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Abstract: The paper presents the design and implementation of decentralized control for a PV-wind-
battery hybrid off-grid system with limited power electronics devices and sensors. To perform well
without using any maximum power point tracking (MPPT) technique from the wind turbine (WT)
based on a permanent-magnet brushless DC generator (PMBLDCG) and solar panels (PVs) and
balance the power in the system, a cascade control structure strategy based on a linear active distur-
bance rejection controller (LADRC) is developed for the two-switch DC-DC buck-boost converter.
Moreover, to ensure an uninterruptible power supply to the connected loads with a constant voltage
and frequency, a cascade d-q control structure based on LADRC is developed for the interfacing
single-phase inverter. Furthermore, the modeling and controller parameters design are presented.
The performance under all operation conditions of the hybrid off-grid configuration and its decentral-
ized control is validated by simulation using MATLAB/Simulink and in real-time using a small-scale
hardware prototype.

Keywords: hybrid off-grid system; cascade control structure; LADRC; LESO; wind turbine; solar
panels; battery storage system; single-phase inverter

1. Introduction

The most important goal of integrating sustainable sources (RESs), such as wind tur-
bines (WTs) and solar panels (PVs) with the existing diesel generators (DGs) in remote areas,
is to reduce the cost of electrical power and gas greenhouse effect and make it more readily
available. However, these RESs are stochastic and do not guarantee uninterrupted power to
connected isolated loads. As a result, integrating the RESs for off-grid applications requires
additional equipment such as power converters and accurate control. In this context, the
authors in [1] present many off-grid solutions with a variable speed generator, and in [2],
many redesigned off-grid solutions with fixed speed generators are recommended. One of
the key characteristics of the off-grid designs presented in [1,2] is being able to use limited
power converters. In turn, this can reduce the price and complexity of this technology and
enhance its performance.

Numerous off-grid solutions are offered in [3] for solving the problems of connecting
and operating energy sources which can be operated from either the DC or AC side
through controlled and non-controlled power converters. In [4-6] as well as in [1,2], off-
grid configurations are described as an effective solution for soft and secure integrations of
renewable and non-renewable energy sources in remote localities while requiring fewer
power converters.

As it pertains to hybrid off-grid power converters, in [7], a DC-DC boost converter
is used to connect the wind turbine (WT) based on PMBLDCG to the common DC link;
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however, the storage system is connected directly to the DC bus without using any interfac-
ing power converter and control, and in [8], a three-phase diode bridge and DC-DC boost
converter are used to connect the stator terminals of the PMBLDCG to the common DC bus.
In [9], a DC-DC boost converter for WT based on PMBLDCG and batteries are connected
directly to the common DC bus without any interfacing power converter and any control al-
gorithm. In the same context, the authors in [10,11] propose two different configurations for
the hybrid off-grid application, where in [10], the solar panels and the storage batteries are
used as power converters, interfacing them with the DC bus; however, the stator terminals
of the PMBLDCG are connected directly to the point of common coupling (PCC), which is
on the load’s side, and in [10], the WT and solar panels use interfacing power converters,
and the storage batteries are connected directly to the common DC bus. Connecting the
batteries to the common DC bus as given in [7,9,11], can reduce their reliability and reduce
their performance by reducing their lifespan. Furthermore, in all configurations [7-11], the
WT either is connected directly to the PCC or through a DC-DC boost converter, which
makes synchronization with the PCC difficult and increases the control and hardware
complexity. Regarding the solar panels, all proposed hybrid off-grid configurations are
interfacing with the DC bus through a DC-DC boost converter to avoid the synchronization
issue and reduce the hardware and control complexity as well as increasing the battery
performance and extending their lifespan.

To balance and compensate for fluctuations in power using a hybrid AC/DC config-
uration for an off-grid system, an energy storage element is suggested [12]. Connecting
this element to the system often requires power converters to step up or down the voltage,
such as Cuk, SEPIC, etc., [13,14]. This is illustrated by [15,16], which suggests a buck-boost
converter with two switches. From the point of view of ESE management and control,
two-switch converters show greater flexibility than Cuk or SEPIC converters. It must be
noted that these power converters are prone to circulating the current ripple, which may
adversely affect the performance of passive components, such as capacitors, as well as the
battery lifespan [17]. An accurate design for the two-switch buck-boost converter’s passive
elements is presented in [17]. To reduce this issue and enhance performance, generally,
RESs in a hybrid off-grid configuration are connected to the DC bus by controlled DC-DC
or AC-DC power converters and to the PCC by a controlled DC-AC inverter.In either case,
the DC-DC, AC-DC, or DC-AC power converters are controlled to obtain a high level
of efficiency from RESs and to supply the connected loads with a constant voltage and
frequency [18-21].

