy, Ve ) /:"i\’"e:-\-\ 0, Vn
== 1O, - = 1 | =
l/75+ D !/75+ D
(c)

Figure 7. Effect of active vectors on active power, a: V 2andV ¢,b: Viand Vs, c:Vsand V 4.

Journal of Green Energy Research and Innovation 1(4) (2024) 86-116



A New Method for DFIG Control under Unbalanced Grid Voltage Conditions m

Table 2. Effect of voltage vectors on stator input active power and output reactive power.
K=1, 2,
3 .,6

-t 1t it
S N R AN AN A |

Table 2 illustrates the effect of different voltage vectors on active and reactive powers.

Vk—2 Vk -1 Vk Vk +1 Vk+2 Vk +3

The angle between the stator flux and rotor flux may increase or decrease by applying a
zero-vector depending on the operating mode of the machine. For sub-synchronous mode,
the stator flux movement reduces the angle between the rotor flux and the stator flux
(6, <6,), which causes active power reduction and reactive power increment. In other

cases, the stator flux movement increases the angle between the rotor and the stator flux
(6, > 6,), which causes active power increment and reactive power reduction.

3.1. Flux estimation methods

Multiple techniques exist for determining the position of the rotor flow vector. The
estimation of the rotor and stator flux is performed by incorporating the rotor angular
position in [32]. One drawback of this technology is its dependence on rotor currents.
Machine parameters are required to calculate flux, which reduces the speed of estimation
and adds to the complexity of the control. This approach provides a more precise
estimation of the angle of flux.

An alternative approach for determining the rotor flux angle involves utilizing the
stator flux. The stator voltage is utilized in [31] to determine the stator flux angle. This
approach assumes a small angle between the stator and rotor flux and considers the
position of the rotor and stator flux inside the same sector. The stator flux is estimated in
the stator reference frame by integrating the stator voltage while neglecting the stator
resistance. This method can accurately estimate the stator flux due to the harmonic-free
and constant frequency nature of the stator voltage. Integration is typically implemented
by employing a low pass filter in practical applications.

In this work, the rotor flux angle is estimated using the stator flux. The voltage vector
applied to the rotor windings is determined by the position of the rotor flux and the
different active and reactive power states.

3.2. Direct Active and Reactive Power Control

In this section, the computed active and reactive powers are compared to their
respective reference values, resulting in the generation of error signals, fed to two
hysteresis comparators. Two-level, three-level, or four-level hysteresis controllers can be
used which yield different switching tables for control of the rotor side converter. In [33],

Journal of Green Energy Research and Innovation 1(4) (2024) 86-116
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a two-level hysteresis controller for active and reactive powers is used. In [34] a three-
level controller is used for active power:

Py 2P +AP —>dp =1
Py <P-AP »>dp=-1 (7)
Py <P—-AP or P, >2P+AP —»dp=0

and a two-level controller is used for reactive power, as:
Qu 2Q+AQ —»dg=1
Qe <Q-AQ—>dg=-1

In Equation (7) and (8), AP and AQ represent the hysteresis bandwidth. The values

(8)

1/-1indicate the need to increase/decrease stator active and reactive powers to approach
the reference value.

A three-level hysteresis controller is employed in [31] to regulate both active and
reactive powers. The three-level controller incorporates a greater number of switching
states, resulting in improved accuracy of the control system for active and reactive power
regulation.

A study was undertaken in [35,36] to investigate the impact of active and reactive
power hysteresis bands on the performance of DPC drives. The study reveals that the
hysteresis band has a significant influence on the THD of the stator current and the
oscillations in the control system. The study conducted in [37] found that a narrower
hysteresis band leads to an increase in switching frequency. Alternatively, when the
hysteresis band is increased to 25% of rated power, the switching frequency decreases to

500 Hz. Therefore, by utilizing the output signals of hysteresis comparators (SP and Sq)
in conjunction with the angular information of the rotor flux space vector, an optimal
switching table is created.

