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Discrete-Time Adaptive PID Current Controller for
Wind Boost Converter

David R. Lépez-Flores

Abstract—This paper proposes an adaptive controller for a
dc-dc boost converter to regulate the output current levels of
a 400 W small wind turbine based on a permanent magnet
synchronous generator with a three-phase diode rectifier. Despite
the stochastic nature of wind, this discrete-time adaptive PID
controller regulates the current levels without large overshoots
and oscillations to attain the maximum power point of the wind
system. The adaptive mechanism algorithm operating with two
electrical measurements adjusts the controller parameters, and
is designed with an approach consisting of the integration of
the variable operation point of the small wind turbine into
the discrete-time model of the dc-dc boost converter and the
Bode stability criteria. The mechanism algorithm features a low
computational complexity for controller parameters estimation
and therefor a practical implementation in a low-end micro-
controller (small size, low cost, and low energy consumption)
is possible. Furthermore, the results based on the processor-in-
the-loop simulation approach show that controlling the current
levels and the maximum power point of the wind system via the
proposed adaptive controller is more effective than a controller
tuned around a particular fixed operating point.

Index Terms—Discrete-time, adaptive control, DC-DC boost
converter, wind energy conversion system, processor-in-the-loop
simulation.

I. INTRODUCTION

he development of wind energy conversion systems

(WECS) has made a viable alternative in wind energy
harvesting to climate change mitigation [1], [2]. Because of
its easy handling and low cost, a small wind turbine (SWT)
based on a permanent magnet synchronous generator (PMSG)
is widely used in small-scale wind turbine systems. Taking
into account the nature of stochastic wind, the SWT generates
a wide range of voltage and current at its output terminals
which need to be controlled at certain levels without large
overshoots and oscillations to attain its maximum power point
(MPP) effectively. These output levels, which correspond to an
optimal voltage or current trajectory determined by the maxi-
mum power point tracking algorithm, are typically tracked by a
dc-dc boost converter with the appropriate control scheme and
controllers [3]—[8]. In this regard, the proportional-integral (PI)
controller tuned around a particular fixed operating point of
the wind system along with a cascade or single control scheme
has been the preferred controller by the scientific community
[91-13].

The stochastic nature of wind leads to a wind system’s vari-
able operation point and large fluctuations around the optimal
trajectory of voltage or current. The fluctuating operation point
presents a challenge for the PI controller performance, because
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must track the optimal trajectory with minimal oscillations and
overshoots, M, to guarantee the wind system stability along
the tracking process of the maximum power point (MPPT).
Furthermore, less severe electrical and mechanical problems
in the wind system, such as stressed electromechanical and
saturated power systems must be secured. According to [14]
and the Bode stability criterion [15], the oscillations and
overshoots, M,,, are minimized when a controller allows
maintaining both a phase (PM) and gain margin (GM) of at
least 30° and 10 dB, respectively. However, to ensure these
PM and GM margins in a renewable energy or wind system
operates with a variable operating point and a fluctuating
optimal trajectory it requires a suitable adaptive mechanism
algorithm that adjusts the controller parameters. The adaptive
proportional—integral-derivative (PID) controller proposed in
[16] is very close in this regard. The authors presented a back-
propagation training approach combined with a neuro-fuzzy
multiple-input multiple-output (MIMO) system and reference
model was used in the adaptive algorithm to adjust the
parameters of the adaptive PID controller, which tracks an
optimal voltage trajectory using a voltage control scheme. The
adaptive algorithm in [17], used a multiple-input single-output
(MISO) fuzzy system to adjust the parameters of an adaptive
PI controller for tracking an optimal voltage trajectory using
a cascade control scheme comprised of an inner current loop
and an outer voltage loop. This controller was used in the
outer voltage loop to provide the reference current in the
cascade control scheme. The work in [18] used a similar
control scheme to [17], consisting on a non-linear current
control approach and adaptive voltage controller in the inner
and outer loop, respectively. The parameters of this adaptive
controller were adjusted via an adaptive algorithm that has
an observer, which decomposes the electrical measurements
of voltage and current in the dg reference frame. An adaptive
sliding mode controller with a PI sliding surface was described
in [19]. This controller used an observer to estimate variables
of the renewable source, such as voltages and currents. These
variables were used in the adaptive controller to properly
adjust the control signal dc-dc converter of the renewable
source. Finally, the work of [20] used an adaptive controller in
the voltage control scheme. The parameters of this controller
were adjusted by an adaptive algorithm designed via the MIT
(Massachusetts Institute of Technology) rule approach, which
combines the gradient method with a reference model to track
the optimal voltage trajectory effectively.