The dynamic nature of solar irradiation and wind speed affects their performance
as previously discussed. Thus, accurate control and maximum PowerPoint optimiza-
tion techniques are necessary to obtain the maximum power from the RES as detailed
in [22]. Due to their lesser complexity, the incremental conductance (InC) technique or
the perturb and observe (PO) technique, etc., was typically used for the classical MPPT
techniques [23]. However, these techniques are less effective and suffer during sudden
weather condition variations.

As a solution to tackle these weaknesses of RESs and to obtain high performance from
them under severe weather condition changes, intelligent-based MPPT techniques, such as
artificial neural network-based MPPT techniques (ANN-MPPTs), are suggested in [24]. In
contrast to classical MPPTs, intelligent MPPTs are more efficient, but they require big data
processing, so they make the control and hardware more complex. In [25], optimization-
based MPPT techniques, such as the Artificial Bee Colony technique (ABC-MPPT), are
recommended to reduce the necessity of using system knowledge in the control. Despite its
effectiveness, this type of MPPT is complex. In [26], special hybrid-based MPPT techniques,
such as Fuzzy Particle Swarm Optimization System (FPSPO) or Adaptive Neuro-Fuzzy
Interference System (ANFIS-MPPT), are recommended to combine the advantages of these
two technologies of classical and intelligent or optimal MPPT techniques. Among the
MPPT techniques mentioned in [22-26], sensing data of voltage, current, temperature,
mechanical speed, etc.—are necessary to achieve maximum power tracking. For data
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collection and minimizing the signal errors of the output data, a precise controller with
optimal parameters is required, such as the proportional-integral-derivative controller
(PID) or the proportional resonant controller (PRC). Thus, the use of advanced MPPT with
additional sensors and optimal controllers increases the price and complexity.

Generally, in a hybrid off-grid configuration, the DC-RESs linked to the DC bus are
coupled to the PCC via DC-AC interfacing power electronic devices and are controlled
to achieve the following tasks: (1) voltage and frequency regulation, (2) power quality
improvement, (3) synchronization, etc. There are many control techniques to achieve
these tasks, described in [11,27-30]. The adaptive sliding mode control (ASMC) in [11] is
proposed to constantly regulatethe PCC voltage and frequency while improving the power
quality at the PCC. The results obtained in [11] under dynamic conditions are satisfactory.
Unfortunately, the chattering phenomenon is not discussed as the main ASMC drawback.
In [30], control-based current regulation was implemented, and in [27] enhanced voltage
control was developed. The vector control with less current ripple was recommended
in [28,29]. The inner and outer control loops are closed by a simple PI controller, which
ignores saturation issues and noise rejection, for all suggested methods in [27-30] and
in [22-26]. Accordingly, Ref. [31] proposed a linear active disturbance rejection controller
(LADRC), which solves these issues and enhances the control’s robustness under distur-
bances. The same controller was suggested for direct torque control on switched reluctance
motors. It is more efficient compared to classical PI and sliding mode controllers [32]. It
proves that LADRC can perform well under disturbance [31,32]. A comparison of LADRC,
proportional-derivative controller (PD), and fuzzy logic proportional-integral controller
(FLPI) for pitch angle control for WT applications was presented in [33,34], showing the
ability of LADRC to estimate disturbances accurately and compensate for them in real-time.

According to the literature review above, optimizing energy conversion can improve
efficiency and reduce electrical installation and maintenance costs of hybrid off-grid system
by minimizing its power converters. Consequently, the following novelties and contribu-
tions are proposed to achieve these objectives:

(1) A simple configuration compared to [7-11] with a reduced number of power convert-
ers and sensors;

(2) Achieving the desired efficiency at high irradiances and wind speed levels without
using any weather data or MPPT techniques;

(3) Achieving high performance from the battery and extending their lifespan;

(4) A hybrid off-grid power distribution system with a multitasking control strategy for
a two-switch buck-boost converter to perform well and balance the power by only
controlling the DC link voltage and ESS current;

(5) An optimized cascade control strategy based on LADRC controllers to achieve high
performance under noise and disturbance conditions;

(6) Design of the LADRC controller and optimizing its parameters.

