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Abstract

In this study, the new direct power control (DPC) is proposed based on proportional-
dual integral (PDI) controllers to control the doubly-fed induction generator (DFIG)
power. The effectiveness of the suggested DPC-PDI strategy is analyzed and
compared with traditional DPC techniques in terms of the minimizing steady-state
error (SSE), DFIG energy undulations, time response, and total harmonic distortion
(THD) of current of the DFIG-based multi-rotor wind turbine (MRWT). Graphical
and numerical results show that the DPC-PDI strategy is more robust to parameter
variations of the system compared to the conventional DPC. Moreover, the DPC-
PDI has low THD compared to the DPC. Also, when the suggested DPC-PDI is
used, the SSE and overshoot of the DFIG power is reduced. Detailed simulation
results using MATLAB using a 1,500kW DFIG-MRWT are presented, where the
THD value was reduced by 13.04%, 5.45%, and 59.25% in the tests compared to
the DPC. The DPC-PDI minimized the value of active power ripples by percentages
estimated at 83.10%, 87%, and 84.07% in the suggested tests compared to
the DPC. Also, the SSE of reactive power was reduced by 70.68%, 84.84%,
and 79.85% in the tests compared to the DPC. These percentages indicate the
superiority of the DPC-PDI in ameliorating DFIG-MRWT system characteristics
compared to the DPC.
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1 INTRODUCTION

Traditionally, many controllers have been proposed
as a suitable solution to control the doubly-fed induction
generator (DFIG) to obtain electrical energy (EE) from
wind energy (WE). These controls vary in principle,
robustness, ease of implementation, simplicity, and cost.
However, direct power control (DPC) remains one of the
most prominent and famous strategies used in the field of
renewable powers (RPs) due to the advantages it has'".
Simplicity, fast dynamic speed, easy to apply, low gain,
easy to adjust, and not requiring precise knowledge of the
mathematical model (MM) of the system are among the
most prominent positives of this strategy'”. As is known,
the DPC relies on the use of both a switching table (ST)
and a hysteresis controller (HC) to command power"”.
As is known, the working principle of the DPC strategy is

the same as that of the direct torque command (DTC),
where the difference between them lies in the controlled
amounts. The DPC is based on power estimation, where
both current and voltage are measured to first estimate
the flux and then estimate the power. In this command,
the energy estimate is directly linked to the flux
estimate'”’. This strategy does not use inner loops as in
field-oriented command (FOC). This strategy was used to
command the induction generator in Datta et al.”’, where
the MATLAB was used to implement this command. Also,
this strategy was applied in order to control the capabilities
of the synchronous generator at Alizadeh et al”®’. Using the
DPC strategy makes the energy system less complex, with
a rapid dynamic response to capacity, which is positive.
However, it is noted that there are undulations at the level
of torque, power, and currents, and these ripples are larger
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in the case of a durability test, which makes the power
quality decrease, which is negative. Another application
of using the DPC strategy was done in the Djazia et al."”’,
where this strategy was used to control an active filter.
This command was used with phase-locked loop (PLL)
to estimate capabilities and increase system stability and
robustness. The negative of this strategy is the high ripples
in both current and power, which causes many problems
in the network, which is undesirable’®. Also, a significant
increase in the total harmonic distortion (THD) compared
to many techniques. The problem of power ripples in the
DPC strategy can be attributed to the use of traditional HC
controllers, as these controllers are affected by changes
in system parameters, which is undesirable. On the other
hand, the reliance of this strategy on estimating powers
makes it affected in the event of a malfunction in the
machine under study, which is an undesirable matter that
contributes to raising the energy/current undulations as
well as the THD value",

In the field of RPs, the quality of current/energy is
considered one of the most prominent negatives of the
WE system, as the low current quality in the network
contributes greatly to increased periodic maintenance,
breakdown of electrical machines, costs, and poor
operation. Also, reducing the life span of the devices and
the energy system itself. Therefore, researchers created
several solutions based on the use of the DPC to command
the DFIG.

The proposed solutions to get rid of the negatives of the
DPC depend on the use of smart strategies and nonlinear
strategies to compensate for both the HC and ST to
command the energies while maintaining the same
structure of the traditional DPC strategy, where power
estimation is used in these proposed controls. As solutions
used, neural networks (NNs)"'”, sliding mode command
(SMC)", backstepping command (BC)"'*, synergetic
command (SC)"”, adaptive-gain second-order SMC
technique*, proportional-integral (PI) controller™?,
predictive control''®, genetic algorithm (GA)"”, fractional-
order control"¥, and simplified super-twisting control
(SSTC)"™ can be mentioned. In all of these solutions, the
HC was dispensed with and pulse width modulation (PWM)
or space vector modulation was used to command the
DFIG inverter. Also, the use of these solutions led to an
increase in the performance and effectiveness of the DPC,
as this is shown by the results obtained. In these proposed
strategies, current/power ripples were reduced very
significantly compared to the DPC. But the negative of
using these strategies is the complexity, as a significant
increase in the degree of complexity is observed compared
to the traditional DPC strategy. Also, the use of these
solutions, such as nonlinear strategies, increases the
number of gains, which makes it difficult to adjust the
dynamic response to energy and to obtain good results.
Poovathody et al.””, the author used 12 sectors in the

