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ABSTRACT
In this study a novel drive for the Switched Reluctance Motor (SRM), powered by the solar photo
voltaic (SPV) source, using a Partial Resonant Inverter (PRI) followedby aDoubler Rectifier (DR) for
water pumping applications, has been proposed and validated. The PRI DR combination offers
a large voltage gain that is required while using low-voltage SPV sources. The PRI increases the
voltage level by resonance and also it exhibits zero voltage switching so that the switching losses
are reduced. The proposed system also offers a slidingmode controller based onMaximumPow-
erPoint Tracking implemented in the PRI. The proposed system is a fixed torque variable speed
application where the speed follows the solar irradiance. The proposed idea has been validated
using simulations and experimental prototypes.
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1. Introduction

Despite the intermittent nature of solar energy, PV
panels are a viable alternative energy source in many
domestic, commercial or industrial applications (basi-
cally for self-consumption), from decentralized power
generation to supply isolated loads to even connected to
the local distribution network. Water pumping systems
for people, animals or flora, as well as irrigation canals
in agriculture, are key applications where solar energy
can be utilized. It makes sense that there are so many
water pumping facilities in the world given that water is
one of themost necessary resources for human survival,
national sustainability and global sustainability. Photo-
voltaic solar systems are useful for this in a variety of
ways, particularly when used in rural locations where
there is no electrical supply or where building such
infrastructure would be expensive [1–4]. The SRM is a
single-excited electromechanical system which can be
used for high-speed industrial rotary applications. Like
the Permanent Magnet Brushless DC motor the SRM
motor has no brushes because it has neither a wind-
ing nor a set of permanent magnets in the rotor. The
SRM does not use permanent magnets and it should
be cheaper compared to the brushless DC motor. Even
though the SRM is of a simple structure it had not
become popular in the industrial environment because
the SRM requires a special mechanical rotational posi-
tion sensor of the shaft and a sequential switching cir-
cuit that energizes the timely selected winding from the
available phase windings of the SRM. The SRM requires
a DC voltage source and a power electronic switching

circuit. The torque produced by the SRM is a function
of the current flows through the active winding phase
and the position of the approaching metal pole that is
mounted in the rotating shaft of the motor.

The contribution of this paper is as follows.

• To design a novel drive for the Switched Reluctance
Motor (SRM) powered by the solar photo voltaic
(SPV) source using a Partial Resonant Inverter (PRI)
followed by a Doubler Rectifier (DR) for water
pumping applications

• To implement sliding mode controller-based Max-
imum Power Point Tracking in a Partial Resonant
Inverter

• The proposed system has been validated using sim-
ulations and experimental prototypes.

The article has been organized as follows. The related
work is given in section 2. The outline of the proposed
work and its circuit details are presented in section
3. The MATLAB SIMULINK based on circuit mod-
elling and the results of simulations are presented in
section 4. An experimental prototype was developed
and the details are presented in section 5. In section 6,
the conclusion and the references sections are included.

2. Related work

A proliferation of research articles has come up in the
recent past and consideration of these articles reveals
the research gap. Some of the important contributions
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are outlined here. In the research article presented as
[5] the authors have presented a detailed mathematical
modelling of the SRM. This work can be considered as a
starting point for carrying out further research in SRM.
The textbook on electrical machines by the authors in
[6,7] also provides the reader with a clear insight into
the principles of electrical machines. Such as in [8]
many authors have made valuable contributions to the
design, comparison of various designs and the control
of the SRM. A novel SRM with toroidal windings and a
6-switched drive for the SRM was proposed, designed,
developed and demonstrated by the authors in [9]. A
high-speed SRM for applications in electric vehicles
was proposed and validated by the authors in [10]. The
authors in reference [11] have claimed the successful
development of an optimally designed SRM that is fed
by an asymmetric bridge-type power electronic con-
verter. The authors in [12] have developed a novel SRM
design procedure that took into consideration the anal-
ysis of harmonics and back emf and the design was
focused on developing a traction scheme for the electri-
cal vehicle. An analysis of the state-of-the-art develop-
ments that have happened about the SRM-based power
trains and their drive for applications in electric vehicles
[13]. A review of the research trends and an overview
pertaining to the SRMwere developed by the authors in
[14]. Furthermore, a four-quadrant drive for the SRM
has been proposed and validated by the authors in [15].

