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A Novel CSI-Fed Induction Motor Drive

Abdul Rahiman Beig, Member, IEEE, and V. T. Ranganathan, Senior Member, IEEE

Abstract—Current source inverter (CSI) fed drives are em-
ployed in high power applications. The conventional CSI drives
suffer from drawbacks such as harmonic resonance, unstable
operation at low speed ranges, and torque pulsation. This paper
presents a novel CSI drive which overcomes all these drawbacks
and results in sinusoidal motor voltage and current even with CSI
switching at fundamental frequency. The proposed CSI drive uses
a three-level inverter as an active filter across motor terminals
replacing the bulky ac capacitors used in the conventional drive.
A sensorless vector controlled CSI drive based on proposed con-
figuration is developed. The simulation and experimental results
are presented. Experimental results show that the proposed drive
has stable operation even at low speeds. Comparative results show
that the proposed CSI drive has improved torque ripple compared
to the conventional configuration.

Index Terms—Active filters, current control, current source in-
verters (CSI), harmonic distortion, induction motor drives, multi-
level inverters, pulsewidth modulation (PWM).

I. INTRODUCTION

VEN though voltage source inverter (VSI)-fed drives are

most widely used, current source inverter (CSI)-fed drives
find application in high power drives such as fan drives, where
fast dynamic response is not needed, because of the following
advantages.

* Inherent four quadrant operation:

CSI drives employ fully controlled silicon-controlled rec-
tifier (SCR) converters at the input. Under regeneration the
polarity of the voltage at the converter terminals will re-
verse and the energy will be fed back to the utility. So
regeneration is built into the system and unlike VSI fed
drives, does not require an additional circuit

* Reliability:

The dc link reactor will limit the rate of rise of current
under short circuit. So the drives can be easily protected
under short circuit. This results in improved reliability of
the drive.

The presence of dc link reactor will result in slow dynamic
response of the drive, hence these drives are used where fast
dynamic response is not needed.

Fig. 1 shows the functional block diagram of the conventional
CSI drive. The present day CSI drives employ self commu-
tating devices such as gate turn-off thyristors (GTOs) instead of
SCRs as in the past. Pulsewidth modulation (PWM) techniques
can be used to get improved output current and voltage. Even
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Fig. 1. Functional block diagram of conventional CSI fed drive.

though a relatively high switching frequency PWM will result
in near sinusoidal output voltages and currents, at higher power
levels, the CSI is switched at low frequency, (fsw <200 Hz),
to reduce switching losses. Reference [1] describes a conven-
tional CSI drive, which employs selective harmonic elimination
PWM technique, that results in acceptable waveform quality
at low switching frequency. The conventional drives employ
bulky ac capacitors across the motor terminals to control the
voltage stress caused due fast changes in motor current during
CSI switching. The presence of these capacitors results in res-
onance problem [2]. There are two modes of resonance. They
are 1) harmonic frequency resonance and ii) fundamental fre-
quency resonance. The fundamental frequency resonance is due
to the magnetizing inductance of the motor and the capacitor.
This puts an upper limit on the value of C.So Cl,.x, the max-
imum value of C, is chosen such that the following constraint is
satisfied

1
T

where L, is the magnetizing inductance of the motor and Fs ;,ax
is the maximum value of fundamental frequency, Fs. A rela-
tively low value of C' will result in poor filtering action and
hence torque pulsations will be high. Typical values of C range
from 0.6 p.u. to 1.2 p.u. depending on the value of L, and
Fs max-

The harmonic resonance is mainly due to the leakage
inductance and the capacitor; the resonance frequency is
given by fures = (1)/27)(1)/(vLnC), where L, =
Lis+ (Lir|| Lo), Lis and Ly, are the stator and rotor leakage in-
ductance, respectively. The resonance frequency will be exited
if a harmonic of order h exists in the inverter output current
that has a fundamental frequency at or near Fy = (fures)/(h)-
Selective harmonic elimination techniques are invariably used
to ensure that for a given fundamental frequency, the harmonic
frequency corresponding to the resonance condition is avoided.
At low modulation indices, the number of pulses, PP becomes
too large, hence trapezoidal PWM technique is employed [2].
The attenuation of harmonics in trapezoidal PWM is a function
of P and modulation index M;. So the value of P and M; have
to be carefully selected depending on the motor parameters and

flres = (1)
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value of C'. But it is not possible to completely avoid resonance
at low values of Fs. To overcome this problem, CSI drives are
accelerated at rapid rate [3].