DPC strategy to control induction machine, and twelve
sectors HCs were used for this purpose. Accordingly, the
resulting command is characterized by robustness,
distinguished performance, simplicity, and ease of
implementation. In this command, ST was used to control
the induction machine inverter, and the MATLAB
environment was used to implement it under different
working conditions. The simulation results show the high
effectiveness of the suggested command due to the use of
proposed control, and this is shown by the THD of current
and ripple value. In the durability test, it is noted that the
proposed command was affected by the change in
induction machine parameters, as this effect was less than
the effect of the DPC as a result of using capacity
estimation. Another drawback of using the proposed
technology is that the THD value of current is not
significantly reduced, as the proposed strategy is affected
by changing machine parameters, which causes a
deterioration in the performance and durability of the
system. Another DPC strategy was proposed to control the
DFIG power in Xiang et al.””"/, which represented DPC
technique based on SMC. This command is characterized
by small number of gains, simplicity, outstanding
performance, and high robustness due to the use of an
SMC. The designed command is a modification of the DPC,
where an SMC was used to compensate for both HC and
ST. Therefore, the DPC-SMC has similarities with the DPC
in terms of estimation equations, where the same
equations are used to estimate energies. Using power
estimation makes the suggested command affected by
the change in DFIG parameters, which is negative, as the
obtained experimental and simulation results show this
effect. It is also noted that the suggested command has a
higher energy quality than the DPC, which is positive.
Bouafia et al.””!, the author used the fuzzy-logic-based
switching state selection in order to overcome the
disadvantages of the DPC technique of three-phase PWM
rectifier, as this strategy was relied upon for its durability
and its ability to significantly improve the characteristics of
the systems. The outputs of this proposed controller are
reference voltage values. These reference values are used
to generate the necessary operating pulses, and the PWM
strategy is used for this purpose. This proposed command
is considered one of the simplest and most easy to apply,
as it has a small number of gains, which makes it easy to
modify. Also, robustness is one of the most famous
features that distinguish it, as the proposed solution does
not depend on the mathematical model of the system,
which gives it an advantage in the event that the system
parameters change. This designed strategy has been
verified in MATLAB using several different tests. All test
results show the quality of power and current when using
designed intelligent regulator compared to a conventional
controller. Another solution was used by Antoniewicz et
al.”””!, where the virtual-flux-based predictive technique
was used as an effective solution to defeat the cons of the
DPC. The author used a virtual-flux-based predictive
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technique to control power. This designed technique is
characterized by few gains, durability, easy to adjust, low
cost, and ease of application. This suggested command
was applied to control the AC/DC converters with online
inductance estimation, where the PWM was used to
produce the pulses necessary to operate the inverter. This
virtual-flux-based predictive DPC was verified in the
MATLAB using several different tests, where the simulation
results showed that the durability and effectiveness are
higher in the case of using the suggested controller
compared to the DPC and this appears through the
minimization rates of power ripples, response time,
overshoot, and steady-state error (SSE). Despite this
performance, there is a negative characteristic of this
strategy, which is affected by changing system
parameters, and this appears through the robustness test,
which is undesirable. The modified SC strategy was
proposed as a suitable solution to ameliorate the
characteristic of the DPC of DFIG-MRWT strategy'**’, where
the modified SC technique was used instead of using HC
to command the energy. The PWM was used to operate
the DFIG inverter. Therefore, the suggested command is
characterized by ease of application, small number of
gains, high robustness, simplicity, and low cost compared
to several strategies such as the BC. Also, this strategy
features a fast dynamic response and this is shown by the
simulation results included in all tests. In addition to the
dynamic response, it is noted that the use of the proposed
strategy led to a significant improvement in the quality of
power and current compared to the DPC. The cons of this
command lies in its use of power estimation, which makes
the power quality decrease in the durability test, which is
undesirable. Pura et al.”””, the author used rotor current
feedback based on DPC technique of a DFIG operating
with unbalanced grid to improve the power characteristics
and increase the quality of the current, as the proposed
strategy relies on the use of low-voltage ride through,
which makes it more durable and performant. This
strategy was implemented in a MATLAB environment,
where variable wind speed (WS) was used for this
purpose. All the results obtained show the high
performance of the proposed strategy compared to the
traditional strategy. The disadvantage of this strategy lies
in its complexity and its reliance on estimating capabilities,
which makes it affected if the machine parameters
change. Mourad et al.””, the author used feedback PI
controllers to overcome the drawbacks of the DPC of
DFIG-MRWT system. The PI feedback controller is
characterized by simplicity, robustness, outstanding
performance, few gains, and ease of implementation, as it
is @ modification of the PI regulator only. The PWM was
used to operate the DFIG inverter, where power estimation
was used to calculate the EE error. The EE error values are
inputs to the PI feedback controller and its outputs are
voltage reference values. This suggested command was
implemented experimentally using dSPACE 1104, where
the experimental results performed in the case of two

different WS profiles showed that the power quality is
better when using the designed controller, which is a
positive thing. The experimental results confirm the
simulation results obtained with the presence of
undulations, as it is not possible to completely eliminate
power and current ripples, which is negative. As is known,
energy quality and THD value are among the most
prominent standards or characteristics that must be paid
attention to and an attempt to improve their values in
energy systems.