Contemporarily there had been many developments
in the field of SPV energy harvesting systems and
these systems have also contributed to the develop-
ment of electric drives in areas unconnected to the
national grid and are thus contributing to the devel-
opment of irrigation pumps. In a typical development
the authors in [16] have developed a novel battery
charging unit that has used an intelligent Maximum
Power Point Tracking of the SPV energy harvesting
system. In article [17] the future potential of solar-
powered pumps has been studied based on the review
of past articles on renewable energy harvesting sys-
tems. The development of mathematical modelling of
the SPV cell had also been an attraction for many
scientists and a similar development with single and
double diode models of the SPV cell was presented by
the authors in [18]. To enhance the efficiency of an
SPV panel a nanocomposite thermal regulator was pro-
posed and validated by the authors in [19]. This work
is an example of the various developments happen-
ing in the material science of the solar photo voltaic
panel.

[20] is a detailed study of the optimal sizing of the
solar and wind energy units for a hybrid renewable
energy scheme that focuses on the economic and social
perspectives of the state of the renewable energy sys-
tems.

Maximum power point tracking is also considered
an important research area and many scholars have

contributed to a proliferation of articles in a simi-
lar development the authors in [21] have presented
the design and implementation procedure of the Per-
turb and Observe MPPT algorithm for the solar photo
voltaic source. Grid integration of renewable energy
systems including SPV energy had also been a deeply
researched area and the authors in [22] have devel-
oped a novel control algorithm for the grid integration
of the SPV source to the national grid. An adaptive
DC link voltage-dependent grid integration of the SPV
source had been proposed designed and validated by
the authors in [23].

Resonant inverters and partial resonant inverters
have also entered into the power conversion arena and
the partial resonant power converters are reported by
some authors claiming certain specific advantages. In a
typical development the authors in [24] have presented
a grid-integrated distributed generation system with
the help of a Soft Switched Partial Resonance Inverter.

The authors in [25] have presented a voltage equal-
izer system based on a two-switch configuration with
an LLC resonant inverter followed by a voltage mul-
tiplier. The authors have developed the proposed sys-
tem to manage partially shaded conditions applicable
to a string of photovoltaic modules. A sliding mode
controller-based MPPT for the harvest of SPV source
used with a PRI followed by a doubler rectifier has been
presented in [26]. In another development [27] a bidi-
rectional partial resonant AC link converter has been
proposed and validated. A similar application of the
PRI for harvesting renewable energy has been proposed
and validated by the authors in [28]. The authors in
[29] have presented an elaborate analysis of the mod-
ern series and parallel resonant inverters and converters
for applications in solar power harvesting. The authors
in [30] have developed a voltage equalizer system using
an inverter developed with a set of two switches and a
partially resonant series inverter along with a voltage
multiplier specifically for use in SPV systems subjected
to partially shaded solar irradiance. A novel series res-
onant inverter with a current regulation scheme for
the pulse width modulation had been proposed and
validated by the authors in [31–32].

A careful consideration of the available literature
reveals that an unmanned agricultural farm water
pumping system based on the SRM powered by a low-
voltage SPV source may be developed using a PRI as an
interfacing converter for lifting the voltage level of the
source to suit the operating voltage level of the SRM. In
this article a novel SPV-poweredwater pumping system
with an SRM through a PRI and voltage doubler chain
has been presented.

The article has been organized as follows. This intro-
duction is given in section 1. The outline of the pro-
posed work and its circuit details are presented in
section 2. The MATLAB SIMULINK based on circuit
modelling and the results of simulations are presented
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in section 3. An experimental prototype was developed
and the details are presented in Sections 4 and 5. In
Section 6, the conclusion and the references sections are
included.

3. Outline of the proposed system

The proposed work uses an SPV source, a PRI, a dou-
bler rectifier and the drive for the SRM. The block
diagram of the proposed system is shown in Figure 1.
The SRM requires an operating voltage of 200V and the
solar PV source has a terminal voltage of the order of
40V. A voltage boost converter is required and the PRI
acts as a boost converter and it provides a large volt-
age gain but the output of the PRI is a partially resonant
high-frequency AC. A doubler rectifier is used after
the PRI to rectify the high-frequency AC and deliver a
voltage-doubled DC output. The output of the doubler
rectifier is supplied to the SRM drive.

