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Abstract – This paper presents research on a dual-source
three-level power converter for a switched reluctance
motor (SRM) in a multi-port low-carbon building micro-
grid system. A front-end circuit is added to the proposed
power converter based on the conventional asymmetric
half-bridge power converter (AHBPC) for power flow
control. It can achieve a three-level power supply by
using solar photovoltaic (PV) cells and lead-acid bat-
teries which can be replaced with other power supply
modules as needed without affecting system function-
ality. Three working modes can be achieved according
to actual applications by a simple strategy. With the pro-
posed converter, system efficiency and dynamic response
can be improved. Working modes of the proposed solu-
tion are explained and current paths in the proposed con-
verter are analyzed in detail. Finally, experimental results
on a four-phase 8/6 SRM platform are given to confirm
the effectiveness of the proposed solution.

Index Terms – Asymmetric half-bridge power converter,
dual-source three-level power converter, power flow con-
trol, switched reluctance motor.

I. INTRODUCTION
In recent years, the global climate change problem

has become increasingly serious, and low-carbon envi-
ronmental protection has become a global consensus. In
this context, the low-carbon transformation of building
construction becomes particularly important. Figure 1
shows a multi-port microgrid system of a low-carbon
building. In this model, a switched reluctance motor

(SRM) can drive the loads through photovoltaic (PV)
and battery hybrid or separate power supply, such as
elevator lifting and water pumping. Furthermore, the
power supply modes can be applied to various electri-
cal appliances and charging electric vehicles. The excess
electric energy generated by PV power generation and
gravity potential energy generated by elevator lifting
can be recovered through an energy storage system. In
[1], a general power distribution system of buildings,
namely, PVs, energy storage, direct current, and flexi-
bility (PEDF) is proposed to provide an effective solu-
tion from the demand side. As the core component of
the low-carbon building microgrid drive system, drive
motor performance can affect operation of the micro-
grid system directly. Switched reluctance machines have
been studied for many years and have become one of the
most promising candidates in renewable-energy-related
industries such as wind power systems, gas energy
recovery systems, electric vehicles and wave energy
systems [2–5].

The power converter, as the core part of the SRM
drive system, plays a decisive role in the performance of
the entire motor system. The conventional power con-
verter is mainly based on an asymmetric half-bridge
(AHB) structure, with the most significant advantages
of simple structure, flexible control strategy, indepen-
dent phase to phase, and good fault tolerance perfor-
mance. However, there are also some drawbacks, such
as the impact of a single power supply on the safety
of SRM systems; the excitation speed and demagneti-
zation speed are relatively slow, which affects system
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Fig. 1. A multi-port microgrid system of a low-carbon building.

efficiency; and the lack of energy feedback methods will
limit the utilization rate of energy. In order to solve
the above problems, new power converter topology is
a hot topic in the field of SRM. In [6], a power con-
verter is proposed for excitation and freewheeling func-
tions by means of auxiliary windings and capacitors,
which can control one phase through a MOSFET. In
[7], a power converter topology is given for achieving
structure simplification through reusing the MOSFETs
on each phase winding. It can achieve a reduction of
the number of power MOSFETs, reducing component
losses and improving the performance of the SRM sys-
tem. However, this kind of power converter will make
the phase windings no longer independent of each other,
and the reused power MOSFETs will take on the func-
tion of controlling the commutation of polyphase wind-
ings. If the reused power MOSFETs fail to control, it
will seriously affect the normal operation of SRM and
reduce the fault tolerance performance of the motor
system.

To achieve high-speed excitation, a method of
increasing the excitation voltage of SRM by adding a
boost-type DC-DC converter is studied in [8]. To achieve
high voltage excitation and demagnetization, a power
converter topology is presented in [9]. Although the two
different power converters proposed in [8] and [9] can
both improve the system operating voltage, their power
supply level cannot be changed flexibly according to
actual operating requirements, which still has certain
limitations.

As recognized, system efficiency and dynamic per-
formance are two hot topics for SRM. For instance, some
multilevel converter topologies are presented in [10–15].
In [10], a method of hybrid operation of two asymmetric
half-bridge power converters (AHBPCs) is employed to
achieve multilevel power supply; in [11–13], the modular
designs for batteries are studied; in [14], a topology for
power converter is presented by adding diode and power
MOSFET to each phase; and in [15], a method of design-
ing three excitation and freewheeling circuits for three
power sources is presented. However, with the increas-
ing complexity or cost of the system, the practicality of
the system will decrease. Additionally, some fault toler-
ant control strategies are studied in [16–18].