3.3.  The effect of different switching tables

For a long time, switching table designs for DPC and DTC have been of interest. In [38-
43], the differences between various switching tables are examined and reviewed. Since
the majority of researchers have focused on analyzing DPC performance under balanced
network voltage, the development of switching tables has primarily been done under this
specific condition. The initial switching table developed by Noguchi is currently regarded
as a standard for evaluating other tables [44]. This table exhibits significant fluctuations
in both active and reactive power as a result of an incorrect choice of voltage vectors [38].
Later on, Malinowski introduced a new table for three-phase rectifiers [45]. Utilizing zero
vectors in this table mitigates power fluctuations and enhances the performance of the
control system. Researchers subsequently introduced novel switching tables. New tables
significantly enhanced the dynamic and steady-state performance of the DPC in
comparison to conventional tables by suppressing active and reactive power fluctuations
more effectively [21]. One of the reasons that reactive power error in some tables was
overlooked is due to the higher priority given to reducing ripple for active power [21]. In
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general, the switching tables are classified according to their accuracy in power
regulation, the amount of active power ripple, the current THD, the switching frequency,
and the response time. In [40], a study is conducted on a switching table that utilizes active
vectors. In this table, the elimination of zero vectors is based on their negligible impact on
active and reactive powers. While this switching table has led to a faster response time, it
has also caused an increase in power ripple, current THD, and switching frequency.

In this paper, a three-level hysteresis comparator is utilized for both active and reactive
powers. A switching table of 54 different entries for voltage vectors is employed, as per
the reference [31], which is presented in Table 3. Zero voltage vectors are utilized when
there are no errors in both active and reactive power.

4. Performance Analysis under Unbalanced Voltage Conditions

Supplying DFIG with unbalanced grid voltage can have detrimental effects on its
performance. These effects include increased losses, reduced efficiency and torque, and
higher machine temperatures with uneven distribution [46]. The intensity of these effects
is directly influenced by the severity of the unbalanced voltage in the machine terminals.
For this reason, control system performance is crucial. Under unbalanced network
conditions, three-phase quantities like voltage, current, and flux are separated into
positive and negative sequence components by ignoring the zero sequence.

In [47], voltage, current, and flux in the stator reference frame have been separated
into positive and negative sequence components as follows in Equation (9):

'Eaﬂ (t) = Ifa +(t) + Ifaﬁf (t) — _ej(‘”s“'%) n

where ¢, and ¢_ are phase shifts related to the positive and negative components. As

IfaﬂJr Ifaﬂf ‘ e Jote) (9)

shown in Figure 8, in the dq* reference frame, the d* axis is fixed to the positive voltage
vector rotating at the speed of w,. For dq~ reference frame, the d~ axis rotates at the

opposite direction at the speed of —, and its phase angle related to the ¢ axisis—6, [45].

Table 3. Switching Table for the DPC [31].

Sp Sq | 11 111 |\ \% VI
1 Vs Va Ve V2 V3 Vi
1 0 Va Vs V2 V3 Vi1 Vs
-1 Ve V2 V3 Vi1 Vs Va
1 Vi Vs Va Vs V2 V3
0 0 Vo, V7 Vo, V7 Vo, V7 Vo, V7 Vo, V7 Vo, V7
-1 V2 V3 Vi Vs Va Ve
1 Vi Vs Va Vs V2 V3
-1 0 V3 Vi1 Vs Va Ve V2
-1 V2 V3 Vi Vs Va Vs
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According to Figure 8, the transformation rules between af, dq* and dq~ reference

frames are as follows in Equation (10):

Fu=F,e7, F=F,e’ (10)

= - 2ot - _ +j2ot

Foo = Fog€ %, Fy =Fg€” (11)
F variables can be expressed as positive and negative sequence components [46]:

F Fd:r]+ + F+ + FdJLr]S + Fd2|7+ (12)

According to Equation (12), under unbalanced and distorted grid voltage, variable F
consists of 5 and 7 harmonics, which rotate in the dq reference frame. In Equation (12),

o . n

the superscripts “+” and “-” refer to the positive and negative reference frames, and the
subscripts “+” and “-” refer to the positive and negative sequence components. Using
Equation (11), Equation (12) can also be written as:

Fap = Faoy + Fag €20 4 P eIt 4 B L @700 (13)

As shown in Equation (13), in the dq’ reference frame, F contains a dc term and
oscillating components. As a result, Equation (13) can be represented as Equation (14):
'Ed+ = 'fdtr + 'Edt

EF 4 F (14)
q — g+ qu
where:
—(F cosZa)t+F S|n2a)t)+(F costh+F S|n6a)t)+(F cosGa)t—F ,sinbat)
(15)