In the field of command, other solutions have been
designed to defeat the drawbacks of the DPC of the DFIG,
which include combining strategies to overcome the cons
of the DPC. Merging controls is one of the solutions
proposed in recent years in order to address shortcomings
and significantly increase the performance of systems, as
it is possible to combine two different controls or two
similar controls. It is also possible to combine several
strategies to obtain a command characterized by high
robustness and great effectiveness in amelioration the
quality of power and current. Among these solutions that
were proposed and used to defeat the cons of the DPC of
DFIG, the following are mentioned: BC-SMC*”, dead-beat
predictive technique'™®, non-linear voltage modulated
controller””, second-order SMC technique™”’, SMC-NNs""/,
Neuro-fuzzy SMC"””, and neural-STC"”, In these works,
these proposed strategies were used to control powers,
where the outputs of these controllers are reference values
of voltage. Also, the PWM was mostly used with these
controllers to control DFIG. However, these works provided
good results in terms of overcoming the cons of the DPC,
amelioration the characteristics of the DFIG energy, and
increasing its durability. This is shown by the simulation
results completed in all tests. Also, it is noted that the THD
of current has been significantly minimized, which
indicates that the quality of the current has been
improved, which is a good thing. But these proposed
works have many disadvantages, namely complexity, cost,
difficulty of completion, and dynamic response. These
strategies mentioned above depend on greatly estimating
the power in order to control the generating inverter, which
creates large ripples in the durability test, which is
undesirable. Yahdou et al.”*, the author used BC
technique with nonsingular terminal sliding mode surface
(NTSMS) technique to overcome the shortcomings of the
DPC of DFIG-MRWT. In this work, the BC technique and
NTSMS were combined to obtain a regulator characterized
by high durability and great efficiency in minimizing EE
undulations and the THD of current, where the PWM was
used to operate a generator inverter. This proposed
command is characterized by a significant number of
gains, which makes it difficult and expensive to adjust.
Also, it depends on the MM of the system, which makes it
difficult to accomplish and is affected by changing system
parameters. All of these negatives mentioned, until in the
simulation section, it was noted that this command
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provided very satisfactory results compared to the DPC
and some existing works, and this appears through the
comparison completed in terms of undulations reduction
rates, response time, THD of current, SSE, and overshoot.
Falehi et al.”, a fractional-order SMC technique based on
multi-objective gray wolf optimizer (MOGWO) was applied
to ameliorate the energy quality and THD of current of
DFIG-based wind turbine. The suggested solution is a
combination of several different strategies. Despite the
complexity and number of gains that characterized this
proposed solution, the simulation results showed that this
proposed strategy provided very satisfactory results in all
the tests completed and this is shown through the
comparison done with the DPC and some works existing in
terms of reduction rates. Optimal transition route (OTR)
and three-level neutral point clamped were combined in
order to defeat the problems of the DPC technique™®, A
three-level inverter was used to increase the quality of
current and power. This proposed strategy is characterized
by great robustness and high efficiency compared to the
traditional strategy. This strategy was implemented in
MATLAB, where several different tests were used to ensure
performance and robustness. Results show the superiority
of the suggested command over the DPC and some
published papers in terms of ripple minimization ratios,
THD of current, overshoot, and SSE. By observing the
results of the completed tests, it is found that ripples
remain present despite the outstanding performance,
which is a negative matter, while noting that the ripples
increase in the durability test, which is undesirable. A.
Mossa et al.”’!, the author proposed a new strategy for
DPC of DFIG based on stator voltage-oriented control
principle in order to overcome the problems and
drawbacks that characterize the traditional strategy. In this
work, the author used loss minimization criterion (LMC) in
order to determine the reference value for active power, as
using the LMC strategy allows obtaining maximum power
with great efficiency. Also, in order to increase the
robustness of the control strategy, he used a rotor position
estimator, as the use of estimating the rotor position allows
for improving the performance and effectiveness of the
proposed strategy and thus improving the quality of
current and power. This proposed strategy was
implemented in the MATLAB environment, where the
results showed the robustness, performance and efficiency
of this proposed strategy compared to the traditional
strategy. The negative of this strategy lies in the
complexity and difficulty of implementation. Also, its
dependence on the mathematical model of the system
makes it affected in the event of a malfunction in the
system. NNs and the STC were combined to form a
controller that features the advantages of both strategies
together, with the aim of overcoming the disadvantages of
the DPC of DFIG strategy in Adil et al.””. This suggested
command is characterized by ease of application,
simplicity, small number of gains, and high robustness
compared to the DPC. Also, this suggested command does

not require knowledge of the MM of the system, which
makes it greatly affected by changing DFIG parameters.
This command uses energy estimation, where the same
equations as in the DPC are used. This command was
implemented in a MATLAB using VWS, and the results
showed the efficiency and ability of the suggested
command to significantly improve the system
characteristics compared to the DPC. Also, the cons of
ripples remains present, especially in the durability test,
where it is observed that the value of EE undulations
increases, which is negative. Ahmed et al.””, the author
combines dead-beat function and extended kalman filter
to overcome cons of the DPC of photovoltaic system. The
proposed strategy differs from the traditional strategy in
terms of principle and the controller used. But the same
estimation equations are used. This proposed strategy is
characterized by high performance and great durability
with @ number of gains. This strategy has the downside of
relying on power estimation, which makes it slightly
affected if system parameters change. This strategy was
implemented using hardware-in-the-loop (HIL)
experimental set-up and the results were compared with
other strategies. Obtained results prove the high
performance of the proposed control in improving the
characteristics of the studied system. Almost the same
previous work was done in Huang et al.””, where the
author used a combination of fuzzy logic (FL) and SMC
technique to ameliorate the performance of the DPC
strategy, where the control designed in this work is a
modification of the traditional DPC. The combination of the
two strategies was relied upon in order to obtain an
effective controller to calculate the voltage reference
values that are used to generate the necessary pulses.
This strategy uses the same estimation equations as the
traditional strategy. First, this proposed method was
implemented in MATLAB using different tests, with a
comparison between the traditional strategy. Secondly,
this proposed strategy was implemented experimentally
using dSPACE 1104. The results obtained show that the
proposed strategy improved the setting time value by an
estimated 23% compared to the traditional strategy. Also,
the THD of current has been significantly reduced. This
strategy has the downside of using FL itself, as there are
no mathematical rules that facilitated the application of FL.
The latter depends largely on experience in determining
the number of rules. Also, the larger the number of rules
causes system slowdown which is undesirable. On the
other hand, some of the proposed solutions (such as BC-
SMC) depend on the MM of the DFIG, which creates cons
(ripples) in the event of a malfunction in the system.
Therefore, it is necessary to search for another controller
that is characterized by low cost, ease of application, few
gains, simplicity, and outstanding performance to control
DFIG power.

In this paper, a novel regulator is designed to over-
come the disadvantages of the DPC of DFIG-MRWT,

https://doi.org/10.53964/id.2024023

Page4 /18



https://doi.org/10.53964/id.2024023

Benbouhenni H. Innov Discov 2024; 1(3): 23

where proportional-dual integral (PDI) controllers based
on GA technique are used for this purpose. So, the main
contribution of the work is to propose a PDI controller
as a solution to improve the current/energy quality of
the DFIG-MRWT system. This suggested regulator is
characterized by a small number of gains, uncomplicated,
easy to implement, fast dynamic response, low cost, and
outstanding performance in improving the characteristics
of the energy system studied. The second contribution of
the work is the use of the DPC-PDI strategy based on GA
technique to control DFIG-MRWT. The PDI-GA controller
is used to control powers, generating reference voltage
values necessary to operate the DFIG inverter of MRWT
system. In addition to using PDI-GA, the PWM is used to
generate the necessary pulses necessary to operate the
RSC of 1500kW DFIG-MRWT. The designed command is a
modification of the DPC, as the simplicity, quick dynamic
response, and ease of application that characterized the
DPC-PI have been preserved. This DPC-PDI-PWM strategy
differs from the above-mentioned papers in terms of
principle and idea, and is similar to these works in terms
of power estimation, where the same equations are used.
The behavior of this proposed DPC-PDI-PWM strategy
using GA is studied compared to the traditional DPC, and
the MATLAB is used for this purpose. A VWS was used
to study the behavior of the DPC-PDI-PWM using GA
technique, and the necessary numerical and graphical
results were extracted. The objectives achieved by this
work can be summarized in the following points:

1) Reducing energy undulations to satisfactory
proportions compared to the DPC.