In this paper, a dual-source three-level power con-
verter topology for SRM is studied. According to
the proposed topology, the operating principle, con-
trol method, and implementation of fast excitation and
demagnetization functions during the operation are intro-
duced. Then, a comparison of system efficiency and
torque ripple of the proposed power converter and the
conventional AHBPC is given. To validate the per-
formance of the proposed power converter, simulation
results and experimental results are given in sections III
and IV, respectively. The paper is concluded in section V.

II. Topology and operational modes
A. Proposed topology

Figure 2 shows conventional AHBPC topology.
Whether in excitation or demagnetization state, the
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voltage on the winding is the power supply voltage. This
will result in a relatively slow excitation and demag-
netization process during high-speed motor operation,
affecting the performance of the SRM system and reduc-
ing system efficiency.

Fig. 2. Topology of conventional asymmetric half-bridge
power converter.

In the proposed topology of AHBPC, which is
shown in Fig. 3, a front-end circuit is added to the con-
ventional AHBPC. The front-end circuit consists of a PV
cell (UP=12 V) and a battery (UE=12 V), a capacitor,
two diodes (Dq2 and Dq3) and two MOSFETs. Diodes
Dq1 and Dq4 are internal diodes in Sq1 and Sq2, respec-
tively. There are three operation modes in the system
according to the proposed converter: PV cell indepen-
dent power supply, battery independent power supply
and dual-source hybrid power supply. To achieve switch-
ing between the three power supply modes, the choice of
system voltage will be controlled by the two MOSFETs
(Sq1 and Sq2) in the front-end circuit. Three levels of out-
put based on the two power supplies can be achieved.
To improve the stability of the power supply, a capacitor
is added to the front-end circuit. It can also serve as a
connecting element of the energy feedback path for the
freewheeling current simultaneously.

Fig. 3. Topology of proposed power converter.

B. Analysis of working modes
During each operation cycle of the motor, each

phase winding undergoes three working states: exci-
tation state, freewheeling (demagnetization) state, and
zero-voltage freewheeling state. As mentioned, the three

power supply modes for the proposed power converter
can be switched by controlling Sq1 and Sq2 of the front-
end circuit. Then, the level conversion will be achieved
and the excitation and demagnetization process can be
optimized.

As can be seen in Fig. 3, the topology of the pro-
posed power converter is composed of three energy ter-
minals: PV cell, battery, and SRM. The power converter
is the bridge that connects the three terminals to each
other. Figure 4 shows the three operation modes of the
proposed power converter.

(a) (b)

(c)

Fig. 4. Three operation modes of the proposed power
converter: (a) mode 1, (b) mode 2, and (c) mode 3.

To switch between the operation modes, the corre-
sponding MOSTETs (Sq1 and Sq2) actions are shown in
Table 1. In mode 1, the PV cell and battery are both
power sources for the SRM system. In mode 2, the PV
cell is the power source and the battery is idle. In mode
3, the battery is the power source and the PV cell is idle.

Table 1: Sq1 and Sq2 actions under different modes
Mode Sq1 and Sq2

1. Dual-source hybrid
power supply

Sq1 and Sq2 turn-on

2. Photovoltaic cell power
supply

Sq1 turn-on; Sq2 turn-off

3. Battery power supply Sq1 turn-off; Sq2 turn-on

Taking phase A as an example, Fig. 5 shows the
three working states in mode 1. The current paths are
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(a)

(b)

(c)

Fig. 5. Working states at mode 1: (a) winding excitation
state, (b) freewheeling state, and (c) zero-voltage free-
wheeling state.

shown as the dashed line in Fig. 5. As shown in Fig. 5
(a), the voltage drops of phase A can be expressed as:{

UA =UP +UE −4×US
US = Is ×Ron

, (1)

where UA, UP, UE , US, Is, iA and Ron stand for voltage
of phase A, voltage of PV cell, voltage of battery, volt-

age drop of each MOSFET, the transient current flowing
through each MOSFET, the current of phase A and on-
state resistance of each MOSFET, respectively. In this
case, since LA is the only load in the loop, the current Is
is equal to iA, i.e. Is=iA.

