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1 | INTRODUCTION

Recently, in order to meet the growing demand for electricity, together with the need to minimize environmental problems
arising from the levels of carbon dioxide emission, a contributor to global warming and climate change, initiatives in the
search for the development of new technologies aimed at the production of electric energy through renewable sources
had a great evolution in the last years.! Among the alternative sources for energy generation, wind energy is considered
one of the most important and promising, mainly due to its economic viability, low cost/benefit ratio of exploration, for
presenting a rapid technological development and, mainly, due to governmental incentives, carried out in recent years.'
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With more than 93 GW of installed wind power and a growth of 53%, last year was the global wind industry’s best year
ever, bringing global cumulative wind power capacity up to 743 GW.#4

This rapid development of wind power systems has led to a significant increase in problems related to the use of wind
generation as a form of distributed generation operating in grid isolated or connected. These problems have motivated
the scientific community to research and propose different control topologies, generating considerable research carried
out in recent years. During the initial steps in the development of wind power systems, it is convenient to carry out trials
and tests of control strategies in a laboratory environment. As a wind turbine (WT) has a large dimension and a high cost,
it is not economically viable to use it for research development. The Wind Turbine Emulator (WTE) reproduces the static
and dynamic behaviors of a real-WT system in the laboratory even though the weather conditions are often intermittent
or nonexistent. Thus, engineers must be taught how to operate and regulate Wind Energy Conversion Systems (WECS)
to generate qualified staff for the industry. As a result, developing controlled test platforms that can realize the emulation
of large-inertia WTs utilizing small-inertia electric machines even in the absence of wind is crucial in experiments. As
a result, WTEs are the most cost-effective solution for this, in which its correct representation becomes essential for the
technological development of the area.’ In addition, the WTE is an important tool for the analysis of impacts caused by
the connection of wind farms in the energy distribution network. Thus, the implementation of a WTE is convenient for
the study of energy quality improvement, a concept that has been widely studied over the years.®’

WECS operation speed can be fixed or variable. The latter is a better choice than fixed speed because of its better
control performance, lower acoustic noise and mechanical stresses, and higher efficiency and power quality, making it
the most suitable for wind power applications.®!? Variable speed WECS make use of a variety of generator types, such
as doubly fed and squirrel-cage induction generators,'!!> permanent-magnet, and wound-rotor synchronous generators
(WRSG).!61 The use of the gearless permanent magnet synchronous generator for WECS has become more important
due to its low losses, minimal cost of maintenance, high efficiency, and self-excitation.?’ The DC motor drive is frequently
used for WTE,?! compared to the permanent magnet synchronous motor drive,?? or squirrel cage induction motor drive,?’
because of the simplicity of its implementation in the control.

Generally, the emulators are controlled in a closed loop that adjusts the motor variables to be as similar as possible to
the WT curves. In fact, the speed and the current or torque of the motor are recovered through sensors, and after that,
using a processor or computer, reference signals will be generated on a digital platform across analog digital converter
(ADC) converters.?*?

The nonlinear PI controller (NLPI) is a hybridization between the conventional PI (CPI) control and the modern
model-based approaches that allow for a double advantage: easy applicability, as well as better performance and robust-
ness of control. Most of the disturbances and modeling uncertainties in the system control are taken into consideration
by the NLPI controller foundation. Therefore, the design of the control loop requires only a very coarse process model.
These advantages make the NLPI controller a favorable choice for practitioners due to its good robustness against process
variations.?%?’

This work presents the development of an experimental test bench of WTE, having a primary DC motor, coupled
directly to a WRSG, by the integration of a NLPI controller to control the torque by controlling the DC motor current
through a chopper driven by a dSPACE (DS1104), to emulate a variable speed WECS where the WT torque is simulated in
MATLAB/Simulink and applied to the WTE motor. The real-time application of the NLPI in the control loop of the WTE
sytems presents the originality of this work. The rest of the paper is structured as follows: The second section explains
the WT model. The third section describes the structure of the WTE used in this paper. Experimental results are shown
and discussed in the fourth section, while fifth section is the conclusion of this paper.