Even though capacitors help in attenuating voltage spikes
during commutation of the CSI devices, their filtering action is
poor. So there will be considerable amount of lower order har-
monics in the motor current especially at low speed ranges and
this will cause torque pulsation and increased harmonic losses
in the motor. So the performance of the CSI drives is poor at
low speed ranges. In summary it can be said that the CSI suffers
from some of the major drawbacks such as harmonic losses in
motor, harmonic torque pulsation, resonance problem, unstable
operation at low speeds.

This paper proposes a novel CSI fed induction motor drive in
which the VSI is used as an active filter across the motor ter-
minals. The proposed configuration not only overcomes most
of the drawbacks of conventional CSI drive but also ensures si-
nusoidal motor voltage and current waveforms throughout the
operating range of the drive. The proposed CSI drive has sig-
nificant differences compared to the similar drive schemes pub-
lished in [4]—[6]. In the tandem or hybrid inverter scheme given
in [4], [5], the VSI is directly connected to the motor terminals.
In this case, the role of VST is that of a voltage clamp rather than
a harmonic filter. The motor voltages will still be PWM in nature
and the associated problems such as stress on insulation, reflec-
tions due to long cables, etc. will remain. It is also difficult to
cater to higher motor voltages. [6] describes a scheme in which
the VSI is envisaged as a harmonic filter as well as a source
of reactive power to commutate the CSI. However, the VSI is
operated in the v/f mode without any current control. Also, the
output filter capacitors required are quite large, approaching the
output capacitors of a conventional GTO based CSI drive.

The proposed CSI drive configuration is explained in
Section II. A sensorless vector control drive based on pro-
posed CSI configuration is presented in Section III. Sensorless
vector controlled drives based on both the conventional CSI
configuration and proposed CSI configuration are simulated
and the simulation results are presented in Section IV. The
proposed drive is implemented on an experimental prototype.
The experimental results are presented in Section V. From these
results it can be concluded that the proposed drive has superior
performance over conventional CSI drives in terms of improved
motor current and voltage waveforms, reduced switching losses
in CSI and stable operation in low speed ranges.

II. NovEL CSI-FED INDUCTION MOTOR DRIVE

Active filters are successfully used in utility applications to
filter out the harmonics from the supply currents. Active filters
result in better performance compared to passive filters [7], [8].
In the proposed drive, active filters are used instead of capaci-
tors across the induction motor as shown in Fig. 2. Unlike ca-
pacitors, the active filter serves dual purpose, that is the active
filter not only limits the voltage surge caused due to the fast
change in motor current during CSI switchings but also filters
out harmonics effectively from the CSI current. Since the ac-
tive filter has to carry only the harmonic currents, the rating
of the filter needs to be only 25% to 30% of the rating of the
drive. Therefore an IGBT based inverter can be used, which
will result in high bandwidth. For a given bandwidth, the ac-
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Fig. 2. Functional block diagram of proposed CSI fed drive.

tive filter effectively eliminates the harmonics which are within
its bandwidth. Hence, the CSI can be switched at fundamental
frequency and the switching losses can be reduced. Also the de-
sign of the power circuit becomes simple. Generally CSI drives
of high rating operate at medium voltage ranges, so multilevel
inverters are suitable for the active filter compared to the con-
ventional two level inverter. For a given switching frequency,
the M-level inverter will have a bandwidth equal to (M — 1)
times the bandwidth of conventional two level inverters. Since
only harmonic power has to be exchanged, the dc link capac-
itor voltage balancing problem will not be significant [9]. Hence
diode clamp inverters are suitable for this type of application. In
the present work, a three level diode clamp VSI is used as active
filter. Fig. 2 shows the functional block diagram of the proposed
CSI-fed drive. Vector control algorithm is implemented on the
proposed drive configuration. The detailed power circuit and
various controller blocks are shown in Fig. 3. Design of various
controllers, generation of reference for active filter current con-
trollers, synchronization of active filter and CSI are explained
in the following sections.