As can be seen in Fig. 5 (b), when the excitation pro-
cess ends, S1 and S2 will be turned off. Phase A enters the
demagnetization mode, and the power converter starts
working in a freewheeling state. The voltage drops of
phase A can be expressed as:UDC =UC +UE +2×UD

UD =UO + ID ×RZ
UA =−UDC +2×UD =−(UC +UE)

, (2)

where UDC and UC stand for bus voltage and capaci-
tor voltage drop; UD stands for the voltage drop of each
diode on the current flow path; UO, ID and RZ stand for
the turn-on voltage of each diode, the transient current
flowing through each diode and dynamic resistance of
each diode, respectively.

As shown in Fig. 5 (c), when A-phase winding
enters zero-voltage freewheeling state, the freewheeling
voltage of phase A is 0 V, i.e. UA=0.

In mode 1, the excitation voltage and demagnetiza-
tion voltage of the SRM are maintained at a constant
power supply voltage. Therefore, the motor cannot per-
form high-level excitation and high-level demagnetiza-
tion.

Figure 6 shows the excitation state of mode 2 and
mode 3. The A-phase winding is energized by PV cell
and battery through different diodes.

According to the proposed power converter, the free-
wheeling current flow path is the same in mode 2 and
mode 3. Therefore, the following analysis of the free-
wheeling current is carried out in the mode of battery
independent power supply (mode 3). In actual oper-
ation, the freewheeling current of each phase wind-
ing may overlap with other phases. Thus, it is not
possible to simply discuss the freewheeling current or
excitation situation of a single phase. Taking phase A
and phase B as examples, the following five cases are
analyzed.

Figure 7 (a) shows the current flow path in case 1.
In the first case, phase A enters freewheeling state while
phase B is in zero-voltage freewheeling state. Capacitor
C and battery will be charged by phase A. The phase A
voltage drop and phase B voltage drop can be expressed
as: UDC =UC +UE +2×UD

UA =−UDC +2×UD =−(UC +UE)
UB = 0

, (3)

where UB stands for the voltage drop of phase B.
In case 2, phase A enters excitation state, while

phase B is in the freewheeling state. If iB>iA, where
iB stands for the current of phase B, the energy on
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(a)

(b)

Fig. 6. Excitation state in modes 2 and 3: (a) under pho-
tovoltaic cell power supply and (b) under battery power
supply.

B-phase winding is not only for charging the capacitor C
and battery, but also providing energy for phase A. The
current flow path can be seen in Fig. 7 (b). The voltage

(a)

Fig. 7. Continued.

(b)

(c)

(d)

(e)

Fig. 7. Five cases in freewheeling state in mode 3: (a)
case 1, (b) case 2, (c) case 3, (d) case 4, and (e) case 5.
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drop of phases A and B can be expressed as:UDC =UC +UE +2×UD
UA =UDC −2× iA ×Ron
UB =−UDC +2×UD =−(UC +UE)

. (4)

In case 3, phases A and B are in the same state as
in case 2, but iB is less than iA (iB<iA). At this time, the
voltage drops of phase A and phase B can be expressed
as: UDC =UE − Is ×Ron −UD

UA =UDC −2× iA ×Ron
UB =−UDC +2×UD

. (5)

The current flow path is shown in Fig. 7 (c), and the
excitation voltage of phase A is no longer determined by
phase B.

In case 4, phase A enters freewheeling state, while
phase B is in the excitation state. If iA>iB, the A-phase
winding feeds back electrical energy to the capacitor
C and the battery, while providing excitation current to
the B-phase winding. The current flow path is shown in
Fig. 7 (d). The voltage drop of phase A and B can be
expressed as:UDC =UC +UE +2×UD

UA =−UDC +2×UD =−(UC +UE)
UB =UDC −2× iB ×Ron

. (6)

In case 5, phase A and phase B are in the same state
as in case 4. However, contrary to case 4, if iA<iB, A-
phase winding no longer provides excitation current to
B-phase winding. The current flow path can be seen in
Fig. 7 (e). At this time, the voltage drop of phase A and
B can be expressed as:UDC =UE − Is ×Ron −UD

UA =−UDC +2×UD
UB =UDC −2× iB ×Ron

. (7)

Through the analysis of mode 3, it is clear that both
the voltage of the A-phase and B-phase winding in case
1, case 2 and case 4 can meet the requirements of high-
level demagnetization and high-level excitation.

