+ JEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 31, NO. 5, SEPTEMBER/OCTOBER 1995 1029

A Chopper-Controlled SRM Drive for Reduced
Acoustic Noise and Improved Ride-Through
Capability Using Supercapacitors

Pragasen Pillay, Senior Member, IEEE, Rafacl M. Samudio, Member, IEEE,
Motahar Ahmed, Student Member, IEEE, and Rakesh T. Patel

Abstract— One of the problems with the SRM is its higher
acoustic noise when compared to an induction motor of the same
size. Another problem of increasing concern for all drives is the
ability to ride-through dips or short duration power outages of
several cycles. In this paper, a chopper controlled SRM drive is
presented with the aim of reducing the acoustic noise as well
as improving its ride-through capability. Supercapacitors are
used in the power supplies of the driver and logic circuits to
increase their duration of operation in the absence of mains
power. Practical measurements of the reduced noise as well as
the improved ride-through capability are included.

I. INTRODUCTICN -

HE switched reluctance motor (SRM) has considerable
potential for industrial applications because of its high
reliability as a result of the absence of rotor windings. In
addition, most of the losses are confined to the stator from
where they are more easily removed. The SRM is thus more
robust than a squirrel-cage induction motor [1]. One of the
problems with the SRM is its higher acoustic [2]-[4] noise
when compared to an induction motor of the same size.
Another problem of increasing concern for all drives is the
ability to ride-through dips or short power duration outages.
Most of the current drives on the market have instanta-
neows trips for undervoltage. Negative spikes produce nuisance
tripping. At the same time, drives are being used in more
critical applications because of the improved performance they
provide. The industry, and in particular the continuous process
industry, is concerned about the ability of motors and drives to
ride through short term outages or voltage dips {5]. The loss
of a critical motor or drive can cause expensive downtime
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and hours or even days are sometimes requlrcd before full
production is achieved again.

Acoustic noise is always of concern even in the industry. In
domestic applications it is even more critical. Previous works
[2}H4] have demonstrated that most of the SRM noise is
produced by the stator assuming an oval shape as a result
of attraction of the stator to the rotor. This attractive force is
proportional to the mutual flux between the stator and rotor
poles, which is maximum in the aligned position. When the
aligned position is reached, the current in the excited phase
is rapidly quenched to prevent current flowing in the negative
OL /56 region which will result in negative torque. This results
in a step change in the attractive force from a maximum
to zero, producing the noise characteristic of SRM’s. In [2],
various techniques were proposed for the reduction of this
noise. In this paper, a new technique is proposed, based on
reducing the phase voltage in sympathy with the speed, using
a chopper between the rectifier and the converter.

The use of the chopper also allows controlled charging of
the dc link capacitors and hence the possibility of improving
the ride-through capability. Particular attention is paid to
providing power to the control electronics and driver circuits
during power interruptions so that they are operational during
the outage as well as being able to detect and control the
reapplication of the mains power to the motor.

The paper is organized as follows: Section II gives more
details on the acoustic noise and the theory behind the mea-
surement and noise reduction. Section III discusses the drive
design, including the use of supercapacitors for the supply of
power during the outage. Section IV presents the algorithm
for improving the ride-through capability of the SRM drive.
Section V has the results, and Section VI has the conclusions.

II. NOISE IN SRMS

A. Origin and Characteristics

The generation of acoustic noise is an inherent characteristic
of all electric motors but is particularly severe in switched
reluctance motors, It has been shown previously [2], [3]
that radial vibrations of the stator, the origin of which is
purely magnetic, is the dominant sovrce of acoustic noise in
the switched reluctance motor. These vibrations, which are
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enhanced when a sufficiently large harmonic component of the
radial force coincides with a resonant frequency of the stator,
are caused by the radial magnetic force which tries to reduce
the gap separation between stator and rotor poles, especially
when both poles approach alignment. This attempt at gap
reduction, while existing for all positions of the rotor during
the excitation of a phase, is particularly prevalent at the aligned
position and rotor positions close to the aligned position, where
the reluctance is lowest and the flux the highest.