A. Design of Active Filter Current Controllers

The active filter is modelled as follows:

din(®)] |,
— T (@)

’T}S(t) = szh(t) + Lf
where 75, i, and U5 are the space vectors representing the motor
terminal voltage, active filter current and active filter output
voltage, respectively. The a and 3 components of (2), are given
by

dlina(t)]

'Usa( ) szha( )+L dt +Ufa (33)
i
vap(t) = Rpina(®) + L 200y oy

The effect of motor voltages is compensated using feed for-
ward technique as shown in Fig. 3. The filter current control is
done in stationary coordinates, since the filter does not produce
fundamental current. Using P—I controllers, defined in (4), a fast
dynamic response can be achieved

kpt(iha(t) — tha(t))

+m/bmu ina(D]dt = v5ea(t)
ot (i35(1) — ins ()

4 Kie [ Giglt) = inaO)ldt = vyaol®) 0

(4a)
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Fig. 3. Functional block diagram of vector control CSI drive based on proposed configuration.

where vy (t) = vsa(t) — via(t) and vyp(t) = vea(t) —
vrg(t). Neglecting the time constant of inverter 7;, the closed
loop transfer function of the current loop is given by

Z'h_a _ Z};ﬁ _ K; 1+S(k'pf/Kif) . )
i e Ly g2y Gl K

In order to limit the overshoot a pre-filter G,(s) = (1)/
(1 + (kpe/Kif)s) is used. The current loop has transfer func-
tion of second order with no zero; hence ky¢ and Kj¢ are selected
based on the following design equations:

kpt = 2wniLy — Ry and Ki = Lyw?, (6)
where w,,; is the bandwidth of the closed loop system.

In order to simplify the design of active filter circuit, the dc
voltage is derived from the separate three phase supply and held
constant at V.. Modelling the three level inverter as a pure gain
block with gain equal to Vj., the control inputs to the space
vector block can be obtained using

Yss

Vdc ’

%k
_ Yfa

- Vac @

Vrear and v, =
The space vector PWM is employed for active filter. The dc bus
voltage, V. is selected such that the inputs v,., and v, are

within the linear range of the modulation.
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B. Active Filter Inverter and PWM Technique

CSI drives generally operate at medium voltage levels. So
multilevel inverters are more suitable. In the proposed drive a
three level diode clamp inverter is used. Since the inverter has
to supply only harmonic currents, there is no capacitor voltage
imbalance problem [9]. The rating of the active filter inverter
is about 25% to 30% of the rating of the drive. Hence IGBTs
can be used and inverters can be switched at high frequency. A
simplified symmetrical three level space vector PWM technique
[10] is employed. Any other three level PWM technique such as
sine triangle PWM can also be used.

C. Switching Frequency of CSI

Since the active filter can suppress all the harmonics up to
desired order, the CSI can be switched at fundamental frequency
and switching loss will be reduced. So slow devices like GTO
can be used for the CSI. In the present work IGBTs with series
diodes are used for CSI. A simple switching pattern like 120°
conduction with fundamental frequency switching is used.

III. SENSORLESS VECTOR CONTROL OF CSI FED
INDUCTION MOTOR DRIVE

Since CSI drives cannot work on open loop, a sensorless
vector controlled scheme for the proposed CSI drive configu-
ration is employed. The functional block diagram of the sensor-
less vector controlled drive is shown in Fig. 3.
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A. Rotor Flux Position Estimation

The vector control algorithm requires rotor flux position
p, which can be estimated from the motor model [11], [12].
The stator flux space vector, 1:(t), is estimated using

J2(t) = / (52(1) — Ro(0))dt ®)

where ¥,(t) and i4(t) are the stator voltage and current space
vectors. Superscript ° indicates that the variables are referred to
stator axis.