III. SIMULATION ANALYSIS
A. Phase voltage and current analysis

In order to verify the feasibility of the proposed
power converter, the performance comparison is studied
in MATLAB/Simulink between conventional AHBPC
and proposed power converter for proof-of-concept.

In simulation, the rotor speed is set as 600 r/min,
the turn-on angle is set as 5◦, the turn-off angle is set
as 20◦, and the output voltage of both the battery and
PV cell is 12 V. Taking phase A as an example, Fig. 8
shows the voltage and current waveform of conventional
AHBPC and proposed power converter in excitation state
and demagnetization state. At this time, the conventional
AHBPC is powered by battery, while the proposed power
converter is powered by PV cell.

As shown in Fig. 8 (a), in the excitation state, the
excitation voltage of the A-phase winding is stable at

(a) (b)

Fig. 8. Comparison of voltage and current waveform
between conventional AHBPC and proposed power con-
verter in excitation state and demagnetization state when
rotor speed is 600 r/min in mode 2: (a) with conventional
AHBPC and (b) with proposed power converter.

12 V. In the demagnetization state, the demagnetization
voltage of the A-phase winding is stable at -12 V. The
constant excitation voltage and demagnetization voltage
result in a longer excitation and demagnetization pro-
cess of the winding, and this will slow the increase and
decrease of current, which limits the performance of
the SRM system. In Fig. 8 (b), when Sq1 and Sq2 are
switched on, the excitation voltage of the phase-A wind-
ing is the sum of the voltages of the PV cell and the
battery, which is 24 V, enabling fast excitation of the
SRM system. After the high-level excitation is over, the
excitation voltage of proposed power converter drops to
12 V until the end of the excitation process. There are
two demagnetization voltages in demagnetization state,
which are -12 V and -24 V. Under the -24 V demagneti-
zation voltage, fast demagnetization can be achieved. In
the fast excitation and demagnetization states, the possi-
bility of negative torque generation can be reduced and
the performance of the SRM system can be improved.

Taking phase A as an example, Figs. 9–12 show the
comparison of voltage and current waveform between

(a) (b)

Fig. 9. Comparison of voltage and current waveform
between conventional AHBPC and the proposed power
converter in excitation state and demagnetization state
when rotor speed is 700 r/min in mode 3: (a) with con-
ventional AHBPC and (b) with proposed power con-
verter.
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(a) (b)

Fig. 10. Comparison of voltage and current waveform
between conventional AHBPC and proposed power con-
verter in excitation state and demagnetization state when
rotor speed is 800 r/min in mode 3: (a) with conventional
AHBPC and (b) with proposed power converter.

(a) (b)

Fig. 11. Comparison of voltage and current waveform
between conventional AHBPC and proposed power con-
verter in excitation state and demagnetization state when
rotor speed is 900 r/min in mode 3: (a) with AHBPC and
(b) with proposed power converter.

(a) (b)

Fig. 12. Comparison of voltage and current waveform
between conventional AHBPC and proposed power con-
verter in excitation state and demagnetization state when
rotor speed is 1000 r/min in mode 3: (a) with conven-
tional AHBPC and (b) with proposed power converter.

conventional AHBPC and the proposed power converter
in battery-independent power supply mode under differ-
ent rotor speed where the turn-on angle and the turn-off
angle are set as 5◦ and 20◦, respectively.

As shown in Figs. 9–12, when the motor operates
at higher speeds, conventional AHBPCs are limited by

constant excitation voltage and demagnetization volt-
age, and SRMs are increasingly affected by the speed of
phase current rise and fall, making it difficult to further
improve the system performance under high rotor speed
conditions. During the process of continuously increas-
ing the rotor speed from 700 r/min to 1000 r/min, the
SRMs system with proposed power converter powered
by a 12 V battery can still achieve high-level excita-
tion and demagnetization. Compared with conventional
AHBPC, the performance of the SRM system can be
improved more effectively with the proposed power con-
verter at high rotor speeds.