Having determined the origins and the dominant source of
the acoustic noise in [3], an extensive time domain analysis on
the characteristics of vibrations and acoustic noise was done
in [1]. A summary of their experimental results is as follows:

1) A step change in the gradient of current, particularly as-

sociated with a decrease in gradient, induces a vibration,
‘the instantaneous value of which decreases, becomes

negative, and subsequently oscillates and dies out as a
-damped vibration.

2) The magnitude of the vibration is directly proportional
to the gradient and the magnitude of the exciting cur-
rent. In addition, vibrations increase as a rotor pole
approaches alignment with a stator pole for a given
current magnitude. '

3) If the switches of the exciting phase are turned off when
the phase angle of the acceleration of the existing stator
vibrations behind the stator poles is between 90-270°,
the acceleration produced in this case will assist the
existing vibrations. The stator vibrations consequently
increase,

4) The vibrations induced at 90 mechanical degrees to
the excited pole is exactly 180° out of phase with
the vibrations of the excited poles. This is due to the
ovalizing characteristics of the stator.

5) The largest vibrations are produced when an odd har-
monic of the exciting phase current and the resonant
frequency of the stator are coincident. Smaller vibrations
are produced with the coincidence of an even harmonic
of the exciting current and the resonant frequency of the
stator.

" B. Techniques for Mitigation

As a result of the noise characteristics above, several
techniques were developed for reducing the noise in SRM’s:

1) Selection of a current conduction angle away from the
aligned position. This is inefficient and unacceptable
since full use of the phase is not utilized. ]

2) Controlling the firing of the phases based on the mechan-
ical vibration. This requires knowledge of the phase of
the vibration. '

-3) Implementing turn off in two stages so that the induced
vibrations cancel each other out. This will lead to
deterioration of overall performance and in particular
the possibility of current flowing in the negative L /86
region.

In this paper, a chopper controlled SRM drive is proposed

for noise reduction. The idea arose from point 2 in Section II-A
which states that the magnitude of the vibration is proportional
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Fig. 1. Block diagram of SRM drive.

to the gradient of the exciting current. This was observed
qualitatively in that the SRM moter noise was much lower at
high speeds where the motor back EMF counters the applied
voltage to reduce the rise and fall times of the phase currents,
At low speeds, the noise was particularly severe where full
voltage was being applied to the phase with very little counter
EMF to reduce the current gradient.

In this paper, a chopper is inserted between the rectifier
output and the SRM converter as shown in Fig. 1. The chopper
is fully on at full speed, but at low speeds the chopper mark-
space ratio is controlled to reduce the average dc voltage
applied to the converter. Thus when the SRM converter is
fired, the lower dc link voltage results in a lower rate of change
of the current which, according to part B, should result in a
reduced noise.

C. Sound Pressure and Power Measurement

A comparative evaluation of the noise is made in an
anechoic chamber with a commercial converter and with the
new chopper controlled converter. The theory of the noise
measurement is now presented [6].

There are three different processes for the measurement of
sound power in a free field. They are: a) spherical surface
measurement, b) hemispherical surface measurement, and c¢)
conformal and other measurement surfaces, For spherical
surface measurement, the machine is required to be placed at

" the center of an anechoic chamber or suspended in a large open

area and multiple-point sound-pressure level measurements
made over a spherical surface enclosing the machine. Hemi-
spherical surface measurements are made with the machine
mounted on the ground in an open area or in a semi-anechoic
chamber, i.e., an anechoic chamber having a hard (reflecting)
floor, If a sound absorbent floor is used then the decibel error
in the noise pressure is less than 1 dB. This is the method used
in this paper. The third method is used for vertical machines
and for large machines mounied on the floor.