The rotor flux vector, 95 (¢) is obtained by subtracting the
leakage flux from the stator flux vector as in

() = = (5(t) — o Lai3(t) ©)

where L, L., and L,, are the stator self inductance, rotor
self inductance, and magnetizing inductance, respectively. The
leakage factor o is defined as 0 = 1 — (L2)/(L.L,).

From the rotor flux vector the unit vectors of rotor flux posi-
tion cos(p) and sin(p) can be obtained using

hs (t

and

B. Speed Estimation

From the unit vectors, cos(p) and sin(p), the synchronous
speed w; is obtained using

_dp _ d(sin(p)) _ . . d(cos(p))
ws = = cos(p)T — sm(p)T. (11)
The motor speed is estimated using w,,(t) = ws(t) —

waip(t) and the slip frequency is given by wgip(t) =
(15¢(t))/(Trimr(t)). The d-axis and g-axis components of
stator currents i54(t) and i.4(t) are obtained from 4., (t) and
isg(t)using o — G to d—q transformation.

The magnetizing current of the rotor flux, %,,,(¢) is computed

using iy (t) = (4ra)/(Lo) = ([¥7()])/(Lo).

C. DC Link Current Controller

The line side converter is an SCR based fully controlled three-
phase rectifier. A reactor is used to smoothen the dc link current
and this forms the constant current source. The dc link current
dynamics can be modelled as

Udcc(t) = Rdcidc(t) + dedé(;—ct(t) + vdci(t)
where vq4.. 1S the converter output voltage, vq4.; 1S voltage
across CSI dc bus, Rq4. is the resistance of the dc link re-
actor and Lg. is the inductance of the dc link reactor. The
average value of wgc. is related to the firing angle wcony
as Viee = (\/§Vinm)/(7r) co8(conv), Where Vinm, is the
peak input phase voltage. The converter gain is given by,
Geonv = (\/ﬁvinm) /(7). The effect of vq.; can be compen-
sated by feed forward technique. Using the P-I controller, with

12)
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kige = (Rac)/(Ldc), the closed loop transfer function of the dc
current controller is given by

1

Gide =
1 (k) (51 + s7eomy)

(13)

D. Speed Controller

The speed controller generates the torque reference. The
speed controller can be realized as a PI controller, as the system
dynamics is of the first-order as shown in

dwp, (t)
dt

where .J and B are the motor inertia and friction coefficients, re-
spectively. m is the load torque and my is the generated torque
given by

2 P L,
ma(t) = 5) (5) [(1 To,
where p is the number of poles.

J + Bwp, (t) = ma(t) — my(t) (14)

) imr(t)isq(t)] (15)

E. Flux Controller

The d-axis current i,4(t) is responsible for establishing flux
in the machine. The dynamics related to the magnetizing current
imr(t) and i54(t) is given by

i (t)

T,
dt

+ i (t) = 15a(t). (16)
The above equation is first order and i,,,.(t) can be con-
trolled using a PI controller. The rotor flux is given by
Pi(t) = Lois,,.(t). The capacitor current 4. is along the direct
axis and in phase opposition with 74. The effect of . is com-
pensated by subtracting its magnitude from 44(t). The d-axis
component of the current, to be supplied from the inverter is
given by i, = %, — ic|. |i.| is proportional to F2.

FE. Estimation of Fundamental Components of Motor Currents

The reference to the dc link current controller is given by

% —  [s2 4 g2
lige = LI-I-LSQ.