The above approaches lead to suitable adaptive mecha-
nism algorithms for estimating the parameter adjustments of
the adaptive controllers and effectively tracking the optimal
trajectory of the renewable source without large oscillations
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and overshoots, M,,. However, according to the computational
complexity theory [21], the complex nature of the neuro-
fuzzy systems and the MIMO/MISO fuzzy systems lead to
adaptive algorithms with an estimation complexity greater than
a constant complexity, O(1); the greater complexity is due to
the number of neurons and rules used in the neural and fuzzy
systems. The execution time of an algorithm is negatively
affected by the increment in its complexity estimation or by
using observers based on variable estimation methods; this
difficulting the implementation of an adaptive controller in
low-end microcontrollers (small size, low cost, and low energy
consumption). Besides, a challenge in adaptive algorithms that
use reference models, is that they must adequately represent
the system dynamics under control to adjust the controller
parameters. To overcome this challenge, it is convenient to
obtain the reference model through open-loop experimental
tests without any control scheme. Unfortunately, there are
systems whose nature makes this testing difficult and risky.
Also, the control schemes based on a single voltage loop can
lead to large peak currents in the renewable system along
the MPPT process. These large peak currents are mainly
due to the absence of a current control loop. Additionally,
the stochastic nature of wind can lead to unwanted dynamic
interactions between the inner and outer loop of the cascade
control scheme and may result in a MPPT process adversely
affected. Finally, the effectiveness of these adaptive algorithms
was not demonstrated against a profile of the renewable source
with low- and high-frequency power components and random
noise (RN) conditions.

This paper presents a current control scheme that uses a
discrete-time adaptive PID controller with a first-order deriva-
tive filter to effectively attain the MPP of a 400 W wind
system comprised of a small-scale wind turbine connected to
a battery bank via a PMSG generator along whit a front-end
three-phase diode rectifier coupled to a dc-dc boost converter.
The parameters of this controller are adjusted via an adaptive
mechanism algorithm designed with an approach consisting
of the integration of the variable operation point of the small
wind turbine into the discrete-time model of the dc-dc boost
converter and the Bode stability criteria. This approach leads
to the following contributions:

i. Effective control of the output current levels and the MPP
of the wind system, as well as of the tracking of the
optimal current trajectory without larger oscillations and
overshoots, M. This is demonstrated via the processor-
in-the-loop (PIL) simulation approach when the wind
system is subjected to a wind profile with low- and high-
frequency power components along with random noise
conditions.

ii. The parameters of the adaptive controller are adjusted
based on two electrical measurements without reference
models or observers.

iii. The adaptive controller can be implemented in low-end
microcontrollers due to the parameter adjustment adaptive
algorithm’s low estimation complexity, O(1).

iv. The low number of electrical measurements and es-
timation complexity leads to a low-cost and practical

implementation of the adaptive controller in small-scale
wind turbine systems.

This paper is organized as follows. First, a detailed descrip-
tion of the wind system and the adaptive mechanism algorithm
used in the proposed adaptive controller are introduced in
Section II. Then, the circuit implementation of the wind
system and the adaptive controller based on PIL simulation
approach are presented in Section III. Section IV presents the
PIL simulation results and discussions aimed to demonstrate
the performance and effectiveness of the proposed adaptive
controller when the wind system is subjected to a wind profile
with low- and high-frequency power components and RN
conditions. Finally, the conclusions are given in Section V.

II. ADAPTIVE CONTROLLER FOR THE WIND SYSTEM

This section presents the description of the small-scale
wind turbine system and the methodology used to design the
proposed adaptive controller.

A. System Description

The block diagram of the small-scale wind turbine system is
shown in Fig. 1. It comprises of eight parts: the wind turbine,
the electric generator, the rectifier, the MPPT algorithm, the
proposed adaptive controller, the dc-dc power converter, the
battery bank and the filters.
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Fig. 1. Block diagram of the small-scale wind turbine system.

The parts of the small-scale wind turbine system depicted
in Fig. 1 are described next.

1) Wind Turbine. Consists of a horizontal axis SWT with
three blades of radius R, = 0.575 m. This SWT converts
the wind power, P, [w], to mechanical power, P,, [w],
through its blades and rotor. The static and dynamic
model of the SWT is developed based on [22] and [23],
respectively. In the SWT model, the mechanical and elec-
trical parameters were considered from a small-scale wind
power electricity generation training system of a FESTO
wind turbine learning model [24]. According to Fig. 1,
the variables V,, [m/s], wy,, [rad/s], T, [N-m], and T,
[N-m] represent the wind speed, the rotational speed, the
mechanical torque, and the electrical torque, respectively.

2) Electric Generator. This part corresponds to the PMSG
generator, and its model is developed via the dg-
synchronous rotating reference frame from [25]. The
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PMSG converts the mechanical power, P,,, from the SWT
into the AC electrical power, P,. [W].

3) Rectifier. It consists of a front-end three-phase diode rec-
tifier (PDT), which converts the AC electrical power, P,
into dc electrical power, P4, [w]. The PDT model is taken
from the simulator electrical block libraries.

