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Abstract: This study discusses a simple algorithm for esionatind reduction of Vibrations in a
Switched Reluctance Motor (SRM) using magnetic wfrcsimulation in MATLAB/SIMULINK
Environment. A Non-linear model is developed usinggnetic circuit equations, wherein non-linearity
is added using a inductance profile with back ERffnamic characteristic of the SRM is simulated and
the same is being verified experimentally. In #iigulation, both current and voltage control tegheis

are used to control the SRM. Fast Fourier Transfrmsed to analyze the electromagnetic torque in
Frequency domain, which gives the mechanical angnetic vibration frequencies and their dB
magnitude. The complete simulation and experimeetallts are presented.
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INTRODUCTION been developed for the simulation and verified
experimentally. In simulation method, a nonlinear
The switched reluctance motor is a mechanicallynodel is developed in the MATLAB/SIMULINK
rugged machine, due to the simplicity of its environment using inductance profile. Dynamic
construction and stator winding arrangement. Itthes characteristic of SRM is simulated and the resaits
capability to run from zero speed to base speed aneerified experimentally with the developed protatyp
enter into the field-weakening reglbrf. The switched SRM. From the dynamic characteristic of the SRM,
reluctance motor is, hence, receiving increaseshtitin  electromagnetic torque is found and it is analyagidg
in applications where cost reduction and variapleesl time domain to frequency domain analysis tool FFT.
are required. SRM requires rotor position encod@s  Using this tool, vibration frequencies and their
has a considerable amount of torque ripple, whichmagnitudes are found for the SRM in dynamic and
causes vibration and acoustic noise. transient operating condition. These estimatedatibn
The vibration in the SRM is due to the control frequencies for different control strategies ateutated
strategies and geometric design of the nfbtbrThe  and compared with the experimental results.
geometric design approach refers mechanical design
related to vibration behavior. The stator part BMBis M odeling of SRM :

particularly designed to avoid resonance frequencieModeling Equations of SRM: MATLAB/SIMULINK
and associated mode shapes excited by a harmonigodel of the SRM is developed from the voltage
magnetic force. In dynamic operating conditionsequation of the SRM. The phase voltage equati¢h)is
control strategies are used to run the motor with
reduced vibrations for a better control of the SRiMs di
required to predict the vibration frequencies @& 8RM ~ Vpn =it L Mg
at different operating conditions.

The existing literature much attention has paid to
the mechanical design of stator yoke and pole shap&/here:
related to vibration behavior. In this geometrisida,  Veh )
SRM designed using Finite Element Analysis (FEA)ph The phase resistance
packages has reduced resonance at the operatigg rafeh The phase current
of speeds due to harmonic magnetic fof¢es The Lphﬂ The induced voltage in the self-inductances.
second is vibration is produced in the SRM due to "~ dt
control strategies. It found from current waveform,
turn-on and turn-off times of the SRM. In this stud
new algorithm is proposed to estimate vibration
produced in the SRM for different control strategie

In this study a novel method to predict the ) N
vibration frequencies SRM from the measured eleatri Phase currenti, and the rotor positions,,. So the
parameters at operating conditions. This method haiduced voltage can be expressed as:
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1)

The voltage applied to the phase

The induced voltageph% is defined by the

magnetic flux linkagey,, , which is the function of the
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di _ dwph(iph,eph) - oy ph(i oD pi)_

Pdt dt di, o
iy, By (18 ) 0By
dt 08,  dt
Or:
di _ awph (i ph.eph) % + dy Ph(i phe p’) @ (3)

Mdt i, dt 28,
where,w is the angular speed of the motor the torque

The phase equation can be expressed as:

V, =T, +ana(ia’ea).%+ana(i Aef).w
g, dt o,

(4)

a a” a

Twpnis generated by on phase can be expressed as:

| .
2o, (i 0,)
Ty = | —2 P "o g 5
Mph ,([ aeph Iph ( )
(or):
1.,dL
T=21P— 6
2 (ﬁ I=Cons ( )

The one phase model of a three phase 6/4 SRM

with current loop control is shown in the Fig. 1.