The a and § components of the fundamental component of the
motor current that is to be supplied by the CSI inverter is ob-
tained by d—q to a—{3 transoformation of 7%, and i3, as in

a7)

(18a)
(18b)

Z:a = Z:d COS(p) - LZq Sin(p)
igp = iqsin(p) + iy, cos(p).
G. Estimation of Current References iy, and i

The current references to the active filter current controller
i} and i, 5, are generated by subtracting the fundamental com-
ponents from the actual CSI currents as in

(19a)
(19b)

‘ha = tpa ~ lsq

. %
thg = tps — lsg
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Fig. 5. Simulation results: Conventional drive, F; = 40 Hz, C' = 0.6 p.u.,,
P =18.

where ¢, and ¢, are the a and 3 components of CSI current
space vector.
H. Switching Pulses for CSI and Synchronization

The unit vectors along a—( axis are obtained by

iy iy
d
do‘* and  ug = — b ”
| liac|
where i}, and i} are obtained by d—q to a—/3 transformation
of 7,, and zzq as in

fo = |7;dc

(20)

i = Gz COS(p) — iy, sin(p) (21a)
ing = iz sin(p) + %, cos(p). (21b)
The three phase unit vectors are generated by transforming u,,
and ug to three phase quantities, i.e., a-b-c form. Using these
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unit vectors, the switching pulses for the CSI are generated. The
switching pulses of active filter, switching pulses of CSI and the
motor voltage are thus synchronized, so there is no need of a
separate PLL circuit.

1) Need and Placement of Capacitor: The active filter cur-
rent ripple at switching frequency will result in voltage ripple
across the motor. So a small ac capacitor (<0.1 p.u.) is to be
connected across the CSI terminals. It is preferred to connect
these capacitors directly across the CSI than on the motor ter-
minals because of the following advantages.

* It provides a low impedance path for the current ripple due
to active filter switchings. Higher the switching frequency
lower is the capacitor value.

* By placing the capacitor on the CSI terminal, the voltage
spikes due to the energy trapped in the stray inductances
during CSI switchings can be attenuated.
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* By positioning the capacitors near the CSI terminals, any
resonance between the capacitor and motor will be filtered
out by the active filter.

IV. SIMULATION RESULTS

The vector controlled drives based on both the conventional
CSI and proposed CSI configuration are simulated using
MATLAB-SIMULINK tool box. The rating and the parameters
of the motor used in the simulation are given in the Appendix.

A. Simulation Results: Conventional CSI Drive

The vector controlled conventional CSI drive, described in
[1] is simulated using MATLAB-SIMULINK tool box. Figs. 4
and 5 show the CSI current (3, ), motor current (i, ), capacitor
current (4., ), motor phase voltage (vs, ), harmonic spectra of
ipa, and i, as obtained from the simulation for Fy = 10 Hz
and F; = 40 Hz, respectively. Capacitor C = 0.6 p.u. (i.e.,
66 ©F) is used in simulation. In simulation, P = 18 is used
for F; >20 Hz, so that the fifth, seventh, 11th, and 13th are
eliminated. The rating of the motor under consideration is given
in Appendix. From the results it can be seen that at low Fj,
the motor current and voltage have significant harmonics. The
filtering action of the capacitor is good at higher values of Fj.
But as F} increases, the fundamental component of the capacitor
current also increases; that means VA rating of the capacitor will
rise with F.

B. Simulation Results: Proposed CSI Drive

The vector control scheme is applied to the proposed CSI
drive and the system is simulated using MATLAB-SIMULINK
tool box. Figs. 6 and 7 give the simulation results of 4y, 54,
their harmonic spectra, active filter current (7,) and v, for
F, =10 Hz and F; = 40 Hz, respectively. Small ac capacitors
of 0.1 p.u. (C = 11 puF) are used to filter out the voltage due to
active filter switching ripple. A high bandwidth of 31416 rad/s
is used for the active filter. Comparing these results with the
simulation results for the conventional drive (given in Figs. 4
and 7), the following observations can be made.