5,
d5

= (F cos2mt —F, sin2wt) + (F cosbat —F,; sinbwmt)+ (Fq7 cosBw,t + F, sin6at)
Therefore, stator voltage and current in the dq" reference frame, neglecting 5 and 7

harmonics, are as follows:

= -2 jot
Vsdq sdq+ +V e
' ] (16)
=0 i, ettt
sdq sdq+
Power relations are written as follows:
|:P:|_ P+|5 _3 Vd+|d++vq+iq+ +Vd Id +VQ*iq_*
N . et -
QJ [Q+Q | 2|Vyiy, —Vy il +V iy —Vyi,
e (17)
3 Vd]|d++VqD|q+ +Vd+|d] +Vq+|q[
T+ 2 T
2 Vq['d+ VdDI +Vq+|d[ Vd+|q]
q

Figure 8. Relation between dq* and dq~ reference frames [47].
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The oscillating components of active and reactive power cause DC link voltage and

electromagnetic torque ripples. To minimize these ripples, the oscillating terms of active

and reactive powers in Equation (17) should be zero, as shown below in Equation (18):

—_ g

Vd+|d+ +V,

+

2\ i 4V

Q+IQ+

qL'q+

—

VgV

=y
+Vd+|dL +Vq+lqL

(18)

P
Q 3 VQ+|d+—vd+|q++v |d —Vy i,
0
0

S Vg lelqzj

Consequently, active and reactive powers can be written as follows in Equation (19):
P=P+P Q=Q+Q (19)

As mentioned before, Vy, ld;+, Vg and iy are DC terms while Vj,_and iy are

oscillating terms with frequency of 2w, . Constant power terms (5 and Q ) are due to the

interaction between constant components of voltage and current in the synchronous
frames. It should be noted that the 5t and 7t harmonics of the grid voltage have been
neglected in this paper for the sake of simplicity.

5. Improving DFIG performance under unbalanced conditions

DFIG voltage and flux equations are written in the rotor reference frame concerning
Figure 4 as follows:

—-r - d;r . —r -r rd dl)_y.r
Vs=R |5+ S+ , Vr=R |r+ L (20)
S dt J I’T'Il//S r dt

- rad rad

!//s:les-l_Lmlr (21)
Since the stator side is connected to the grid and the stator voltage is unbalanced,

Equation (20) and (21) also include the positive and negative sequence components.

—r -r -
l//r = Lrlr +Lm|s

Therefore, stator active and reactive powers take the following form:
P,=P +P Q. =Q, +Q, (22)

Equation (22) shows that the stator power under unbalanced conditions has DC and
oscillating components. Our strategy in this paper is to reduce the oscillation of active and
reactive powers of the rotor side converter under unbalanced voltage conditions. In this
paper, two strategies are proposed to mitigate the effect of unbalanced voltage on active
and reactive power ripples.

One method to detect and isolate harmonic components of current is the so-called
instantaneous power p-q theory [47,48]. In this method, harmonics from the load
currents are extracted by the computation of instantaneous power and using (HPF)
and/or (LPF). This method is no longer used because of the complex computation of
voltage and current. A more common method is described in [49]. In this method, only the
currents are measured and the harmonic part is extracted. The main problem in this
scheme is the lack of selective harmonic detection because of using (LPF) [50].In [51] a
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new time-domain harmonic detection method was proposed based on (HSF). This method
requires current measurement and isolates a particular harmonic or separates the
harmonic components from the fundamental component and current references can be
calculated. In this paper, we propose (HSF) instead of conventional (LPF) to extract the
fundamental component of stator current.

5.1. Direct power control with PI regulator

This section will address the implementation of direct power control with a PI
regulator in the presence of unbalanced conditions. The simulation findings demonstrate
that while the proposed method introduces complexity to the control system structure
compared to the conventional DPC method, it effectively reduces power ripple in the
presence of unbalanced voltage conditions. The controller structure is shown in Figure 9.
In the first step, active and reactive powers are compared with their respective reference
values, and calculated errors are passed to the PI controller. The output signals are
considered as reference values for stator or rotor currents. To calculate rotor currents in
the dg* reference frame, rotor currents should first be transformed to the synchronous

reference frame. A PLL is used to calculate the reference frame angle. Instead of the rotor
currents, stator currents can be used in the positive synchronous reference frame. In this
case, only the angle of the positive sequence stator current (€, ) is estimated using PLL.

