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A Load Commutated Multilevel Current Source
Inverter Fed Open-End Winding Induction
Motor Drive With Regeneration Capability

Richu Sebastian C, Student Member, IEEE, and Rajeevan P. P.

Abstract—This paper presents a load commutated silicon con-
trolled rectifier (SCR) based multilevel current source inverter
(CSI) fed open-end winding induction motor (IM) drive with
regeneration capability. Multilevel current waveform is realized
using two isolated load commutated SCR-based CSIs connected in
shunt configuration, but operated with a phase shift of 30° thereby
attaining significant reduction in harmonic distortion of the motor
current. The multilevel CSI connected to one side of the stator
windings supplies real power to the motor. The other end of the
stator winding is directly interfaced with a capacitor-fed voltage
source inverter (VSI). The control scheme of the VSI facilitates
load commutation of the multilevel CSI under all conditions of
operation, including regenerative braking. The proposed scheme
is experimentally verified on an IM with open-end stator winding,
with the help of a digital signal processor TMS320F28335.

Index Terms—Current source inverter (CSI), induction motor
(IM), multilevel, silicon controlled rectifier (SCR).

NOMENCLATURE

B Angle between fundamental component of
motor current and terminal voltage of the
multilevel CSI.

v Commutation angle.

W, Wref s Wslip Actual speed, reference speed, slip speed of
the induction motor.

0] Power factor angle.

Td1, 142 DC-link currents of CSI-1 and CSI-2.

Tdref DC-link current reference.

tmaf>imbfstmes Instantaneous values of fundamental

component of the motor currents in phases

a, b, and c.

Instantaneous values of the motor currents in

phases a, b, and c.

Ymas tmbs tme

Ly Phasor representing fundamental component
of the motor current.
Ty Phasor representing fundamental component

of the CSI-1 current.
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Loy Phasor representing fundamental component
of the CSI-2 current.

V. Voltage across the VSI capacitor.

Vlabs Vibe Instantaneous values of the multilevel CSI
line voltages.

Vin Motor voltage phasor.

Instantaneous values of the CSI terminal
voltages referred to fictitious neutral point.

VUsay Usby Usc

Vsds Vsq d-axis and g-axis components of the CSI
terminal voltages (Vsq, Vshs Vse)-

Vs CSI terminal voltage phasor.

Ve VSI voltage phasor.

I. INTRODUCTION

URRENT source inverter (CSI) based drive is widely
C used in high-power applications due to its high reliability,
inherent short-circuit protection, and regenerative capability.
CSI employs two-quadrant switching devices with bidirectional
voltage blocking capability. Silicon controlled rectifier (SCR) of
thyristor family is the most preferred choice for high-power CSI-
fed drives due to its rugged nature and for its availability in high
voltage and current ratings. But SCR being a semi-controlled
device, it requires forced commutation circuit for its turn OFF in
most of the applications. When operated at leading power factor
(PF), SCRs in CSI can be turned OFF through load commutation.
Hence, SCR-based CSI is very popular in synchronous motor
drive as the load commutation can be performed by operating the
synchronous motor at leading PF through over-excitation. This
configuration has a strong presence in high-power applications
ranging (>10 MW) few megawatts to hundreds of megawatts,
due to its advantages like high efficiency and easy four quadrant
operation[1]-[4]. However, low-speed operation of load com-
mutated CSI-fed synchronous motor is still a challenge as the
motor back electromotive force (EMF) would be insufficient for
its natural commutation [5]. So it is a practice in the industry to
operate the SCR-based CSI in pulsed mode at low speeds, but it
results in large torque pulsations [6].

Induction motor (IM) is preferred by the industries for its high
reliability, ruggedness, and low cost. However, as such, load
commutated SCR-based CSI cannot be employed for IM drive,
since the motor operates in lagging PF [7]. Various schemes have
been suggested in the literature to achieve load commutation in
CSI-fed IM drives. Some of them are hybrid schemes employing

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-4423-1068
mailto:auxinoxi@yahoo.co.in
mailto:rajeevanpp@gmail.com