* Compared to the filtering action of capacitors in conven-
tional drive, the filtering action of active filter is uniform
for the entire range of the fundamental frequency of the
drive. Hence, motor currents have improved THD. For ex-
ample, from the simulation results we can see that for Fy =
10 Hz, THD of motor current is 0.42% in the case of pro-
posed drive and 22.19% for conventional drive. Similarly
for F; = 40 Hz, the THD is 0.2% for conventional drive
and 1.42% for conventional drive.

* The active filter draws only harmonic currents, whereas the
capacitor draws fundamental current also. The VA rating of
active filter will be small.

* The %4, has low frequency oscillation. This is because the
dc link current controller is not responding fast enough to
the variation in vq¢;. But the active filter is able to absorb
these low frequency components of 74.. So in case of pro-
posed drive, the tuning of the dc link current controller is
easy.

 Since the capacitor in the conventional CSI drive supplies
leading VAR, the current rating of the conventional CSI is
less compared to that of proposed CSI drive.
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 Since filtering action is better, the torque ripple is reduced
in proposed CSI drive compared to the conventional drive.
Comparative plots of the estimated torque at steady state
for two operating conditions, Fs = 10 Hz and F; = 20 Hz
are given in Figs. 8 and 9, respectively.

V. EXPERIMENTAL VERIFICATION

The proposed drive is implemented on an experimental pro-
totype. A six-pulse three-phase fully controlled SCR ac to dc
converter is used on the line side. An IGBT based three-phase
three-level diode clamp inverter is designed and fabricated in
the laboratory and used as active filter inverter. An IGBT based
CSlis designed and fabricated in the laboratory. Diodes are con-
nected in series with the IGBT modules as shown in Fig. 3 to
block the reverse current flow through IGBT body diodes. The
input line side voltages are sensed using potential transformers
and these signals are used for synchronization of SCR firing
pulses for the line side ac to dc converter. The voltage signals
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namely active filter dc bus voltages Vyc1, Vice, Vaei, motor ter-
minal line voltages v, and vy are sensed using voltage sensing
circuits designed in the laboratory, which make use of HPCL
7800 isolation amplifier. The placement of these transducers are
shown by dotted arrow lines in Fig. 3. The motor phase voltages
vsq and vy, cannot be measured directly so these are computed
using line voltages across motor terminals v4p and vy.. The ac-
tive filter dc bus voltage is maintained constant in the exper-
imental set up as explained in Section II-A, but it is required
for protection purpose. The currents ¢4c, tsa, tsbs tha> and 2pp
are sensed using LEM make hall sensor CTs, CT1, CT2, CT3,
CT4, and CTS5, respectively. The placement of these hall sensor
CTs are shown in Fig. 3. A single TMS320F240 DSP based
controller, which is designed and developed in the laboratory
is used to acquire the input signals, implement the control algo-
rithm and to generate firing pulses to the active filter, CSI and
the input rectifier. The digital controller has two limitations as
listed below.

* The on chip ADC of the TMS320C240 is slow and requires

about 6.6 ps per channel for data conversion.
* The controller board employs slow external memory, re-
quires wait states to be inserted.

Due to these limitations and also the fact that a single DSP is
doing the entire task, the total loop time of the algorithms is
about 212 ps and hence the sampling time is set at 250 us.
The switching frequency of the active filter is chosen at 2 KHz.
Hence, the bandwidth of the active filter current controller is set
at 1 KHz. The rating of the active filter, CSI, and the various
controller parameters are listed in the Appendix.

A. Selection of Active Filter Inductance

The active filter should be in a position to supply the high
di/dt demanded by the CSI during switchings. The active filter
inductance and bandwidth should be selected to satisfy this.
Simulation results show that the active filter with sufficient
bandwidth will be in a position to supply the di/dt as de-
manded by the CSI and hence suppresses all the high frequency
harmonics of the CSI currents. However, from the experiments
it is observed that if the active filter bandwidth is low, the active
filter will not be in a position to suppress the high frequency
harmonics and the uncompensated energy triggers resonance
between active filter inductance and capacitor. In order to
attenuate this resonance, the inductor is selected such that the
resonance frequency is above the bandwidth of the active filter.
In the experimental prototype, Ly = 0.5 mH and this value will
be enough to supply the di/dt demanded by the CSI and also
push resonance frequency above the bandwidth of the active
filter.