After comparison of the stator currents with their reference values, the outputs are given
to hysteresis comparators. Similar to the conventional DPC method, the output signals
from two hysteresis comparators are applied to the switching table to select the
appropriate voltage vector. As mentioned before under unbalanced voltage conditions the
stator current contains fundamental and harmonic components, that is:

T+ T+ - -2 jost 5 —6 jat T+ +6 jaogt
Isdq - Isdq+ + Isdq—e + Isqu—e + Isdq7+e (23)

PLL
8
B

Current Transform to
Positive Synchronous
dp Reference frame

+ Ids ef PI
*:F Reguliator _O<— Pref
— ds A
HSF
Switching| :jq—
[ Table Eilter i

J— s +

OO

+ Iqs‘ret -

Calculating
Ps and Qs

[ i

T,.d:)(‘

Qrer

Vg

\J \J

Figure 9. Structure of DPC with PI regulator under unbalanced grid voltage conditions.
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In Equation (23) i;;w lsgq—» |S§;5, and i:;;n are DC values. This means that the stator

currents in the 99” reference frame include DC and oscillating components. The HSF filter
only passes the DC component in the positive synchronous frame ( ng+ ); therefore, in this

control method, the reference d and q stator currents are directly compared with
corresponding DC components generated by the HSF filter. The details of the proposed
filter are given in the following.

5.1.1. High selectivity filter (HSF)

A high selectivity filter (HSF) is used to separate the fundamental component of the
signal instead of conventional (LPF) and (HPF) filters. Hong-sock Song in [52] shows that
the integral in the synchronous reference frame is given as Equation (24):

V,, (1) =e' [eT U, (t)dt (24)

Where U, and V, are the instantaneous signals, before and after integration in the

synchronous reference frame, respectively. Equation (24) can be expressed by the
following transfer function after Laplace transformation:
ny(s) _ S+ ja)s
Uy(s) s*+af

H(s) = (25)

In Equation (25), constant K is introduced in the transfer functionH (s), to obtain an
HSF with a cut-off frequency. So, the previous transfer function becomes:
V,, (s K)+ j
H(s) = () :k(s+ )2+ja)§:
U,,(s) (s+Kk)" + o
Replacing v, (s)with x and U, (s) with X, Equation (26) is rewritten as Equation
(27):

(26)

o k(s+k) ke,

Xo(8)= (s+k)* +} X4(9) (s+k)* + 0w} X4(8)

X (8)=-—K%___x (5)+—KCK)_y (g )
T (s+k)?+w? (s+k)?+w? °

Where X can be current or voltage. Therefore, the above equation is written as
Equation (28):
A k A @, o
X4(8) =—[X4(8) = X, (8)]=—X,(8)
S S
K o (28)
Xq(8) =—[X4(8) = X, (8)]-—=X,(s)
S S
The (HSF) block diagram for the separation of the fundamental component (X 4q ) from
X 4 in the synchronous reference frame is shown in Figure 10. In this paper, we consider

k=40 for good dynamic response.

Journal of Green Energy Research and Innovation 1(4) (2024) 86-116



M. N. Hashemnia et al.

»| 1/S

\

<
+ |
+

x>y

a

\ 4

 /
V W O;
y
\ V_Q><>

1/s

q > _|_

+

Figure 10. The block diagram of the HSF filter [52].
5.2. DPC using stator flux

In this section, the calculation of stator active and reactive powers in terms of stator
flux is discussed. The relation between stator voltage and stator flux in the synchronous
reference frame is shown in Figure 11 [53]. The stator apparent power can be expressed
in terms of quantities in the stationary reference frame as follows:

(29)

According to the stator voltage equation in the stationary reference frame, if stator
resistance losses are neglected, the flux and voltage can be related as follows:

=S (30

;= e (31)

d s . e o

7 T Joye” (32)
Substitution of Equation (31) and Equation (32) in Equation (29), yields:

S, = gw = g{(w*:)-i‘:}= g{@:e"’*t) (ife")}= g{(vjfej"’“ +joyie™) (i)} (33)

More manipulation of Equation (33) gives:

3. o
Ss :E{((l//ds + Jl//qs)eJ ! +st(l//ds + J‘//qs))ej St)'((Ids + qus))eJ SI)}

3 (34)
= E{e ot (l/./ds + J l/'/qs ) + J a)s‘//ds - a)s‘//qs ))((Ids - jiqs ))e71wSt )}

Further simplification yields:
Ss = E (l//dslds + l//qslqs - wsl//qslds + a)sl//dslqs - Jl//dslqs + l//qslds + stl//qslqs + Ja)sl//dslds) (35)

In the above equation, terms containing derivatives are neglected because they are
constant in the synchronous reference frame. Thus, Equation (35) is simplified as follows:

3 . . . . .
Ss :E{_a)sl//qslds +a)sl//ds|qs + J (a)sl//qslqs +a)sl//ds|ds)} (36)
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Figure 11. The relation between the flux and stator voltage space vectors [53].

