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Abstract

This paper presents new converter for torque ripple minimization of three phases Switched Re-
luctance Motor (SRM). The proposed converter has basic passive circuit which includes two diodes
and one capacitor to the front end of an asymmetric converter with a specific end goal to get a high
magnetization and demagnetization voltage. In view of this boost capacitor, the charge and de-
magnetization voltage are higher. Accordingly, it can reduce the negative torque generation from
the tail current and enhance the output power. The proposed converter circuit is equipped for mi-
nimizing the SRM torque ripple furthermore enhancing the average torque when contrasted with
traditional converter circuit. A three-phase SRM is modeled and the simulation output for no load
and stacked condition depicts that the proposed converter has better performance when con-
trasted with traditional converter. It is appropriate for electric vehicle applications. The proposed
framework is simulated by utilizing MATLAB/Simulink environment and their outcomes are ex-
amined extravagantly.
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1. Introduction

The switched reluctance motor incorporates straight forward and solid structure with low latency and direct
drive capacity and is particularly suitable for top accuracy and fast creating mechanism. Inception of torque rip-
ple can be found in [1]. Generally there are two methodologies for lessening torque ripple. One technique is to
machine design approach, and another is to electronic control approach.
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Some researchers focused on machine outline approach by changing the primary dimension of motor. Torque
sharing function was applied for reducing the torque ripple in SRM [2]. PWM based control strategies are ex-
ecuted in [3]. The electronic control methodology depends on control parameters like the supply voltage, turn
ON, turn OFF point and reference current [4]. However in speed management with the SRM confronting a few
issues inferable from its non-direct attributes, to improve the performance of motor some advanced control in-
novations have been actualized, similar to flux linkage and current profile control [5]. Torque ripple influences
the performance of SRM particularly in the low speed range [6]. An intergrated approach of the machine and
converter was developed, to enhance the torque at low speed with seven and nine phase motor [7]. Drawback of
these higher phase machines increases the fringing impact among the phases.

A well-known strategy to diminish torque ripple is to utilize suitable phase current profile. A strategy for tor-
que ripple optimizing so as to lessen the phase current profile was contemplated in [7]. A Lyapunov function
based direct torque controller for torque ripple minimization in SRM drive is accounted for in [9]. Optimization
method for the minimization of torque ripple in SRM was accounted for in [2] [10]. The issue of picking termi-
nating plots for achieving most extreme proficiency in single pulse controlled SRM drive is investigated [11].
Torque ripple diminishment scheme utilizing B-Spline neural system is presented [12].

A single controllable switch four-quadrant SRM drive with the minimum component has effectively been ex-
hibited in [13]. Two-switch based SRM drive was proposed for high volume applications [14]. The torque re-
sponse of SRM can be expanded with high demagnetization voltage on changing which empowers quicker de-
crease of phase current to zero after aligning position [15]. SRM operation with controlled demagnetization vol-
tage higher than the magnetization voltage is studied and the impact of high demagnetization voltage on torque
response is discussed [16].

SRMs are unigue in relation to other AC machines since they utilize reluctance torque in the variety locale of
inductance, which requires a square-wave excitation current as opposed to the sinusoidal current that is utilized
as a part of an AC machine. Keeping in mind the end goal to make a square-wave current controlled voltage is
crucial at excitation and demagnetization modes. Nonetheless, the excitation and demagnetization voltages are
restricted by the DC link voltage in traditional Switched Reluctance (SR) drives. Quick excitation and demagne-
tization are troublesome in rapid regions [17] [18]. However, the turn-on angle can be controlled to enhance the
output torque; the negative torque dependably lessens the output torque that outcomes in low productivity. High
demagnetization voltage is a decent decision to enhance performance. It can get a quick lessening in the tail
current after the aligned position, decrease the negative torque and augment the dwell angle [19]. The buck-
boost converter was utilized as a part of SR converters to enhance demagnetization voltage. Be that as it may,
high expenses and complicated boost voltage control strategy kept its applications. Accordingly, studies pro-
posed two types of passive boost dc link converters: two capacitors associated in arrangement and two capaci-
tors associated in parallel. These two converters are straightforward, and the demagnetization current charges an
extra capacitor and supplies higher efficacious boost voltage than the input DC link voltage [19] [20]. The per-
formance analysis of switched reluctance motor is done using hysteresis controller [21]. Switched Reluctance
Motor (SRM) drive with four-phase winding by split converter was demonstrated [22]. The multiport converter
with reduced capacitance for SRM was implemented [23]. In conventional asymmetric converter the large value
of capacitance is required whereas in multiport converter with reduced capacitor causes high dc ripple voltage.
Due to this, the current commutation process was accelerated.