2 | WTMODEL

The generator coupled to the WT converts the linear wind speed into an angular wind speed when the blades turn. This
movement creates electrical energy from wind kinetic energy.
The following equation expresses the mechanical power captured by the WT:!7

1
P = 2pAVC, (2,1, )
where p is density of air (kg/m?3), A = zR? is area that is swept by the blades of the turbine (m?), R is the ray of the blade
(m), Cp(4, p) is power coefficient, and v is wind speed (m/s).
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Equations (2) and (3) present the expression of:!3
Cp(4, f) = 0.5176 <1;—6 —04p — 5) e~ 2% 4 0.0068 4;, )
L
1_ 1 0035 3)
A A+0088 p4+1°
where f is the blade pitch angle (deg) and 4 is mathematically expressed as following:'®
orR
A= ; . “)
where w, is the angular speed of the blades (rad/s).
The WT’s optimum captured power can be expressed from (1) and (4) as follows:?
0.57pCp R®
Mopt = 3p 0)3 = KOth'%' )
/lopt

Cp,,. is the maximum value Cp(4, f) at a location known as the lambda optimum (4,p;). The turbine obtains the
maximum power from the wind by following the C, curve."

3 | WTE STRUCTURE

The principle of the emulation is to generate an aerodynamic torque to directly drive the WECS.
From (1), and since mechanical torque can be defined as:?°

T = 2. (6)

The generated aerodynamic torque expression can be given:

_ PAVC(A.)

2w,

(7

m

The reference current for the DC motor control can be expressed as follows:

ok Tm
1 = —_—
d
em I edecm

®)

Where I is the excitation current and Ky, is the torque constant.
From (7) and (8), in a constant pitch angle, the DC motor reference current depends on wind speed:

_ PGP
2IexKiem@y

©)

dem

The experimental prototype for the WTE is illustrated in Figure 1 and Figure 2 presents the experimental setup of the
developed WTE.

The main elements of the test bench (Table 1) are an insulated gate bipolar transistor (IGBT)-based chopper, powered
by a fixed voltage power supply, to supply a separately excited DC motor with a constant voltage of excitation. The WTE
drives the WRSG directly, which is coupled to the three-phase diode rectifier, and the resultant rectified output is con-
nected to a DC-to-DC buck converter through a DC link capacitor. For the control strategy of the DC motor, the angular
speed of the rotor is sensed using a speed incremental encoder connected to the dSPACE incremental encoder interface,
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FIGURE 1 Circuit diagram of wind turbine emulators with digital controller.

FIGURE 2 Experimental setup of the developed wind turbine emulator.

and the DC current is sensed by a Hall effect LA 25-NP - Lem - Current Sensor and, the signal is transmitted to the ADC
module of the dSPACE before being filtered by a digital low pass filter.

The power coefficient C,(4, f) is calculated based on the measured rotor angular speed (w,), constant blade pitch
angle (), and variable wind speed (v) by using Equations (2), (3), and (4). After that, the WT mechanical torque (T},) is
calculated using Equation (7).

The parameters of the WT are listed in Table 2. The DC motor reference current (i ) is estimated from T), using
Equation (8). Table 3 shows the different parameters of the DC motor.

The duty cycle (D) is generated by the controller after comparing the DC motor reference current and the measured
one; two control methods were applied and compared, the CPI and the NLPI one.

The mathematical expression of the CPI controller is given by:??

)
D=Kpe+K; / edt, (10)
t

where e is the error between i and iqem, and K, and K; are the proportional and integral gains, respectively.
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TABLE 1 Listofthe main elements of the test bench.

v A W N

=)}

O oo 3

11
12
13
14
15

TABLE 2 Wind turbine parameters.

