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ABSTRACT This new paper describes an experimental investigation of a proportional-integral (PI) controller
that uses feedback control to regulate an energy system that uses multi-rotor wind energy systems. Pulse
width modulation (PWM) is used by the proposed controller to control the power of the doubly-fed induction
generator controlled by direct power control (DPC), which is intended to regulate and control the inverter.
The proposed strategy differs from the traditional DPC strategy. The proposed control was studied in the
case of variable wind speed, where the MATLAB and Dspace 1104 environment was used to implement
this proposed feedback PI (FPI) controller, with a comparison with the proposed control technique and
some existing works. The suggested FPI controller outperforms the traditional controller and certain other
controllers in terms of lowering energy ripples, overshoot, steady-state error (SSE), response time, and
the total harmonic distortion (THD) of supplied system currents, as demonstrated by experimental and
simulation results. The THD value of current was reduced by 64.86% and 69.44% in the two proposed tests
compared to the traditional DPC technique. Also, the value of ripples and overshoot of active power was
reduced compared to the DPC method by 95.42% and 90.86%, respectively, in the case of step wind speeds.
Moreover, ripples and SSE of reactive powers compared to the DPC technique were reduced by 37.51% and
84.13%, respectively. These high ratios indicate the high performance of the proposed DPC-FPI technique
in enhancing the features of the system in contrast to the conventional DPC technique.

INDEX TERMS Multi-rotor wind energy system, feedback control, direct power control, doubly-fed
induction generator, proportional-integral controller.

NOMENCLATURE FPI Feedback proportional-integral controller.
DPC Direct power control. DTC  Direct torque control.
WS Wind speed. SC Synergetic control.
PWM  Pulse width modulation. FL Fuzzy 10g1.0~
MRWT  Multi-rotor wind turbine. BC  Backstepping control.
WE Wind energy. NNs  Neural networks.

MPPT  Maximum power point tracking. THD  Total harmonic distortion.

SMC Sliding mode control. DFIG Doubly—fed induction generator.
HC Hysteresis comparator.
LT Lookup table.
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I. INTRODUCTION

One of the key elements contributing to the rebirth of
nations and governments is energy, as the issue of electrical
energy is considered one of the most prominent themes and
topics in the current era due to its sensitivity and great
importance in the industrial and economic field. Electrical
energy is the energy that has changed the world for the
better and provided a better life for humanity, as several
sources can be used to obtain it. These sources can be
divided and separated into two branches: renewable sources
and non-renewable sources. The use of non-renewable power
resources such as gas to generate electrical energy causes
several problems such as global warming. In addition to the
high costs of producing and consuming electrical energy,
which is undesirable, which has made governments look for
other solutions. One of the most popular solutions put forth
in recent years to replace conventional sources and combat
the rising demand for electrical energy consumption is the
use of renewable energy and power resources, specifically
wind and solar energy. In addition to the possibility of
reducing the costs of producing and consuming electrical
energy. As is known, wind energy (WE) is clean, inexpensive,
and easy to use, as turbines are utilized to convert WE into
mechanical energy. The latter is utilized or converted by
electric generators into electrical energy, where the amount
of energy produced is largely related and linked to wind
speed (WS).

The most widely used generator can be mentioned as
the doubly-fed induction generator (DFIG) [1], as it is
characterized by several advantages that make it superior
to all other generators. Comparing this generator to many
others, its advantages are its low cost, great durability, and
simplicity of control [2]. This generator has a feature that
differs from other generators, which is that it controls the
resulting energy by feeding the moving part of the machine,
as two different inverters are used for this purpose. This
generator is also connected directly to the network without
the need to use transformers or inverters, which makes
costs lower compared to using a synchronous generator.
Therefore, focus was placed in this work on its use in
generating electrical energy using a multi-rotor wind turbine
(MRWT) power and energy system [3]. MRWT is a new
turbine technology that has recently emerged as an alternative
solution to traditional turbines for producing -electrical
energy from wind, as it is characterized by distinctive and
effective performance compared to traditional turbines. This
new technology has been discussed in detail in several
different works [4], [5], [6], [7], where all of these works
confirm the superiority of these turbines over traditional
turbines.

According to the work done in [8], the MRWT turbine has
sufficient capacity to gain more energy from the wind than
traditional turbines, which makes it the appropriate solution
in the future for generating energy from wind. In addition,
the use of this type leads to reducing the area of wind farms
and thus the costs, which is a good thing and makes this
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turbine the appropriate solution in this study to implement
the proposed system. The MRWT turbine has the ability to
overcome unwanted winds in wind farms that arise between
the turbines, as these turbines are not affected by these
winds, which makes their yield large and unchangeable.
Also, the use of MRWT makes the power system more
stable compared to conventional turbines. The negative of
these turbines is the high costs due to the presence of two
or more turbines together, as there are a large number of
mechanical components, which makes regular maintenance
expensive [9].

Traditionally, the strategy of direct control of distinct
quantities is a strategy characterized by simplicity and rapid
dynamic response, which makes it one of the most famous
approach in the field of system control, as there are two
types of this strategy: DTC (Direct torque Control) and DPC
(Direct power control) [10]. These strategies have fewer
gains, making them easy to adjust and inexpensive, which
is a good thing. The DPC and DTC strategies are among
the most prominent linear control strategies used in the field
of controlling electrical machines, especially in the field of
renewable energies. These strategies depend on the use of
a lookup table (LT) to regulate and control the operation
of the inverter machine, and traditional controllers of the
type hysteresis comparators (HCs) are used to control the
characteristic quantities (Energy and Torque) [11]. Therefore,
there are no complex calculations in these strategies that
hinder their application to the systems. The DPC strategy has
the same principle, idea, and structure as the DTC strategy,
the difference between which lies in the amounts controlled.
In the DPC strategy, power is controlled, and in the DTC
strategy, torque and flow are controlled. So, the focus will be
on DPC technique in this work to control the energy generated
by the MRWT-based WE system. According to the work
done in [11], the DPC strategy has many disadvantages that
can be identified in the following points: 1) the presence of
large fluctuations at the power level, 2) low current quality,
3) the use of power estimation, which makes it tied to the
system parameters, 4) low durability, 5) The current has
a high value of total harmonic distortion (THD), 6) The
presence of variable and high frequencies at the current
level.