The block schematic of the proposed system is
shown in Figure 1.

3.1. A review of the switched reluctancemotor

A Switched Reluctance Motor has a stator and a rotor
and the typical structure is shown in Figure 2. There
are different models of SRM based on the number of
stators and the rotor poles the two popular types of the
SRM are of type 6/4 or 8/6 etc. where there are 8 stator
poles and 6 rotor poles in the case of the 8/6 machine.

The stator and the rotor of the SRM have salient
poles and hence the SRM is categorized as a dou-
ble salient machine. The stator and the rotor poles

Figure 1. Block diagram of the proposed system.

Figure 2. Structure of a switched reluctance motor.

of the SRM are made up of laminated stampings of
the required shape. The salient poles of the rotor do
not carry any winding while the poles of the stator
have windings. The rotor poles are mounted angularly
equidistant on the rotor shaft and the structure is held
by bearings. The rotor shaft is free to move. The infor-
mation regarding the angular position of the shaft is
sensed by a position sensor the position sensor may
be of the Hall Effect type or the opto coupler type.
The windings on the poles of the stator are energized
sequentially based on the information obtained from
the position sensor. A power electronic converter gov-
erned by a micro-controller following the information
from the position sensor is used to energize the stator
pole windings of the SRM.

The SRM is a single excited system and the magni-
tude of the torque produced is a function of the path of
themagnetic flux. The stator poles are stationary. As the
rotor poles move along the reluctance of the magnetic
path for the stator flux varies following the position of
the moving rotor pole.

The basic theory of energy transfer between systems
may be considered. If a finite quantity of energy is sup-
plied to the stator phasewinding a portion of the energy
supplied is stored in the stator poles. The remaining
portion of the supplied energy is consumed for the
mechanical displacement caused. These two portions
of energy are known as the “Energy” and “Co-Energy”.
Themechanical displacement of the rotor pole is caused
by the co-energy.

The torque produced is a function of the ratio of the
change in “Co-Energy” denoted as δE’ to the change in
rotor position δθ . In the characteristics relating to the
flux linkage and the current through the winding, the
area under the magnetization curve is the co energy.
The expression of torque can be given as Equation (1)

Torque = δE′

δθ
(1)

Thus in the SRMwhich is a single excited system, there
is only one exciting coil and the change of flux linkage
is a function of θ and the current is a constant. That
is λ (θ) = L(θ) ∗ I; I is the stator current and L is the
inductance of the coil.� is the angle between the axis of
the stator pole and the axis of the rotor pole. The torque
is given in (2)

T = ∂E′

∂θ
(2)

The mechanical work done = δEm = δE2.
Em and E are the mechanical work done and the

stored energy, respectively.
As θ changes, the storedmagnetic energy and the Co

energy or work done are equal. The sharing is given in
Equation (3)

Wf = W′ = 1/2Lθ ∗ I2 (3)
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The electromagnetic torque is given in Equation (4)

Te = 1/2(I2δL/δθ) (4)

3.2. Solar photovoltaic source

The proposed system uses a solar photovoltaic source
for driving the SRM. The solar PV sub-system com-
prises six panels arranged in a set of three parallel
strings with two panels in each string. The specifica-
tions of the SPV source are given in Table 1.

The SPV source can supply a maximum power of
750W. The characteristics of the SPV sub-system is
shown in Figure 3. With regard to Figure 3 the maxi-
mum power is obtained for the given solar irradiance
of 1000W/m2 if and only if the terminal voltage of
the SPV sub-system is maintained at the optimal volt-
age of 34.38V. If the load is adjusted in such a manner
that the terminal voltage is 34.38 then the SPV sub-
system delivers maximum power to the load. For other

Table 1. Specifications of the SPV module.

Parameter Specification

SPV module 2 in series; 3 parallel
Nominal power rating 125.1W
Open circuit voltage 21.58 V
Short circuit current 7.89 A
Voltage at Pmax 17.19 V
Current at Pmax 7.28 A

Figure 3. The characteristics of the solar PV system.

irradiances the load should be automatically adjusted
such that the terminal voltage is maintained optimal for
that solar irradiance. Themethodology to harvest max-
imumpower from the SPV sub-system for all solar irra-
diances in an automatedmanner is known asmaximum
power point tracking. While many MPPT techniques
are available such as the perturb and observe algorithm
and the incremental conductance algorithm the sliding
mode control method of MPPT is advantageous and
it is implemented in this work. The flow chart of the
SMC-based MPPT is shown in Figure 4.