B. Design of Active Filter Current Controllers With Low
Bandwidth

In the experimental setup, the bandwidth of the active filter
is selected to be 6283 rad/s. The low bandwidth of the active
filter will result in phase lag for frequencies in the pass band.
So the filtering action is not perfect. The phase lag problem is
overcome by introducing lead-lag compensators for the current
references.
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Fig. 10. Experimental results: Steady state current and voltage waveform,
F, = 10 Hz. Chl: i,, (6.66 A/div), Ch2: v,, (250 V/div), Ch3: 7.,
(6.66 A/div) and Ch4: 7, (6.66 A/div).
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Fig. 11. Experimental results: Harmonic spectra of (a) ,, and (b) 25, at Fy =
10 Hz.

C. Experimental Results

The loading arrangement in the experimental prototype con-
sists of a separately excited shunt dc generator, coupled to the
induction motor. The ratings of these motors are given in Ap-
pendix. In this type of loading, torque is proportional to speed,
whereas the actual load encountered by CSI drives is of the fan
type load in which the torque is proportional to square of the
speed. The above induction motor is connected in star, so the
flux in the machine is (1/v/3) of the rated value and the torque
developed is (1/3) of the rated value [13]-[15].

Figs. 10 and 12 show the steady state experimental wave-
forms of i,4, line voltage vqp,%sq,%ha, for Fs = 10 Hz and
F; = 40 Hz, respectively. The harmonic spectra of 7,4 and 7,
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for F;, = 10 Hz and Fs = 40 Hz are given in Figs. 11 and 13,
respectively.

Fig. 14 shows the variation of ¢4, during speed reversal.
In Fig. 14, trace A shows the variation of current during zero
crossing of speed. From these results it is observed that the
filtering action is maintained even near zero speed and the
speed reversal is smooth.

D. Validation of the Model for Low Bandwidth Conditions

In order to verify the experimental results with the low band-
width of the current controller (bandwidth = 6283 rad./s), the
simulation is carried out under similar conditions. The simu-
lation results with low bandwidth conditions for £, = 10 Hz
and Fs; = 40 Hz are given in Figs. 15 and 16, respectively. The
simulation results match with the experimental results given in
Figs. 10-13.
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Fig. 15. Simulation results: Proposed drive F
Low bandwidth = 6283 rad/s).

= 10 Hz (Case (ii)

VI. DISCUSSIONS

The following observations can be made from the above

results.

* The dc link current 74., has significant amount of ripple at
300 Hz. Because of this, 7,, has 300-Hz ripple. The har-
monic spectrum of ¢,, shows that it has predominantly low
order harmonics and most of the harmonics are within the
1-KHz range. The active filter is able to filter out these har-
monics; this results in near sinusoidal motor current with
improved THD.

» It is observed that the filtering action is not complete with
the limited bandwidth of the active filter current loops. This
results in ripple component in motor voltages. The simula-
tion results show that this problem is eliminated completely
and motor current and voltage waveforms are sinusoidal
when the active filter current controller bandwidth is high.
It should be noted that, as explained in Section V, the ex-
perimental set up has low bandwidth due to the limitations
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TABLE I
EXPERIMENTAL DRIVE: RATINGS

Induction motor: 400V, 8A, 3.78 KW, 1425rpm, 3¢, 50Hz
DC machine: 230V,13A, 3KW, 1475rpm, Filed: 230V,1.1A.

Input rectifier: 3¢, six pulse SCR based.

Fig. 16. Simulation results: Proposed drive F'; = 40 Hz (Case ii) low band-
width = 6283 rad/s).

of the controller and not the inverter. Since the active filter

inverter has to supply only the harmonic power, it is pos-

sible to achieve required high bandwidth by increasing the
switching frequency if the controller is fast enough.