In order to overcome these defects, several intelligent
strategies were used for this purpose, as genetic algorithms
(GAs) [12], neural networks (NNs) [13], particle swarm
optimization (PSO) [14], and fuzzy logic (FL) [15] were
used. These artificial intelligence techniques, which mainly
rely on experience, were employed to lessen the energy
ripples’ intensity and the THD value of current. Because
the DPC strategy’s parameters were determined using these
strategies—like GA and PSO—the resulting strategies are
desirable because they are straightforward and simple to
implement. Both FL. and NNs were used to generate the
pulses needed to operate the inverter and thus compensate for
the use of LT. By employing these techniques, power ripples
are greatly decreased and the DPC strategy’s robustness is
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increased. The negative of these strategies is that there is no
rule that determines how to use them to obtain good results,
as there is no mathematical rule that determines the number
of FL rules or the number of internal layers and neurons
needed, and this is undesired. Furthermore, these suggested
intelligent strategies depend on capacity estimation, which
means that in the event of a system malfunction—which is
undesirable—the DPC strategy will be impacted. Therefore,
it is necessary to search for other strategies that are more
efficient and performant in overcoming the problems of the
DPC method.

There are those who proposed a solution in nonlinear
strategies such as synergetic command (SC) [16], back-
stepping command (BC) [17], super-twisting command
(STC) [18], sliding mode command (SMC) [19], and
third-order SMC [20] to increase the performance of the
DPC strategy, where both LT and HCs were dispensed
with. In these proposed nonlinear strategies, space vector
modulation (SVM) or pulse width modulation (PWM) is
utilized and employed to regulate and control the inverter of
the DFIG. Using these strategies mentioned above increased
the degree of complexity of the traditional DPC strategy
and the difficulty of real embedded implementation, such as
using SMC and BC techniques, where it is noted that there
are a significant number of gains, which makes adjusting
the dynamic response somewhat complicated. Also, using
these strategies makes the DPC strategy tied to the DFIG
parameters, which is undesirable and makes the strategy
give unsatisfactory results in the event of a malfunction in
the energy conversion system. However, the use of these
strategies led to a significant reduction in energy ripples and
a reduction in the THD value of current compared to the
traditional DPC strategy. In the durability tests, it is noted
that there is a significant increase on the ripple value and
the THD value, which is undesirable, causes disturbances
in operation and significantly reduces the life of the
system.

Some works have suggested combining strategies to obtain
distinctive performance for the DPC strategy, where three or
two strategies that are different or similar in principle are
combined. In the work [21], the author used a combination
of SC method and SMC approach to overcome and remedy
the problems of DPC technique of DFIG-MRWT, where he
used the resulting strategy (SC-SMC) to regulate the DFIG
powers. The approach is straightforward and preserves the
traditional strategy’s ease of completion. This strategy relies
on estimating powers, which makes it give unsatisfactory
results in a durability test, where an increase in torque/power
ripples and a decrease in the quality of the current are
observed. The DPC-SC-SMC strategy was applied to a
1.5 MW DFIG-MRWT with variable WS for the purpose of
studying efficiency, durability, and performance compared to
the DPC strategy. The obtained simulation results highlight
the distinctive performance of the DPC-SC-SMC strategy in
improving system characteristics compared to the traditional
DPC strategy. Nonetheless, the issue of ripples persists,
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particularly in the case of a system malfunction. Another
integration was done in [22] to control the capabilities and
overcome the drawbacks of the traditional DPC strategy,
as the author used both SMC and BC techniques for
this purpose. The structure and guiding principles of the
DPC-BC-SMC strategy differ from those of the traditional
DPC strategy. This strategy uses the PWM technique to
control the RSC of DFIG and uses a BC-SMC technique
to regulate the DFIG power. Complexity, implementation
difficulty, and a high number of gains are characteristics of
the suggested strategy that make it challenging to control the
dynamic response. This strategy uses the same estimation
equations found in the DPC strategy. The MATLAB/simulink
environment was employed to implement the proposed
strategy, and a variable WS was used to complete the study.
The outcomes of the simulation showed that the suggested
strategy outperformed the conventional DPC strategy in terms
of enhancing current quality. However, the undesired issue of
energy ripples persists.