4) MPPT Algorithm. This part consists of an algorithm based
on the power signal feedback (PSF) technique [26]. Using
the rotational speed, w,,, single measurement, this algo-
rithm estimates the optimal current trajectory, igc opt, for
the proposed adaptive controller. According to Fig. 1, the
variable R* represents the variable operation point of the
small wind turbine at its MPP, and it is estimated by
dividing the rectifier output voltage, v4., by the optimal
current trajectory, iqc opt-

5) Proposed Adaptive Controller. It consists of a discrete-
time adaptive PID controller with a first-order derivative
filter. Based on the optimal current trajectory , iqc,opt, the
variable operation point , R*, and the measured value of
the rectifier output current, ¢4., this controller estimates
the optimal duty cycle signal, dy, to attain a suitable
adjustment in the dc-dc power converter impedance. The
adaptive controller design and its circuit implementation
in a simulator are presented in detail in Sections II.B and
III. A, respectively.

6) The DC-DC Power Converter. This part corresponds to the
boost circuit topology in which its impedance adjusted via
the optimal duty cycle signal , d,y¢, allows to control the
rectifier output voltage and current at certain levels to attain
the MPP of the small wind turbine.

7) Battery Bank. This block to store the energy is formed by
a series arrangement of lithium-ion (Li-on) batteries with
a nominal voltage, V,,om, of 200 V, which comes from
the dc-dc boost converter. Its mathematical model is taken
from [27].

8) Filters. They consist of Kalman filters employed to remove
the RN mounted on the electrical signals of the rectifier
output voltage , vg., and current, i4., as well as the the
rotational speed , w,,, measurement. The main idea of
implementing the filters in the wind system is to assess
the performance of the adaptive controller under the RN
situations. The Kalman filter models are designed based on
[28].

B. Proposed Adaptive Controller

According to [22], the accurate aerodynamic efficiency of
the SWT is determined by a non-linear polynomial function
which is called the power coefficient, C,. This function tells
how efficiently a wind turbine converts the wind power, P,,, to
mechanical power, P,,. Differently to [22], this function was
designed based on the experimental data set of the FESTO
wind turbine learning system via a curve-fitting approach, as
defined by (1):

Cp = Cl/\7+62>\6+63>\5+C4)\4+C5)\3+66)\2+C7/\+68 (D)

where ¢; are constant values and the A variable represents the
ratio between the tangential speed of the tip of a wind turbine
blade and the wind speed, V,,, as follows:

W Ry
Vi
According to [29] and [30], as well as the power coefficient

, Cyp, the conversion of wind power to mechanical power is
determined as follows:

A:

2

P = Cp(A\)Py = %Cp(x)pw}zfvj 3)

where p is the air density. The behavior of the power coef-
ficient, Cy,, shown in Fig. 2, is produced by considering the
simulation parameters in Tables I - II from the appendix, a
wind speed, V,,, of 10 m/s in Block A of Fig. 1 with a resistive
sweep load, Rsyeep,ioad> performed at the rectifier output.

0.4
: mpp *
0.35 » R = Roeeprload
0.2
Raveepioad [€2]
0.0—] I |
015 200 400

Fig. 2. Curve of C} versus Rsweep,ioad for a Vi, = 10 m/s.

The maximum value of the power coefficient, C), is reached
when the resistive sweep load, Rgyeep,ioad, 1S close to 15
). Under this condition, the R* value is considered as the
operation point of the SWT and corresponds to its MPP.
This behavior is repeated for a wide range of wind speed
operations; hence the value of the operation point of the SWT,
R*, is variable. Since this operation point is estimated by
dividing the rectifier output voltage, v4., by the optimal current
trajectory, ¢4c opt, the Block A in Fig. 1 can be replaced by
the variable operation point, R*, and integrated into the dc-dc
boost converter electronic diagram, as shown in Fig. 3.

RI Do J })(}

i +VRy -+ vp - il D,
dc

Fig. 3. Integration of the variable operation point, R*, into the dc-dc
boost converter electronic diagram.

From Fig. 3, C;, R¢i, voy, and vRo; represents the input
capacitor, the internal resistance of the capacitor, the voltage
drop of the capacitor, and the voltage drop of the capacitor
internal resistance, respectively. L, i, Rr, v, and vy, repre-
sents the inductor, the inductor current, the internal resistance
of the inductor, the voltage drop of the inductor, and the
voltage drop of the inductor internal resistance, respectively.
Transistor Q1 is the actuator that adjusts the impedance of the
dc-dc boost converter based on the modulated d signal. The
internal resistance of (); is represented by Rqg;. The output
diode, D,, is represented by a forward voltage drop, Vp,,
and an internal resistance, Rp,. The connection between the
battery bank and the dc-dc boost converter is passive. This type
of connection and the slow dynamics of the battery bank lead
to considering the output voltage, v,, as a constant parameter
[31]. Applying the state-space averaging technique of [14] in
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the electronic diagram of Fig. 3, the mathematical model of
the dc-dc Boost converter along with the variable operation
point is obtained as follow:

dziii RD0+RL+RDod . %
at L ‘L
d—1 d—1
n (L ) Voo + (L )vo @)
dvge . RDORCifT‘< + RLRCZ,R* — RDORCiR*d .
a LRc, + LR* '
N RgiRe, R'd R* .
LRc, + LR*) " \C;Rc, + C;R* ) "