3.3. Partial resonant inverter

A PRI produces an AC voltage output that resonates at
a frequency decided by the values of the L and C of the
parallel resonant network placed across the output of
the inverter circuit. The topology of the PRI is a part of
the complete circuit diagram shown in Figure 5.

The PRI is formed using a set of four power elec-
tronic switches and four diodes. The DC input to the
inverter is connected to the nodes of the PRI Bridge
and the AC output is available across the rails of the PRI
Bridge.

The switches S1, S2, S3 and S4 are grouped into
two. The group consisting of switches S1 and S2 and
the other group consisting of S3 and S4 have switched
alternately at the switching frequency of 8460 Hz. The
frequency of the carrier is decided by the values of the
L and C used in the AC link, as shown in Equation 5.

F = 1/(2π
√
LC) (5)

With a value of L = 50 micro-Henry and a capaci-
tor of 0.2 μF the frequency of the carrier was decided
at 8460Hz. The modulation index used in the PRI is
used as the manipulated variable and the amplitude of
the Ac output voltage across the parallel LC circuit is
the controlled variable. The AC voltage output of the
PRI is rectified by the doubler rectifier and the doubler
rectifier, besides the reification action, also provides a
voltage gain of 2. If the input voltage is 48V and the gain

Figure 4. Flow chart of SMC-based MPPT.
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Figure 5. Topology of the proposed system.

Figure 6. The energy E and co-energy E′.

of the PRI is 2.5 the doubler provides another voltage
gain of 2 and the output voltage becomes DC 240V.

4. MATLAB SIMULINK realization of proposed
system

The proposed system was implemented in MATLAB
SIMULINK and the various sub-systems and the results
obtained are discussed in this section (Figure 6).

The specifications of the proposed system are shown
in Table 2.

Figure 7 shows the main page of the MATLAB
SIMULINK realization of the proposed system. The
three sub-systems are the SPV sub-system, the PRI
DR sub-system and the SRM and its drive subsystem.
Figure 8 shows the arrangement of the SPV sub-system.
The SMC-based MMPT is also included. The MPPT
system generates a control flag that allows or stops the
switching pulses for the switches of the PRI.

In the power converter system as shown in Figure 9,
the PRI and the doubler rectifier are included. The dou-
bler rectifier rectifies the resonant AC output of the PRI
and delivers a voltage-doubled DC to the SRM driver.
The DR consists of a set of two diodes and two capac-
itors. The topology of the PRI is shown in Figure 10.
Four MOSFETS are arranged in the form of a bridge

Table 2. Specifications of components.

Parameter Specification

Partial resonance inverter
nominal input voltage 30–48 V
Output voltage 120 V AC
Switches MOSFET 4 Nos
Power diodes 3 A 500 V 4 Nos
Doubler rectifier
Power diodes 3 A 500 V 2 Nos
Capacitors 2500 MFD 2 Nos
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Figure 7. Overall implementation in MATLAB SIMULINK.

Figure 8. SPV module and the MPPT controller unit.

and reverse blocking diodes in series with each MOS-
FET. The DC supply is impressed across the nodes of
the bridge and the DC rails deliver the AC output.
Across the rails of the bridge is the parallel resonant LC
parallel circuit is connected. Since the AC link voltage
is more than the input DC voltage the reverse blocking
diodes in series with each MOSFET are necessary.

Figure 11 shows the switching pulse generating sub-
system for the switches of the PRI. A set of phase-
shifted triangular carrier waves of frequency 8640Hz
are compared against a fixed modulation index of 0.45.
The MPPT scheme gives a control flag that allows
or stops the switching pulses to the MOSFETs of
the PRI.

Figure 9. The PRI and the DR sub-system.
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Figure 10. The topology of the PRI.

Figure 11. Switching pulse generation for the PRI.

The third subsystem is the SRM drive sub-system
and the topology of the SRM drive subsystem is shown
in Figure 12.

Figure 13 shows the SRM and the associated timing
and measurement sub-systems. The switching pulses
generated by the switches of the SRM follow the posi-
tion sensor. The position signals from the motor are
supplied to a timing system and the timing system pro-
duces the switching pulses. The internal structure of
the timing unit is shown in Figure 14. Some parameter
measurements and the scheme for converting the speed
in radians per second to RPM are shown in Figure 15.