Source for the chopper

Chopper

Resistive load

Cathode Ray Oscilloscope

DC excitation sources for the DC motor and generator
Current transducer

Voltage transducer

Rectifier + DC-DC buck converter

Isolation card

Power supply +15 V of transducers and IGBT drivers
dSpace DS1104

Host computer

Wound-rotor synchronous generator (WECS)

DC motor

Speed incremental encoder

Parameter Value
Air density (kg/m?) 1.225
Radius of the blades (m) 0.95
Blades pitch angle (deg) 7
TABLE 3 DC motor nominal values.
Power (kW) 1.5
Voltage (V) 220
Field excitation current (A) 0.32
Torque constant (Nm/A?) 2.7
Speed (rpm) 1500
In this work, the NLPI controller proposed by Han (1994)3! is used to generate the duty cycle (D) as follow:
l
D = K,fal(e, ay, 6) + Ki/ fal(edt, ap, 6,). (11)
t
With fal(x, ap, 6,) is a nonlinear function expressed as:
x| > 6
fal(x, ap, 8,) = . ; (12)
x| <6

where a and 6 are constants.

The idea of the NLPI controller is to use a nonlinear combination of e and /tt" edt instead of the linear one.
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V=X
y = fal(x,a,0)

) 1
FIGURE 3 TImpactof the nonlinear function fal(x, ay, 8,).
TABLE 4 PIand nonlinear PI controllers’ parameters.
Kp Ki ap 61_, a; 6i
0.05 0.15 0.98 0.5 0.75 0.5

Figure 3 shows the impact of the nonlinear function. It can be shown that when « = 1 and § = 0, the controller
becomes a conventional linear PI. On the other hand, choosing other values for the gains leads to new and different
behaviors of the controller.

fal(x, ap, 6,) gives big gains for small x and small gains for high x. Thus, « is conventionally the error weighting and 6
selects the linear area in the nonlinear behavior where the controller acts like the linear PI.

The used parameters for the CPI and the NLPI are presented in Table 4.

For the MPPT control of the WECS, dc-link current and voltage are sensed using the Hall Effect LA-25-NP-Lem current
sensor and LV-25-P-Lem voltage transducer, respectively. The measurement captured by the dSPACE ADC interface
passes through the low pass filter to be used by the MPPT algorithm explained in Section 4 to generate the duty cycle.

The two 20 kHz PWM signals, generated by the dSPACE PWM Slave 10 based on the calculated duty cycles, pass
through the card of insulation and amplification CD4093BE integrated circuit based, to control the IGBT-based converter.

4 | EXPERIMENTAL RESULTS AND DISCUSSION

All the mathematical development described in the previous sections and the performances of the existing and proposed
control schemes for WTE are verified through experiments using the previously described experimental prototype and
simulation with MATLAB/Simulink of the WT model detailed in Section 2, under conditions of increasing and decreasing
wind speed.

The experimental validation of the WTE will be given by comparing the practical results with the theoretical curves
obtained in the MATLAB/Simulink environment. The measurements of input and output power signals of the DC-DC
Buck converter and DC motor current signals were recorded by the METRIX digital oscillograph DOX2100B. The values
of generated aerodynamic torque, power coefficient, tip speed ratio, and rotor angular speed were made and recorded
using the ControlDesk of dSPACE DS1104.

Figure 4 shows the characteristic curve of the WTE power coefficient for different values of the pitch angle g.

The used operation point for the following WTE experimental tests is mentioned with a red color in Figure 4 where
the pitch angle is fixed at (§ = 7) and the wind speed varies between 6 and 10 m/s.

The wind speed profile for the increasing and decreasing conditions, is a step from 6 and 10 m/s, and a step from 10
to 8 m/s, respectively.

Figures 5 and 6 show the comparison of igcm variation when CPI and NLPI controllers are used, for the previously cited
conditions of wind speed. It can be observed that the current response when using the NLPI is significantly improved
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FIGURE 4 Wind turbine characteristic curve C, = f(4).
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FIGURE 5 Motor current (iqcy,) response in the increasing wind speed condition.
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TABLE 5 Motor current response performances for increasing wind speed condition.
Performance CPI NLPI
Overshoot (%) 51.27 13.37
Rise time (s) 0.29 0.37
Settling time (s) 2.62 1.28
Current ISE (4?) 0.75 0.37

Abbreviations: CPI, conventional PI; NLPI, nonlinear PI.

TABLE 6 Motor current response performances for decreasing wind speed condition.