2. System Description and Operation

Figure 1 shows a small-power rating wind-PV-battery hybrid off-grid configuration.
This system comprises a wind turbine-driven permanent-magnet brushless DC generator
(PMBLDCG), photovoltaic panels, lead-acid batteries, and loads. To avoid the synchro-
nization issue, achieve high performance from the WT and PVs, and increase the battery
performance and lifespan, a three-phase diode bridge (TDB) connects the WT to the com-
mon DC bus. In contrast, PVs, which are connected in series and parallel, are connected
directly to the DC bus. Battery backup is provided by lead-acid batteries connected to the
DC bus through buck/boost converters and by DC-AC full-bridge single-phase inverter
(FBSPI) to the PCC. As a result of this optimized configuration, from the point of view of
many power converters as well as limited operating conditions, such as irradiation from
the sun and wind as well as a high ambient temperature of 15 °C, one can easily achieve the
objectives detailed above. As shown in Figures 2 and 3, through regulation of the DC link
voltage equal to the maximum voltage that produces maximum power from PVs and WT,
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the output PV and WTs voltages vary slightly with variations of solar irradiation and wind
speed, and the output currents increase and decrease accordingly. As demonstrated in
Figure 2 at high irradiation levels, the maximum power point at (Vpy) equal to 240 V is the
same, but at reduced values, such as 600 W/m?, there is a small difference in power, and in
Figure 3, we observe that the characteristic (T,;) = f(iy) is linear at different wind speeds
and DC link voltage regulated at 240 V, and the output current at the output of the TDB
increases with increasing mechanical torque. As a result, using the proposed configuration
shown in Figure 1, one can easily obtain good efficiency at a high level of solar irradiation
and for a moderate ambient temperature of 25 °C.

As demonstrated in Figure 2, for fixed DC-link voltage, the measured WT current
is linear at the output of the TDB for different mechanical torques. Regarding the PVs,
by connecting them in series to equalize the sum of their output voltages to the DC link
voltage (i.e., 240 V) as shown in Figure 3, one can easily obtain good efficiency at a high
level of solar irradiation and for moderate ambient temperature such as 25 °C.

i -

Figure 1. Hybrid off-grid system under study.
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Figure 2. Characteristics of Ppy = f(Vpy) and Ipy = f(Vpy) for different solar irradiation and at
fixed temperature (25 °C).
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Figure 3. Characteristic of iy = f(Ty) at different wind speed.

3. Control and Parameters Design for the Hybrid Off-Grid Configuration

As presented in Figure 1, the hybrid off-grid configuration contains two intermittency
energy sources, WT and PVs, which are connected to the common DC bus directly, and
standalone loads connected to the PCC. The system possesses the characteristics of non-
linearity and is susceptible to AC and DC voltage fluctuations as well as non-linear loads.
So, the controllers used to achieve the tasks as DC and AC voltages, as well as the frequency
regulation, should operate well under all conditions and should possess fewer tuning
parameters. Among the controllers that meet these requirements, the LADRC based on
LESO is proposed in this study. It can estimate internal and external disturbances and
compensate for them in real time. Furthermore, its controller possesses only two parameters
that need to be tuned and without the need for an accurate system model: observer
bandwidth and controller bandwidth. The following section discusses the LADRC with
LESO cascade control strategies for a buck-boost converter and an FBSPL

3.1. Control of Buck—Boost Converter

In Figure 1, the battery is connected to the DC bus using a buck-boost converter. The
DC-link voltage is closely dependent on the active power. Thus, the adjustment of the DC
link voltage means power balance in the system. Therefore, when the DC-link voltage
(V) increases, the converter acts as a buck converter to charge the ESS, and when V, it
decreases, the converter acts as a boost. In terms of power flow, it is recommended that the
DC-link voltage is maintained at its rated value (240 V) so that the maximum amount of
power can be obtained from the WT and PVs, and the power can be balanced. As a result
of the PVs and WT, the generated current is equal to

iREs = ipv +iwT 1)

where, iggs, ipy and iyt denote the sum of the generated current from PVs and WT and
the output currents from PVs, and WT, respectively.

Based on the switch’s behaviors (On/Off) and by applying Kirchhoff’s laws to the
circuit of the two-switch buck-boost converter, one obtains the following equations:

di
v = Ly gt @
codVie L )
de—3r = ldc — IRES
And
_ 1 diLb
Oy = Lb Zit + Vdc
v, . .
Cac—3f = igc — iRS — irp
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where vy, i3, V4, ipp, Cge, and Ly denote the battery voltage, the current at the input of the
FBSPI, the DC-link voltage, the battery current capacitor of the common DC bus, and the
inductor of the buck-boost converter, respectively.

Introducing the duty cycle (d) applied to the switches, one obtains the following expression:

i

oy = Lb% LAV, (4a)
dv, ) . .

Cac dfc = igc — ires — digp (4b)

Various conditions, such as load variations, WT and PV power generation, and varia-
tions in d, can affect the stability of the common DC bus voltage. However, Equation (4b)
can be used as an observable system with disturbance terms such as

v, 1

dt CTZCOdc —irgs — diLp) = w1 (t) + biirp ©)

And

=1 (i,

bi=¢;

where by and w; represent the control gain and the disturbance term, respectively. The
current (izp) flowing through the inductor (L), which is equal to battery current (i;), can be
influenced by the variation of d. So, Equation (4a) can be written as,

di 1
TLtb = *b(vb —dV) = wy(t) +dby 7)

And

wy(t) = £-(vp)
{ by = b ®

where by and w, represent the control gain and the disturbance term, respectively.
In Figure 4, the developed cascade control strategy based on LADRC with LESO is
demonstrated.