The display system is shown in Figure 15. The speed
in radians per second is converted into RPM by a mul-
tiplication factor of 9.55.

A stability analysis of the proposed power conver-
sion system was carried out. The input to the system
is the voltage from the solar PV source and the output
is the speed of the SRM. There is no bulk energy stor-
age system like a battery used between the source and
the load. The modulation index is kept fixed at 0.45.
Therefore, the variables are the input voltage and the
corresponding speed of the motor since the torque is
also constant.

The transfer function of the system relating the
speed of the SRM and the input voltage was consid-
ered useful to have an insight into the system and
was derived using the command line commands of
MATLAB. The system was run with a step change
in the input voltage and the corresponding change in
the speed of the machine was obtained. The input
voltage and the speed of the machine were both sent
to the workspace when the simulation was running.
The variables “in” and “out” were respectively used
for the input voltage and speed. The following com-
mands were invoked and the transfer function was
obtained.

>mysys = iddata (out, in, 0.0001)
> sys = tfest (mysys,2) and the transfer function

obtained is given in Equation (6).

sys = (156.3s + 8213)/(S2 + 62.64s + 156.6) . . .

(6)

By invoking the basic commands such as step, Rlocus
and bode the control system studies were carried out
and the plots obtained are presented in Figures 16–18,
respectively. With regard to Figure 16, which is the step
response of the transfer function between the source
voltage and the speed, the system behaves like a first-
order system and is stable in converging to the final
steady state. The bode plot does not show up any peaks
and it also shows sufficient phase and gain margins.
This implies that the speed of the unmanned SRM will
smoothly move up and down as the solar irradiance
rises and falls. The error locus shown in Figure 18 con-
firms that there is no singularity and the poles and zeros
of the system both lie on the negative half side of the
complex plane. The system is, therefore, amenable to
the development of nonlinear controllers like the slid-
ingmode controller, or any linear controllers like the PI
or Fuzzy logic controllers. However, since in this work,
no energy storage system is involved an unregulated
output voltage that is a function of the solar irradiance
is applied to the SRM and the SRM-driven pump will
deliver water with a pumping rate that directly depends
upon the solar irradiance. No closed-loop controller
except the MPPT for the SPV system is used in this
work.

Some of the results of the simulation are pre-
sented herein. A step change in solar irradiance from
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Figure 12. Topology of the SRM drive subsystem.

Figure 13. The SRM and timing and measurement subsystems.

500W/m2 to 1000W/m2 was introduced at 2 s. The
change in the solar irradiance and the resulting change
in the terminal voltage of the SPV are shown in Figure
19.With an activeMPPT control, the variations in solar
irradiance cause changes in the power harvested and
it is routed into the PRI and then to the SRM through
the SRM drive circuit. Since no energy storage system
is used in this work and the load torque on the SRM
is considered to be a constant, typically a water pump,
the speed of the SRM changes following the changes in
solar irradiance.

The power harvested by the solar PV system is sup-
plied to the PRI and the switches of the PRI are supplied
with switching pulses as shown in Figure 20. This causes
a partial resonance and the partially resonant AC volt-
age across theAC link is shown in Figure 21. The output
of the PRI is rectified and doubled by the doubler rec-
tifier and the output of the doubler rectifier is shown

in Figure 23. The current drawn by the PRI from the
source side is shown in Figure 22.

The DC link voltage is obtained across the output of
the doubler rectifier and is applied to the DC input ter-
minals of the SRM drive circuit. It has been observed
that the change in the solar irradiance from 500W/m2

to 1000W/m2 has caused the DC voltage to change
from 180V to 240 volts with a previous sudden rise of
voltage from 0V which is the initial state.

The resonant AC link has two main components,
namely, the inductor L and the capacitor C. The current
incoming to theAC link, the currents through the L and
C and the current leaving the AC link and to the SRM
drive are shown in Figure 24. The power transfer mech-
anism follows the principle that in each switching cycle
over a short period, decided by the modulation index,
initially energy is drawn from the source and is stored
momentarily in the inductor and then it is transferred
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Figure 14. The timing unit used for generating the switching pulses for the four switches of the SRM drive.