Stator input active and reactive powers can be expressed in terms of the stator flux by
separation of Equation (36) into its real and imaginary components, given in Equation
(37) and Equation (38) [21, 32]:

3 i .
Ps = Ews ('//dslqs - '//qslds) (37)

3 i .
Qs = E Q@ (l//dslds + qulqs) (38)

Equation (37) and (38) are derived assuming balanced grid voltage conditions. Under
these conditions, the stator flux space vector in the positive synchronous reference frame
will be a DC value, therefore it acts as a constant coefficient in the derivation as given in
Equation (32).

As demonstrated in the preceding equations, active and reactive powers are less noisy
and the output current is less distorted as a result of the reduced distortion in the stator
flux compared to the case of voltage-based DPC implementation. This makes it possible to
use a lower sampling frequency than what is used in DPC.

However, the required sampling frequency is still much higher than what is needed for
FOC and SVM-DPC [54-57]. Equation (30) can be thought of as a first-order filtering of the
stator voltage, yielding the stator flux linkage. Therefore, the unbalanced voltage effect on
the stator flux is reduced [35].

The proposed stator flux-based DPC approach offers numerous advantages compared
to conventional DPC. Several advantages include reduced noise in the output power,
decreased current distortion, and lower sampling frequency. However, when compared
to FOC, the proposed method suffers from variable switching frequency. Figure 12 depicts
the block diagram for the stator flux-based DPC approach.
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Figure 12. Block diagram of the proposed stator flux-based DPC method.

6. Computer simulation

This section will examine the performance of a grid-connected DFIG system using three
controllers: the conventional DPC technique, as well as two DPC methods described in the
article. The performance of the DFIG will be examined under both balanced and
unbalanced grid voltages. The simulation is performed based on direct power control for
the rotor side converter. For this purpose, MATLAB/ Simulink® software is used. The
control of the grid-side converter is not addressed in this study. The DFIG parameters are
presented in Table 4.

6.1. Direct power control under balanced conditions

In this case, the network voltage is considered balanced. For simplicity, a DC voltage
source is used as the DC link in the simulations; in other words, the effect of the grid-side
converter is neglected in this study. Figure 13 illustrates the tracking of stator active and
reactive powers for a simulation time of four seconds. In the simulation, the stator active
and reactive powers are set to -1200 KW and 0 KVAR, respectively. After two seconds, an
active power step is applied with a value of 800 KW. Figure 13 demonstrates that the
active and reactive powers reach their steady-state values within approximately 0.3
seconds. The rotor speed is taken to be constant throughout the simulation. This
controller results in active and reactive powers that track their reference values with
some fluctuations; nevertheless, the fluctuations are less than those caused by
implementing a direct torque controller. The advantages of this controller include fast
dynamic response and a simpler structure than other control algorithms. The following
section will evaluate control performance under unbalanced voltage conditions.

Journal of Green Energy Research and Innovation 1(4) (2024) 86-116



A New Method for DFIG Control under Unbalanced Grid Voltage Conditions 106

Table 4. Simulation Parameters.

Line-to-line RMS voltage 300V Magnetizing inductance | 84.7e-3 H
Stator resistance 0.531 @ Grid frequency (Hz) 60 Hz
Rotor resistance 0.408 Q Moment of inertia 0.02 Kg.m?
Stator leakage inductance | 2.5e-3 H Frictional coefficient 0.01 N.m.sec/ rad
Rotor leakage inductance | 2.5e-3 H DC link voltage 100V

1000 1000

- Reference ReferenceL
—Measured 500 {—Measured

500

-500

-500

s

P (W)
-g—ig
Q, (Var)
o

-1000 -1000

-1500 -1500

_20000 05 1 15 2 25 3 _20000 0.5 1 15 2 25 3
Time (sec) Time (sec)
(a) (b)

Figure 13. measured and reference stator a) active power b) reactive power by conventional
DPC controller (balanced conditions).