Figure 13 shows a comparison of the phase current
rise and fall velocity in the SRM system in the case of
using conventional AHBPC and proposed power con-
verter at different rotor speeds. In Fig. 13, vp and vm
stand for the phase current rise velocity when the phase-
A excitation current reaches the upper limit of the chop-
ping current for the first time and the phase demagneti-
zation current fall velocity after chopping, respectively.
As can be seen from Figs. 13 (a) and (b), when using
the proposed power converter, vp and vm are both greater
at different motor speeds than when using conventional
AHBPC. In other words, the system performance can
be improved because the excitation and demagnetization
processes can be completed in a shorter time with pro-
posed power converter.

B. Motor torque and efficiency analysis
Figure 14 shows the torque waveform with proposed

power converter powered by a 12 V PV cell and a 12 V
battery. The rotor speed is set as 600 r/min, the turn-on
angle is set as 5◦, the turn-off angle is set as 25◦, and

(a)

Fig. 13. Continued.
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(b)

Fig. 13. Comparison of the phase current rise and fall
velocity in the SRM system when using conventional
AHBPC (green dash line) and proposed power converter
(red dash line): (a) comparison of vp with two different
power converters and (b) comparison of vm with two dif-
ferent power converters.

Fig. 14. Torque waveform with proposed power con-
verter when rotor speed is 600 r/min.

the load torque is set as 0.3 N·m. At the beginning of the
start-up process, the system is powered by the battery
independently, and it is switched to PV cell independent
power supply at t = 0.6 s. At t = 0.8 s, it is switched to
hybrid power supply of PV cell and battery. At t = 1 s,
it is switched back to battery independent power supply.
As can be seen from Fig. 14, the output torques generated
in independent battery and PV cell power supply modes
are basically the same, both slightly lower than the out-
put torque in the dual-source hybrid power supply mode.
Switching between the three power supply modes will
not affect system performance. At the moment, when the
power supply level is switched between low and high lev-
els, the torque can basically remain stable, allowing the
SRM system to run smoothly.

Figure 15 shows the comparison of system torque
ripple at different rotor speeds in the case of using con-
ventional AHBPC and proposed power converter, where
the proposed power converter is powered by the battery
independently. In Fig. 15, the torque ripple coefficient K
can be expressed as

K =
Tmax −Tmin

Tavg
, (8)

where Tmax, Tmin and Tavg stand for maximum torque
value, minimum torque value and average torque value,
respectively.

Fig. 15. Comparison of system torque ripple when using
conventional AHBPC and proposed power converter.

In Fig. 15, the torque ripple curve with conventional
AHBPC is shown as a green dash line, while the torque
ripple curve with proposed power converter is shown as
a red dash line. When the rotor speed is between 500
r/min and 600 r/min, the torque ripple coefficient using
the proposed power converter is slightly larger than that
using the conventional AHBPC. However, as the speed
increases from 700 r/min to 1000 r/min, the torque ripple
coefficient using the proposed power converter becomes
lower, and reaches its lowest at the speed of 900 r/min.
Thus, in high-speed operation, the system torque rip-
ple can be reduced by using proposed power converter,
which is more conducive to the stable operation of the
system.

Figure 16 shows a comparison of system efficiency
in the case of using conventional AHBPC and the pro-
posed power converter, where the proposed power con-
verter is powered by a battery independently. The battery
and PV cell of proposed power converter are both 12 V.
The turn-on angle is set as 5◦, the turn-off angle is set as
25◦, and the load torque is set as 0.3 N·m.
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Table 2: Key components of the experimental platform
Component Parameters Value Parameters Value

SRM

Phase number 4 Core length (mm) 82.6
Stator/Rotor 8/6 Stator/rotor arc angle (deg) 21/23

Rotor outer diameter (mm) 69 Base speed (r/min) 600
Rotor inner diameter (mm) 33 Rated output power (W) 500
Stator outer diameter (mm) 121 Phase resistance (Ω) 0.05
Stator inner diameter (mm) 75 Stray resistance (Ω) 0.07

Converter MOSFET IRFP4668 Diodes D75E60
Power supply PV cell 12 V Battery 12 V, 65 Ah

Fig. 16. Comparison of system efficiency when using a
conventional AHBPC and the proposed power converter.

The system efficiency curve with conventional
AHBPC is shown as a green dash line, while the system
efficiency curve with proposed power converter is shown
as a red dash line in Fig. 16. As can be seen from Fig. 16,
the system efficiency using the proposed power converter
is higher than that using conventional AHBPC. There-
fore, compared with the conventional AHBPC, the pro-
posed power converter can reduce energy consumption
to a greater extent, which is conducive to cost saving and
environmental protection.