Figure 15. Monitoring of speed and other vital parameters.

to the load side. In an ideal parallel resonant circuit,
the incoming current and the outgoing current should
be equal as the inductor and capacitor currents cancel

Figure 16. Step response of the transfer function.

each other. However, because of the partial resonance
phenomena and the local oscillations, the waveforms
of the source side current and the load side current are
different.

Figure 25 shows the trajectory of the speed of the
SRM that is actually dictated by the changes occur-
ring in the solar irradiance. In this experience, the
initial solar irradiance is 500W/m2 and it jumps to
1000W/m2. Eventually, the speed of the SRM also
undergoes a step change as shown in Figure 25. The
other parameters of the SRM such as the angular posi-
tion of the shaft, the torque, the flux linkage and phase
currents are shown in Figure 26.
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Figure 17. Bode plot of the transfer function.

Figure 18. Root locus of the transfer function.

5. Experimental verification

An experimental verification prototype was built to val-
idate the proposed idea of the PRIDR interface between
the solar PV source and the SRM. Figure 27 shows
the picture view of the experimental set-up. The pro-
posed experimental set-up had been developed with

the component values the same as that used for the
simulations.MOSFETswere used for all the power elec-
tronic switches. The MOSFETs used in the PRI were of
type IRF 540 and those used in the SRM drive were of
type IRF840. All theMOSFETs received the pulses from
the PICmicro-controller 1F877A. Separate PI 16F877A
was used for the PRI and the SRM drive. The switching

Figure 19. A step change in solar irradiance and the corresponding change in the SPV terminal voltage.
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Figure 20. Switching pulses for the PRI switches.

Figure 21. The AC link voltage.

Figure 22. The input current or source current for the PRI.

Figure 23. The DC link voltage.
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Figure 24. The currents associated with the AC link.

Figure 25. The trajectory of the speed of the SRM as the Solar Irradiance suddenly changes at 2 s.

pulses from the PIC micro-controller were applied to
the MOSFETs through opto coupler-type MCT2E.

Some of the importantwaveforms observed from the
experimental prototype are presented herein. Figure 28
shows the switching pulse used in the PRI section. The
partial resonant AC link voltage produced by the PRI is
shown in Figure 30. The doubler rectifier rectifies the
resonant AC link and produces a steady DC voltage.

The SRM drive timing circuit realized using the
PIC16F877A accepts the position sensor output and
generates the switching pulses for the switches of the
drive for the SRM. The position sensor output is shown
in Figure 31. The switching pulses for the SRM switches
are shown in Figure 32.

The variation in solar irradiance was observed as a
variation in the terminal voltage of the SPV panel as

Figure 26. Waveforms associated with the SRM.
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Figure 27. Some photographs of the PRI.

shown in Figure 33. The resulting speed of the SRM as
measured by using a tacho generator is shown in Figure
34. The results confirm that the proposed idea offers

better voltage boost behaviour, it is stable and reliable
power conversion efficiency of 82.5% which is compa-
rable to that of the super lift Luo converter used for the
same purpose where the power conversion efficiency
was 88%. Thus the proposed idea can be a better choice
for the voltage step operation where the source voltage
is too low while the motor requires a high voltage as
high as 5–10 times the source voltage.

6. Conclusion

In this work, a novel Dc-to-Dc converter with a high
voltage gain realized by a partial resonant inverter
and a doubler rectifier has been proposed and val-
idated. The proposed converter has been powered
by a solar PV source of 40V nominal power rating

Figure 28. Switching pulses for the opposite switches of PRI.

Figure 29. The partial resonant AC link voltage.
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Figure 30. The DC link voltage of 150 V (5:1).

Figure 31. Two-bit position sensor output.

Figure 32. Switching pulses for the SRM.
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Figure 33. Terminal voltage of SPV (20:1).

Figure 34. Speed of SRM.

and it was stepped up to as high as 240V to drive
a switched reluctance motor that drives a remote
water pumping system. It has been observed that the
speed of the SRM is a function of solar irradiance.
The proposed system has been validated by a suit-
able circuit model in MATLAB and an experimen-
tal prototype as well, the results of the simulations
and the experimental prototype have validated the
proposed idea. In future works, it might be possible
to study another renewable energy system, such as
wind energy or fuel cells that uses the proposed con-
verter and the new controlled strategy with the whole
system.
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