6.2. Direct power control under unbalanced conditions

This section investigates the performance of DFIGs using DPC controllers under
unbalanced voltage conditions. Voltage unbalance can occur in the amplitude or phase
angle of voltages. In this section, we will run simulations for both unbalances occurring
simultaneously. Thus, as illustrated in Figure 14 unbalanced conditions occur within
seconds 1-1.5 of simulation. Figures 14(a) and 14(b) show the three-phase stator voltage
and current variations, respectively. It has been observed that unbalanced voltages cause
harmonic components in stator current. Figure 14(c) depicts the rotor current of one
phase. After one second of simulation, it is clear that unbalanced voltages caused
deformation and harmonic components in the rotor current.

Figure 15(a) depicts the stator active power under unbalanced conditions, while Figure
15(b) depicts the stator reactive power under unbalanced conditions using conventional
direct power control. Figure 15(a) and 15(b) show that a voltage dip (at second 1) caused
severe active and reactive power oscillations, which could affect the rotor side converter,
given that the converter's rated power is 25-30% of the generator power. After recovering
from the voltage dip (at second 1.5), the controller achieves satisfactory performance in
terms of tracking the reference powers. Figure 16 illustrates the performance of the
proposed DPC method with a PI regulator. As previously stated, the stator current
contains some harmonic content when the voltage is unbalanced. In this method, the
stator current is first transformed into a positive-synchronous reference frame with the
angle determined by the PLL. The proposed (HSF) filter separates the main component
from the harmonic components. Only the positive sequence component of the stator
current will be passed to the controller, resulting in less active and reactive power
oscillations in Figure 16(a) and 16(b).
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Figure 15. Measured and reference stator a) active power b) reactive power using conventional
DPC controller (unbalanced conditions).
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Figure 16. Measured and reference stator a) active power b) reactive power using the proposed
DPC method with PI regulator (unbalanced conditions).

The main advantages of this method are 1) accurate control with less stator harmonic
current than conventional DPC, and 2) reduced stator power ripple. The main
disadvantages of this method are increased implementation costs and a reduction in
simulation speed due to the use of PI controllers. Figure 17 shows the positive, negative,
and zero sequence components of the stator current. It is observed that the proposed
control approach has resulted in stator currents with negligible negative and zero
sequence components.
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Figure 17. a) positive sequence, b) negative sequence, and c) zero sequence components of
stator current.

Figure 18 depicts the stator and rotor currents for the proposed DPC method with a PI
regulator under unbalanced voltage conditions. This method significantly reduces stator
current distortion and produces sinusoidal currents. Figure 18(b) shows less rotor
current deformation after 1 second compared to Figure 14(c), indicating superior control
performance. Figure 19(a) and 19(b) illustrate the measured stator active and reactive
powers using the proposed stator flux-based DPC method. As shown in the figures, the
proposed control performs better with less oscillation than the conventional DPC.

The active and reactive power ripples have been significantly reduced, eliminating the
need for positive and negative sequence separation. This controller can be used to
stabilize the DC link voltage and regulate power exchange with the network and
converter. The simulation results also show that the stator current has a lower THD.
Unbalanced voltage has a smaller effect on stator flux than stator voltage, so power ripple
is reduced. Figure 20 depicts a three-phase stator current and single-phase rotor current
under unbalanced voltage conditions.
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Figure 18. DFIG a) stator current b) rotor current using the proposed DPC with PI regulator
under unbalanced conditions.
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Figure 19. Measured and reference stator a) active power b) reactive power using the proposed
stator flux-based DPC controller under unbalanced conditions.
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Figure 20. DFIG a) stator current b) rotor current using the proposed stator flux-based DPC
controller under unbalanced conditions.

The proposed method leads to less distortion of stator and rotor currents in
comparison to Figure 14, Figure 21(a) and 21(b) show the stator current THD under
unbalanced conditions for the conventional DPC method and the proposed DPC method
with PI regulator, respectively. As shown in the figure, the stator current THD with the
proposed DPC method with PI regulator is significantly lower than with the conventional
DPC method. The main harmonics in DPC with Pl regulator are the third, fifth, and seventh.