IV. EXPERIMENTAL VERIFICATION
To verify the feasibility of the proposed solution, a

four-phase 8/6 SRM system with proposed power con-
verter is employed for proof-of-concept. A photograph
of our experimental platform is shown in Fig. 17. Key
components of the experimental platform are listed in
Table 2. Key sensors are listed in Table 3.

Figure 18 shows the experimental results compari-
son of the voltage and current waveforms of the A-phase
winding in the SRM system in the case of using conven-
tional AHBPC and the proposed power converter. In the
experiment, the rotor speed is set as 600 r/min; the turn-

(a)

(b)

Fig. 17. Photograph of the experimental platform: (a)
experimental platform of SRM system and (b) 8/6 SRM.

on angle is set as 5◦, and the turn-off angle is set as 20◦.
The conventional AHBPC is powered by a battery, while
the proposed power converter is powered by a PV cell.

Table 3: Key sensors of the SRM system
Sensor Type

DSP TMS320F28335
Core of the drive circuit TLP250

Current sensors LA55P
Position sensor GK152 (resolution 7.5◦)
Voltage sensors AD7895

As shown in Fig. 18, the excitation voltage and
demagnetization voltage of the A-phase winding with the
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(a)

(b)

Fig. 18. Comparison of experimental results: (a) voltage
and current waveform with conventional AHBPC and (b)
voltage and current waveform with proposed power con-
verter.

conventional AHBPC are both the 12 V power supply
voltage, which makes the excitation and demagnetization
processes relatively slow and may cause negative torque
and other problems, which is not conducive to the stable
operation of the SRM system. By comparison, the excita-
tion voltage and demagnetization voltage of the A-phase
winding with the proposed power converter can reach up
to 24 V, which can shorten the excitation and demagne-
tization processes.

In order to compare the performance of the SRM
system at higher speeds when using two power con-
verters in this paper, the initial 600 r/min was gradu-
ally increased to 1000 r/min in the experiment, while
other parameters remained unchanged. Figures 19–22
show the experimental results comparison of voltage and
current waveforms of the A-phase winding in the SRM
system at higher speeds when both the conventional
AHBPC and the proposed power converter are powered
by battery independently.

(a)

(b)

Fig. 19. Experimental results comparison with two
power converters when rotor speed is 700 r/min: (a) volt-
age and current waveform with conventional AHBPC
and (b) voltage and current waveform with proposed
power converter.

It can be seen from Figs.19–22, at higher speeds, fast
excitation and demagnetization can still be achieved with
the proposed power converter. Even though the excita-
tion and demagnetization velocities of the winding phase
current gradually decrease due to the increase in rotor
speed, high-level excitation and demagnetization greatly
quicken the excitation and demagnetization processes.
The performance improvement of the SRM system using

(a)

Fig. 20. Continued.
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(b)

Fig. 20. Experimental results comparison with two
power converters when rotor speed is 800 r/min: (a) volt-
age and current waveform with conventional AHBPC
and (b) voltage and current waveform with proposed
power converter.

(a)

(b)

Fig. 21. Experimental results comparison with two
power converters when rotor speed is 900 r/min: (a) volt-
age and current waveform with conventional AHBPC
and (b) voltage and current waveform with proposed
power converter.

the proposed power converter is more significant at high
rotor speeds.

(a)

(b)

Fig. 22. Experimental results comparison with two
power converters when rotor speed is 1000 r/min:
(a) voltage and current waveform with conventional
AHBPC and (b) voltage and current waveform with pro-
posed power converter.

V. CONCLUSION
In this paper, a dual-source three-level power con-

verter is proposed to be applied in a multi-port low-
carbon building microgrid system. The front-end cir-
cuit of the proposed power converter is designed for
switching between three power supply modes. Owing
to the front-end circuit, the proposed power converter
can achieve excitation and demagnetization at high lev-
els, accelerate the excitation and demagnetization speed,
and improve the efficiency of the SRM system. Although
the excitation and demagnetization processes in dual-
source power supply mode (mode 1) are similar to those
of the conventional AHBPC, the system performance is
improved in the other two working modes, which is ver-
ified in both simulation and experimental results.
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