. 1 __ ReR N\
CiRc, + C;R*  LR¢, + LR*)

Re,R* — Re,%d
k3 k3 V
* ( LRc, + LR ) Do

R, R* — Re,2d
+ (LRQ o), )

Considering a current control scheme and that the effects
of the inductor internal resistance, R, the diode internal
resistance, Rpo, the diode forward voltage drop, Vp,, and
the transistor internal resistance, [2g;, are neglected in (4)
and (5). Then, the open-loop transfer function of the system
between the inductor current, 77, and the duty cycle signal, d,
is defined by:

(C’iRciV; + CZ'R*VO)S +V,

(CiLRCi + CiLR*)S2 + (L + OiRCiR*)S + ]({g)

Based on the theory developed in [32], the internal resis-
tance of the input capacitor, Rc,, varies with its operating
frequency and temperature. Hence, it is essential to evaluate
the effect of this resistance over the open-loop response of the
system (6). According to the above, the input capacitor, C;,
the inductor, L, the switching frequency, fs, and the operation
point, R*, are 470 uf, 80 mH, 5 kHz, and 15 €, respectively.
Then, in Fig. 4 (a) and (b) are shown the effects of this internal
resistance, R¢;,, on the open-loop step response as well as in
the Bode diagram of system (6), respectively. It is easy to
notice in Fig. 4 that variations of the internal resistance of the
capacitor, 2, , do not cause significant changes in the GM and
PM as shown in the Bode diagram of Fig. 4 (b), which leads
to small changes of the value of the overshoot, M,, in the
open-loop step response of Fig. 4 (a). Therefore, the system
(6) can be simplified as:

GiLd(S) =

. C;R*V,s+V,

~ C,LR*s®> + Ls + R*
The input signal to the system (7) is the duty cycle signal,

d, which is generated via the digital pulse width modulation

technique (DPWM). The transfer function of this DPWM is

based on its number of bits, b, as follows:

1
Kppwum(s) = ¥ 1 ®)
Considering in this work a discrete-time adaptive PID cur-
rent controller in Fig. 1, the DPWM synchronizes the process

of the feedback signal acquisition represented by the inductor

GiLd(s)

)
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(b) Bode Diagram
Fig. 4. The R, effects on the open-loop step response as well as on
the Bode diagram of the system (6).

current, 77, and updates the duty cycle signal, d, as it is shown
in Fig. 5.

P 15 = Tormar Triangular
N Wave
TDP”:\/ TDPU:\/ -
I 11,2
'.< » Py H
vV T \A /
>

T ADC It |
o) ' ' L]
}E d Update

Fig. 5. Synchronization process for the feedback signal acquisition,
i1, and updating the d signal via the DPWM.

d Update

A digital triangular wave signal with same period than the
digital modulator, Tppywy s, keeps the synchronization pro-
cess. In the middle of the T'p pyy s period, an analog-to-digital
converter (ADC) begins the process of acquiring the inductor
current, 7y, signal and converting it into a digital signal.
Finishing this process, the ADC generates interrupt signal,
Int., which is used to activate the code section corresponding
to the adaptive digital controller. The computation time, 7T,
of this controller must be inferior to the time delay, Ty, to
guarantee stability in the system (7). The sampling period
(T), which is equivalent to the Tppyw s period, is the time
difference between the ADC interruptions. The time delay, T,
is between the ADC starting a conversion process and the duty
cycle signal, d, update; therefore, Ty = T,/2. T4 leads to a
delay on the system (7), and its transfer function is given by:

Gr,(s) = e sTu 9)

Then, according to the synchronization process shown in
Fig. 5, the appropriate method for the system (7) discretization
is the zero-order hold (ZOH) [15]:

1—esTs C;R*V,s+V,

s C;LR*s?> + Ls + R*

Gira(z) = Z |(8)(9) (10)
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Resulting in the following symbolic expression:

(Z + Zlyg)(z + ngg)
(z — e=Ts)(z — e~ bTs) an

aTs , ebeS ]

GiLd(Z) = KGZ

where the parameters K¢, [21,G, 22,¢], and [e™
represent the gain, zeros, and poles of the system (11),
respectively. These parameters are computed considering the
diode internal resistance, Rpo, and the diode forward voltage
drop, Vp,, of 42 mQ2 and 0.7 V, respectively, and the variable
operation point, IR*.

The open-loop step response normalized to unity and the
Bode diagram of the discrete system (11) considering the
different values of wind speed, V,,, are shown in Fig. 6 (a)
and (b), respectively.

3 T T T
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Fig. 6. Normalized open-loop step response and the Bode diagram
of the discrete system (11), applying different V,, values.

Figs. 6 (a) and (b) show that an increase of the operation
point, R*, which is inversely proportional to the value of the
wind speed, V,,, leads to large overshoots, M, and oscillations
as well as an increase in the peak response, respectively.
Therefore, the digital current control scheme depicted in Fig.
1 must adapt its parameters via a suitable adaptive mechanism
algorithm to guarantee acceptable GM and PM values which
allow minimize the overshoots, M), and oscillations of the
inductor current, 7y, along the tracking process of the optimal
current trajectory, %qc, opt, to attain the MPP of the wind system
effectively. The adaptive algorithm is described next.