SEBASTIAN C AND P. P.: LOAD COMMUTATED MULTILEVEL CSI-FED OPEN-END WINDING INDUCTION MOTOR DRIVE 817

SCR-based CSI along with voltage source inverter (VSI) [8]-
[13]. In the scheme presented in [8], VSI is used as shunt active
filter (operated in current mode control) for reactive power and
harmonic current compensation to achieve load commutation
and sinusoidal motor currents. In this scheme, the VSI requires
an interfacing inductor and a separate dc source thereby increas-
ing the size, weight, and cost of the system. In addition, harmonic
filtering to achieve sinusoidal motor currents necessitates VSI
operation at high switching frequency, which is not preferred in
high-power applications. In the configuration presented in [9],
the VSIis operated in voltage controlled mode (v/f mode) to pro-
vide reactive power in order to maintain safe commutation lead
angle and also as a harmonic filter for achieving sinusoidal motor
currents. In this topology also, the VSI requires a separate dc
power source and a filter. In the hybrid configuration presented
in [10] instead of using a separate power source for the VSI, the
diode bridge at the front end is used to provide constant voltage to
both VSI and the insulated-gate bipolar transistor (IGBT)-based
buck converter. The buck converter generates the required vari-
able voltage to realize the current source. But in this scheme,
the regeneration capability of the drive is lost since a diode
bridge rectifier is used at the front end instead of an SCR-based
controlled rectifier. The topology presented in [11] requires a
specially designed IM called active reactive induction motor
(ARIM), which consists of two sets of three-phase windings, a
power winding, and an excitation winding. SCR-based CSI is
connected to the high-voltage power winding, whereas the VSI
is connected to the low-voltage excitation winding for reactive
power compensation. This scheme however cannot be used for
normal IM. In most of the CSI-VSI hybrid schemes cited above,
the CSI cannot be used at starting and low-speed operation, since
the motor back EMF would be insufficient for commutation of
SCRs. Hence, the VSI is used for starting and running of the
IM at low speeds. The CSI operation starts only when the motor
speed attains a value sufficient enough to generate adequate back
EMF to commutate the SCRs. A different hybrid configuration
for realizing load commutated SCR-based CSI-fed IM drive is
presented in [12]. This system consists of an IM with open-end
stator windings with SCR-based CSI connected to one end and a
VSI connected to the other end for providing adequate reactive
power for achieving load commutation of CSI. However, the
motor current in this configuration is a quasi-square wave with
significant amount of fifth and seventh harmonics, which can
cause high torque pulsations.

Multilevel CSIs can significantly improve the quality of motor
current to achieve reduction in torque pulsations. In addition,
multilevel configuration can reduce the device current rating
requirement and also improve the reliability of the system by
bringing in redundancy [14]-[16]. A multilevel CSI configura-
tion for IM drive consisting of two different CSIs, aload commu-
tated SCR-based CSI and a gate turn-off thyristor (GTO)-based
CSI, is presented in [17]. This configuration was a replacement
for GTO-based multilevel CSI presented in [18]. But these
are GTO-based topologies whose gate driver circuit design is
complex due to the high negative gate current requirement for
its turn OFF.

This paper proposes an SCR-based load commutated
multilevel CSI configuration for an open-end winding IM.
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Fig. 1. Block diagram of the proposed multilevel CSI scheme for IM.

Block diagram of the proposed scheme is shown in Fig. 1.
It consists of a load commutated SCR-based multilevel CSI
connected to one end of the stator winding to meet the real power
requirement of the system, whereas the other end of the stator
winding is directly interfaced with a capacitor-fed IGBT-based
VSI for reactive power compensation. Multilevel CSI structure
is achieved by operating two CSIs with a phase shift of 30°.

Compared to the topologies presented in [8]-[11], the pro-
posed scheme has the following distinct features and advantages.

1) The CSI in the proposed scheme can be used for driving

the motor during startup and low-speed operation. Or
in other words, this scheme does not require a separate
control strategy for starting and running of the motor at
low speeds. As a result, this drive is capable of delivering
rated torque in the entire speed range.

2) The VSI does not require separate interfacing inductor

thereby reducing the size, weight, and cost of the system.

3) The proposed scheme does not require a separate dc source

for the VSI or a buck converter for the CSI. This will sub-
stantially reduce the hardware complexity, size, weight,
and cost of the system.

4) The proposed topology uses a new motor current phasor

oriented control scheme.