2. Numerical Model of SRM

The numerical model of SRM is made out of an arrangement of electrical comparison for every phase and the
mathematical statement of mechanical framework. The mathematical representation of voltage per phase is giv-

en by
dA(0,i
v=pi+ 200) )
dt
Rs—Resistance per phase.
A—Flux linkage of winding per phase.
A=L(0,i)i

where L is the phase inductance relies on the rotor position and phase current.
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i dL(,i).
v:RSi+L(6?,i)ﬂ+M|wm 2)
dt dé
@,, —angular velocity.

The emf induced in the winding is written as

dL(6,i).
e= ( I) i@, 3)
daé
where Kb-emf constant
e=im, Kb (4)
dL(6,)
K =—"7 5
> =" 4o ()
The torque produced in a phase is given by
_ dL(6,i)
T(0,i)==i° 6
(6.1) 10 (6)
The mechanical equation
da,
Tt _TI = Jm dt + Bmwm (7)

where T—Iload torque, J,—moment of inertia, B,,—friction coefficient. In view of the above mathematical
statement [1]-[7] the dynamic model of 6/4, 3 phase SRM is created by MATLAB/SIMULINK environment.

3. Traditional Converter

The three phase traditional converter circuit outline is appeared in Figure 1. The circuit ought to be controlled
adaptable in light of the fact that every phase is free. Along with various conditions of phase switches, the phase
windings can acquire three switching states that are magnetization, de magnetization and freewheeling mode.

4. Analysis and Modes of Proposed Converter

The circuit diagram of proposed converter is appeared in Figure 2. The circuit ought to be controlled adaptable
in light of the fact that every phase is autonomous. Contrasted with the asymmetric bridge converter, it increases
two diodes Dy, D, and a boost capacitance C.4. Notwithstanding, the higher voltages are connected to phase
windings and it can acquire faster excitation current and demagnetization current. So it can enhance current fol-
lowing impact and productivity, lessen the torque ripple. It could likewise enhance the performance when the
converter supplies an extra boosted voltage to SRM.

I~1

~l
1>
o
o

Figure 1. Traditional converter circuit.
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Figure 2. Proposed converter circuit.

4.1. Mode 1 (Excitation 1)

In the mode 1, two phases switch S;, S, and diode D all turn ON and the higher voltage is applied to phase
winding because the capacitor voltage (V) is added to the phase voltage. The winding is energized and the cur-
rent flow path is shown in Figure 3(a). The circulation current can be obtained in Equation (8).

Vdc - Ea _Vcd = Rala + I‘I ddlta

(8)

4.2.Mode 2 (Excitation 2)

In the mode 2, phase switches (S;, S,) turn ON and switch D turn OFF. The current flow path is shown in Figure
3(b). This mode is similar to that of excitation mode in traditional converter. When capacitor Cg is charging the
switches (S;, S,) and diode D¢y turn ON, the circuit equation can be written as (9) As the switches turn OFF,
capacitor is being discharged ,the capacitor voltage can be written as (10)

di,

V.—-E, =R I +L 9
dc a a’'a Idt ()
v, 1 1

e R P —— 10
¢ c¢c* c¢°* {0

4.3.Mode 3 (Freewheeling)

In the state 0, one of phase switches turn ON S, and the other one S; turn OFF and diode D, turn OFF at the
same time. The current flow path is shown in Figure 3(c). This mode is also similar to that of freewheeling
mode in traditional converter. The voltage equation of phase during one switch S, and one diode turn ON D, can
be written as (11)

V,+ 1R =-V,V, . (11)

4.4. Mode 4 (Demagnetization)

In mode 4 all phase switches and diode D are turn OFF, the state is named as de-magnetization mode and higher
negative voltage are applied to phase windings. The stored magnetic energy is returned to the supply when
compared with asymmetric bridge converter, it can obtain faster demagnetization current when current is drop-
ping and also obtain better performance. The current flow path is indicated in Figure 3(d). The voltage and cur-
rent response are obtained during demagnetization in Equations (12) and (13). The voltage across the phase B
can be written as in (14).

588
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Figure 3. Modes of operation of proposed converter. (a) Excitation 1; (b) Excitation 2;
(c) Freewheeling; (d) Demagnetization.

Vi, =V, =V, =R+, do:ta +E, (12)
dav,, 1 1 1
e T = (= 4+ 1) ==(1. =1 13
dt C dc C( a b) C( a b) ( )
dl
Vdc—Eb:RbIb+L|d—tb (14

From Equation (13) the value of boost capacitor is designed. The boost capacitor value must be less than the
dc link capacitor. The value of boost capacitor is designed as 47 uF.

5. Torque Ripple Minimization

Since the saliency of the stator and rotor, the torque ripple is generated when the previous phase is being ener-
gized opposite voltage and the later phase has been energized. The purpose of crossing point between the two
energized phases must be progressed to a higher quality for minimizing the torque ripple. Equation suggests (15),
positive torque is created when the machine inductance is rising because the shaft angle is increasing dL/d® is
positive. Equally, a negative torque is generated by supplying the SRM winding with current while dL/d® is
negative. Henceforth by controlling the current and selecting the suitable turn ON and turn OFF angle will
prompt minimize torque ripple in SRM drive.
The expression for the torque ripple is given in (15)

TR= (Tmax _Tmin )/Tmean (15)
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where Tpac—Maximum estimation of torque (N-m).
Tmin—Minimum estimation of torque (N-m).
Tmean—Mean estimation of torque (N-m).
So as to minimize the torque ripple positive torque must be upgraded and negative torque generation must be

entirely stayed away from.