The discrete-time adaptive PID controller with a first-order
derivative filter used as the digital current control scheme is
modeled as follows:

O(s) = — 2l _ g

Z'dc,opt — lde (Z)

(z—2.0)(z—2.0)
c

(z = pro)(z = p20)
where the parameters K¢, [21,c, 22,c], and [p1,c, p2,cl
represent the gain, zeros, and poles of the the digital controller,
respectively. Considering the Bode stability criterion and the
variable operation point, R*, the online computation criteria

12)

to adjust the parameters can be proposed via a system gain,
poles and zeros cancellation approach (11) to attain acceptable
PM and GM margins along the MPPT process. These online
computation criteria are presented below:

o The digital controller gain, K¢, is programmed to cancel
out the system (11) gain, K, in order to obtain an
acceptable closed-loop rise time response.

o To minimize a phase drop due to the two poles of the
system (11), [e=Ts, ¢=T], the zeros, [21,c, #2,c], of the
digital controller are used to cancel these poles, respec-
tively.

« The first pole of the digital controller, p; ¢, is used as an
integrative action and positioned at 0 Hz, while second
pole, p2 ¢, is used to cancel the second zero of the system
(11), z2,. This criterion minimizes the variations of the
PM and GM margins versus the different values of the
operation point, R*.

According to the previous criteria and the current control
scheme depicted in Fig. 1, then Fig. 7 shows the adaptive
mechanism algorithm block diagram that dynamically adjusts
the parameters of (12).

1.-Compute

R 1 -aT, | bt -1 _

— K= X Lc=e He = |e ‘ Pic= Prc =6

G
2.- Update
b=K. b=-Kz.-Kz b=Kzcze aG==pc=Dyc a=DcDi

3.- Control

e, opt 1 elkl) d,,[k] = belk]+bye[k —1]+ byelk 2] d,,;,[kl 6 ige

| 10 —ayd,,[k=1]-ad,,[k-2] T

Attenuator

»i
— [€

o !
T, 10

Attenuator

Fig. 7. Block diagram of the proposed adaptive mechanism algorithm
to adjust the discrete-time adaptive PID control interface parameters.

The adaptive mechanism algorithm depicted in Fig. 7 com-
prises three steps:

1) Compute. The K¢, 21,c, 22,c, p1,c, and pa ¢ parameters
are estimated as depicted in Fig. 7 using the online compu-
tation criteria and the value of the variable operation point,
R*.

2) Update. The a; and b; coefficients are updated based
on the K¢, 21,c, %2,c, P1,c, and po ¢ parameters using
the equations depicted in Fig. 7, which are previously
obtained by the next two steps. The first step consists of
applying the difference equation method of [15] in (12),
resulting in expression (13) to appropriately compute the
optimal duty cycle signal, dop. In the second step, the
coefficient equating method is used between (12) and (13)
to determine the a; and b; equations.

dope ] = brelk] + boelk — 1] + bse[k — 2]

— aydop [k — 1] — asdop [k — 2] (13)

3) Control. Using the a; and b; coefficients, the controller
(12) represented by the difference equation (13) processes
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the error signal, ey, based on the difference between the
values of the optimal current trajectory, %qc,opt, and the
rectifier output currrent, ¢4.. As a result, the optimal duty
cycle signal, dgp, is obtained to properly adjust the dc-
dc boost converter input impedance. This adjustment leads
to a suitable control of the rectifier output current without
large overshoots, M,,, and oscillations. Consequently, the
MPP of the small-scale wind turbine system is effectively
attained.

It can be deduced from Fig. 7 that the digital current
controller parameters are estimated using the electrical mea-
surements of the rectifier output voltage, v,4., and the rectifier
output currrent, ¢4., without reference models or observers. In
addition, the required computations to carry out this estimation
are based on multiplication, addition, subtraction, exponen-
tial function, and division. According to the computational
complexity theory developed in [21], an algorithm designed
through this type of operations derived from the proposed
adaptive mechanism leads to an algorithm with a constant
estimation complexity, O(1). Therefore, based on these deduc-
tions, the proposed adaptive controller shown in Fig. 7 results
in a low-cost and practical implementation in small-scale wind
turbine systems as well as a practical implementation in low-
end microcontrollers.
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Fig. 8. Normalized closed-loop step response and the Bode diagram
of the discrete system (11) via the proposed adaptive controller versus
different V,, values.

Considering different values of wind speed, V,,, Figs. 8
(a) and (b) show the closed-loop step response normalized
to unity and Bode diagram, respectively, of the system (11)
operating with the current control scheme depicted in Fig.
7 to demonstrate the performance of the proposed adaptive
controller. Fig. 8 (b) also shows that the GM and PM margins
remain within the ranges and minimal variations; as a result,
the overshoots, M), in the inductor current, 47, are minimized,
and the closed-loop rise time response is acceptable, see

Fig. 8 (a). In addition, the computation criteria to adjust
the parameters in the proposed adaptive controller, allows to
smooth the phase drop that is close to the value of 78.4°,
see Fig. 8 (b). As a result of this, stability and robustness are
guaranteed against possible PM margin displacements caused
by the changes of the wind speed, V,,,, and external situations,
such as the dynamics of both the Kalman filters and the SWT.