The proposed scheme also has distinct features compared to
the topology presented in [ 12]. Through multilevel motor current
waveform, a significant reduction in fifth and seventh harmonics
is achieved. It is a well-established fact that this reduction in
fifth and seventh harmonics will result in substantial reduction
of sixth harmonic torque pulsations. The scheme presented in
[12] has quasi-square-wave current with high contents of fifth
and seventh harmonics resulting in large torque pulsations, espe-
cially at low speeds. In the proposed scheme, even when the two
CSlIs are operating with a phase shift of 30°, load commutations
of SCRs in both CSIs are achieved using the VSI. A new
closed-loop control scheme was developed and implemented to
achieve this task. Regenerative braking of the drive during which
power flows from the induction machine to the supply source is
achieved with load commutation of the SCRs, even when the
two CSIs operate with phase shift. Regeneration in the proposed
topology also involves coordinated control of the two rectifiers,
two CSIs, and the VSI. The closed-loop control scheme proposed
ensures smooth transition from motoring mode to regeneration
mode and vice-versa.

II. PROPOSED MULTILEVEL CSI-FED IM DRIVE

Complete power circuit diagram of the proposed scheme is
shown in Fig. 2. The current sources at the input side are built
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Fig. 2.

using SCR-based controlled rectifiers in series with large dc-link
inductors (Lg4.). The multilevel CSI is realized using two SCR-
based CSIs, CSI-1 and CSI-2 connected in shunt configuration
but operated with a phase shift of 30°. This parallel combination
of the two CSIs is connected to one end of the stator windings
of the IM, whereas the other end is connected to an IGBT-based
VSI. Both CSI-1 and CSI-2 are operated in 120° mode of
conduction resulting in quasi-square-wave output current in each
inverter, as shown in Fig. 3. However, since these two CSIs are
operated with a phase shift of 30°, the current flowing through the
motor winding will have a multilevel profile, as shown in Fig. 3.
Harmonic analysis of this motor current waveform reveals that
fifth and seventh harmonic contents are 5.36% and 3.83% (of
fundamental), respectively, as against 20% of fifth harmonic and
14.35% of seventh harmonic present in the quasi-square current
of the traditional load commutated CSI-fed drive[19],[20]. This
drastic reduction in fifth and seventh harmonic content would
reduce the harmonic losses and torque pulsations experienced by
the motor. Even though stepped current flows through the motor
winding, motor voltage would be sinusoidal in nature. Load
commutation of SCR-based multilevel CSI necessitates leading
PF operation of both CSI-1 and CSI-2. Fig. 4 shows the phase-a
motor current waveform i,,, and its fundamental component
imay leading the CSI terminal voltage vy, by an angle 3. This
lead angle (3 has to be ensured throughout the motoring operation
for load commutation of both CSIs. The IGBT-based VSI with a
voltage holding capacitor C directly interfaced to the other end
of stator winding is used for reactive power compensation alone,
to ensure this lead angle /3 at the CSI terminal. Fig. 5 shows the
complete phasor diagram of the system. The phasor (I,, s) of the
fundamental component of motor current lags behind the motor
voltage phasor (V;,,) by the PF angle ¢. Also, the phasor (/2¢)
of the fundamental component of CSI-2 current lags behind that
of CSI-1 current (I 7) by an angle of 30°, owing to their phase

[TTT]]
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Power circuit diagram of the proposed scheme for multilevel CSI-fed IM drive.

) - CSI-1 current - :
td
wt
) - CSI-2 current -
rd :
2 30014 -
wt
Multilevel motor current
ig X
id
2 r
wt
30°  90° 150° 210° 270° 330°(wt in degrees)
Fig. 3. Multilevel and CSI current waveforms.

shifted operation. The resultant of I and Iy, te the motor
current phasor is denoted by I,,, s. The operation of VSI is such
that it exchanges only reactive power with the system. The CSI
terminal voltage V that lags I,,, y by angle 3 is the phasor sum of
motor voltage V,,, and VSI voltage V,,, as shown in the following
equation:

—

Vs

-

Vin +

V.

ey
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Fig. 4.  Waveforms of CSI terminal voltage (vsq), motor current (¢,,q), and
its fundamental component (i, r) during motoring operation.

S

Fig. 5. Phasor diagram showing CSI terminal voltage (V), motor voltage
(Vim), VSI output voltage (V5,), and fundamental components of motor current
(L r), CSI-1 current (/41 ¢), and CSI-2 current (I3 f).

The lead angle 3 is decided based on the system requirement,
such that it ensures leading PF operation of both CSI-1 and
CSI-2. Hence, the required lead angle (5 is shown in the following
equation:

B=(15+7)°. 2

The commutation angle v is chosen considering the turn-OFF
time of SCR, commutation inductance, and the dc-link current.