In [23] and [24], the PWM technique was employed to
generate the control pulses required to operate the RSC of
DFIG. Both the fractional-order NNs and fractional-order
FL techniques were utilized as new controls to replace the
traditional controls. The proposed strategies are characterized
by simplicity and high robustness due to the use of the
combination between fractional-order control and intelligent
techniques. In these strategies, the maximum power point
tracking (MPPT) technique based on PI controller was used
in order to obtain the reference value for active power. The
calculated reference value is used to calculate the error in
active power, as the error value in active power is considered
an input to the proposed controls. These proposed strategies
were implemented in the MATLAB environment, with a
comparative study between the DPC strategy and some
existing controls in terms of the percentage of response time
reduction, ripples, steady-state error (SSE) and overshoot
of DFIG power. The results obtained demonstrate the
high performance of the proposed controls in improving
the system characteristics compared to several works. The
negative of these strategies lies in estimating capabilities,
as they use the same estimation equations, which makes them
provide unsatisfactory results in the event of a malfunction in
the system. In addition to the smart strategies in themselves,
these strategies depend on experience and there are no rules to
help in their application, which makes the matter somewhat
complicated and difficult to determine the necessary number
of FL technique rules or the number of neurons needed.
In [25], GA technique, terminal sliding surface technique,
and PI controller were used to overcome the problems of
the traditional DPC strategy of DFIG-MRWT systems. The
obtained strategy is characterized by high robustness and
ease of implementation, as the MATLAB environment was
used for the purpose of implementation, with the use of
several tests to verify its behavior. The results obtained
showed the high performance of the proposed strategy, as it
provided high reduction rates compared to the traditional
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strategy and some actions. PI controller and SC technique
were combined to control DFIG power and overcome the
drawbacks of the traditional DPC strategy [26], where
GA technique was utilized to determine the gain values
of the proposed controller. The DPC-PI-SC-GA strategy
is distinguished by high durability and great efficiency
in reducing power ripples and improving current quality
compared to the traditional DPC strategy. To control the
guest energy system, there were several challenges facing
the control of these systems. The most prominent of these
challenges are ease of control, ease of implementation,
number of acquisitions, durability, distinctive performance,
and cost.

All this factor makes the control technique of the system
of great importance, as controlling the organs contributes
to reducing the cost of the system and reducing the cost
of production and energy consumption. Among the simplest
solutions that have been proposed to overcome the shortcom-
ings of the traditional DPC strategy are the PI(14-PI) [27] and
proportional-derivative-(14+PI) technique [28] techniques,
as the two proposed ideas are very simple and of great
importance in the field of control. These two proposed
DPC strategies were utilized to remedy and overcome
the shortcomings and disadvantages of the DFIG-MRWT
system, as they provided very satisfactory reduction rates
compared to the traditional DPC strategy and some existing
works.

The use of power estimation causes ripples and fluctuations
at the level of active and reactive power, which is a drawback
to these strategies despite their simplicity, affordability, and
ease of embedded real time implementation. In addition to
having a significant number of gains, which is not desirable.
Therefore, it is necessary to search for another solution
that is distinguished by simplicity, outstanding performance,
durability, efficiency in reducing the intensity of energy
waves, fewer gains, ease of real time embedded implemen-
tation, and low cost. All these features are necessary to
choose the appropriate control to overcome and remedy the
disadvantages of the DPC strategy. So, the completed work
deals with a new DPC strategy based on the use of a new
linear controller to improve and ameliorate the performance
and efficiency of the DPC technique of DFIG-MRWT. The
new linear controller is a PI controller based on feedback
technique, as this controller is considered a new strategy
that has not been discussed before in the field of control,
particularly in the field of renewable powers resources. So the
main contribution of the paper is to propose the feedback
PI (FPI) controller as a suitable solution to overcome and
remedy the drawbacks and problems of the traditional
DPC strategy of DFIG-MRWT. This proposed controller
has several advantages, including simplicity, durability, ease
of embedded real time implementation, few gains, and
distinctive performance with a fast dynamic response, which
makes it a suitable solution in this work. In addition,
there are other contributions made in this paper that can
be identified in the following points: 1) Experimentally
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implementing the proposed controller using Dspace 1104, 2)
Comparing the proposed DPC strategy with the traditional
DPC strategy and some existing works, 3) Improving the
quality of power/current, 4) Reducing the THD of current,
and 5) Minimizing the value of overshoot and SSE of DFIG
energy.

The research contained seven sections, the second section
talked about the obstetrics system proposed for the study.
In the third section, the proposed DPC control principle
and its characteristics are presented. The DPC-FPI strategy
is detailed and its mathematical model is presented in
Section I'V. The fifth section deals with numerical simulation
of the proposed DPC-FPI strategy with a comparative study
with the traditional DPC strategy. Experimental results are
listed in Section VI. The paper ends with a conclusions
section, where all findings related to the work performed are
collected.

Il. PROPOSED WE SYSTEM

The WE system proposed in this paper depends on the use of
an MRWT turbine to gain energy from the wind and provide
the generator with sufficient energy to produce electrical
energy, where a generator with a capacity of 1.5 megawatts
is used. DFIG and MRWT are considered the main sections
of this system, and the mathematical model will be given to
them to complete the necessary simulation.

A. TURBINE MODEL

MRWT is a modern turbine that has the ability to provide
greater WE as a result of using several turbines. The use of
these turbines contributes to significantly reducing the area
of wind farms and thus reducing the costs of constructing
wind farms [3], [8], which leads to reducing the costs
of producing and consuming electrical energy. In addition,
these turbines are more stable than traditional turbines,
as they are not affected by the wind generated between
the turbines in wind farms, making them one of the most
reliable solutions in the future for producing electrical energy.
Compared to traditional turbines, MRWTs are difficult to
control, expensive, require constant periodic maintenance,
and contain a large number of mechanical parts. To control
this turbine, the MPPT strategy is used for this purpose,
as this strategy was detailed in the work [29]. As is known,
the MPPT strategy is used for the purpose of controlling
MRWT and obtaining more energy from wind. Also, protect
the MRWT from strong winds. MRWT is considered to
have great durability against strong winds compared to
traditional turbines, which makes it one of the most prominent
solutions that can be relied upon in the field of electric power
generation in the future, as these turbines are considered a
new technology and in continuous development. According
to the work [27], [28], the torque of this turbine can be
expressed by Equation (1). So the torque is a sum of the
torques of the turbines forming the mother turbine.

T,=T1+T> (D
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Equation (2) shows the torque of the two turbines, where
the torque value depends on the dimensions of each turbine.

C
Tg:# p-m RS -w3
CP2 5 2 @
Ti=—5p-m-RY-w
3 1 1
213
The total capacity of the turbine is represented in
Equation (3).