Replacing the PID current controller in Fig. 7 with a PI
controller tuned around the particular operating point of wind
speed, V,,, of 10m/s, then, Figs. 9 (a) and (b) show the closed-
loop step response normalized to unity and the Bode diagrams,
respectively, of the system (11) versus different values of wind
speed, V,,. It can be seen in Fig. 9 (b) that the tuned PI
controller leads to essential changes in the margins of GM
and PM, as a result of this; large values of overshoots, M,
and oscillations are presented in the inductor current, iy, as
well as an increase in the closed-loop rise time response,
see Fig. 9 (a). Additionally, unlike the phase drop depicted
in Fig. 8 (b), the phase drop shown in Fig. 9 (b) is more
pronounced; this leads to a higher sensitivity in the changes of
the overshoots, M,,, and oscillations of the inductor current, 7,
versus different values of wind speed, V,,, as well as external
situations. Hence, an adaptive controller with an appropiate
adaptive mechanism algorithm is more convenient than one
tuned around a particular fixed operating point to ensure
robustness and stability in the small-scale wind turbine system.

III. SIMULATION RESULTS AND DISCUSSIONS

In order to demonstrate the proposed adaptive controller
performance, this section describes the entire simulation circuit
implementation of the small-scale wind turbine system and
the simulation results with their discussions considering the
parameters in Tables I and II shown in the appendix.

A. Simulation Circuit Implementation

Based on the PIL simulation approach used in [33], the
simulation circuit implementation of the small-scale wind
turbine system is shown in Fig. 10. According to this Fig.
10, the power stage interacts with the control block (proposed
adaptive controller, Kalman filters, and MPPT algorithm) via
a serial connection. At each step, the simulator runs the power
stage for one sample interval and exports the system output to
the embedded F28M3x concerto system. When the embedded
system receives signals from the simulator, it executes the
code of the control block for one sample interval. Then, the
embedded system returns its control signals computed to the
simulator via the same serial connection during this time
interval. At this point, one sample cycle of the simulation
is complete, and the simulator proceeds to the following
sample interval. The PIL simulation approach is a powerful
tool because easily allows executing the control block of a
specific application on an embedded system or microcontroller
in order to validate and demonstrate its performance without
an expensive experimental prototype representing the power
stages depicted in Fig. 10.

The detailed connection diagram of the control block de-
picted in Fig. 10 is shown in Fig. 11. According to this Fig.
11, first, the MPPT algorithm computes a new value of the
optimal current trajectory, ¢4c opt, based on the filtered values
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Fig. 9. Normalized closed-loop step response and the Bode diagram
of the discrete system (11) via the tuned PI controller versus different
V. values.
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of the rotational speed, w,,, every 10 ms. Then, the proposed
adaptive controller is computed in 2.0 e~* s based on the
values of the variable operation point, R*, and the optimal
current trajectory, %q. opt, and the electrical measurements of
the inductor current, 7, and the rectifier output voltage, v4.., to
ensure an appropriate optimal duty cycle signal, d,,;. The rate
transition blocks (RT) handle data transfer between simulation
blocks operating at different rates. The double-blocks convert
the real-world input data to a double data type, and the
Div/0 blocks avoid undefined results during the control block
execution.

B. Simulation Results

Performing a wind profile with different step values of wind
speed, V,,, in the small-scale wind turbine system, Figs. 12 (a)
and (b) show the performance of both the proposed adaptive
controller and tuned PI controller along the tracking process of
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the optimal current trajectory, ¢qc,opt, With and without the RN
conditions, Kalman filters, and SWT dynamics, respectively.
The parameters obtained with the proposed adaptive controller
for the different wind speeds depicted in Fig. 12 (b) and other
wind speeds, are shown in Table III of the appendix.
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Fig. 12. The %4c,0p¢ tracking process performance achieved via the
proposed adaptive controller and the tuned PI controller; (a) with and
(b) without the RN conditions, Kalman filters, and SWT dynamics.

Figs. 13 (a) and (b) show the tracking process performance
of the optimal current trajectory, %4c.opt, and the SWT’s
aerodynamic efficiency achieved with the proposed adaptive
controller, respectively. The above, using a severe wind profile
as depicted in Fig. 13 (c), which consists of a region of
steps and a second region of fluctuations with low- and high-
frequency power components.

Considering the wind profile of Fig. 13 (c), RN conditions,
Kalman filters, and SWT dynamics, Fig. 14 shows the mechan-
ical power achieved using the proposed adaptive controller,
P, pac, and the tuned PI controller,P,, Tprc, versus its
optimal, Py, op¢, value.

