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Due to several problems such as global concern about environmental pollution, renewable energy has become an alternative source
of energy. In situations such as small local loads far from the main grid, standalone hybrid power system (HPS) with inevitable
unbalanced loading condition is preferred for the global grid. The four-leg inverter with a simple as well as well-performance
control method is a good solution to support this condition. In this paper, with respect to the average and discretized model of
the inverter, a new digital controller is proposed in the abc reference frame to control the load voltages. The proposed controller
offers several advantages such as simplicity, fast dynamic response, no need for transformation among different reference
frames, and full compatibility with digital implementation which makes it as an excellent option to be employed in such
systems. In addition, a new hybrid controller is also proposed which not only has the advantages of the proposed digital
controller but also shows superior performance under nonlinear loads without imposing a high computational burden. To verify
the effectiveness of the two proposed controllers, several simulation and experimental tests under different scenarios on a 3 kW

setup are performed.

1. Introduction

A global concern regarding CO, emissions and lack of fossil
fuels besides environmental pollution faces the conventional
power system with different problems. In addition, poor
energy efficiency as well as high cost of electrical grid expan-
sion adds to this concern [1]. Nowadays, renewable energy
resources (RERs) are proposed to be used so as to overcome
and reduce the aforementioned problems. There are several
RERs that provide clean energy in the form of DC or AC
waveforms. Several sources of energy combined with each
other form a hybrid power system (HPS). Also, the nature
of renewable energies is intermittent, so combining them
can reduce power outages and provide a more reliable power
source. The schematic of the typical renewable energy-based
HPS is shown in Figure 1.

One of the main challenges associated with renewable
energies is the interface between them and local loads or
grids. Usually, power electronic-based converters are used
to convert raw power of renewable energies to desired load

power. Particularly, in standalone applications, a power
converter-based interface must provide a sinusoidal voltage
with fixed amplitude and frequency. It is worth noting that
at any inverter loading like single-/three-phase or linear/non-
linear loads, the quality of the load voltage must not be
impaired. An important issue related to HPS which supply
different loads is the unbalanced voltage which occurs due
to several reasons. Generally, light loads (compared to the
rated power of HPS) are connected to one phase. On the
other hand, many single-phase loads drawing time-varying
power are connected to different phases. All of these condi-
tions cause unbalanced loading power, and consequently, it
can be concluded that the existence of a fourth wire is essen-
tial in such HPS [1].

To provide the fourth wire, two main conditions are pos-
sible, with and without output transformer systems. The sim-
plest way is to connect the three-phase three-leg inverter to
the load through an output transformer in which the fourth
wire is provided by the Y or zig-zag connections. But this
solution increases the size, weight, and cost of the system.
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FiGure 1: The schematic of a typical renewable energy-based hybrid power system.

However, for transformerless systems, four-leg inverter and
split DC-link inverter are two solutions [2, 3]. As shown in
Figure 2(a), the neutral point of load is connected to the mid-
point of the fourth leg in the four-leg inverter while for split
DC-link four-wire inverter, it is connected to the DC-link
midpoint. Compared to the split DC-link inverter, the four-
leg inverter can provide better DC voltage utilization. Since
the neutral current flows to the DC capacitors at unbalanced
conditions, the DC voltage fluctuation is expected. However,
the four-leg inverter does not suffer from this problem which
is another advantage of it [4]. This privilege plays an impor-
tant role when DC power supply fluctuates, which is very
common in renewable energies due to different power condi-
tions. Therefore, in addition to the neutral current, high DC-
link voltage fluctuations may result in severe damages or
even load voltage harmonics. The four-leg inverter removes
this problem and candidates itself as a good solution for the
standalone HPS.

Over the last decade, the four-leg inverter modeling and
control have been addressed in several studies [5-10]. In
[10, 11], the four-leg inverter control with a proportional-
resonant controller in abc reference frame is proposed.
Although this method provides simplicity, it suffers from
low dynamic performance under step load changes and non-
linear loads [1]. Another control strategy is to employ a hys-
teresis controller which is so easy for digital implementation
[12]. But the main bug of this method is variable switching
frequency [13, 14].

The model predictive control (MPC) is a simple structure
with good reference tracking that is used to control output
voltages of the four-leg inverter [15-18]. However, the
MPC needs an accurate inverter model to show a desirable
performance. Also, it suffers from variable switching fre-
quency and high computational burden [15].