Figure 4. Cascade control strategy based on LADRC with LESO for two-switch buck-boost converters.

It consists of two closed control loops. It uses the measuring V. and battery current
(irp), and the output is the d. LESO calculates tracking values (z1) and disturbances (z)
based on V. and battery current (i7,). In the outer control loop, K,1 and b; are gain
factors and compensation coefficients, respectively. The inner control loops, ir;, and d
are inputs to the second LESO for tracking and disturbance calculations (z3 and z4). Kp»
and by are proportional gain and compensation coefficients in the inner and outer control
loops, respectively. Based on the LESO estimation of disturbance (z), the compensation is

as follows:
v (AVaerkp)
LB = T p 9)
iibo = AVdc * kpl
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where AV, represents the difference in voltage between the DC voltage reference and its
tracking signal (z1) generated by the LESO. The term (AVj, * K1) represents the reference
battery current before the disturbance compensation. So, if the battery current follows its
reference and z, estimates wj accurately, Equation (4) is expressed as,

AR
dt

(AVye xkp1) — Z2

= wi(t) + by by

~ il (10)
Based on Equation (9), the reference battery current before disturbance compensation
(ifbo) is estimated as,
izbo - kP1 (Vdc - Zl) (11)
And the reference battery current after disturbance compensation is expressed as

k1 (Vi —Z1) — Z»

The duty cycle is estimated as,

kp2 (if, — Z3) — Za

d= by

(13)

The model of the LESO used to estimate (z1, zp, z3, and z4) in the outer and inner
control loops shown in Figure 4 is detailed in Figure 5. The tracking value (z;) and the
disturbance (z) in the outer control loop are estimated using the following expression:

e=21— "V
9, — 7, — Byxer+byxiy, (14)
2 = —Brxe

The observer gains (1) and (B2) influence the convergence rate of the system, and
they are usually chosen so that the observer eigenvalues are placed at —wy as follows:
B1 = 2wy and B, = wj. Here, wy represents the observer bandwidth.

Figure 5. Model of the LESO employed for the outer control loop.

3.2. Design Parameters for LADRC and LESO

The trial-and-error method is used to design the parameters of the controllers. Details
can be referred to in [35-37]. The ratio between the observer bandwidth (wg) and controller
bandwidth (wy) is selected equal to wy = 3 ~ 5wc as detailed in [36]. To evaluate the
influence of the observer bandwidth, a frequency analysis is employed [36,38]. With the
help of Equation (13), one obtains the following transfer function:
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Z1(s)  2wps+ W}
Y(s) s+ 2wps + w}

(15)

where s represents the Laplace operator. The Bode diagram of Equation (14) is shown in
Figure 6 for different values of wy. It can be observed that the LESO acts as a low-pass filter.
By increasing wy, the magnitude of the middle and higher frequencies increases, indicating
enhanced disturbance estimation capability. By increasing the observer bandwidth, one
observes smaller phase lags. Therefore, a higher value of wy results in a better disturbance
estimation. However, when wy is increased, the high-frequency gain is also increased, which
indicates that the LESO should be more sensitive to measurement noise. Consequently, a
trade-off between disturbance rejection and sensitivity to noise measurement is needed
when choosing the observer bandwidth of the LESO. An illustration of the Bode diagram
of Equation (16) for different values of wc is shown in Figure 7. The controller bandwidth
is similar to the coefficient kj; given in Equation (10). As a result, if the linear state error
feedback performs well, V. should be equal to z;. Using Equations (9) and (10), the
disturbance is compensated, and one can define the transfer function as,

Ve + kp1 Vae = k1 Ve (16)

And - '
G(s) = 2 = 2 17
(S) \P s+ kpl (17)

The system can achieve a fast response by adjusting wc as shown in Figure 6. Table A1l
in the Appendix A shows the optimal controller parameters tuning.
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Figure 6. Influence of the observer bandwidth using Bode diagram.
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3.3. Control of the FBSPI

A control strategy based on (d-q) Park’s transformation that regulates the voltage
and frequency at the PCC in the presence of disturbance caused by connected loads is
illustrated in Figure 8.

dd]
v LADRC LADRC :I_' d
& LESO & LESO | i, o/ PwWM
. 1y limg d, s,
v, [LADRC TADRC ap
> -« : - A
& LESO <V, ir . & LESO %, OF
¥
aB /| e B/l ap/l
/’ ,ld ) ;Jrﬂd
1.1 ¥ I‘L ./ J-I_ frmv T 72 .mug
n/2 gl n/2 /dq—le- - dq| o

% oh o

Figure 8. Cascade control based on LADRC with LESO for the FBSPL

The control low (d;) of the switches (S and Sy) of the FBSPI is determined by two
control loops. In the cascade control system, two control loops are controlled using LADRC
controllers with LESO. The output LCL filter’s capacitor current (i) in the d-q axis is

estimated as follows:
= kps (vfd—z5)_zé
Cd - h3
_— kp4 (Uzq7Z7) 7Z8
g = T B

(18)
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where k3, kp4, Zs, Z, 27, 28, b3, and by represent the proportional gains, the tracking values,
and the control gains coefficients, respectively.