2) Significantly increasing the durability of the power
system

3) Overcoming the problems of traditional DPC-PI
strategy and improving its performance

4) Underestimating the THD of current compared to
traditional technique.

5) Underestimating both overshoot and SSE of DFIG
power,

The sections of the article are as follows: In the second
section, the MM of the generator is given. The MM of
the turbine used is detailed in Section III. In the fourth
section, a detailed explanation of the proposed controller
was provided, mentioning the negatives and positives.
The proposed strategy for controlling the RSC of DFIG is
detailed in Section V. In the sixth section, simulation of the
proposed strategy is discussed, comparing the numerical
and graphical results obtained with the DPC. Finally,
the article ends with a section in which the main results
obtained from the work completed are listed.

2 METHODS AND MODELS
2.1 DFIG Model

The DFIG is considered one of the most famous electric
generators in the field of renewable energies, especially

in the field of variable WS, due to the advantages it
has compared to other types''’. This generator has an
advantage that is not found in other machines, as the
resulting power can be regulated by feeding the rotating
part of the DFIG, which allows changing the resulting
energy. Therefore, two different inverters are used to feed
the rotating part of the machine, and two different or
similar controls are used to control the two inverters™?,
DFIG is also characterized by ease of control, low cost,
high durability, and low maintenance, which makes it most
suitable for this study™***., It is necessary to know the
MM of DFIG to simulate the proposed energy system, and
Equations (1)-(4) are used for this purpose.

The expressions of the Ps and Qs delivered from the
DFIG are given by Mohammedi et al.”’and Yessef et al.""":
Qs = Idqus - Iquds
{Ps = Iquqs +1asVas (1)

The rotating part of the machine can be represented by
Equation (2), and based on this equation, the operation of
the DFIG can be controlled. Depending on the value of the
difference in torque, operation and power generation are
controlled ™",

.dQ
Te_Tch=]E+fQ 2)

where, T.is the DFIG torque and T, is the MRWT
torque>*".,

d
Vqs = Rslqs + E(pqs + WsPgs

@qs = Lslgs + Mgy

d
Vas = Relgs + E(pds — WsPqs

= Lilys + MI
) Pds stds 4 dr (3)
Vqr = erqr + E(pqr + W, P4r

Pqr = Lol gy + Ml

d
Var = Relgr + a(pdr = WrPqr
Par = Lplgr + Ml g

where, I, I, I, and I, are the rotor and stator currents
in the d-g reference frame;

barr Do s AN ¢y a@re rotor and stator flux in the d-g
reference frame;

Vi Vay Ve and Vg are the rotor and stator voltages in the
d-q reference frame;

The stator and rotor angular velocities are linked by the
following relation w.=w,,+w,;

R,and R, are respectively the resistances of the rotor and
stator windings;

M, L, and L, are respectively the mutual inductance, the
inductance on the rotor and the inductance on the stator;
w, is the electrical pulsation of the rotor and w.is the
stator one, while w,, is the mechanical pulsation of the
DFIG.

Equation (4) shows the DFIG torque T,

M
T, = L_((pqsldr - Iqr(pds)p C))
s
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2.2 MRWT Model

MRWT is one of the technologies that have recently
appeared in the field of REs as a suitable solution for
generating EE from wind, as these turbines are considered
more effective than traditional turbines in terms of
the value of the energy gained from the WE. These
turbines generate power estimated at 20% to 35%
times greater than the power gained from the WE using
traditional turbines'*"’. These turbines have been studied
in several papers” ", and all of these papers confirm
the effectiveness and performance of these turbines.
According to the work done in MRWT*?, it is two turbines
combined together to form a single turbine, where several
turbines can be used for this purpose. The use of these
turbines greatly helps reduce the area of WE farms and
thus reduce costs. In addition, the use of these turbines
in wind farms greatly contributes to overcoming the wind
generated between the turbines, which makes the turbines
have a high yield compared to traditional turbines™”’.
The cons of these turbines lies in their high costs and the
presence of a significant number of mechanical parts,
which makes them difficult to maintain and has high costs.
Compared to ordinary turbines, this technology is difficult
to control, and the MPPT strategy is used for this purpose.
In Equation (5) both the torque and power generated by
the MRWT are shown'****,

{TMRWT =T +T, )
Purwr = P1+ P

In MRWT, the resulting torque value is related to the
WS before and after the main turbine, as each turbine has
its own torque. The two turbines used have two different
capacities, as one turbine with large dimensions and
another with small dimensions are used Ullah et al., Ullah
et al."***, In Equation (6) the two turbine torques are
shown Benbouhenni et al. """,

Ty p-m-RY-Cpwi

e (6)

Ty = o R-Corw
223

where, R; and R, are the blade radius of the two sub-

turbines, C,is power coefficient, T, and T, represent the

torque produced by the two sub-turbines, A, and A, are

the tip speed ration of the two sub-turbines, and p is the

air density.

In Equation (7), the power coefficient is clarified, which
is of very great importance, as its value is related to the
power gained from the WE, where the larger its value, the
greater the energy value.

0.035 1
T +1 110088

Cr(A.p) = ™
where, S is the pitch angles.