The machine under investigation is rated at 5 hp and is
mounted in a semi-anechoic chamber with a sound absorbent
floor. Hence the hemispherical surface measurement process
must be used where sound-pressure level measurements can
be made over a hemispherical surface of radius » enclosing
the machine. The radius should be at least twice the largest
linear dimension of the motor but not less than 1 m, Table 1
gives the coordinates of 10 key measurement points and Fig. 2
illustrates the relative locations of the microphone positions.
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~ TABLE I
LOCATION OF MICROPHONES

No. xr yir 2
1 -0.99 0 0.15
2 0.50 -0.86 0.15
3 0.50 0.86 0.15
4 -0.45 0.77 0.45
5 -0.45 -0.77 0.45
8 0.89 0 0.45
7 0.33 O.Sf 0.75
8 ~_-0.68 0 0.75
9 0.33 -0.57 0.75
10 0 o 1.0

These locations give the Cartesian coordinates (z, y, z) with
the origin at the center of the noise source. The z-axis is chosen
perpendicularly upward from a horizontal plane (z = 9).

The sound pressure level at a given point is defined as the
instantaneous pressure minus the static pressure at that point
and generally it is expressed as the sound-pressure level in
decibels which can be described by the following equation:

p?
L, =10 log,, 4 dB N
’ Pret
where p is the rms sound pressure and p.es is the rms
reference sound pressure which is internationally taken as
2 x 107% Nm~—2. :

The sound power level is defined as the average sound
power minus the reference sound power and can be expressed
as the sound power level in decibels by the following equation:

L, =10 log,, ( W ) dB @

Wref
where W is the average sound power emitted by an object
in watts and W is the reference sound power in watts.
Internationally W, is taken as 1 x 10712 W,
The sound intensity at a given point in a sound field in
a specified direction is defined as the average sound power
passing through a unit area perpendicular to the specified
direction at that point. For a plane and spherical sound wave
propagating in a free field, the sound intensity along the
direction of wave propagation is given by
2
=2 wm-2 3)
Pe
where p is the rms sound pressure in Nm~2, p. is the
equilibrivm density constant of the medium in kgm~3, and
¢ is the velocity of sound in the medium in ms~!,

— 0.15r

Fig. 2. Location of microphones for a 10-point hemispherical measurement.

Now, for a machine completely enclosed by a surface, the
total sound power emitted is

¥
W:/ 1,-dA,-=f B g4 @)
A A

C

where the integration is over the whole surface area A and p;
is the sound pressure on the ith elementary area dA;. If the
whole surface area is divided into n equal parts dA and the
value of n is sufficiently large, the above equation becomes

n 2 n 2
7; 1 P

W = E —’dA:n(dA)(— —')
iz1 Pe noD Pe

2
AP NG
pe

where p,, is the rms sound pressure over the whole surface
area.

Dividing both sides by W and taking logarithms, the
sound power level is

W
Lw =10 lOglO W—f =10 10810 A

+1010 Pay (6)
glO Wrefpc )

Based on the definition of the sound-pressure level, the valoe
of p2, can be expressed in terms of the sound-pressure levels
on the surface by

1 n
Plv = Ples (; Z} 10%1Ly, a) (7)
=

R
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where Ly, i is the sound-pressure level at the ith elementary
area. Combining the above two equations

2
L, =10 logyy A + 10 logy, (wp'e; )
ref Pe

1 n
+ 10 logy (; S 100'1L,,_,-). (®)
i=1

The second term of this equation is approximately equal to
ze10 when pres = 2 x 1075 Nm™2, W,y = 1 x 10712 W, and
. = 415 kgm=2 571,
So, the sound-power level can now be expressed as

w =Ly + 10 log;q 277> ©)

where L., is the sound-powef level, r is the radius of the
surface, and L is the mean sound-pressure level defined as

1 n
L, = 10 logy, (E 3 10“'1L,,,¢) (10)
i—1 :

where Ly ; is the sound-pressure level at the ith elemen-
tary area. In deriving the above relationship, the followmg
assumptions were made:
1) The direction of wave propagation at any point on the
surface is perpendicular to the surface.
2) The sound wave can be regarded as either a plane or a
spherical wave, and
3) The total surface area is divided into n equal parts where
n is sufficiently large so that the sound pressure and
particle velocity are in phase with one another at every
point.