With the help of Clark () and Park (d-q) transformations, the load current (i 4, iLy),
output FBSPI current (ij;04, iinvg), and load voltage (vr4, v1,;) are obtained. The imaginary

variable is obtained by shifting the original signal by (%) as detailed in [34,39]:

o] —[ e ] (19)
ULp OL(wt+1)
And

vrg| | cos(wt)  sin(wt)]  [via

L’Lq] - {—sin(wt) cos(wt)] N L’Llj 20)

The estimated output inverter currents are described as,

{ i;knvd = Z;de + iLd (21)

ok .
linvq = leg i

The estimated output FBSPI currents (i, ,, 77, q) are fed to the LADRC with LESO in

the inner control loop to obtain the signals (d; and d;) in (d-q) rotating frame as,

kl’5 (i?nvd —Zg) ~Zwo

dg =
bs
) 22
. kpe (lfnmlel)*zlz (22)
q1 — be

where kys, kpe, 29, 211, 210, 212, bs, and bg represent the gains factor, the tracking values, and
the control gains coefficients, respectively.

Using the inverse Park transformation, the signal in (d; — d;) is transformed and fed
to PWM control to obtain the switching signals for S; to S4.

4. Results and Discussion

The performance of the hybrid off-grid configuration based on WT, PVs, and batter-
ies, in conjunction with two cascade control strategies based on LADRC and LESO, are
evaluated using MATLAB/Simulink R2022b simulation under all operation conditions, as
weather and load conditions change.

Figure 9 depicts a compact prototype testing setup utilized for real-time testing of the
developed concept. It includes the WT emulator, comprising a 2 kW LabVolt Four-Quadrant
Dynamometer (8540-00) (7) coupled with a PMBLDC generator (8) via mechanical coupling,
equipped with torque and speed sensors (10), and connected to the DC-link through a
three-phase diode bridge (9). The Amatek solar array simulator 5 A, 150 V (4) serves as the
PV solar and is directly connected to the common DC-link. Two IGBT Chopper/inverter
modules (8837-B) (2 and 3), along with a data acquisition module and control interface
(9063-00) (1) from LabVolt, are employed as a buck-boost converter and a full bridge single-
phase inverter (FBSPI), as well as for sensing voltage and current data transmitted to the
1104 dSPACE. The loads (11) are connected to the FBSPI (3), while lead-acid batteries (6) are
connected to the buck-boost converter (2). The performance of the system and its control
algorithms is carried out by varying the load and weather conditions.
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Figure 9. Hardware prototype: (1) current and voltage sensors, (2) buck-boost converter, (3) FBSPI,
(4) solar photovoltaic emulator, (5) dSPACE and protection, (6) lead-acid batteries, (7) induction motor,
(8) PMBLDC generator, (9) three-phase diode bridge, (10) speed and torque sensor, and (11) loads.

4.1. Load-Side Performance Analysis

In Figure 10a, the waveforms of the PCC voltage (v1), and load current (iy), are
demonstrated. The zoom of v; and i} from t = 0.35 s and t = 0.85 s is demonstrated in
Figure 10b. The developed cascade control based on LADRC with LESO for the FBSPI is
tested during a sudden increase at 0.4 s and a sudden decrease at 0.8 s. It is observed in
Figure 10a,b that the load is fulfilled with a constant voltage and frequency. As a result, the
PCC voltage is not affected in the presence of disturbances at 0.4 s and 0.8 s. It demonstrates
that the d-q axis control strategy and its optimized parameters are reliable.

Figure 11 displays the measured DC current at the output of the TDB (i) and the
dynamic performance of the rotor shaft torque (T;), voltage (vs;), and current (is;) of phase

‘a” of the PMBLDCG. To test the proposed concept of achieving good efficiency from WT

without using any MPPT technique, the system is subjected to wind speed variations at
times 0f 0.15,0.3s,0.5 s, and 0.7 s. A slight variation in the voltage is observed, but the
current increases as the torque varies.
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Figure 10. Cont.
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Figure 10. (a) Dynamic performance at the PCC voltage (V) and load current (i; ) under increasing
and decreasing load, and (b) zoom-in waveforms between t = 0.35s and t = 0.85s.
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Figure 11. Performance without MPPT technique of the mechanical torque (T};), stator voltage of
phase ‘a’ (vs,), stator current of phase ‘a’ (is4), and DC at the output of three-phase diode bridge (i)

under wind speed variation.