Each turbine formed for the MRWT has its own
tip speed ratio, and the Equation (8) can be used to

determine the ratio of speed for each turbine'"*”’.

w1.R
Al= ;/ !
1

Pl _wz.RZ (8)
2 = VZ

As is known, in MRWT the WS of the turbines varies
from one turbine to another, where the WS before the
turbine 1 (V;) is the normal WS, and in the case of the
turbine 2 the WS is calculated using Equation (9). This
speed is related to the distance between the two turbines
and a fixed factor (C;) that takes the value of 0.9,

1-J1-¢C 2,
V2=V1<1— > T(1+m>> 9)

2.3 Proposed PDI Controller

The PI is considered one of the most famous and
widely used regulators in several different fields because
of its simplicity and ease of application’”. Also, it has a
low cost and fewer gains, allowing the dynamic response
to be easily tuned. Its use in the field of control gives a
fast dynamic response, which is good and desirable. This
regulator can be expressed by Equation (10).

t
u(t) = fKi xe(t)xdt+ Kp xe(t) (10)
0

In the field of command, the use of a PI controller
creates several cons and defects in the systems, as this
controller is greatly affected by changing the values of the
DFIG parameters, which is undesirable. Several solutions
have been designed to overcome this problem. The PI
(14PI) controller was used in Habib et al.”*' to overcome
defects and problems, as this controller is characterized
by simplicity and distinguished performance. However,
this suggested controller has a drawback in the form of
a significant number of gains. Benbouhenni et al.””, a
proportional-derivative controller (1+PI) was proposed to
overcome the problems of the DPC, as this regulator was
designed to compensate for the use of the PI. However,
this regulator has disadvantages, namely the large number
of gains compared to the PI and the response time, as it
provided a response time to capabilities greater than the PI
controller. The results showed that the proposed regulator
is superior to the PI in terms of durability and ameliorating
the performance of the energy system. Zellouma et al.””,
it was proposed to use two PI controllers in parallel to
defeat the cons of the PI to command the asynchronous
motor. The suggested controller is complex compared
to the PI controller and contains a significant number
of gains. Also, the proposed controller is expensive and
difficult to implement. Despite these drawbacks, the
results showed the high effectiveness of this proposed
controller compared to the PI controller in terms of
reducing current and torque ripples. Also, in terms of
reducing the value of THD of current and the response
time of flux and torque.
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Figure 1. The Proposed PDI Controller. A: PI controller; B: PDI controller; C: PDI-GA controller.

In this part, a solution different from the aforementioned
solutions is proposed to defeat the cons of the PI, and
the use of PDI is proposed for this purpose. So the PDI
controller is a different controller from the PI controller
in principle, as two integrators are used in series for this
purpose. The PDI controller is a variation of the traditional
controller and therefore they have the same number of
gains. Equation (11) shows the MM of the PDI controller
used in this work.

y(t) = [[Ky x e(t) x dt + Ky X e(t) (11)

where, K; and K, are the gains of the proposed controller.
By means of these gains the response is adjusted and
changed. The designed controller is characterized by
ease of application and simplicity with a lower cost, as it
can be accomplished using dSPACE 1104 with ease. The
parameters of this proposed controller are calculated in
this work using the GA strategy, as using this strategy
leads to increased performance, robustness, and
efficiency in overcoming the defects of the DPC strategy.

Figure 1 represents the proposed regulator and the PI,
as it is noted that they have almost the same structure.

The proposed PDI controller based on GA technique
is used as an effective solution to overcome the cons of
the DPC of 1,500kW DFIG-MRWT, as in the next part the
necessary and essential details of the DPC-PDI-PWM are
mentioned.

2.4 Proposed DPC-PDI-PWM Strategy

In this part, the necessary details of the proposed
strategy, which is DPC-PDI-PWM technique based on GA
technique, are given. This command is different from
the DPC in terms of principle, idea, complexity, durability,
performance, and cost. In the proposed DPC-PDI-PWM
strategy based on GA, the PWM is used to replace the ST

to produce the pulses needed to operate the RSC. Also, two
PDI-GA controllers are used to control powers, as these
two proposed controllers are used to generate voltage
reference values. The latter is used to produce the impulses
necessary to operate the RSC. The use of the GA technique
was chosen for its ease and simplicity. This strategy does
not require a specialist, as it provides good results.

In the DPC-PDI-PWM strategy, power estimation is
used to obtain the energy error, and these errors are
used in calculating the voltage reference values. Figure 2
represents the architecture of the DPC-PDI-PWM used
in this work to command an power system based on
MRWT. The MPPT is used for the purpose of calculating
the reference value for Ps, and this reference value is
used to determine the Ps error. Therefore, using the
MPPT strategy makes the value of the Ps related to the
shape of the WS, as when the WS increases, the value
of the Ps increases with it, and vice versa. The proposed
strategy requires estimating capabilities, as the same
energy estimation equations found in the DPC are used.
Using power estimation requires measuring voltage and
current. Therefore, the flux must be estimated first before
estimating capacities, as estimating capacities is linked to
estimating flux.

In the DPC-PDI-PWM strategy, a PDI control is used
to produce the reference values (V,," and Vq,*), and the
Equation (11) is used for this purpose. So, to produce the
voltage reference values, the following equation is used:

{V;r =K x e, + [[K; x e, xdt a2
Vi, =K1 Xeq + [[K, x eq x dt

where, e, and e, are the errors of Ps and reactive power (Qs).

Equation (13) can be used to calculate the quadrature
and direct fluxes™”.
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0 3 Vs Vs.Lm
t (13) O == G ¥ =S Vo)
Y, = f (Vsp — Rylsp) dt
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where, V,, and V; are the voltage linkage of a-B axis.

W, is the flux linkage of B-axis, Lm is the mutual
inductance, ¥, is the rotor flux linkage of a-axis. with:

y, = f\pga +W% (14)

The angle between ¥,; and ¥, is given by Equation

(15)[17,18]. lIJSB
- ) (15)

sa

6, = arctg(

In Equation (16), the relationship between voltage and
flux is given, where it is noted that flow increases with
increasing voltage and vice versa’’.

T
|P,| = (16)
S

wy
where, V, is the voltage.