In addition to a control method, the well-performance
PWM modulators of the four-leg inverter usually impose
high computational burden. Therefore, providing a simple
control method can decrease the overall complexity of the
control system. To sum up, a control method capable of pro-

viding low/zero steady-state error and fast dynamic besides
simplicity and fixed switching frequency to control the
four-leg inverter is needed strongly. The deadbeat (DB) con-
trol method is a discrete-time control theory with fast tran-
sient response [19-21]. Since the DB control theory is a
discrete-time-based method, it considers limitations of digi-
tal implementation. In addition, this method places all poles
of the closed-loop system at the origin of the z-plane, provid-
ing a fast transient response [19]. As a result, in this paper,
the new DB controller is proposed to control the four-leg
inverter output voltage. Although the DB controller is well-
known for this privilege, it suffers from nonzero steady-
state error. Hence, to decrease the steady-state error and
improve the load voltage quality especially under nonlinear
loads, a new hybrid controller is also proposed. Thanks to
resonant controllers tuned at different frequencies, the pro-
posed hybrid controller shows a fast dynamic performance
besides a good steady-state behavior. Also, compared to other
hybrid controllers, the proposed one shows great simplicity.
Moreover, the design of each part of the proposed hybrid
controller is independent from the other parts which is one
of the best advantages of it.

2. Proposed Digital Controller

The average model of the four-leg inverter with an output LC
filter is depicted in Figure 2(b). It is worth noting that induc-
tor and capacitor series resistance is very low which can be
neglected compared to inductor and capacitor impedances,
making the inverter model simpler. Assuming a constant
DC voltage, the voltage of each leg according to the DC-
link negative point is defined as follows:

VAN dAN
VBN dBN
=Vbc ; (1)
VCN dCN
VFN dFN
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FIGURE 2: (a) Schematic of the four-leg inverter. (b) Average model of the four-leg inverter.

where dyy (X =A4, B, C, F) is the duty cycle of the midpoint
of the corresponding leg (A, B, C, F) according to the DC-
link negative point (N). To achieve load phase voltages, each
leg voltage should be defined with respect to the neutral leg:

Var dan —dpy
Ve | = Ve dBN —dpy |- (2)
Ver dey —dpy

To derive the proposed DB control law, firstly, the math-
ematical model should be obtained. Applying KVL to phase
“a,” (3) is obtained.

diy, diy,
VAN_VFN:Lad_ItJ,+Van$Lad—Ii,:VAF_Van' (3)

Also, applying KCL to the output node will result in

dv,, . )
Ca d—; D PR (4)

It should be mentioned that in the four-leg inverter with-
out a neutral inductor, each phase can be controlled sepa-
rately. So, the equations can be employed for the other
phases without any changes. Based on digital control theo-
ries, the backward approximation is reasonable and useful
for F,mpiing/fo = 20, where f is the fundamental load voltage
frequency. In this paper, the sampling frequency is selected
much higher from this limitation to validate the backward

approximation. Applying this approximation to the left side
of (3) and (4) will result in the following:

ia(k+1) —ira(k) _ 1
- 7~ L_a (VAF(k) - Van(k))’ (5)

Vanlk+ 1) = Vu(k) 1 ,
T = ¢ (k) ~ioa (K)): (6)

where T is the sampling time. According to the DB control
theory, with one sampling time delay, the target is to set the
control variables at their reference values at the end of the fol-
lowing sampling period or instant k + 2. Hence, according to
reference and measured values at instant k, input variables at
instant k + 1 must be calculated to be applied. Hence, it can
be concluded that with the load voltages (V,,) as targets of
the control system, the inverter voltages at instant k+ 1
(V4p(k+ 1)) must be calculated.
Simplifying (5), it can be rearranged as follows:

kD) =)+ 2 (Vap®) - Vak). ()

a

To calculate V,.(k+1), (8) has to be updated for the
next sampling time as

ik +2) =i (k1) 12 (Vb4 1) = Vig(k+ 1), (8)

a



If the sampling time is selectively very low, the linear
approximation can be adopted for two consecutive samples.
Therefore, the left side of (8) simplifies as

ig (k+2) =g (k+ 1) + (ia(k + 1) —igy (k). (9)

By replacing (9) into (8) as well as applying some simpli-
fications, (10) is the outcome.