P,=P,1+P2 3)

The power generated by each turbine can be calculated
using Equation (4) [12], [21].
3

C,(B, A
Mp.sst.wst

C ﬁ,).
17( ) j'St"'3t

Psi=
Pr=
Torque or power is related to a factor called coefficient
of power (Cp), and this work is of great importance in
determining the value of the energy gained from the wind.
Equation (5) represents this coefficient for MRWT.

__ 1003
T0.088 1 g341

The parameter Cp is affected by two main factors: pitch
angle (8) and tip speed ratio (1), where it has the largest value
when 8 = 0°. On the other hand, the value of this parameter
increases as the tip speed ratio decreases. For each turbine,
it can be expressed according to the Equation (6).

Cp (B, 1) ©)

wst - Rg;
Agp=——o
VST (6)
wre - Rps
A=
Vit

In MRWT, the WS of the two turbines forming the parent
turbine is different, as each turbine has its own WS. The first
turbine has a normal WS, while the second turbine has a WS
given by the Equation (7). This speed is related to the distance
(x) between the two turbines, as the distance between the two
turbines in this paper is estimated at 15 meters because the
turbine is under major study and its capacity is estimated at
1.5 megawatts. Moreover, the WS of the second turbine is
related to the WS (V1) before the first turbine and a constant
factor (Ct) of 0.9 [8], [27].

_1-/a=Cp) (1+ 2x

Va=Vi(1 e S 7
2 1( 2 m)) @

B. DFIG MODEL

The DFIG was relied upon because of the characteristics that
distinguish it mentioned in [1] and [2], where the rotational
speed can be controlled by feeding the moving part, which is a
feature not found in other machines. The mathematical model
of this generator is based on giving the relationships between
flux, voltage, and current. In addition to the relationship
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between speed and torque. The Equations (8) to (10) represent
these relationships that connect different quantities

d
V=R gr—w; ¥V g+ ‘7 Vg

Vqr =Rr1qr +w Vg CT ‘I’qr

Vgs=Rl gs+ws W g5+ tT W s

Vas=Rol as—ws¥qst - Vaa ®)
Vgr=Lrlgr + M1 g5
Y, = Mg+,
Wys = MI g +Lgl 4
‘I’ds =leds + MIdr

dQ
Te=J X —+f X Q+T,
dtM 9)
T,=1.5p X IT(_‘IISd X Ipg+Weq X Ig)
'S

Power is related to voltage and current, and is estimated
by measuring both voltage and current. Therefore, the
Equation (10) is used to find the necessary power values for
the control strategy.

Ps=1.5 X (Vqs X Iqs+ IdsXVdS)

(10)
Q,=1.5 X (—1Ig4 X Vags+Vys X L)

To enhance the generator’s qualities, a number of alterna-
tive controllers have been suggested for it. These controllers
vary in terms of complexity, ease of use, cost, durability,
performance, and efficiency. One of the most prominent
challenges facing the implementation of any control system
is the presence of these features mentioned in the proposed
FPI controller, as these features are of great importance in
determining the cost of the system and the quality of the
resulting energy. Therefore, it is necessary to focus on these
characteristics to suggest the controller needed to be used to
control capabilities.

lll. SUGGESTED FPI CONTROLLER

Based on the application of a PI controller, a new linear
controller is suggested in this section as a workable solution in
this paper. The latter is the best option for a variety of systems
because of its many benefits, including its simplicity, low
number of gains, ease of implementation, affordability, and its
quick dynamic speed. The PI controller’s mathematical form
is represented by Equation (11).

u(t) =K,.e() +K,-./e(t) dt (11)

Equation (11) can be illustrated using Figure 1 to simplify
understanding and to illustrate the changes that will occur to
this controller to implement the new controller.

The proposed controller is a change in the PI controller,
where feedback action represented in Equation (12) is used to
increase the durability and performance of the PI controller.
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X*

>

FIGURE 1. PI controller.

To simplify understanding the proposed method and clarify
the shape of the new controller, Figure 2 is used for this
purpose.

E=Y—-X (12)

FIGURE 2. FPI controller.

By comparing Figures 1 and 2, the proposed FPI controller
is different from the traditional controller in principle
and mathematical form. In Table 1, the differences and
similarities between the two controls are given.

TABLE 1. Comparison between controllers Pl and FPI.

Properties PI controller FPI controller
Number of gains 2 (Ki and Kp) 3 (K1, K2, and K3)
number of integrals 1 1
Number of errors 1 (e) 2 (e and E)
Number of 1 2
comparators
Number of 0 I

feedback action

The suggested controller’s mathematical model can be
extracted from Figure 2, where the equation denotes the
mathematical model that corresponds to this controller. The
primary characteristics of this suggested FPI controller are its
simplicity, ease of use, and affordability.

w(t) =Kq.e(t) +K2./E(t)dt (13)

where, e and E are the errors and K1, K7, and K3 are the gains
of FPI controller. Through these gains, the dynamic response
can be controlled and changed, and smart strategies can be
used to calculate it. Using smart strategies helps get better
results. Equation (14) represents the mathematical model of
the error (E), as it relates to the error e value.

E@) =e()—Ksy (14)
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FIGURE 3. The designed DPC-FPI technique.

This proposed FPI controller will be designed and
employed to improve and enhance the performance of the
DPC technique of DFIG-MRWT system in the next part,
where the necessary details for this proposed DPC-FPI
strategy will be mentioned.