6. Results and Discussions

To validate the performance of switched reluctance motor, the proposed converter was simulated by MATLAB/
simulink under load T, = 2.5 N'm is appeared in Figure 4 respectively Figure 5. depicts the simulation outline
for proposed converter. The DC supply voltage of 240 V is used. The converter turn-on and turn-off angles are
kept constant at 45 degree and 75 degree, respectively, over the speed range. The reference current is 100 A and
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Figure 4. Simulation diagram for three phases SRM.
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the hysteresis band is chosen as +10 A. The SRM is started by applying the step reference to the regulator input.
The acceleration rate depends on the load characteristics. To shorten the starting time, a very light load was
chosen. Since only the currents are controlled, the motor speed will increase according to the mechanical dy-
namics of the system. In current controlled mode, the average value of the developed torque is approximately
proportional to the current reference. In addition to the torque ripple due to phase transitions, we note also the
torque ripple created by the switching of the hysteresis regulator.

Comparative examination of the ordinary and proposed converter response are appeared in Figures 6-11
respectively. Figure 6 depicts the consequences of traditional converter at no load condition with turn ON angle
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Figure 6. Traditional converter with @gy = 45°, Ogrr = 75°, TL =0 NM.
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Figure 8. Traditional converter with @y = 45°, O = 75°, T, =5 N'm.
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Figure 9. Proposed converter with ®gy = 45°, Oor =75°, T, =0 N'm.

45 degree and turn OFF angle 75 degree. It can be seen in Figure 6, the current overlap occurred between two
successive phases. From the torque waveform we observe that the change in torque is 58 N-m and the mean
torque is 21.66 N-m and the torque ripple is computed from the above data and torque ripple rate acquired as
2.688. Figure 7 depicts the consequences of traditional converter at T, = 2.5 N-m. From the torque waveform
we observe that change in torque is 57 N'm and the average torque is 23.89 N'm and the torque ripple is
ascertained from the above data and torque ripple rate got as 2.396. Figure 8 depicts the consequences of
traditional converter at T, = 5 N'm. From the torque waveform we observe that change in torque is 58 N-m and
the average torque is 26.79 N-m and the torque ripple is ascertained from the above data and torque ripple rate
acquired as 2.165. In proposed converter ,the presence of boost capacitor causes high demagnetisation voltage

and also the fall time current get reduced to zero before the next phase is energised.
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Figure 11. Proposed converter with ®gn = 45°,00rr = 75°, T. =5 N'm.

Figure 9 depicts the results of proposed converter at no load condition with turn ON angle 45 degree and turn
OFF angle 75 degree. It can be seen in Figure 9, the current ovrlap get reduced. From the torque waveform we
observe that change in torque is 66 N-m and the average torque is 32.09 N-m and the torque ripple is ascertained
from the above data and torque ripple rate acquired as 2.056. Figure 10 shows the results of proposed converter
at T, = 2.5 N'm. From the torque waveform we observe that change in torque is 70 N-m and the average torque
is 35.19 N'm and the torque ripple is computed from the above data and torque ripplerate acquired as 1.932.
Figure 11 depicts the results of proposed converter at T, = 5 N-m. From the torque waveform we observe that
change in torque is 70 N'm and the average torque is 38.22 N'm and the torque ripple is computed from the
above data and torque ripple rate got as 1.831. Table 1 depicts the comparison of traditional and proposed
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Table 1. Comparison of traditional converter with proposed converter (switching angle @oy = 45°, Oorr = 75°).

A B C D
0 58 21.66 2.688
Traditional 25 57 23.89 2.396
converter
5 58 26.79 2.165
0 66 32.09 2.056
Proposed 25 70 35.19 1.932
converter
5 70 38.22 1.831

A—Iload torque, B—change in torque, C—average torque, D—torque ripple.

converter at different switching angle. In proposed converter the current tracing effect is greater than ordinary
converter. Henceforth dynamic performance is improved.

7. Conclusion

In this paper, a new front end capacitive switched reluctance motor drive has been introduced. This topology in-
cludes one boost capacitor and two diodes in addition to the traditional converter. The boost capacitor gives high
magnetization and demagnetization voltage to the motor winding. The torque ripple is quite excessive and the
current tracing effect is not very good for asymmetric converter. The proposed converter obtains faster excita-
tion current during magnetization and quick demagnetization current for the duration of demagnetization period.
So it will possibly also support current tracing effect, average torque, and reduce the torque ripple. It is well
suited to electrical vehicle, electric traction and aerospace utility.
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