k1) =i, (0) + 12 (Vap(k+ 1) = Vi (k+ 1), (10)

a

As mentioned before, the k + 1 samples are the reference
values. Also, the target is the output inverter voltage, so (10)
is rearranged as (11) to result to the target as follows:

Vir(t) = Vi) + 22 (i, (6) ~ i), (1)

s

As (11) indicates, the reference load voltage as well as the
inductor current must be available to calculate reference
inverter voltages. Load voltages are defined by the user while
the inductor current must be calculated with respect to (6).
Firstly, (4) is rewritten as follows:

ita (k) = oo (k) = ic (K)- (12)

By substituting (12) into (6) and applying some simplifi-
cations, the result is given as follows:

Van(k+1)_Van(k): _Slc(k) (13)

The same procedure followed for (5) can be used and
applied to (13). Accordingly, (13) is updated for the next
sampling instant:

%ic(k+1):Van(k+2)—Van(k+1). (14)

a

Adopting the linear approximation for V, (k + 2) in (14)
will result in

gzic(m 1) = [V (k+ 1) + (Vo (k+1) = V. ()] (15)

- Van(k+ 1) = Van(k+ 1) - Van(k)'

Replacing k + 1 samples with reference values and using
(12), (15) is obtained as follows:

L it k) = e+ 1] = Vi (8 -

- W)= Ve (16)

a

It is worth to be mentioned that the load current
experiences slow changes. On the other hand, the sam-
pling frequency is very high so much so that the change of
the load current in two consecutive samples can be neglected
(T /C, i, (k) =iy, (k)] = VI (k) = V,,(k)). Using this approx-
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imation and solving (16) to calculate the inductor reference
current, the following is obtained.

ity (K) = i (K) + % [Van (k) = Van (K)]- (17)

S

Equations (11) and (17) form the final proposed DB con-
trol law rewritten hereunder:

=) 2 Vel - Va®)  (8)
Viet =V + 22 (0 i) (19)

N

According to (18), it is evident that the proposed digital
controller is very simple to be digitally implemented which,
as a result, imposes a very low computational burden. These
advantages are more bolded when compared to other methods
such as the one proposed in [15] which has to calculate related
cost function for 16 possible voltage vectors. Moreover, the
stability of the DB controller is guaranteed with an accurate
model. Furthermore, it does not need any transformation
among different reference frames which remove addition
computational burden.

3. Proposed Hybrid Controller

In the DB control method, the reference output signal is gen-
erated in such a way to reach the reference value in following
two consecutive sample times. Therefore, theoretically, the
DB controller provides a zero steady-state error. However,
firstly, the DB controller just generates the reference out-
put signal and has no control over it. From this point of
view, the DB can be considered an open-loop controller.
On the other hand, due to some practical implementation
considerations such as switches’ dead-time, the reference
output signal cannot be generated completely. As a result,
a steady-state error is evident in load voltages. To decrease
the steady-state error, it is proposed to use a resonant con-
troller (RC) with fundamental frequency in parallel with
the proposed DB controller. Since the RC provides an infi-
nite gain at tuned frequency, it can decrease the steady-
state error considerably.

To evaluate the effect of load current harmonics like non-
linear loads known as a severe condition, harmonic imped-
ance is a useful criterion [22]. To limit this effect on load
voltage distortion, the harmonic impedance should be as
low as zero. Accordingly, the voltage controller should be
designed properly to show the lowest harmonic impedance.
It will be zoomed out more when it comes to notice that
high-frequency harmonic components must be filtered out
by the output LC filter, and low-frequency ones should be
compensated by the controller.

Although the DB controller is well-known for its fast
dynamic response, it cannot show low harmonic impedance
alone. Hence, to overcome this problem, it is proposed to
use a multiresonant controller in parallel with the DB con-
troller. Therefore, by adjusting proper RCs, the harmonic
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FIGURE 3: The structure of the proposed hybrid controller.

TasBLE 1: The parameters of the experimental test bench.