The generated currents from WT for all mechanical torques, at all wind speeds, are
similar to those generated from P&O for this same condition. This provides additional
confirmation of the advantages of connecting the PMBLDCG using a three-phase diode

bridge to the DC bus and maintaining constant DC-link voltage.
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4.2. DC Side Performance Analysis

Figure 12 illustrates the waveforms of the DC-link voltage (V) and its reference (V),
the battery current (i) and its reference (i;), and the output PV current (ipy). Tests are
performed to evaluate the behavior of the proposed concept to achieve high performance
from the PVs without using a tracking technique for the selected conditions as an ambient
temperature of 25 °C att = 0.3 s and t = 0.7 s. One see clearly that the output PVs current
varies with the variation of the solar irradiation. One observes that, using the proposed
concept, the efficiency decreases at a lower solar radiation (800 W/m? and 500 W /m?),
though it remains similar for high solar radiation (100 W/m?). During changes in solar
irradiation at 0.33 s, 0.51 5, 0.57 s, and 0.7 s, and in changing wind speeds at 0.1 s, 0.33 s,
0.5 s, and 0.7 s, as well as in increasing and decreasing load at 0.4 s and 0.8 s, the DC-link
voltage and battery current follow their references with a zero steady-state error and limited
transient response during solar irradiation and wind speed change. One observes also that
oscillations are less than 4%. As one can see, the battery balances the power by discharging
from t = 0 to t = 0.2 s when PVs and WT generate less power, becoming zero from 0.2 to
0.3 s when the power delivered by WT and PVs equals the load demand. With increased
solar radiation and wind speed, the battery begins charging in about 0.3 s to 1.1 s. While
observing all these disturbances, it can be seen that the DC-link voltage is not affected and
remains constant. The steady-state error confirms that the LADRC with the LESO in outer
and inner control loops performs well.
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Figure 12. Dynamic performance without MPPT technique of DC-link voltage (V) and its reference
(V.), battery current (i) and its reference (i};), and PV current (ipy) and solar irradiation change.

4.3. Performance of LADRC with LESO under the Presence of All Operation Conditions

Figure 13 displays the internal behavior of the LADRC controllers with LESO, showcas-
ing various signals such as the DC-link voltage error (eV},), its tracking signal (Z;), and the
estimated disturbance (Z,) generated by the LESO of the outer control loop. Additionally,
it presents the battery current error (e;;), its tracking signal (Z3), and the estimated distur-
bance (Z4) generated by the LESO of the inner control loop. Notably, errors in the DC-link
voltage and battery current are effectively minimized, with minimal overshoot observed
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at 0.3 s and 0.9 s, respectively, attributed to sudden changes in operational conditions.
The tracking signals in both control loops are consistently minimized across all operating
conditions, without any time delay. Moreover, both LADRC controllers demonstrate rapid
tracking performance with acceptable overshoot, affirming the robustness of the controllers
and the efficacy of their optimal parameter design.
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Figure 13. Dynamic performance of the LADRC controllers of the buck-boost converter: (1) PWM
and its zoomed waveform (red box) between (0.4 and 0.42 s) (2) DC link voltage error (ey ) and its
(3) tracking (Z1) and (4) disturbance (Z;) values, (5) battery current error (ej;), and its (6) tracking
(Z3) and (7) disturbance (Z4) values and all operation conditions.

Figure 14 illustrates the internal behavior of the LADRC controllers with LESO in the
d-axis, depicting various signals including the load voltage error (ey ), its tracking signal
(Z5), and the estimated disturbance (Z7) generated by the LESO of the outer control loop.
Additionally, it shows the inverter current error (e;i,,q), its tracking signal (Zy), and the
estimated disturbance (Z19) generated by the LESO of the inner control loop. The tracking
signals in both control loops are effectively minimized across all operating conditions
without any time delay. This underscores the optimal design of the bandwidths of both
LESOs, which efficiently suppresses noise in the load voltage and inverter current in the
d-axis while ensuring sufficient estimation accuracy. This demonstrates that the proposed
LADRC with LESO is robust against various operating conditions and can achieve higher
control accuracy.