The rotational speed, w.,,, versus mechanical power curves
at various wind speeds, V,,, as well as the simulated,
Pr opt,sim» and experimental, P, op¢ exp, Optimal mechanical
power trajectory are shown in Fig. 15. The simulated trajectory
was obtained with the proposed adaptive controller. The power
curves and the experimental trajectory were obtained from the
data set of the FESTO wind turbine learning system in the



LOPEZ-FLORES e al.: DISCRETE-TIME ADAPTIVE PID CURRENT CONTROLLER FOR WIND BOOST CONVERTER 105

v

0— '

ide,opr and e
[A]

(a) The ide,opr Tracking Process

04— : Comar =0.350756}

Maximum Varaiation

S oo [‘: Maximum Varaiation.. |
of C,=1.2296 %

i
of C,=3.5905 %

H (b) Aerodynamic Efficiency

|‘ Wind Steps | Wind Fuctuations R
< i >
0 20 10 t [Seconds]

(c) Severe Wind Profile

v, [nvs]
S W O

Fig. 13. The %4c,0p: tracking process performance and the SWT’s
aerodynamic efficiency achieved via the proposed adaptive controller
using the severe wind profile.

Py oprand P, [W]

150

— Puopt
>

Pupac

— Purric

5 10 15 20 25 30 35 40 45 50

Fig. 14. The mechanical power achieved via the the proposed adaptive
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previous work [30]. The optimal mechanical power trajectory
in Fig. 15 connects the MPPs at different wind speeds.
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Fig. 15. The experimental and simulated mechanical power of the
SWT as function of the rotational speed for different wind speeds.

Based on Fig. 15, the rotational speed, w,,, versus turbine
torque characteristics can be extracted, as shown in Fig. 16.
This figure shows that the simulated, T}, op¢,exp, and experi-
mental, T}, opt,cap, Optimal torque trajectory do not match the
maximum torque point of each torque curve.

25 The Optimal Torque T, =4ms
- /\ Trajectory —_—,=Tm/s
2 1 1, = 10m/s
g
E 15 —0— T, pisim
& * @ Lo
] /
03 \
0 /_‘\ w,, [rad/s]
0 50 100 150 200 250

Fig. 16. The experimental and simulated torque of the SWT as
function of the rotational speed for different wind speeds.

The experimental, C), ¢z, and simulated, Cp iy, typical
power coefficient curves of the SWT are depicted in Fig.
17. As in Fig. 16, the experimental and simulated curves
were obtained from the data set of the FESTO wind turbine
learning system and using the proposed adaptive controller,
respectively.
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Fig. 17. Experimental and simulated typical power coefficient curves
of the SWT as function of the A\ vaue

C. Discussions

Considering wind steps, V,,, in the small-scale wind turbine
system, Fig. 12 (b) shows that the proposed adaptive controller
tracks the optimal current trajectory, ¢qc,op¢, With a minimum
of oscillations and overshoots, M,,, below 4%:; while the tuned
PI controller leads to severe oscillations and overshoots, M,
greater than 22%. Additionally, it can be deduced that the
results of Fig. 12 (b) are approximate to those obtained in Fig.
8 (a) and Fig. 9 (b) via the current control scheme depicted
in Fig. 7. This deduction supports that the approach used to
design the adaptive mechanism algorithm of the controller
is appropriate. Fig. 12 (a) shows that when the small-scale
wind turbine system is evaluated against the wind steps, and
external conditions are considered such as the dynamics of
the Kalman filters and the SWT, the tuned PI controller leads
to unstability in the tracking process of the optimal current
trajectory, 44c.opt. In contrast, the proposed adaptive controller
maintains a better tracking process of the optimal current
trajectory, %qc,opt, Without large oscillations and overshoots,
M, as shown in Fig. 12 (a). The unstability depicted in Fig.
12 (a) is because the PI controller causes a severe phase drop
(see Fig. 9), leading to high sensitivity in the changes of
the overshoots, M,,, and oscillations in the inductor current,
i1, versus different values of wind speed, V,,, and external
situations.

It can be seen in Fig. 13 (a) that the proposed adaptive
controller maintains the tracking process of the optimal current
trajectory, %q4c,opt, Without large oscillations and overshoots,
M, versus the severe wind profile. This tracking process
allows the aerodynamic efficiency of the SWT to be kept close
to its maximum value (Cpmae = 0.350756) for the entire
severe wind profile, as shown in Fig. 13 (b). Besides, the
value of the power coefficient, C,,, of the SWT is maintained
with a 3.5905% maximum variation concerning its maximum
value for the region of wind steps; meanwhile, for the wind
fluctuation region, the maximum variation is 1.2296%. The
simulation results depicted in Fig. 14 showed that at { = 8.2
s and ¢ = 41.5 s, the proposed adaptive controller maintained
a maximum mechanical power variation of 1 W and 3 W
versus its optimal value, respectively. In contrast, the tuned PI
controller maintained a maximum mechanical power variation
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of 13 W att = 82 s and 19 W at { = 41.5 s versus
its optimal value, with large mechanical power oscillations
due to unstability conditions depicted in Fig. 12 (a). These
results demonstrate that compared to the tuned PI controller,
the proposed adaptive controller extracts higher mechanical
power of the SWT, which positively impacts its MPPT process
efficiency and MPP control. Based on the optimal current
trajectory, %4copt, the aerodynamic efficiency, C),, and the
mechanical power, P,,, achieved with the proposed adaptive
controller, Figs. 15, 16, and 17, show that the optimal tra-
jectories and the typical power coefficient curves obtained
from simulation results are roughly similar to the experimental
results obtained from the the data set of the FESTO wind
turbine learning system.