* There is low frequency distortion in motor current and
voltage especially at low values of F§. This is due to the
improper tuning of the speed and flux controller. The dif-
ficulty in tuning these controller may be due to following
reasons.

— Present work employs simple algorithm of estimating
the flux by integrating the back emf. This method will
result in errors at low speeds due to the effect of R,.
Also the dc offset in sensed signals of motor voltage and
current may lead to error in flux estimation. This in turn
will result in error in estimated value of rotor flux po-
sition signal p. Since unit vectors are generated based
on p, the estimation of fundamental current of the CSI
output current, estimation of harmonics in CSI output
current and tuning of the flux and speed controller be-
comes difficult.

— The error in unit vectors will result in imbalance in the

switching of the CSI. This in turn will contribute for the
offset in motor currents.
The above problem can be overcome by using improved
algorithms for flux estimation such as those given in [3],
[16], and [17]. These algorithms are more involved and
since the focus of the present work is to demonstrate the
CSI drive, only the simple method is used.

» Satisfactory steady state operation is achieved in the speed
range 5 Hz to base frequency 50 Hz. With improved flux es-
timation algorithms it may be possible to achieve satisfac-
tory performance even at near zero speeds. However speed
reversal is smooth without any difficulty near zero speed.

¢ At low bandwidth conditions, it becomes difficult to tune
the flux controller. Improper tuning of the flux controller
results in variation in 24., which in turn results in error in
the estimation of fundamental components of motor cur-
rent. The error in estimation of fundamental components

Input voltage: 415V, 50Hz, 3¢ ac supply.

CSL 3¢ IGBT based.

DC input voltage: 700V Max..

DC link current: S0A Max..

Active filter: 3¢ three level IGBT based DCI.

DC bus voltage: 600V (nominal)

DC bus current: 50A Max.

Speed range: SHz to base frequency 50Hz.

TABLE 1I
EXPERIMENTAL DRIVE: PARAMETERS

Parameter  Value Parameter  Value
R, 1.5313Q R, 1.5313Q
Ly, 0.0094H L 0.0094 H
L, 02194 H - 02194 H
L, 02100H J 0.25 Kg_.m?
p 4 0.025K g.m?/sec
YRated 1.555wb Ly 42mH
M4Rated 2533 Nam Ry 1.06$2
kpde 0.0396/A4  kide 25.26rad/sec
L, 0.5mH kpw IN_m.secfrad
R, 0.15Q kg 300rad/sec
kpy 3.066Q2 kiw 0.0067rad.sec
kpre 0.1A/wdb ke Trad/sec
C 11uF Vinm 390V

will make the active filter supply fundamental component.
However, from the simulation it is observed that no such
problems are faced under high bandwidth of active filter
current controllers.

VII. CONCLUSION

A novel CSI-fed induction motor drive with sinusoidal motor
current and voltage waveforms is proposed. A vector controlled
drive based on the proposed CSI configuration has been simu-
lated and verified experimentally.

Excellent waveforms for the motor voltage and current can
be obtained with sufficient bandwidth of the active filter cur-
rent controller loops. In the experimental drive, because of the
limitations of the DSP based controller used, the bandwidth of
active filter current controllers is restricted to 6283 rad/s. Even
with this low bandwidth, the active filter is able to filter out most
of the low order harmonics and the resulting current and voltage
waveforms are near sinusoidal.

Moreover compared to the conventional CSI drive, the pro-
posed drive results in near sinusoidal motor current and voltage
waveform in the entire speed range of the drive including low
speed because of the uniform filtering action of the active filter.

Since motor voltage and current waveforms are sinusoidal,
high voltage stress due to reflected waveforms in long cables
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are avoided, hence conventional motors can be retrofitted with
the proposed drive. Also, the common mode voltage problem is
reduced.

The CSI is switched at fundamental frequency with simple
switching logic. Hence, design of the power circuit is simple.
Also, the power loss in the CSI will be reduced.

APPENDIX
See Tables I and II.
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