Figure 15 provides insight into the internal behavior of the LADRC controllers with
LESO in the g-axis, displaying various signals such as the load voltage error (ey ), its
tracking signal (Zs), and the estimated disturbance (Z7) generated by the LESO of the outer
control loop. Additionally, it illustrates the inverter current error (e;j,,,4), its tracking signal
(Z9), and the estimated disturbance (Zp) generated by the LESO of the inner control loop.
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Across all operating conditions, it is apparent that the tracking signals in both control loops
are effectively minimized without any time delay, which validates the optimal design of
the controllers” and observers parameters.
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Figure 14. Dynamic performance of the LADRC controller LESO of the FBSPI in the d-axis: PWM
and its zoom waveform between 0.4 s and 0.41 s (red box), the AC load voltage error (ey14) on the
d-axis and its tracking (Zs5) and disturbance (Zg) values, converter current error on the d-axis (e;;,,4),
and its tracking (Zg) and the disturbance (Z1p) values.
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Figure 15. Dynamic performance of the LADRC controller LESO of the FBSPI in the g-axis: PWM
and its zoom waveform (red box) between 0.4 s and 0.41 s, the AC load voltage error (eyr;) on the
g-axis and its tracking (Zy) and disturbance (Zg) values, converter current error on the q-axis(€inpg),
and its tracking (Z11) and the disturbance (Z1;) values.
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4.4. Performance Analysis under Steady-State and Load Variation in the Non-Existence of the Solar
Irradiation and Wind Speed

Figure 16a— show the performance of battery current (i), load current (iy), PCC
voltage (v ), and DC-link voltage (V). In this test, solar irradiation and wind speed are
not available. As can be seen in Figure 16a, the load is powered with constant voltage
and frequency, and the DC-link voltages are well regulated. In Figure 16b,c, the system is
subjected to a sudden increase in demand and a sudden decrease in demand within 0.2 s. It
is observed that the DC-link voltage and PCC voltage are kept constant without overshoots
or undershoots, confirming the robustness of control strategies based on LADRC with
LESO for both power converters.
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Figure 16. Performance of battery current (i), load current (ir ), load voltage (vy), and DC-link voltage
(v4.) at (a) steady-state, (b) sudden increase in load, and (c) sudden decrease in load.
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4.5. Performance Analysis under Fixed Load and during Wind Speed Variation and Non-Existence
of the Solar Irradiation

In Figure 17, the dynamic performance of the DC of WT, which is measured at the
output of the TDB (i), the stator current (is;), and voltage (vs;) of phase ‘a” as well as the
rotor speed (wr), is presented. Tests are being conducted to validate the proposed concept
to extract high performance from WT without using MPP techniques. Depending on the
rotor speed, one observes a slight variation in the stator voltage but an increase in the
stator current. Therefore, this demonstrates that WT can provide more power, especially
at a high level of wind speed, without the need for any MPPT technique or controlled
power converter.
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Figure 17. (a) Performance without MPPT technique under the absence of irradiation and wind of
DC at the output of the TDB (iyt), stator current of phase ‘a’ (isq), stator voltage of phase ‘a” (vs,),
and rotor speed (w;), (b) the zoomed waveforms of (a).

Figure 18a—c show the dynamic responses of battery current (i,,), DC WT current (i),
PCC voltage (v), and DC-link voltage (Vj). In the present test, we examined how both
cascade control strategies and their LADRC with LESO performed when the wind speed
increased and decreased suddenly at t = 10 s as shown in Figure 18a,b. A steady voltage is
observed for DC-links despite disturbances and is maintained consistently, and the battery
current changes with the variation of wind speed to maintain power balance. The voltage
and frequency at PCC remain constant when the wind speed varies. These results confirm
the robustness of the developed control strategies and their controllers paired with their
optimized parameters design.



Clean Technol. 2024, 6

488

Tek Prevu
. ib Ch1:5A/Div !
L Ch2:5A/Div

Ch3:100V/Div

Ch4:50V/Div

(2)
L —— =
® 50A0 @ @ 100V @ 500V 2,008 5.00KkS/s I Line /7 0.00V
Value Mean  Min Max std Dev 100k points
& viean 7.8V 71K 78 71K 0.00
TekStop
- Ch1:5A/Div
ib '
I :
'

Ch2:5A/Div

Ch3:100V/Div

Ch4:50V/Div

[ ‘ (b)
0_." 5.00A Q@ @ 100V ® 500V 2,008 5.00k5/s || tine 7 0.00V
{100k polnts
‘Tek Prevu
| - Ch1:5A/Div !
o ib !
i
I !
| s Ch2:5A/Div [
| IWT i

A AR VAN Y AN

PO

AR

Ch3:100V/Div

VL
Ao A A \ A A
NAARAAN "H-‘U"l. AAAAAAAAAA
SR
JuJ‘U‘\‘I‘\.“Jv‘"J‘J JF".‘J"‘J
Vde Cha:50v/Diy
T‘ ot g ittt :_-mw‘h'-, -
E { ©
j“)'_." S00AC @ & ooV - 50 77 | (dnams Tk || The 7 0.08V
) L100k uu\nrs” |

Figure 18. Performance without the MPPT technique of DC at the output of TDB (iyy7), battery
current (i), load voltage (V1), and DC link voltage (V) during (a) sudden increase, and (b) decrease

in wind speed, and (c) the zoomed waveforms of (a).