According to the previous findings, the proposed adaptive
controller can effectively track the optimal current trajectory,
ide,opt, USINg two electrical measurements without large over-
shoots, M,,, and oscillations, leading to a stable SWT’s aero-
dynamic efficiency along the MPPT process while effectively
controlling the MPP of the small wind turbine. Additionally,
the approach used in the adaptive mechanism algorithm leads
to a low-cost and practical implementation of the controller
in small-scale wind turbine systems as well as a practical
implementation in low-end microcontrollers.

IV. CONCLUSIONS

An adaptive controller, whose adaptive mechanism algo-
rithm is designed via the integration of the variable opera-
tion point of the small wind turbine into the discrete-time
model of the dc-dc boost converter and the Bode stability
criteria, was proposed in this paper. The adaptive controller
processes the optimal current trajectory, ¢qc.opt, estimated
via the MPPT algorithm, to effectively attain the maximum
aerodynamic efficiency and maximum power point of the
SWT along the MPPT process. Furthermore, the approach
used in the adaptive mechanism algorithm clearly indicates
that the adaptive controller can operate with low estimation
computational complexity in low-end microcontrollers without
reference models and extra sensors; this form of operation
results in a low-cost and practical implementation of the
proposed controller in small-scale wind turbine systems.

The feasibility of our proposal was validated using the
embedded system F28M35x and the PIL simulation approach
considering RN conditions and the severe wind profile to
achieve a more realistic simulation in the small-scale wind
turbine system. The PIL simulation results clearly show that
the proposed adaptive controller tracked the optimal current
trajectory, iqc,opt> With minimal oscillations in the inductor
current, ¢7,, and an overshoot, M, at least 5.5 times lower than
the tuned PI controller. Based on these results, the tracking
process of the optimal current trajectory, %qc op¢, Was suitably
performed via the proposed adaptive controller, leading to an
aerodynamic efficiency close to its maximum value (Cpmaz =
0.350756) and the maximum power point of the SWT along
the MPPT process versus a severe wind profile. Additionally,
the mechanical power variations against its optimum values,
obtained with the proposed adaptive controller, remained at 1
W and 3 W at ¢t = 8.2 s and ¢t = 41.5 s, respectively, which

were lower than those obtained with the tuned PI controller.
These results positively impact the efficiency of the MPPT
process and the control of the maximum power point of the
SWT and achieve suitable simulated optimal trajectories of
mechanical power and torque in the SWT, which were roughly
similar to the experimental trajectories. The approach used in
the controller adaptive mechanism algorithm can be applied in
small-scale wind turbine systems operating with other types of
dc-dc converters or extended to a cascade control scheme. This
application or extension would inherit the same contributions
claimed in this paper.

APPENDIX
TABLE 1
PARAMETERS OF THE SWT MODEL.
Symbol Parameter Value
J Inertia moment  0.0055 Kg-m?
p Air density 1.225 Kg/m?
R, Radius 0.575 m
c1, 2, €3 5.837e~7, 2.823e~°, 0.000509
c4, C5, C C)p constants —0.004067, 0.01159, 0.005924
c7, and cg 0.01586, 0.005284
TABLE 11
PARAMETERS OF THE PMSG GENERATOR.
Symbol  Parameter Value
Rs Phase resistance 2.6 €
Ly, Lg  d-q inductances 1.6 mH
V., Magnetic flux 0.0592 v-s/rad
P No. of poles 6
TABLE IIT
PARAMETERS OF THE PROPOSED ADAPTIVE CONTROLLER.
Vw [m/s] b1 bo b3 a2 a3
4 2.757¢%  —5.488¢®  2.732¢® —1.992 0.9918
5 2.757¢8  —5.480e® 2.723¢5> —1.989  0.9888
6 2.757¢8  —5.476e® 2.719¢5> —1.987  0.9872
7 2.757¢8  —5.465¢®  2.708¢> —1.983  0.9832
8 2.757¢%  —5.456e®  2.699¢>  —1.980  0.9800
9 2.757¢8  —5.446e® 2.689¢5> —1.976  0.9764
10 2.757e8  —5.434e® 2.678¢> —1.972 0.9721
11 2.757e8  —5.423e®  2.667¢> —1.968 0.9681
12 2.757e5  —5.409¢®  2.653¢® —1.963 0.9631
13 2.757¢5  —5.398e®  2.642¢5 —1.959 0.9588
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