Using the flux estimation equations mentioned above,
capacities can be estimated using Equation (17)"*'9, as
this equation is the same DPC equation. Through this
equation, it is noted that the change in power is related
to the change in flux, and since the flux is related to the
change in voltage, the power is related to the change in
voltage. )

o=1-

18
L, 49

In this part, a simulation of the DPC-PDI-PWM
based on GA technique is performed compared to the
traditional strategy (DPC-PI), and the MATLAB is used
for this purpose. The system parameters used are as
follows: f,=50Hz, R,=12mQ, L,=13.7mH, 380/696V,
L,=13.6mH, L,,=13.5mH, R.=21mg, J=1000kgm?, p=2,
and £,=0.0024Nm/s"" ",

The necessary numerical and graphical results are
extracted to show the performance and robustness of the
DPC-PDI-PWM based on GA technique, and various tests
are used for this purpose. In order to study the behavior
of the DPC-PDI-PWM based on GA technique, a variable
WS is used.

The parameters of the system proposed in this work
are listed in Table S1. Also, the model was given in
the MATLAB environment for the proposed system to
illustrate the work done (See Figure S1).

3.1 First Test

In this test, the WS represented in Figure 3 is used to
study the behavior of the proposed DPC-PDI-PWM strategy
based on GA technique, where the graphical results are
represented in Figure 4. This figure gives a clear picture
of the change in the behavior of power compared to a
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Figure 4. First Test Results. A: Active power; B: Reactive power; C: Stator current; D:THD (DPC-PI); E: THD (DPC-PDI-PWM).

change in VWS, as Ps is greatly affected by a change in
WS (Figure 4A). Ps increases with increasing VWS and
decreases with decreasing VWS. However, the Qs is not
affected by the change in VWS throughout the simulation
period, as it remains constant and takes a zero value in
the presence of undulations (Figure 4B).

The current is represented in Figure 4C for the two
controls, where it is noted that the shape of the current
takes a sinusoidal shape. The value of the current is
related to the change in VWS, as its value increases with
increasing WS and decreases with its decrease, with the
DPC-PDI-PWM technique having an advantage in terms
of quality compared to the DPC-PI. The THD of current
for the two commands is represented in Figure 4D
and 4E, where it is noted that the value of THD was 0.46%
and 0.40% for both the DPC-PI and the DPC-PDI-PWM,

respectively. So, the DPC-PDI-PWM reduced the THD
compared to the DPC-PI, as the minimization percentages
was estimated at 13.04%, which is desirable and indicates
that the DPC-PDI-PWM technique provided satisfactory
performance compared to the DPC-PL. It is also noted that
the amplitude value of the fundamental of current signal
(FCS) was 1500A and 1498A for DPC-PI and DPC-PDI-
PWM, respectively. Therefore, the DPC-PI provided a larger
amplitude than the amplitude provided by the DPC-PDI-
PWM, which makes it said that the amplitude of the FCS is
negative for the DPC-PDI-PWM.

Figure 5 represents the zoom in the results of the first
test. This figure shows that the ripples of both power and
current are significantly reduced in the DPC-PDI-PWM
technique compared to the DPC-PI, where the undulations
values and minimization percentages are given in Table 1.
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Figure 5. Zoom (First Test). A: Active power; B: Reactive power; C: Stator current.

Table 1. Ratios/Values of SSE, Ripples, RT, and Overshoot in the FirstTest Case

First Test Case Ps (W) Qs (VAR)
DPC-PI Ripples 10,000 12,000
Overshoot 3,810 2,916.70
SSE 6,200 5,265
RT 1.053ms 1.05ms
DPC-PDI-PWM technique Ripples 1,690 2,520
Overshoot 1,070 609.66
SSE 660 1,543.37
RT 3.62 ms 3.64 ms
Ratios Ripples 83.1% 79%
Overshoot 71.91% 79.09%
SSE 89.35% 70.68%
Response time -70.91% -71.15%

The numerical results are shown in Table 1, where
the values and ratios of RT, overshoot, ripples, and SSE
of DFIG power are given. From this table it is noted that
the DPC-PDI-PWM technique provided better results in
terms of overshoot, undulations, and SSE compared to
the DPC-PI, this is shown through the calculated ratios.
The DPC-PDI-PWM reduced the values of ripple, SSE,
and overshoot of Ps by ratios estimated at 83.10%,
89.35%, and 71.91%, respectively, compared to the
DPC-PI strategy. Also, overshoot, ripples, and SSE of Qs
were reduced by 79.09%, 79%, and 70.68% compared
to the DPC-PI. However, this DPC-PDI-PWM technique
has a negative side, represented by the RT, as it provided
an unsatisfactory time for DFIG power compared to the
DPC-PI, which is undesirable.

3.2 Second Test

In this test, the behavior of the DPC-PDI-PWM
is studied in terms of robustness, and the machine
parameters are changed for this purpose. Resistance
values are multiplied by 2 and coil values are multiplied

by 0.5. In this test, the same WS used in the first test is
used, and the graphical results obtained are represented
in Figure 6. The latter shows that the capabilities follow
the references well despite the change in the DFIG
parameters. The Ps changes according to the change in
VWS, and the Qs remains constant and does not change,
although larger undulations are observed in the DPC-PI.
Also, the current takes a sinusoidal shape in this test for
the two controls, as its value changes according to the
change in VWS. Figure 6D and 6E represent the THD
for the two commands, where the THD was 1.65% and
1.56% for the DPC-PI and DPC-PDI-PWM techniques,
respectively. Accordingly, the proposed DPC-PDI-PWM
strategy reduced the THD value by an estimated rate
of 5.45%, as this percentages shows that the current
quality is better in the DPC-PDI-PWM compared to the
DPC-PI. Also, it is noted that the two controls provided
almost the same amplitude for the FSC, which is a good
thing for the DPC-PDI-PWM, as the amplitude value was
917.5A and 917.4A for both the DPC-PI and the DPC-
PDI-PWM strategy, respectively.
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Figure 7. Zoom in the Second Test Results. A: Active power; B: Reactive power; C: Current.

According to Figure 7, the ripples of both current
and DFIG power are low when using the DPC-PDI-PWM
technique compared to the DPC-PI, which is a good thing
that shows the high effectiveness of the DPC-PDI-PWM in
improving the performance of the studied DFIG-MRWT.