Rated power 3kw
Nominal load voltage frequency (f,) 60 Hz
Nominal load phase voltage 110V (rms)
L 880 uH

c 33 uF
Sampling frequency (F,) 15kHz
Switching frequency (F,,) 15kHz

impedance can be decreased and minimize the effects of load
current harmonics. As mentioned before, the controller
should be capable of removing low-order harmonic compo-
nents where high-order ones are filtered out by an LC filter.
In three-phase systems, usually odd multiple harmonics of
6m+1 (m=1,2,3---) existed in which their amplitude is
decreased with increment of m. Consequently, the RCs can
be adopted for all low-order harmonic components. The
number of RCs used in the control system depends on the
application of the inverter as well as the load characteristic.
But it will increase the computational burden alongside the
complexity of the control system. It is suggested in this paper
to use just three RCs tuned at dominant frequencies of the
3" 5% and 7™ harmonic components. Several experimental
results under different harmonically polluted loads show that
these components are the most dominant components.
Therefore, all of the 1%, 3™, 5, and 7™ RCs in parallel with
the proposed DB controller make the proposed hybrid con-
troller which is depicted in Figure 3.

Compared to structures such as repetitive controllers
[23], the proposed hybrid control structure reduces the
memory usage considerably. Besides, since RCs respond to
frequencies around tuned ones, the effect of RCs on overall
dynamic performance of the main system controller is negli-
gible. It is one of the other advantages of the proposed hybrid
controller compared to repetitive ones.

The principle and structures of resonant controllers
(RCs) have been discussed in other studies [24, 25]. The
RC is well-known as an AC controller which can remove

a steady-state error in any frequency. An ideal transfer func-
tion of the RC is given in

ks

- 20
$2 + w? (20)

GRC,ideal (S)

where k, is the resonant gain and w, is the central frequency.
At an ideal condition, the RC provides an infinite gain at the
central frequency. Hence, it can decrease the steady-state
error considerably. In a real condition when it is going to
be practically implemented, there exist several physical limi-
tations which restrict the ideal transfer condition. The afore-
mentioned limitations involve switching behavior of the
inverter, sampling delay, and quantizing effect which may
cause impaired reference tracking error and sometimes,
instability with infinite gain of ideal transfer function at w,.
To avoid these problems, usually, nonideal transfer function
is adopted which is given in [26, 27]

k.s

S+ 2o sta?

(21)

GRC,nonideal (S)

Compared to the ideal transfer function, a bandwidth
around the central frequency is defined in (21) which can
remove aforementioned problems. In (21), k, and &w, are
the gain and the bandwidth of the RC, respectively. Based
on (21), now, the gain of RC is not infinite, and by adjusting
k., the steady-state error at the central frequency can be con-
trolled. It is worth noting that though narrow bandwidth can
result in better reference tracking, it will result in high Q
-factor which makes the digital implementation so hard [28].

4. Performance Evaluation

To examine the performance of the proposed hybrid control-
ler, a test bench similar to Figure 2(a) is assembled the
parameters of which are listed in Table 1. Also, the photo-
graph of the test bench is shown in Figure 4(a).

The switching frequency is set to 15 kHz the same as the
sampling frequency in this work. The entire control system is
implemented in a TMS320£28335 digital signal processor
(DSP) from Texas Instrument with 150 MHz clock frequency
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FIGURE 4: (a) The photograph of the test bench. (b) The structure of under tested nonlinear load.

which can provide a high rate of calculation. Besides, to pro-
vide a fixed DC voltage with very low ripples, a three-phase
bridge rectifier with large capacitances is used.

To generate gate pulses for the power switches, several
PWM methods were proposed for the four-leg inverter
[29-33]. Each of them can provide a special prominence
from simplicity [29], higher voltage utilization, low-voltage
THD [33], and also low common mode voltage [33]. Among
them, to present a simpler control structure, the SPWM
method is used as the PWM modulator of the four-leg
inverter.

The switching and high-frequency ripples are usually
attenuated through the output LC filter. The resonant fre-
quency of the LC filter is usually selected about 10% of the
switching frequency to limit the switching ripples to 1%.
The inductor current ripple at the worst case is determined
as follows:

Inductor current ripple = |D| * (1-|DJ), (22)

2xLxFg,

where D is defined as the line to neutral duty ratio. Based on
the maximum allowed current ripple, the value of L is
selected from (22). Afterward, based on the reactive power
limit (about 5% of the rated converter power) and the reso-
nant frequency, the suitable value of C will be calculated.