Performance CPI NLPI
Overshoot (%) 34.97 5.54
Rise time (s) 0.36 1.96
Settling time (s) 6.45 4.22
Current ISE (42%) 0.21 0.13

Abbreviations: CPI, conventional PI; NLPI, nonlinear PI.
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FIGURE 7 Rotor angular speed (w,) in the increasing wind speed condition.

with reduced overshoot, undershoot, and settling time. The values of the transient-response specifications presented in
Tables 5 and 6 confirm the superiority of NLPI compared with the CPI controller for the practical control system, in
particular the maximum overshoot, the maximum undershoot, and the settling time.

For increasing and decreasing wind speed conditions, Figures 7 and 8 show rotor angular speed variations, Figures 9
and 10 present the generated aerodynamic torque (T,,), while the tip speed ratio (A) is shown in Figures 11 and 12, and
the power coefficient (C,) is presented in Figures 13 and 14. According to these results, the proposed emulator using the
NLPI controller perfectly imitates the dynamic and static behavior of the simulated model with a clear improvement in
the tracking of the reference model compared to the emulator using the CPI controller, especially in the transient-regime.

The WTE control affects the WECS power performances also. To test the proposed control strategy, a drift-free modified
perturb and observe (P&0O) MPPT controller, Figure 15, proposed by Mishra et al.*? is integrated.

Figures 16 and 17 show the DC-DC buck converter input and output powers in the increasing and decreasing wind
speed conditions when CPI is used. While in Figures 18 and 19, those power curves are shown when NLPI is implemented.
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FIGURE 8 Rotor angular speed (w,) in the decreasing wind speed condition.
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FIGURE 9 Generated aerodynamic torque (T),) in the increasing wind speed condition.
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FIGURE 10 Generated aecrodynamic torque (T),) in the decreasing wind speed condition.
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FIGURE 11 Tip speed ratio (4) in the increasing wind speed condition.
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FIGURE 12 Tip speed ratio (1) in the decreasing wind speed condition.
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FIGURE 13 Power coefficient (C,) in the increasing wind speed condition.
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FIGURE 14 Power coefficient (C,) in the decreasing wind speed condition.
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FIGURE 16 Inputand output power of the DC-DC Buck converter when using conventional PI in the increasing wind speed condition.
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FIGURE 17 Inputand output power of the DC-DC Buck converter when using conventional PI in the decreasing wind speed condition.
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FIGURE 18 Inputand output power of the DC-DC Buck converter when using nonlinear PI in the increasing wind speed condition.
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FIGURE 19 Inputand output power of the DC-DC Buck converter when using nonlinear PI in the decreasing wind speed condition.

According to the presented results, it is noted that when using the NLPI, the input and output powers of the DC-DC
Buck converter present lower oscillations when compared with the use of the CPI, and in the decreasing wind speed
condition, the MPPT has faster convergence to the steady-state regime when using the NLPI.

5 | CONCLUSION

The paper presents a hardware realization and implementation of a WTE that succeeds in having the same static and
dynamic behaviors as an actual WT. In the hardware realization, the prototype of the standalone wind energy conver-
sion system emulator (WECSE) was developed with a separately excited DC motor to simulate the WT by providing the
required speed and torque for power generation using a directly driven WRSG. The NLPI controller is used to control
the DC motor torque for an estimated current reference through a chopper driven by a dSPACE (1104) controller board
through MATLAB/Simulink. The experimental results show that the control and emulation performances of the NLPI
controller are better compared to those obtained by the conventional one. Also, the test bench of the WECS has been
tested using a modified drift-free P&O MPPT algorithm. The experimental results proved that when using the NLPI, the
input and output powers of the DC-DC Buck converter present lower fluctuations and faster convergence to the maximum
power point in the case of both an increase and a decrease in wind speed.

Future activities associated with this work propose the study for possible modifications in the experimental bench
to minimize the problem of motor degaussing direct current for low rotations, as well as the replacement of the direct
current motor with a generator doubly powered induction connected to the mains for the purpose to implement a
control algorithm for the maximization of the power generated by the wind through the pitch angle. Furthermore, the
hybridization of fuzzy logic with nonlinear PI control is the objective of a future research axis for this work.
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