IV. PROPOSED DPC-FPI TECHNIQUE OF THE DFIG

The DPC-FPI strategy is among the most prominent con-
tributions of this paper. It is considered a new work and
has not been discussed previously, and it differs from the
work done in [30] and some other work [12], [18], [27],
[28]. This proposed strategy differs from traditional DPC
technique in terms of idea, principle, and structure. The
proposed FPI strategy does not use both the LT and two HCs,
which makes it give distinctive performance compared to the
DPC strategy. In this proposed DPC-FPI strategy, two FPI
controllers are used to control DFIG energy. In addition to
using the PWM technique to control the operation of the
RSC of DFIG. Therefore, the proposed DPC-FPI strategy
is distinguished by simplicity, low cost, small number of
gains, quick dynamic response, and ease of embedded
real time implementation. Figure 3 represents the proposed
DPC-FPI strategy used in this paper to control the energy
system.

The suggested DPC-FPI approach uses estimation of
powers to compute the error, which is computed for both
reactive and supplied active power. These errors are the inputs
to the FPI controller of proposed DPC technique with PWM
technique. The flux must first be estimated, and Equation (15)
is used for this purpose. As is known, power is related to flux
and current. Equation (16) represents the absolute value of
the flux, as this value is calculated based on the components
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in Equation (15).
( t
\I’sﬁ:/o (Vs—Rs X igg)dt

t
W= / . (Vi—R, X g )dt

( (15)
‘I’sﬂz/o (Vs—Rs X isﬁ)dt
t
- / (ViR X i)l
W, | = (\It?ﬁwfa)
(16)

w5l = (¥Z+¥2)

Flux is related to voltage, so as voltage changes, flux
changes with it. Equation (17) represents the relationship
between flux and voltage, and this equation can be used to
extract the flux value.

|Ei=|&| XWr (17)
V| =[]

Using Equation (15), it is possible to extract the value
of the angle that is used to control and control the
Park transformation, as these angle values are considered
necessary to accomplish the proposed DPC-FPI strategy, and
Equation (18) represents how to calculate these angles based
on the flux components.

v,
Or = artg L
i (18)
O0s= artg

so
So, to estimate the capabilities, Equation (20) can be used
for this purpose. This equation is the same equation used in
the DPC strategy.

3 \4 VXL
0= —> [ xwp — 2"
2 \o X L o XL, XL (19)
Py=——VxW,g X —2
ST TSR o L x L,

The stator flux can be expressed in another way, where the
Equation (20) is used for this purpose.

V= ol gL,
M
Vo= 0lpoLy+¥s L_

S

(20)

The DPC-FPI strategy aims to calculate voltage reference
values, and these reference values are used by the PWM
strategy to generate the pulses necessary to operate the RSC
of DFIG. Therefore, the error in the capabilities is first
determined according to the Equation (21). The Equation (13)
of the proposed controller is used to determine the voltage
reference values. So the Equation (22) can be relied upon to
determine these reference values. Figures 4 and 5 represents
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the proposed controllers to control power and reduce energy
ripples. In this proposed DPC-FPI strategy, the MPPT
strategy is used to determine the reference value for the active
power and thus obtain the greatest energy gained from the
wind to generate the greatest current value.

—_p*__
eps—Ps* Ps (21)
er=Qs _Qs
V;r =Kj.eq (¢) +K2./EQS (t)dt
(22)

Var = Ki.ep, (t) +K2-/Eps (t)dt

FIGURE 5. The designed FPI technique of Ps.

The proposed DPC-FPI strategy will be implemented
experimentally using the MATLAB environment in the
following sections to demonstrate its efficiency and ability
to improve the quality of current and power.

V. NUMERICAL RESULTS
In this section, a numerical simulation of the proposed DPC-
FPI strategy compared to the traditional DPC strategy is
given, where the necessary numerical and graphical results
to make the comparison are extracted. The DFIG parameters
are as follows: Ry =0.012 @, Py, =1.5MW, L, =0.0136 H,
L, = 0.0135 H, J = 1000 kg.m?, 380/696 V, R, = 0.021 2,
50 Hz, Ly = 0.0137 H, p=2, and f;, = 0.0024 Nm/s.
Variable WS with two different shapes is used to study the
efficiency of the proposed DPC-FPI strategy in improving the
quality of power and current.

A. STEPS WIND PROFILE
In this test, the characteristics of the proposed DPC-FPI
strategy are studied according to the WS represented in
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Figure 6, where the results obtained are represented in
Figures 7 to 11. Through these shapes, the capabilities follow
the references well (Figures 7 and 8) with the presence
of ripples in the case of the DPC strategy compared to
the DPC-FPI strategy. Reactive power does not change
according to the change in WS. In addition, torque and
current follow the change in the shape of active power
perfectly, as the WS increases, the value of both torque and
current increases (see Figures 9-11). It is noted that there
are ripples in the determination, as these ripples are much
smaller in the case of using the traditional DPC strategy.
The currents take a sinusoidal shape, with an advantage
over the proposed DPC-FPI strategy in terms of quality and
undulations.
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FIGURE 8. Qs of DPC-FPI and DPC.

In Figure 12, the value of THD of current is given
for both strategies, where it is noted that the value of
THD is 0.37and 0.13% for the traditional and proposed
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strategies, respectively. So, the proposed strategy reduced the
value of THD compared to the traditional strategy, as the
percentage of reduction in the value of THD was estimated
at 64.86This high percentage indicates that the quality of
the stream is better in the case of the proposed strategy.
It also indicates the distinctive performance of the proposed
strategy in improving the system characteristics compared to
the traditional strategy. On the other hand, Figure 12 indicates
that the value of the amplitude of the fundamental signal
(50 Hz) of current is high if the proposed strategy is used
compared to the traditional strategy, which is desirable. The
value of this amplitude was 1389 A and 1394 A for both
the traditional and the proposed strategy, respectively. So, the
proposed strategy improved the value of the amplitude by an
estimated rate of 0.35%, as this percentage is very small, but
it expresses the superiority of the proposed strategy, which is
a good thing.