The numerical results of the second test are
represented in Table 2, where the values and percentages
of minimization of ripples, RT, SSE, and overshoot of
DFIG power are given. The DPC-PDI-PWM technique
provided lower values for overshoot, undulations, and
SSE of DFIG power compared to the DPC-PI, and this
appears through the high percentages, which indicates

the distinctive and effective performance in improving
the system characteristics. The DPC-PDI-PWM strategy
reduced ripple, SSE, and overshoot of Qs by ratios
estimated at 76%, 84.84%, and 84.84%, respectively,
compared to the DPC-PI strategy. Also, the SSE, ripples,
and overshoot of Ps were minimized by ratios estimated
at 71.72%, 87%, and 62.50%, respectively, compared
to the DPC-PI. These high percentages demonstrate
the efficiency/effectiveness of the DPC-PDI-PWM in
improving the system characteristics despite changing
the DFIG-MRWT parameters. The negative of the DPC-
PDI-PWM technique lies in the RT, as it provided an
unsatisfactory time for DFIG energy compared to the

https://doi.org/10.53964/id.2024023

Page 11/18



https://doi.org/10.53964/id.2024023

Benbouhenni H. Innov Discov 2024; 1(3): 23

Table 2. Ratios/Values of SSE, Overshoot, Ripples, and RT inthe Second Test Case

Second Test Case Ps (W) Qs (VAR)
DPC-PI Ripples 30,000 25,940
Overshoot 8,100 2,782.50
SSE 3,200 11,350
RT 0.55ms 0.55ms
DPC-PDI-PWM technique Ripples 3,900 6,000
Overshoot 2,290 421.76
SSE 1,200 1,720
RT 2.01ms 2.007ms
Ratios Ripples 87% 76%
Overshoot 71.72% 84.84%
SSE 62.50% 84.84%
RT -73.93% -72.59%

Table 3. Study of the Change in THD Value in
the Two Tests

Table 4. Study of the Change in Amplitude of
Fundamental Signal of Current in the Two Tests

Amplitude of fundamental signal of current (A)

THD of current DPC-P1 DPC-PDI-PWM
DPC-P1 DPC-PDI-PWM Test 1 1,500 1,498
Test 1 0.46 0.40 Test 2 917.50 917.40
Test 2 1.65 1.56 Test 1-Test 2 582.83 580.60
Ratios 72.12% 74.35% Ratios 38.85 % 38.75 %

DPC-PI, which is an undesirable matter that can be
overcome by adding intelligent techniques such as GA
techniques to determine the DPC-PDI-PWM parameters.

In Table 3, the change in the THD is studied. It is
noted that the THD was greatly affected in the test 2
compared to the first test as a result of changing the DFIG
parameters. Accordingly, the percentages of change was
estimated at 72.12% and 74.35% for both the DPC-PI
and DPC-PDI-PWM, respectively. So the DPC-PI provided
a lower percentages than the DPC-PDI-PWM technique,
even thought the THD value was high in the DPC-PI
compared to the DPC-PDI-PWM technique. In Table 4,
the change in the amplitude of the fundamental signal of
current in the first and second tests is studied. It is noted
that the amplitude value decreased significantly in the test
2 compared to the test 1 for the two commands due to the
change in the DFIG parameters. Therefore, the amplitude
of the fundamental signal is affected by changing system
parameters, as this effect was estimated at 38.85% and
38.75% for both the DPC-PI and the DPC-PDI-PWM,
respectively. The DPC-PDI-PWM strategy is less affected
than the DPC-PI strategy, which is a positive thing.

3.3 Third Test

In this test, the DPC-PDI-PWM strategy is studied
using the VWS represented in Figure 8, where graphical
results are represented in Figure 9 and numerical results
are listed in Table 5.

In Figure 9, the capacities follow the references well, with
larger undulations in the case of using the DPC-PI. Compared
to the DPC-PDI-PWM strategy. Also, the change in Ps is the
same as the change in VWS as a result of using MPPT to
calculate the reference value. But the Qs is not affected by
the change in WS and remains constant and non-existent.

Figure 9C represents the current for the two commands,
where the current changes according to the change in
WS and takes a sinusoidal shape with ripples. The value
of a current increases and decreases with increasing and
decreasing WS.

The THD of current is represented in Figures SD and 9E,
where it was 0.27% and 0.11% for both the DPC-PI and
the DPC-PDI-PWM, respectively. Accordingly, the DPC-PDI-
PWM minimized the THD significantly compared to the
DPC-PI, as this minimization was estimated at a rate of
59.25%. Also, the DPC-PI gave a larger FCS than the DPC-
PDI-PWM. This amplitude was 1056A and 1055A for both
the DPC-PI and DPC-PDI-PWM, respectively. So, it can be
said that the negativity of the DPC-PDI-PWM in this test is
the amplitude of the FCS.

Figure 10 shows the superiority of the DPC-PDI-PWM in
terms of undulations compared to the DPC-PI. Accordingly,
the DPC-PDI-PWM minimized the undulations of both
power and current significantly compared to the DPC-PI,
which is a positive thing that shows the superiority of this
command.
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Figure 9. Third Test Results. A: Active power; B: Reactive power; C: Current; D: THD (DPC); E: THD (DPC-PDI-PWM).

The numerical values of this test are represented in
Table 5 for the two controls, where it is noted that the
DPC-PDI-PWM provided satisfactory and unsatisfactory
results compared to the DPC-PI. The DPC-PDI-PWM
minimized the values of ripple, overshoot, and SSE of
Ps by percentages estimated at 84.07%, 89.09%, and
61.53%, respectively. Both ripples and SSE of Qs were
reduced by 78.98% and 79.85%, respectively, compared
to the DPC-PI. The DPC-PDI-PWM provided unsatisfactory
results in terms of response time to power compared to
the DPC-PI. The latter reduced RT by rates estimated at
69.42% and 69.93% for both Ps and Qs, respectively,
compared to the DPC-PDI-PWM. Also, the DPC-PI strategy
gave satisfactory results for overshoot of Qs compared to
the DPC-PDI-PWM, where the minimization percentage
was estimated at 82.53%.