In standalone renewable energy-based HPS, there are
several nonlinear loads such as switching power supplies,
fax machines, PLCs, and electronic lighting ballasts. Since
these loads absorb nonsinusoidal and high harmonically
polluted current from the inverter, they cause load voltage

distortions. As a result, the inverter has to provide a low
harmonic impedance to decrease these distortions. To
examine the performance of proposed controllers under
nonlinear loads, three common nonlinear loads, as depicted
in Figure 4(b), which are highly expected in standalone
applications, are connected to the output of inverters. Both
simulation and experimental results of the load voltages and
currents for DB and hybrid controllers are presented in
Figures 5 and 6. It is worth mentioning that the simulations
are done in MATLAB/Simulink software.

According to Figures 5 and 6, it is evident that the simu-
lation and experimental results are in good accordance with
each other. For nonlinear load without the output filter
(phase “a”), since the inverter current is sinusoidal, the load
voltages are not affected and the load voltages are 108.6 V
and 110V for DB and hybrid controllers, respectively. For
phase “c” with an inductive output filter, the performance
of the controller at diode commutation instant is important.
As depicted in Figure 6, both controllers make low-distortion
load voltages where abrupt voltage changes are negligible at
the commutation instant. The load voltage is 107V for the
DB controller while the hybrid controller makes a zero
steady-state error. It is worth mentioning that the most
severe condition is the nonlinear load with output capacitive
filter accompanied by a sharp mountainous current. Accord-
ing to Figure 6, load voltages at sudden current changes face
undesirable overshoot and undershoot with the DB control-
ler, while with the hybrid controller, not only the overshoot
and undershoot of load voltages are decreased significantly
but also a highly qualified sinusoidal voltage is achieved.
The load voltages are 106.7V and 110V for DB and hybrid
controllers. It is worth mentioning that according to the IEEE
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FIGURE 6: The experimental results under nonlinear load: DB controller: (a) load currents: ch1&ch3 (5.5 A/div) and ch2 &ch4 (13 A/div); (b)
load voltages: ch1-ch3(50 V/div) and hybrid controller; (c) load currents: chl & ch3 (5.5 A/div) and ch2 & ch4 (13 A/div); (d) load voltages:

ch1-ch3(50 V/div).

std.519-2014 international harmonic limitation standard, for
power systems below 69kV, total harmonic distortion
(THD%) of the voltage must be lower than 5% while each
individual harmonic must not exceed 3%. As mentioned
before, the most challenging condition for the standalone
inverter is the performance under nonlinear loads. The
maximum THD% values of the load voltages for the pro-

posed DB and hybrid controllers are 4.6% and 2.4%, rela-
tively. In addition, max1mum individual harmonic of the
load voltages is the 5™ harmonic order where it is 2.5%
and 1.2% for the proposed DB and hybrid controllers, rela-
tively. As a result, it can be concluded that although the
voltages of the four-leg inverter are considerably lower than
the IEEE std.519-2014 standard specification (69kV), the
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performance of both the proposed control methods satisfies
the international standard.

Thanks to usage of the fourth leg, the four-leg inverter
can supply unbalanced loads, or in other words, single-,
two-, and three-phase loads simultaneously. It is worth men-
tioning that the four-leg inverter not only can supply unbal-
anced loads but also can generate unbalanced three-phase
voltages or even just two-phase voltages. It is one of the excel-
lent characteristics of the four-leg inverter which makes it as
the good solution for renewable energy-based HPS. In addi-
tion, the four-leg inverter must be capable to supply induc-
tive loads which is common in utility loads. To show this
characteristic, the experimental results under an unbalanced
inductive loading condition, phase “a” 0.95 lagging, phase “b”
0.85 lagging, and phase “c” with unity power factor, are
shown in Figure 7(a).

The performance of the hybrid controller at single-phase
linear load is shown in Figure 7(b). As it is expected, the four-
leg inverter can handle 100% unbalanced load condition
without any problem. At this condition, the load phase cur-
rent flows through the fourth leg completely while the other
phase voltages are not affected. It is worth noting that as
one of the advantages of the proposed hybrid controller, the
steady-state error under any loading condition is zero and
for all results, the load voltages are close to 110 V.