Table 2 represents the numerical results of this test, where
the values and percentages of ripple reduction, response
time, overshoot, and SSE of Ps and Qs are given. From
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this table it is noted that the proposed DPC-FPI strategy
provided satisfactory results for both ripples, SSE and
overshoot of Ps and Qs and this is shown by the high
reduction ratios. However, the proposed DPC-FPI strategy
provided unsatisfactory results in terms of response time. The
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traditional DPC strategy gave a good time compared to the
DPC-FPI strategy.

TABLE 2. Value and ratios of power ripples, overshoot, SSE, and response
time of both techniques in the first test.

Ps (W) 0Os (VAR)
Ripples 5120 8050
Overshoot 1015 230
DPC SSE 1130 2016
Response time 0.85ms 0.96ms
Ripples 2120 5030
DPC-FPI Overshoot 630 860
SSE 540 320
Response time 1.70ms 1.85ms
Ripples 58.60% 37.51%
Improvement Overshoot 37.93% -73.25%
Ratios SSE 52.21% 84.13%
Response time -50% -48.10%

B. VARIABLE WS PROFILE

In this test, a different WS is used than the first test to study
the performance of the proposed DPC-FPI strategy, as the
WS profile represented in Figure 13 is used for the purpose
of completing this test. Figures 14-18 represent the graphical
results of this test, as it is noted that the potential continues
to follow the references well, with large ripples in the case of
the traditional DPC strategy (Figures 14 and 15). but reactive
power takes a fixed value and does not change with changes
in WS, unlike active power, which changes according to
changes in wind speed. Figure 16 represents the torque of
the generator and it changes according to the change in WS.
it increases with increasing WS and its value decreases with
decreasing WS. it is also noted that there are large ripples at
the level of torque in the traditional DPC strategy compared
to the DPC-FPI strategy.

Wind Speed (mVs)

| I

| |

| |

| |
o 1 2 3 4 5 6 7 8 9 10 11 12 138 14 15 16 17 18 19 20
Time (s)

FIGURE 13. WS profile.

The currents are represented in Figures 17 and 18 for
the two controls, where it is noted that the currents change
according to the change in WS, as they decrease with
decreasing WS and increase with increasing WS. The shape
of the currents is sinusoidal, with the proposed DPC-FPI
strategy having an advantage in terms of quality and ripples
compared to the traditional DPC technique. The THD value
of current for the two controls is represented in Figure 19,
where the THD value for the traditional strategy was
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estimated at 0.36% and 0.11% for the proposed strategy. So,
the proposed strategy significantly reduced the THD value,
which is a good thing and indicates that the quality of the
current is better if the proposed strategy is used compared to
the traditional strategy. Therefore, the percentage of reduction
in the THD value is 69.44% compared to the traditional
strategy, as this percentage indicates that the current ripples
are very low in the proposed strategy compared to the
traditional strategy. On the other hand, Figure 19 shows
that the amplitude value of the fundamental (50 Hz) of
current signal is slightly high in the traditional strategy
compared to the proposed strategy, as the amplitude value
was 2514 A and 2513 A for both the traditional and
proposed strategy, respectively. So, the amplitude of the
fundamental signal represents the negativity of the proposed
strategy in this test, which is undesirable. Smart strategies
such as genetic algorithms can be used to overcome
this problem.

In Table 3, the change in the value of THD of current in
the two tests is shown, as it explains the extent to which
the value of THD is affected by the change in the shape
of the wind speed. From this table, it can be said that
changing the shape of the wind speed affects the THD value
of a stream, as it is noted that the THD value for the two
controls was high in the first test compared to the second test.
This increase was estimated at 2.7% and 15.38% for both
the traditional and proposed strategies, respectively. So the
proposed strategy provided a greater rate of increase than
the traditional strategy, which indicates that it is affected by
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the change in the shape of the wind speed more than the
traditional strategy, which is undesirable.

TABLE 3. Values and percentages of change in the value of THD of
current in the two tests.

THD value of current

DPC-PI DPC-FPI
First test 0.37% 0.13%
Second test 0.36% 0.11%
Ratios 2.70% 15.38%

The reduction percentages for this test are represented
in Table 4, where the values and reduction percentages are
given for response time, ripples, SSE, and overshoot of
Ps and QOs. The calculated ratios indicate the distinctive
performance of the proposed DPC-FPI strategy compared
to the traditional DPC strategy in terms of reducing energy
ripples, overshoot and SSE of Ps and Qs. The proposed
DPC-FPI strategy has a negative aspect, which is that it
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TABLE 4. Value and improvement ratios of overshoot, response time, SSE
and power ripples of both techniques in the second test.

Ps (W) 0Os (VAR)
Ripples 10050 19200
Overshoot 3500 608
SSE 11000 12060
DPC Response time 0.59ms 0.035ms
Ripples 460 4026
Overshoot 320 98
SSE 1560 3045
DPC-FPI Response time 1.34ms 1.183ms
Ripples 95.42% 79.03%
Improvement Overshoot 90.86% 83.88%
Ratios SSE 85.82% 74.75%
Response time -55.97% -97.04%

In Tables 5, 6, 7, and 8 a comparison with other works is
made in terms of ripple reduction ratios, overshoot, and SSE
of Ps and Qs. In addition to the value of the response time for
the capabilities provided. These tables give a clear picture of
the superiority of the proposed DPC-FPI strategy over several
different strategies, as it provided better reduction ratios,
which indicates outstanding performance and high efficiency
in improving the system characteristics.