In Tables 6 and 7, the effect of the amplitude of the FCS
and the THD value for the two commands is studied, as it is

noted that the THD was affected by changing the shape of
the WS. The THD value was lower in the third test compared
to the first test for the two commands, where this decrease
was estimated at 41.30% and 72.50% for both the DPC-
PI and the DPC-PDI-PWM strategy, respectively. Therefore,
the DPC-PDI-PWM strategy provided a greater percentage,
which indicates its higher performance in reducing the
value of THD compared to the DPC-PI strategy. Also, the
amplitude of the FCS decreased significantly in the third
test for the two controls compared to the first test. This
decrease was estimated at 29.60% and 29.57% for both
the DPC-PI and DPC-PDI-PWM, respectively. Therefore, it
can be said that the shape of the WS change has a direct
effect on the value of both the amplitude of the FCS and the
value of the current THD.

The proposed DPC-PDI-PWM strategy has effective
performance in terms of THD value of current (see Table 8),
reduction of power ripples (see Table 9), and SSE value
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Figure 10. Zoom in the Third Test Results. A: Active power; B: Reactive power; C: Current.

Table 5. Ratios/Values of ripples, Overshoot, SSE, and RT in the Third Test Case

Third Test Case

Ps (W) Qs (VAR)
DPC-PI Ripples 11,300 12,908.68
Overshoot 3,300 107.45
SSE 3,900 6,000
RT 0.96 ms 0.95 ms
DPC-PDI-PWM technique Ripples 1,800 2,712.92
Overshoot 360 615.30
SSE 1,500 1,208.70
RT 3.14 ms 3.16 ms
Ratios Ripples 84.07% 78.98%
Overshoot 89.09% -82.53%
SSE 61.53% 79.85%
RT -69.42% -69.93%

Table 6. Study of the Change in THD Value in
the First and Third Tests

Table 7. Study of the Change in Amplitude of Fun-
damental (50Hz) Signal in the First and Third Tests

THD of current
DPC-PI DPC-PDI-PWM
First test 0.46% 0.40%
Third test 0.27% 0.11%
Third test-First -0.19% -0.29%
test
Ratios 41.30% 72.50%

reduction ratios for powers (see Table 10) compared to
several research papers. So, the proposed DPC-PDI-PWM
strategy has the ability to significantly improve the quality
of current and power compared to several strategies,
which makes it a suitable and reliable solution, and this is
shown in Tables 8, 9, and 10. This completed comparison
gives a clear picture that the proposed DPC-PDI-PWM
strategy can compensate for several existing controls in
the field of control. Which is a positive thing.

Amplitude of fundamental signal of
current (A)

DPC-PI DPC-PDI-PWM
First test 1,500 1,498
Third test 1,056 1,055
First test-Third test 444 443
Ratios 29.60% 29.57%
4 CONCLUSIONS

In this study, a new control was proposed that is
characterized by ease of application and simplicity with
distinctive and effective characteristic in order to improve
the energy/current quality. The DPC-PDI-PWM technique
was used to control the RSC of 1.5MW DFIG-MRWT, where
the MATLAB was used for this purpose. Two different
tests were used to study the DPC-PDI-PWM technique
behavior compared to the DPC-PI. In the DPC-PDI-
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Table 8. Comparing the DPC-PDI-PWM and Some Existing Papers in Terms of the THD

THD (%) Strategies References
0.94 Hybrid control [51]
2.57 DTC [52]
9.71 Integral SMC [53]
3.26 Neural DTC [54]
2.56 DPC [55]
2.72 DPC-NF [56]
12 DTC with PI controllers [57]
7.19 DTC strategy with ant colony optimization algorithm
1.57 Three-level DTC [58]
3.70 FOC [59]
1.66 DPC-STA [60]
3.13 SOSMC [61]
2.40 Fuzzy DTC [62]
0.49 Predictive control [63]
Test 1 0.40% DPC-PDI-PWM
Test 2 1.56%
Test 3 0.11%
Table 9. Comparison in Terms of Energy Ripple Reduction Rates
References Ratios
Qs (VAR) Ps (W)
[24] 43.07% 33%
[64] Modified STC 8.96% 13.44%
[65] STC 22.66% 21.75%
Modified STC 21.23% 19.11%
[37] 36.93% 22.95%
[48] Test 1 50% 44.50%
Test 2 52.98% 63.33%
Test 3 50% 48.18%
[15] Test 1 47.05% 69.33%
Test 2 47.99% 65.07%
Test 3 88.42% 53.37%
DPC-PDI-PWM Test 1 79% 83.01%
Test 2 76% 87%
Test 3 78.98% 84.07%

PWM, an GA was used to calculate the parameters of the
regulator used to control the power. So, according to the
obtained graphical and numerical results, the DPC-PDI-
PWM provided very satisfactory results, as it significantly
reduced energy and current ripples. Also, the DPC-PDI-
PWM technique underestimates the SSE and overshoot of
DFIG power compared to the DPC-PI. The presented results
demonstrate the superiority of the DPC-PDI-PWM in terms
of THD value compared to the DPC-PI. The THD for the
two commands changed from the first test to the second
test, as it is noted that the DPC-PI provided a greater value
compared to the DPC-PDI-PWM technique. However, the
rate of change in the THD value was greater in the DPC-

PDI-PWM technique compared to the DPC-PI, which is
undesirable. The completed work was restricted to using
only a VWS, and in the future this work will be studied using
other tests, for example, a network error. In the future,
this paper will be carried out experimentally and the results
obtained will be confirmed by simulation, along with the
implementation of other strategies that are more effective
in improving the characteristics of the energy system based
on MRWT.
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Table 10. Comparison in Terms of SSE for Qs and Ps

References SSE ratios
Ps (W) Qs (VAR)
[66] Test 1 46.86% 63.96%
Test 2 45.48% 78%
Test 3 43.21% 60.03%
[67] 42.14% 47.57%
[48] Test 1 53.25% 74.41%
Test 2 52.98% 79.55%
Test 3 45.74% 94.81%
[65] 36.93% 35%
[24] 35.48% 62%
DPC-PDI-PWM Test 1 70.68% 89.35%
Test 2 84.84% 62.50%
Test 3 79.85% 61.53%
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