Current Block: The flux linkage of SRM/phase, which

includes the back emf is written as follows:

W= [ (v-ir -E,)dt (7)

The current-flux linkage-rotor

given in appendix-1. The obtained current-flux agle-
rotor position characteristics from the MAGNETG6r& a

used to model the ANN for SRM model. ANN has two

inputs and one output. The inputs are flux linkagel

rotor position and output is current. The modeled

current block using ANN is shown in Fig. 3.

ONE PHASE MODEL OF SRM
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Fig. 1: One Phase Model of SRM

position
characteristics of 6/4 SRM are shown in Fig. 2. The
complete parameters and dimensions of the SRM are

Rotor Position Block: The theta block is used to find
the position of the rotor for a given input. Theaaro
position block is shown in the Fig. 4. The inityatbtor
position of the SRM should be defined using an
initiation file that should execute before the slation
starts.

Inductance Block: Inductance profile of the SRM is
obtained from the FEA and its values are tabulated.
These tabulated values are used to model SRM using
MATLAB/SIMULINK environment. The inductance
value used in lookup table includes the non-lintgaof
SRM model. Inductance block of SIMULINK model is
shown in Fig. 5.
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Fig. 2:

Current Block
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Fig. 4: Rotor Position Block
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To complete one revolution of the 6/4 pole SRMsit

R required to have 12 switching. Figure 9a-d shoves th
— @ T mauctance inductance profile for instantaneous current, phase
Current LookUp current, phase voltage and torque. Figure 10 shows
Inductance phase current and voltage during single pulse dipera
during simulation and Fig. 11 shows phase curredt a
Fig. 5: Inductance Block voltage during experimentation on single pulse
operation.
Torque Block: For dynamic simulation

Three Phase Inductance

electromagnetic torque produced to be found w.r.t. oo ; :
time. The instantaneous torque produced on SRM can °-°‘MW
be calculated using equation (6). And it is showhie eer ) . ]
F|g 6 0285 0;9 Three Phase Currents 0'I95 1
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Fig. 6: Torque Block IR NNEEED
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Back em.f. Block: It is more important to include the
back e.m.f of the motor for realistic simulationtbe  Fjg 9: Dynamic Characteristic of Sr Motor Current

SRM. In this model instantaneous induced back ean.f Control Mode (a) Inductance Profile (B, (1))
found and added to the voltage equation. The (b) Current (1) (c) Torque (d) Voltage
significance of this study is that the effect otkhamf

is accounted while modeling the SRM. Figure 7 shows . e varoe

the e.m.f block of the motor.
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Fig. 7:  Back e.m.f Block _
Fig. 10: Phase current and voltage of SRM
Controller Block: SRM has got two control strategies.
One is a single pulse operation or high-speed tipera
and another is low speed or current control. Tlostm 345 me 0L mes 100
popular current control strategy is hysteresis entrr . s 000u= MIH JC Hz
control, wherein actual phase current is alloweudaty = = re -
between upper and lower bands of the set current i ’ S _
values. The current control block is shown in Big.

12085

Controller Block

Feed Back Current

"j}

| ref Sum Hystersis outt
gwitch
) Fig. 11: Experimental Waveforms of Phase Voltage
Fig. 8: Current Controller and Phase Current
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Phase Voltage

F(w) = T f (e dt (7

Voltage in volts

and its inverse transform is defined as:

0.88 09 0.92 084 0.96 098 1

_ 175 jat
5 Phase Current f(t) _Z-[_J-f(u)ej dt (8)
fgﬂﬁ' 1 for an input sequence of length of N, the DFT of a
5 I continues time signal is given by:
st )
N _on(ken) ("
des 068 09 Lid %_%arg‘emsec_g‘_‘s;tj 056 JJ096 1 X(k) :ZX (n)e ) N 1<n< N (9)

Fig. 12: Phase Current and Voltage Phase of SRM fogn its inverse DFT is given by:
PWM Control

(n-3)

13 j2n(k-1) =
UOL TS5 / AMPS 4 HERTZ X(“)=NZX('<)€ N TISUN (10)

312750 bz M 101w

If x (n) is real, we can rewrite the above equatio
in terms of a summation of sine and cosine funstion
with real coefficients:

: 17135 ()= e cof TR g o P
......... a’ﬁ"\ﬁ"\ n Where:
: 5 a(k)=rea( X(K) .H{ K=-imag X B) & m= N

Modeling of FT Block: The FT block available in
Simulink is used to analysis the EM torque. The FT
block can accept only frame data, which is

Figure 12 and 13 shows the input voltage is forlmplemented through the delay fine block.