TABLE 5. Comparison in terms of power ripples minimization rates.
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FIGURE 19. THD value of current (Test_2).

provides an unsatisfactory response time to power compared
to the traditional DPC strategy, as the traditional DPC strategy
reduced the response time by 97.04% and 55.97% for both
reactive and active power, respectively, compared to the
proposed DPC-FPI strategy, which is unsatisfactory. This can
be overcome by using intelligent strategies such as genetic
algorithm in determining gain values.
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References Ratios
Os (VAR) Ps (W)
[31] Intelligent control 35% 36%
[26] 36.93% 22.95%
[32] BC technique 46.93% 28.57%
[28] 46.68% 47.50%
1 STA 22.66% 21.75%
131 Modified STA 21.23% 19.11%
[27] 50% 44.50%
[30] 37.48% 57.09%
[34] 47.99% 65.07%
[3] 43.07% 33%
Proposed technique First test 37.51% 58.60%
Third test 79.03% 95.42%
TABLE 6. Comparison in terms of SSE minimization rates.
References SSE ratios
Os (VAR) Ps (W)
[26] 36.93% 35%
[32] 42.14% 47.57%
[28] 52.22% 56.52%
[31] 35.48% 62%
[27] 53.25% 74.41%
[30] 46.86% 63.96%
[23] 80% 77.27
Proposed Test 1 84.13% 52.21%
technique  Test_2 74.75% 85.82%

VI. EXPERIMENTAL RESULTS

A. DSPACE DS1104 RESEARCH AND DEVELOPMENT
CONTROLLER BOARD

Rapid control prototyping is enabled by the DS1104 R&D
Controller Board [53], which converts a personal computer
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TABLE 7. Comparison in terms of overshoot minimization rates.

References Overshoot ratios
0s (VAR) Ps (W)
[32] 60.93% 67.74%
[23] 91.72% 71.33%
[35] 16.59% 7.23%
[36] 60.93% 67.74%
[31] 37.42% 80%
[27] 49.32% 20.10%
Proposed 83.88% 90.86%
technique

TABLE 8. Comparison in terms of response time for Ps and Qs.

FIGURE 20. Dspace DS1104 research and development controller board.

References Time Response (ms)
Ps (W) Os(VAR) R
[37] - 28ms B
[17] 33.8ms  34.5ms = l\! s G
[3 8] 15ms 80ms : Inverter (IGBT)
[39] 32ms -

40 DPC 1 7ms 1 Sms --------------------------------------

1401 Nonlinear DPC method 9ms Sms MuSEPREY0, 0 |sseesessssensen
Proposed Test_1 1.70ms 1.85ms Incr | Encoder Inferface Slave DSPTO
technique Test_2 134ms  1.183ms ks - ; d

- . . RS422 Digital I'O 14 bits H
ADC Unit Serial Peripheral Interface__|:
DA e PWM Generator :
TABLE 9. A comparison between existing works and the proposed work L T T S— 1x 3-Phase :
in terms of THD value of current. T 4x 1-Phase
Tnterupt Controller et
Techniques THD (% References Memory Coniroller DS1104 R&D Controller Board
‘DPC-HOSMC L5 [41] Lopetf e e rovest dSPACE
FSMC 3.1 [42] rrevee T -
Intelligent DTC 4.80 [43] et muink & CoomolDe H
SOSMC 3.13 [44] Control alzorithm
FOC 3.70 [45] e
ISMC 0.88 [37] Real Time Workshop RTW | i
Virtual flux DPC 4.88 [46] - B L L e e LR L LR L LRL R L
DTC with intelligent 7.19 [47]
control
Multi-resonant-based SMC 3.2 [48]
Predictive DTC 2.15 [49]

Fuzzy DTC 2.04 [50] ControlDest & Matlab Simulink
DPC with neuro-fuzzy 272 [51] intarfaces

algorithm
DTC-SOCSM 0.98 [52]
Proposed technique Test_1 0.13
Test_2 0.11

(PC) into a development system. Almost any PC with a
5V free PCI or PCle slot may install the board. It is a
system having a real-time processor that is inexpensive (see
Figure 18). The dSPACE controller and MATLAB/Simulink
software together provide an effective, powerful, and high
development environment [54]. The DS1104 R&D controller
board’s Real-Time Interface (RTT) allows the function models
to be readily run on it. It is simple and graphic to configure
all inputs and outputs (I/O). A Simulink block diagram
will be expanded to include all control system blocks, and
Simulink®) Coder TM will create the model code. The
model code will be produced using Simulink@®) Coder TM
(formerly Real-Time Workshop) using RTI. The control
system’s outputs and inputs can be graphically configured
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FIGURE 22. Hardware-software experimental implementation of DPC-FPI
strategy.

using the Control Desk software. Automatic compilation,
download, and startup of the real-time model (rtModel) will

VOLUME 12, 2024



IEEE Access

Wind speed (m/s)

¥

10 ; ‘ e e A s s e

Time (s) 10 11 12 13 14 15 16 17 18 19
Time (s)

R T e S S e e Bt R e T e e e e St |

Qs (DPC-FPI) & Qs (DPC) & Qs (ref) (VAR)

] |

LAbidd Madad hasas aaid Madid Madd MaRad MAdad
9 10 11 12 13 14 15 16 17 18 19 20
Time (s)

las (DPC-FPI) (A)
las (DPC) (A
=)
L

T (e bkt bi? i ki i il 1

T T T
8 9 10 11 12 13 14 15 16 17 18 19 208N
Time (s)

8 9 10 11 12 13 14 15 16 17 18 19 20
Time (s)

f) Stator current (/;) of DPC

lar (DPC-FPI) (A)
o

@

+
w

1

- LAMaat Rass sasns banes tant tets e M
10 12 14 i 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (s) P Time (s)

2) Rotor current (I..) of DPC-FPI h) Rotor current (7,,) of DPC.