To examine the dynamic response of the inverter, several
step load changes at the inverter output are done and the
result is shown in Figure 8. It is worth mentioning that the
resistive (linear) load is connected at the inverter output. As
evidently appears, the proposed hybrid controller compen-
sates the changes in a time lower than 1 ms which validates

Wert Trig Horiz Display Measure Memory Ut 2

| chl~
50.0 W

FIGURe 8: Dynamic response of the proposed hybrid controller
under 100% rising load changes: load phase voltages, chl-ch3
(50 V/div); phase “a” of load currents, ch4 (13A/div).

the superior dynamic response of the proposed controller.
In addition, the most severe changes happened for phase
“a” (chl) which is at the peak phase voltage under load
change instance. However, its voltage undershoot is limited
lower than 5% which is far from international standards.
According to the IEC62040-3 international standards for
standalone inverters, a +30% voltage deviation from the
nominal value is allowed for time intervals below 5 ms.

To validate the feasibility of using hybrid controller in
standalone DG or dynamic voltage restorer (DVR) applica-
tions, the experimental results of hybrid controller with dif-
ferent reference voltages are shown in Figure 9. The main
task of the DVR is to generate a controlled voltage in order
to supply the load with fixed voltages. Usually, the DVR has
three operating modes, standby mode, injecting mode, and
protection mode. The most important mode is the injection
mode where the voltage sag happened and the DVR is
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(battery is charging)

Ppae = PactPpc-Pgen
(battery is discharging)

Ppae = Pac+Ppc-Pgen
(battery is discharging)

Ppyy = PactPpc-Pgen
(battery is discharging)

Pgatt = PGen

PGen>PAC+PDC

PGentPRatzPActPDC

One phase is
disconnected

PGentPBat2PACtPDC

2nd phase is
disconnected

PGentPBattzPACtPDC

3td phase is
disconnected

(battery is charging)

FIGURE 10: The block diagram of the power management system (PMS).

responsible to minimize the voltage sag. As evidently shown,
the four-leg inverter with the proposed controller can pro-
vide different voltages easily. It confirms that the three-
phase load voltages can both be controlled and generated
independently.

Due to the intermittent nature of the photovoltaic sys-
tem, a suitable power management system (PMS) should be
adapted for the whole system. In standalone applications, to
provide reliable power supply with less power outage, energy
storage system such as proper and high-efficiency battery
should be used at the DC side. As depicted in Figure 10 which
is the block diagram of the PMS scenarios, if the power of
photovoltaic system (Pg,,) exceeds the total load powers

(Ppc + Pac), the battery will be charged via extra power. At
this condition, the PMS controls the power flow to prepare
fixed- and low-ripple DC voltage for the four-leg inverter.
On the other hand, if Pg,, cannot supply the total loads,
the stored energy in the battery (Pp,,) is discharged to the
load to avoid any power outage. The most challenging oper-
ation condition is when P, + Pg,, is lower than the load
powers. At this condition, thanks to the one of the benefits
of the four-leg inverter to fully support unbalanced loading
condition, the AC loads on one of the three phases can be dis-
connected while two other phases are fed from the inverter. It
is worth to be mentioned that the PMS decides which phase
is disconnected according to the sensitivity and importance



10

of the each phase load. Thanks to usage of the fourth leg, the
four-leg inverter can supply unbalanced loads, or in other
words, single-, two-, and three-phase loads simultaneously.
It is worth mentioning that the four-leg inverter not only
can supply unbalanced loads but also can generate unbal-
anced three-phase voltages or even just two-phase voltages
as illustrated in Figure 7. It is one of the excellent character-
istics of the four-leg inverter making it as the good solution
for photovoltaic system.

5. Conclusion

To supply unbalanced loads, the four-leg inverter is a good
solution as an interface to feed standalone local loads. Based
on the discrete-time model of the inverter, the new deadbeat
(DB) controller with a fast dynamic response and simplicity
for digital implementation was proposed. In addition, to
improve the steady-state performance of the DB controller,
a new hybrid controller using resonant compensator was
proposed. The hybrid controller offers several benefits such
as fast dynamic response, zero steady-state error, and excel-
lent performance under nonlinear loads. Also, this method
does not impose high computational burden. Several studies
under different single- or three-phase and linear or nonlinear
load scenarios verified the superior performance of the pro-
posed DB and hybrid controllers. At linear loads, the
THD% value is about 0.4% while at nonlinear ones, this value
reaches 4.6% and 2.4% for proposed DB and hybrid control-
lers, respectively. Finally, the reference tracking error has
been decreased from 3.6% to zero for DB and hybrid control-
lers, respectively.

Data Availability

All the data used to support the findings of this study are
included within the article.
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