The main harmonics for the stator flux-based DPC method are the third and fifth
harmonics, as Figure 21(c) illustrates. This figure shows that THD is significantly lower
than with the conventional DPC method under unbalanced grid voltage conditions. While
the conventional DPC method experiences power and torque fluctuations under
unbalanced voltage conditions, the proposed methods provide a smoother, less
fluctuating, and faster dynamic response in the event of voltage unbalanced or dip
conditions.
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Figure 21. stator current THD under unbalanced conditions, a) Conventional DPC method, b)
Proposed DPC method with PI regulator, c) Proposed stator flux-based DPC method.

In this paper, in the first proposed method, a novel HSF filter was proposed to extract
the fundamental component of stator current and inject it into the controller during fault
conditions; it was observed that the proposed controller can mitigate power and torque
fluctuations while also reducing stator current THD. Using hysteresis comparators
resulted in faster dynamic response and greater robustness than PWM techniques. The
flux-based stator DPC method was the second alternative to the conventional DPC
method. The simulation results demonstrate the efficacy of this method. Table 5 is
provided for a comprehensive comparison of the approaches. The table differentiates
between the structure and performance of the proposed PI-DPC method and the stator
flux-based DPC method compared to the conventional DPC method.

Table 5. comparison of the proposed PI-DPC method and Stator flux-based DPC method with the
conventional DPC method.

PI-DPC Stator flux-based DPC
Generator power ripple Lower Lower
Rotor speed ripple Lower Lower
RSC PWM No No
Number of PI controllers Two -
Controller bandwidth Higher Higher
Steady-state response Smoother Smoother

slower with less overshoot

Faster with less overshoot

Transient response

P and fluctuations and fluctuations
Complexity More Similar
Current THD Lower Lower
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7. Conclusion

This paper described theoretical improvements in DFIG-based wind energy conversion
systems under balanced and unbalanced grid voltage conditions. A dynamic model based
on space vector relations in the rotor reference frame was examined. In the next step, the
performance of DFIG under unbalanced voltage conditions was investigated. It was
demonstrated that unbalanced voltages result in both positive and negative components
in the current and voltage, which contribute to an increase in active and reactive power
ripple as well as current THD. Methods for improving DFIG performance were briefly
introduced. Direct power control with a PI regulator results in better performance and
less power ripple due to the injection of positive sequence components of stator current
into the controller under unbalanced voltage conditions. Stator flux-based DPC combines
the advantages of DPC and FOC. These benefits include a low THD of the output currents
and a straightforward implementation process (in comparison to predictive DPC).
Additionally, this controller is more cost-effective than other options that were examined,
and it also produces lower power ripples. Simulation results confirmed an improvement
in control system performance compared to conventional DPC without requiring
significant changes to the controller structure. The THD of stator current under
unbalanced conditions was found to be approximately 82% for the conventional DPC
method, while it was reduced to approximately 27% and 31% for the proposed DPC
methods with PI regulator and stator flux-based method, respectively. The direct power
control method is compared to other control methods, including predictive control, vector
control, direct torque control, and DPC-SVM. Although it improves control and reduces
oscillations in power and switching frequency, it also increases controller complexity and
slows dynamic response. To enhance the reactive power capability and voltage stability
of the wind turbine system, it is recommended to integrate a static compensator
(STATCOM) at the connection point in future work.

APPENDIX A:
¥, |) are constant due to direct connection to the grid. The

following expressions are used:

The moduli of stator flux (

—r

T_%;_g_ L
"ol oLl (al)
v =|wi| 108" = i(@, - @, )7,

Replacing is and ¥s in (1) gives:

3 . N 74 Lml,/7r - 3 R 74t Lml/7r .
P.=—Re - + (———-—"")}==Re (=
=3 {(i(o; — @,y + jo,v;) (aLs GLL)} 5 {(i(ow;) (aLs aLSLr)}
Keeping in mind that:

3 . - Wi
_Re r (S :O
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The active power expression can be simplified as follows:

_ 3L,
* 20LL,
This can also be written in terms of the moduli of stator flux, moduli of rotor flux, and

the angle (6, ) between them:
3 L,

A7) (a2)

= EO‘Ler o, |y |lw;|cos(90-6,)
3L (el (a3)
s EO’LL O\ ||We Smeyx

Similarly, replacing (al) in (2) gives:
3 . N V728 I V75 3 . 1// LW, \~
=——1Im - + (-} =—=1Im s mer
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Using the identity
Im{ji7(7! }=Re{y ([}
Stator reactive power can be written as (a4):
Q=+ |cosE, —|w,)) (a4)
LS
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