III. DRIVE DESIGN FOR IMPROVED RIDE-THROUGH
CAPABILITY AND REDUCED ACOUSTIC NOISE

A. Introduction

Motor drives are notorious for their low tolerance to supply
disturbances. Many have instantancous trips that disconnect
the drive from the supply for an undervoltage of, say 90% of
the nominal. Thus a negative voltage spike of short duration
may disconnect the drive, resulting in nuisance tripping.

Fig. 3 indicates that a power interruption of more than
10-ms duration is likely to occur every 80 h on the average.
On the other hand, the mean time between failures (MTBF)
for the power converters are of the order of 10000 h. Short
time interruptions of the power supply are therefore the most
frequent cause for inverter tripping [5].

The commercial SRM drive used in this paper utilizes a
series resistor to control the charging current of the dc link
capacitor. Once the dc link reaches the nominal operating
voltage, the resistor is shorted with a relay.

" During a supply disturbance like an outage for a few cycles

©r a dip for several cycles, the dc link voltage will rapidly

reduce as it supplies power to the motor. In the commercial

] drive, the entire drive is disconnected at around 90% of

fiominal voltage. The reason is that if the power is reclosed

.'pnto a low dc link voltage, a large surge in the rectifier current

10000
T h -
/
MTBF 1000
100 /
10

0,61 01 1 10 100 1000

Down time in  seccnds )

Fig. 3. Mean time between failures (MTBF) versus down time of the public
power supply.

Fig. 4. Supercapacitor unit cell construction,

will result, which can easily exceed the diode ratings. Thus to
improve the ride-through capability, either the series resistor
must be reinserted at some defined dc link voliage or an
alternative technique used to control the inrush current. An
alternative is to use a chopper which can control the inrush
current by varying the mark-space ratio. Thus the input voltage
can be matched to the residual dc link voltage (on the output of
the chopper) with a proper mark-space ratio. Thus the chopper
in this design performs the dual function of improving the
ride-through capability as well as reducing the acoustic noise.

B. Supercapacitors

Supercapacitors, also known as Double Layer Capacitors
(DLC’s), are a new electric energy storage device with ex-
tremely high volumetric efficiency (over 3 F/in®), virtually
unlimited service life, fast charge/discharge capability, and
very low leakage current [7]. The commercial names for these
capacitors are: supercapacitors, ultra capacitors or capattery.
The generic name is double layer capacitors.

Conventional energy storage devices such as batteries and
aluminumn electrolytic capacitors often must be replaced during
the life of a product. Supercapacitors never need replacing
because unlike batteries, they do not undergo life-limiting, irre-
versible chemical reactions, and unlike aluminum electrolytic
capacitors, they do not experience dry-up problems. The con-
struction of a supercapacitor is shown in Fig. 4. Two identical
electrolyte-moistened carbon clectrodes face each other across
an ionically conductive, porous separator. Electroconductive
rubber endcaps provide the seal and electrical contact. The
entire arrangement comprises one cell unit.
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" Fig. 5. Block diagram of the DSP based control system,

C. Overall Block Diagram

The motor drive consists of the speed, switching angle, and
current feedback controllers as well as the rectifier, chopper,
split-link converter, motor, and encoder as shown in Fig. 5 [8].
Speed and position feedback are obtained from an absolute
optical encoder. The commanded speed w} is compared with
the actual speed, w,; the difference between these two signals
is the speed error. This error is the input of a PI speed
controller. The output of the PI controller is the commanded
torque from which a current “¢*” is produced.