4.6. Performance Analysis under Fixed Load and during Solar Irradiation Change and

Non-Existence of the Wind Speed

Figure 19a,b show the characteristics Ppy = f(Vpy) and ipy = f(Vpy) when the
system is subjected to 300 W/m? and 700 W /m?, respectively. It is evident that when a
system is exposed to high levels of solar radiation, one can obtain good efficiency, especially

at the high level of irradiance from PVs without utilizing any MPP techniques.
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Figure 19. Characteristics without MPPT technique of the Ppy = f(Vpy), and ipy = f(Vpy) under
presence of solar irradiation, (a) 300 W/ m?, and (b) 700 W/m?.

Figure 20a—c show the dynamic responses of the battery current (i), PV current (ipy),
PCC voltage (V1), and DC link voltage (Vj.). Figure 20a,b illustrate that the PCC voltage
and the DC-link voltage are not affected by fluctuations in the PV current. To achieve
equilibrium of the power in the system, the battery current is increased and decreased
based on PVs current variation. The obtained results demonstrate that both cascade control
strategies based on LADRC and LESO perform well during solar irradiation change and
do not cause any divergence of the controllers.
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Figure 20. Performance without MPPT technique of the ESS current (i), PV current (ipy), load
voltage (V1), and DC link voltage (V;.) under sudden (a) increase in solar irradiation, (b) decrease in
solar irradiation and (c) the zoomed waveforms of (a).

4.7. Performance Analysis under Fixed Load and during Solar Irradiation and Wind Speed Changes

Figure 21a,b show the dynamic responses of battery current (i), load current (i),
PCC voltage (V.), WT current (iwyr), PV current (ipy), and DC-link voltage (V). It is
performed under fixed load, increasing solar irradiation, and decreasing wind speed. This
demonstrates how the load is supplied with a fixed voltage and frequency under such
severe conditions. The battery balances power in the system instantly, keeping the DC-link
voltage constant without overshoots. Accordingly, the hybrid off-grid configuration’s
decentralized control performs well under all operating conditions.
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Figure 21. (a) Dynamic performance without MPPT technique of the battery current (i), load current
(i), PCC voltage (vy), and DC link voltage (V,.), (b) battery current (i,), DC WT current (i),
PV current (ipy), and DC-link voltage (V) under sudden increasing in the solar irradiation and
decreasing in the wind speed.

5. Conclusions

The solar-wind hybrid off-grid system with fewer power converters devices, sensors,
and decentralized control has been presented and tested by simulation and through a
small-scale power rating hardware prototype. It has been demonstrated that by constantly
regulating the DC-link voltage, one can easily achieve good efficiency especially at high
levels of irradiance and wind speed from PVs and WT without using any MPP technique.
It has been demonstrated that the linear active disturbance rejection controllers (LADRCs)
and their linear extended state observers (LESOs) with their optimal parameters tuning
employed for outer and inner control loops for the power converters of the hybrid off-grid
system perform well under severe conditions and in the presence of disturbance and noise.
It has been shown that the load is supplied with constant voltage and frequency, and the
batteries balance the power in the system for ideal and non-ideal conditions.
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Nomenclature

B12  Observer gains

wy Observer bandwidth in [rad/s]

wyp  Disturbance terms

we Controller bandwidth in [rad/s]

b1 Control gains

Cac Capacitor of the common DC-link in [uF]

dy,  Control signal in d-q axis

icgy  Output filter capacitor current in d-q axis in [A]
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ige DC current at the input of the interfacing single-phase inverter current in [A]
iinodg ~ Output interfacing single-phase inverter current in d-q axis in [A]

iy Battery current in [A]

irdyg Load current in d-q axis in [A]

ipy Output current from PVs in [A]

iRES Generated current from PVs and WT in [A]
iwr Output current from WT in [A]
kp1,6  Proportional gains

Ly Inductor installed between battery and the buck-boost converter [mH]
s Laplace operator

T Mechanical torque of the WT in [N.m]

v Battery voltage in [V]

Ve DC-link voltage in [V]

Vi Desired common DC-link voltage in [V]
vr4,;  Load voltage in d-q axisin [V]

Z111  Tracking signals

Zp1,  Estimated disturbances

Appendix A

Table A1l. Parameters of LADRCs and LESOs.

DC-DC BOOST
Kpl =60 sz =150 hl =200 wp = 500
b, = 20,000 B1 = 1000 B2 = 25,000

SINGLE-PHASE INVERTER
Kpz =75 Kpy = 150 Kps =75 Kpe = 150
wq = 500 b3 = 25,000 by = 48,000
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