SRM using PWM signal from simulation and

experimental setup. In this control current profige Dela

modified and vibration produced SRM is also reduced Liney > "h'l”'l"
Torque FFT

Estimation  Vibration  Frequency:  Vibration Converter ET Block

frequency of the SRM is computed from

electromagnetic torque produced by it TheFig. 14: FT Conversion Block

electromagnetic torque produced by the motor is a

continuous time domain variable. In order to get th RESULTS

vibration frequency, it is necessary to do the disrgy o o

transformation. Fourier Transform achieves the  The vibration frequency analysis is done for the

frequency transformation of the time domain vagabl different conduction period¥¢y and8orr period) and

The Fourier transform, a pervasive and versatibé, ie different loads and the results of the simulatior a

used in many fields of science as a mathematical ogrsfﬂe?tedhin TakIJIe 1i Thelvibration freqt;eglﬁlyrg th
physical tool to alter a problem into one that dmn or the single pu'se voltage setup wit ~raco

more easily solved. The Fourier transform decomposeIS tabulated in Table 1. The Table 2 presents dnees

. . . o for the PWM control of the input voltage.
or separates a waveform into sinusoids and coiaale . . ) :
different frequency. The sum of sinusoids and ddes Tk_ns analysis is repeated for different load
of different frequency gives the original wavefortn, conditions and loop currents. The results are
identifies or distinguishes the different frequencyProportional table formed. This analysis shows that
sinusoids and their respective amplitudes. The iBour Vibration of the motor is very less for the
transform is defined as: conduction period from 12-44 degrees.
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Fig. 13: Experimental Waveforms of Voltage and
Phase Current for PWM Control
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Table 1: Simulation Results of Frequency ViloratAnalysis of SRM for the Single Pulse Voltageupewith 1 Nm Load

Bon-Borr in 3% order frequency %order frequency

degrees magnitude in dB magnitude in dB Speeddians/ses
14-44 16 9 97
13-44 14 9 96
12-44 10 8 94
11-44 15 10 94
10-44 20 15 93
9-44 24 17 93

5-44 26 20 97

2-44 26 20 98

0-44 27 20 99

0-34 24 20 102

0-32 24 20 106

0-30 24 20 108

Table 2: Simulation Results of Frequency Vibratforalysis for PWM Control of the Input Voltage

Bon-Borr in 3% order frequency %order frequency
degrees magnitude in dB magnitude in dB Speeddians/ses
14-44 12 4 70
13-44 10 4 69
12-44 7 3 68
11-44 19 13 65
10-44 20 14 62
9-44 21 12 58
5-44 22 14 60
2-44 22 14 60
0-44 24 16 61
0-34 21 15 65
0-32 19 14 68
0-30 19 14 70
CONCLUSION 4. Cameron, D.E., J.H. Lang and S.D. Umans, 1992.

In this study, the electromagnetic analysis of- 6/4
SRM is done using MAGNET 6.12 software to obtain
the current- flux linkage- rotor position charadgcs.

The current-flux linkage-rotor position charactécs 5.
obtained from the FEA software MAGNET®6.1 is used
for the SRM model using MATLAB/SIMULINK. In
this study single pulse and PWM controlled operatio
are simulated and validated through experimentation
The comparison proves that the developed model can
be universally applied to any kind of SRM. Most 6.
importantly, this study utilizes the back emf ire thux
linkage equation, which was not discussed in earlie
papers. From the vibration analysis of the SRM, it'
understood that most optimum conduction period for7.
reduced vibration could be achieved for single @uls
and PWM control. This simple algorithm has
implemented practically in DSP processor and the
simulated results are verified. From this analytbis 8.
toque ripple and vibration frequency of SRM are
estimated, so it is possible to get enhanced cbofro
the motor.
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