The switching angle controller produces the reference cur-
rents i}, 4, @5, iy, the rotor position 8., and *. These are
compared with the actual 4, ¢, 1., and i4 currents for current
control. While many different forms of current control are
available, a simple hysteresis controller is used here. The
actual i,, @5, i, and 4 currents are measured using current
transducers.

Some overlap between the phase currents is often desirable
in order to minimize the torque ripple; this overlap is achieved
by advancing the firing angle of each phase and is controlled
by a DSP. The motor used is a commercial SRM with eight
stator poles and six rotor poles. ’

The rectifier is supplied from a three-phase 460-V ac supply.
It converts this voltage to a 600-V dc supply. The constant dc
supply from the rectifier is then converted to a variable dc
supply by means of a series chopper. The chopper operates at
a 5-kHz frequency and varies the input voltage to the SRM
converter based on the speed. There is an L-C filter between
the chopper and the converter to smooth the current waveform
input to the split-link converter, which supplies power to
different windings of the SRM stator depending on the rotor
position.

The rotor position is sensed by an optical encoder mounted
on the shaft of the motor. Depending on the rotor position, the
control circuit generates firing signals for a particular phase
of the stator winding. This signal is amplified and isolated
from the converter (power circuit) by the driver circuit. The
control signal is passed to the converter IGBT’s via the driver
circuit. The split link converter is used to allow the use of

PRIMARY SECONDARY
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"1 IsOLATID el
il CCEl
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[
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GND/OV MEMORY DRIVER GONz
vs=I5v i ccee
VCE2

Fig. 6. SKHI21 Driver circuit block diagram.

four power switching devices with four phases and only two
current transducers.

D. Power Circuit

In this converter, T'1 is used to allow current to flow into
phase 1. For current control, T'1 is turned off and the current
freewheels through D1, capacitor C2 and phase 1. When the
current flows through C2, —~-1/2 Vdc is effectively applied to
phase 1 so that the current reduces more quickly than if 0 V is
applied. In order to turn the phase off completely, T'1 is turned
off and the current takes the same path as during freewheeling
so that the rate of fall is the same as during current control.

E. Semikron Driver Circuit

1) Conventional Design: The IGBT is a voltage controlled
device and exhibits MOSFET-like capacitive gate-to-emitter
characteristics. The SKHI 21 driver, shown in Fig. 6, is a
hybrid IC capable of driving a 150-A, 600-V IGBT or a
75-A, 1200-V IGBT [9]. Since the signal delay in the drive
circuit is 1 ps or less, the hybrid IC is suitable for switching
at up to about 40 kHz. The following sections describe the
enhancements for improved ride through capability.

2) Enhancements to Improve the Ride-Through Capability of
the Driver Circuits: Up to now, a conventional drive design
[10} has been described. The power supply discussed here is
the 15-V floating power supply designed for the driver circuit.

In order to improve the ride-through capability of the driver
circuits, supercapacitors are connected on the output.

The value of the supercapacitors chosen for the drive power
supply was determined experimentally to provide the desired
output voltage for a 15-cycle interruption. The value is 1.1 F.
Three 5.5-V 3.3-F supercapacitors were used in series because
of the availability of the 5.5-V rating. To make certain that
the voltage across the individual device (capacitor} in the
series string does not exceed the maximum voltage of each
capacitor, 5.6-V zener diodes are connected in parallel to each
supercapacitor.

The drivers used for the chopper and for the four switches
T1 to T4 are the SKHI 21 manufactured by SEMIKRON.
Each driver controls two IGBT’s, so only three drivers are
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Fig. 7. Curve 1 5 V power supply without supercapacitors, 2 V/div,
0.1 &/div. Curve 2: 15 V power supply without supercapacitors, 5 V/div,
0.1 sfdiv.

L t +

Fig. 8. Curve 1: 5 V power supply with supercapacitors, 2 V/div, 0.1 s/div,
Curve 2: 15 V power supply with supercapacitors, 5 V/div, 0.1 s/div.

required. The power supply for these drivers is 15 V, The
supply current is 160 mA. The minimum supply voltage is
13 V. If it falls below this value, the turn-on pulses for the
IGBT’s are blocked. The voltage of the supercapacitors during
the power interruption must be greater than 13 V.