FIGURE 23. Experimental results in the steps wind speed test.

VOLUME 12, 2024




l E E E ACCGSS M. Yessef et al.: Experimental Validation of FPI Controllers

7]

d Speed (m/s)
>

Ps (DPC-FPI) & Ps (DPC) & Ps (ref) ('

T
9 10 11 12 13 14 15 16 17 18 19 20
Time (s)

Ldiad Riddd baand Madad )
11 12 13 14 15 16 17 18

N
=3
S
S
L

Qs (DPC-FPI) & Qs (DPC) & Qs (ref) (VAR)
DPC-FPI) & Te (DPC|

10 11 12

Time (s) 12 13 14 15 16 17 18

¢) Os of DPC-FPI and DPC d) Torque of DPC-FPI and DPC

las (DPC-FPI) (A)

1 12 13 14 15 16 17 18 19 2

lar (DPC-FPI) (A)
lar (DPC) (A)

6 7 8 9 10 11 12 13 14 15 16 17 18 19'2 10 11 12 13 14 15 16 17 18 19 2088

2) Rotor current (Z,.) of DPC-FPI h) Rotor current (1,,) of DPC

FIGURE 24. Experimental results in the variable WS test.

VOLUME 12, 2024




M. Yessef et al.: Experimental Validation of FPI Controllers

IEEE Access

take place. This fact cuts the cost and implementation time to
a minimum. In addition, it increases the performance and the
productivity [54], [55].

The hardware and software needed to build and validate
the suggested control technique are shown in Figure 19. The
DS1104 Controller board’s technical specifications are also
included. This board was used to experimentally validate the
suggested DPC-FPI technique. This embedded system card
includes a Power PC MPC 8240 core processor, a 64-bit
floating point processor operating at 250 MHz, a 100 MHz
bus, a primary PPC I/O subsystem, and a secondary DSP

O [56], [57]. This embedded system sends the necessary
signals to the IGBT inverter in real time, as shown in
Figure 19 [54].

Three parts make up the dSPACE Package, which is used
for experimental validation [55]:

o The dSPACE DS1104 R&D controller board installed

on the PC.

o The connector panel DS1104 for connecting signal lines
to the dSPACE DS1104 R&D controller board.

o The software tools for operating the embedded card
through the MATLAB/Simulink environment block
diagram.

In Figure 20, the hardware implementation of the WE
conversion system based on a DFIG with two scenarios—
step wind profile and changeable wind profile—is depicted.
Utilizing a dSPACE DS1104 R&D Controller card with RTI
block set libraries and the MATLAB 2021b environment,
this experimental implementation and validation was carried
out. All measurements requested by the developed strategy
utilizing the real-time workshop (RTW) tool and the real-
time interface (RTI) are collected from the WE system by the
DS 1104 controller board. The system is effectively controlled
using the dSPACE DS1104 controller.

PWM signals are produced by the Texas Instruments
TMS320F240 DSP, the secondary DSP, and the simulated
controller model is computed by the Power PC (PPC 603e
core). The digital oscilloscope displays the PWM signals that
are taken from the secondary Inputs/Outputs PWM connector
on the connection panel CP1104 connector panel (see
Figure 20) [53].

The results of the hardware simulation of the embedded
wind conversion system with the suggested DPC-FPI strategy
are shown in the figures below, which were made using the
graphical interface of the dSPACE 1104 Real-Time Interface
(RTI) under Control Desk (version 7.6).

B. REAL TIME EXPERIMENTAL RESULTS

The experimental results obtained are represented in Fig-
ures 20 and 22, where two forms of WS were used in order
to study the efficiency of the proposed DPC-FPI strategy
compared to the traditional DPC strategy. the experimental
results obtained confirm the simulation results listed above,
as it is noted from Figures 21 and 22 that the powers follow
the references well, with fewer ripples in the case of the
suggested DPC-FPI strategy compared to traditional DPC
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technique. moreover, experimentally, active power is related
to WS and reactive power is not related to WS, which are the
same observations found in the simulation results. the torque
takes the form of active power in both cases of WS, where
its value increases with increasing WS and vice versa. also,
it is noted that the proposed strategy significantly reduced
momentum ripples, which is desirable. Regarding currents,
they take the form of active power changes with a sinusoidal
shape. It is noted that the value of the currents is affected by
the change in the shape of the WS to a large extent, with
better quality in the case of the proposed DPC-FPI strategy
compared to traditional DPC technique.

These experimental results give a clear picture of the supe-
riority of the proposed DPC-FPI strategy, especially the FPI
controller, compared to the traditional controller. the exper-
imental results refute the validity of the results obtained
from the MATLAB environment, and therefore this strategy
can be adopted in the future in the field of renewable
energies.

VII. CONCLUSION

An experimental work was presented dealing with the
application of a new linear controller to overcome the
problems of the DPC technique of DFIG. The proposed
strategy was first implemented in the MATLAB environment,
where the necessary numerical and graphical results were
extracted to prove the superiority of the proposed DPC-
FPI strategy compared to the traditional DPC strategy.
In addition to achieving comparison with other works in terms
of reducing ripple rates, response time, overshoot, and SSE of
DFIG power. The experimental results obtained using Dspace
1104 prove the validity of the experimental results and the
effective performance of the proposed DPC-FPI technique.
The results achieved from this work can be summarized in
the following points:

o Reducing energy waves.

« Significantly overcome the problems of the traditional
DPC strategy.

« Increasing the robustness of the system while improving
the quality of the current compared to the traditional
strategy.

« The FPI controller is more efficient than the traditional
controller.

In the future, other strategies will be implemented on the
energy system based on DFIG, where hybrid nonlinear
strategies will be used in order to significantly increase
performance and reduce energy ripples.
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