3) Supercapacitors for the Logic Circuit: The DSP
TMS320EI5 and all the logic requires 5 V dc and the
supply current is' 1.3 A. Hence four supercapacitors rated at
3.3F, 55V are used to provide standbyy power. The current
transducers, the analog to digital converter, and the analog
switch requires +12 V dc and —12 V dc and the supply
current is 130 mA. Thus three supercapacitors of 3.3 F, 55 V
dc connected in series are used to provide backup power.
To ensure equal voltage distribution, 5.6-V zener -diodes are
_connected across each capacitor, The discharge rates of the 5-
V logic, as well as the +15-V supply, both with and without
supercapacitors, are in Figs. 7 and 8, respectively,

IV. ALGORITHM FOR IMPROVED RIDE THROUGH CAPABILITY

During a power interruption or dip, the chopper is turned
off, but the controller continues firing the phases through the
converter, based on the rotor position. Because the chopper is

off, there is no current flow from the mains power supply, and -

the dc link capacitors supply energy to the motor. The energy
stored in the dc link capacitors is relatively smali, therefore the
capacitor voltage decays rapidly. Hence the speed also decays,
since the motor energy requirements are not being met.

Fig. 9 gives the algorithm for improved ride through ca-
pability during the power interruption or dip. To detect the
interruption or dip in the power supply, a resistor R2 =
100 K and an optocoupler LM3093 IC9 are connected as
shown in Fig. 5. A current 5 flows through the resistor and
the optocoupler. A voltage V proportional to the current 4
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NOkF V > Vref
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Fig. 9. Logic used to improve the ride through capability during power
interruption or dip of the input voltage,

appears at the output of the optocoupler. Hence the voltage
V' is also proporticnal to the dc link voltage at the output of
the bridge rectifier.

The voltage V, is compared to a reference voltage Vis.
When V > Vg, the output of the comparator is low. If V <
Vier the comparator output goes high; under this condition a
dip or an interruption in the power supply has been detected.
To avoid oscillations, the output of the comparator feeds a
Schmitt-trigger. The output of the comparator is used to turn
on LED 1, which is used to indicate a disturbance at the input
voltage. The output of the comparator is also used to interrupt
the DSP. The DSP then turns the chopper off and continues
to fire the converter, thus transferring energy from the dc link
to the motor. Energy for the electronic and drivers circuits are
obtained from the supercapacitors described previously.

After the power returns, the highest priority is the charging
of the dc link capacitors. To control the charging current, the
chopper is turned on for a short time and turned off again, so
the current does not exceed the ratings of the devices.

During the period of the dc link capacitor charging, the firing
of the converter is inhibited. To avoid the use of a second
current sensor on the output of the chopper, an open loop
charging for the capacitor is executed, assuming a worst case
of the dc link capacitor being completely discharged.

In order to limit the current flowing through the chopper
and the diode bridge, the firing of the motor converter is
inhibited to remove an additional parallel path to the dc link
capacitor. The time duration to fire is determined from a
PSPICE simulation as shown in Fig. 10, Once the nominal
voltage for the capacitor is obtained, the SRM converter is
fired again.

A. Noise Measurement Results

During normal operation, the dc link capacitor voltage is
controlled to be proportional to the speed command with the
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Fig. 10. Charging current and voltage waveforms using PSPICE simulation.
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use of the chopper. The difference in the sound pressure level
between the commercial converter and the chopper controlled
converter was measured at 10 points as shown in Figs. 11 and
12 over a speed range from 200 r/min to 750 t/min. From this,
the difference in the actual power level was calculated using
the formulas presented earlier and the results as a function of
speed are shown in Fig. 13.
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Fig. 13. Difference of sound power level.
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A reduction of around 35 dB was achieved at 200 r/min and
a reduction of around 14 dB at 750 #/min. Obviously as the
speed rises and the chopper is turned on for longer duration,
the noise will approach that for the commercial drive at full

speed.

B. Ride Through Capability Results

To start the machine, the capacitors C1 and” C2 shown
in Fig. 5 must be charged. To control the charging current,
the capacitors are charged in two steps. Fig. 14 shows the
measured results of the capacitors being charged with the
current being controlled by turning the chopper ON and OFF
in two steps. This measured result is in agreement with the
predicted results from PSPICE shown in Fig. 10.

Using the supercapacitors to supply energy to the logic
circuit and to the driver circuits, the ability of the motor drive
to ride through a short duration outage is now shown. A circuit
breaker supplying the output to the rectifier was opened for
160 ms (10 cycles approximately).

Fig. 15 shows the output voltage of the bridge rectifier on
the top trace and the de link capacitor voltage on the bottom.
During the interruption, the rectifier output voltage falls to
zero while the voltage of the capacitors decays toward zero
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. Fig. 15. Rectifier output and dc link capacitor voltages. 50 V/div (top and
pottom), 100 ms/div.

Tl I

Fig. 16. Line-to-line input voltage of brdge rectifier (top) and inductor
current (bottom). 86 V/div (top), 1A/div (bottom). 100 ms/div.

as it supplies power to the motor. Once the power returns,
the output voltage of the rectifier jumps to its normal value
and the dc link capacitors are charged, assuming a zero initial
voltage. Thus the charging in the two steps can be seen in the
bottom trace, which is similar to that shown in Fig. 14. The
capacitor is charged to its nominal value. Because the phases
are off when the power comes back, no current flows through
the chopper after the dc link capacitor is charged. Thus the
output and input voltages of the chopper are the same. Once
the dc link capacitor is fully charged, the phases are turned
on, and the output voltage of the chopper reduces to a level
selected by the control signal to minimize the noise.

Fig. 16 shows the line-to-line voltage of the input diode
bridge rectifier on the top trace, and the current of the inductor
L1 on the bottom. During normal operation the current of the
inductor is the chopper current when the chopper is on and the
freewheeling current of the diode D5 when the chopper is off.
When the power goes off, the inductor current reaches zero
rapidly. When the power comes back, two peaks are shown
in Fig. 16. This represents the charging current of the dc link
capacitors,

Fig. 17 shows the chopper control signal, where the voltage
is proportional to the chopper on-time. Before the fault, the
magnitude of the signal is proportional to the speed. When the
interruption is detected the chopper is turned off, but the phases
are still fired as shown in Fig. 19, which shows the gate drive
signal, The drop in voltage in the gate drive signal is due to the
loss in mains power but with the supercapacitors still supplying
power to the gate drive. When the power comes back on, the
firing of the phases is inhibited and the chopper is turned on in
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Fig. 17. Duty cycle chopper control. 1 V/div. 100 ms/div.

Fig. 19. Gate drive for phase A. 500 mV/div. 100 ms/div.

two steps as shown in Fig. 16 to charge the capacitors. During
the period of loss in power, the supercapacitors also supply the
logic circuitry with power as shown in Fig. 18. The gate drive
signals for phase A are shown in Fig. 19. During the fault,
there is a reduction in the driver voltage but it is still operating
properly with the help of the supercapacitors. There is a short
duration when phase A is turned off to allow charging of the
dc link capacitors. The phase A current is shown in Fig. 20.
During normal operation, the phase A current is proportional
to the load of the motor. During the fault, the phase A current
gradually reduces as the dc link capacitors discharge. When
firing begins again after the dc link capacitors are charged,
a larger current is drawn to accelerate the motor back to the
commanded speed. The speed of the motor is shown in Fig. 21.
For the fault applied bere, a 20% reduction ‘in the speed was
experienced.

V. CONCLUSIONS

In this paper, a chopper controlled SRM drive is used
for two entirely different purposes: to reduce the acoustic