III. CONTROL SCHEME

The overall control scheme of the system mainly consists of
the following two sections.

1) Control scheme of multilevel CSI for motor control.

2) Control scheme for VSI to ensure load commutation.

Speed control of the motor is performed by varying the dc-
link currents 741, 242 and CSI frequency. Multilevel CSI control
scheme is shown in Fig. 6. The difference of motor reference
speed wyer and actual speed w,y, is processed by a speed controller
to obtain slip speed wgiip. The dc-link current reference % Iy
obtained from the current reference block, which is basically a
lookup table containing dc-link current references for different

values of slip. Current controllers would maintain the dc-link
currents at its reference value by adjusting the firing angles of
Rectifier-1 and Rectifier-2. Gating pulses for CSI-1 and CSI-2
are derived from the CSI frequency information obtained by
adding wyy;p, with the actual motor speed w,. In order to have a
phase shift of 30° between the outputs of CSI-1 and CSI-2, their
gating pulses are given 30° phase difference.

The role of VSI is to assist load commutation of CSIs by
keeping the fundamental component of the motor current leading
ahead of the CSI terminal voltage under all conditions of motor
operation. This necessitates both VSI and CSI to be operated
in synchronism. The control scheme for VSI is implemented
in a synchronously rotating (d—q) reference frame, as depicted
in Fig. 7. The fundamental components of three-phase motor
CUTTents %yq f5 tmb s, and i,y are determined using the gating
signal information of CSI-1 and the dc-link currents. They are
further transformed to v — 3 (stationary) reference frame for the
unit vector generation. Also, terminal voltages of the CSI (v,
vsp, and v, ) derived from the sensed multilevel CSI line voltages
are transformed to d—q reference frame to obtain the d-axis (Vsq)
and g-axis (Vy,) components. Fig. 8 shows the phasor diagram
where the motor current I, y phasor leads CSI terminal voltage
phasor V; by angle 3. The d-axis and g-axis components (V4
and V,) of V, have been marked in Fig. 8. The relationship
between V4 and V;, is given in (3) and this ratio has to be
maintained for the lead angle /3 at the CSI terminal

Vg

tan(3) = Vi 3)
This lead angle (3) is ensured by the g-axis controller of the VSI
by generating sufficient g-axis component of the VSI voltage
(Vug)- In Fig. 8, the d-axis component of the VSI voltage (V;,q)
is neglected as its value is very small compared to that of V,,
since the VSI draws only a very small amount of active power
to meet the losses in the inverter and the capacitor. Reference to
the g-axis controller (Vy,rr) is given by the following equation:

‘/sqref - _tan(ﬂ) * ‘/sd~ (4)

Since the VSI is controlled to supply only the reactive power
to the system, a pre-charged capacitor is sufficient to hold
its dc-link voltage. The VSI can supply the required reac-
tive power only if its capacitor (C') voltage is maintained at
the required minimum level. The power losses in the inverter
and capacitor will result in reduction in the capacitor voltage.
Hence, a closed-loop control is required for balancing of the
capacitor voltage. The d-axis proportional—integral controller
shown in Fig. 7 is employed for this purpose. It generates
sufficient V,,4 value to ensure that adequate active power is
drawn by the VSI to meet the losses in the inverter and ca-
pacitor, so that the capacitor voltage (V) is maintained at the
reference value (V.r). The outputs of the controllers along
d-axis and g-axis (V,q and V,,) are then transformed to the
stationary (a— 3) reference frame to obtain v,, and v,s. The
three-phase modulating signals vVyam, Vpbm, and Vyen, for
the VSI are then obtained by transformation from (a—f3) to
the three-phase (abc) reference frame for generation of gating
pulse for IGBTs.
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3 axis A. Regeneration
The key feature of CSI-fed drive is its inherent regenerative
capability without any additional circuit requirement. Regener-
ation control is activated when the machine speed reference is
stepped down to a lower value and also during speed reversal,
during which the induction machine acts as generator wherein
power is fed back to the utility supply. Fig. 9 shows the phase-a
waveforms of CSI terminal voltage vs, and machine current
ime during regeneration. Fig. 10 shows the phasor diagram
depicting the machine voltage, machine current, CSI terminal
o axis voltage, and VSI output voltage during regeneration. The

Fig. 8. Phasor diagram showing the orientation of d—g axes, fundamental
component of motor current (/,,, ), and CSI terminal voltage (V).

phase angle between machine voltage V,,, and machine current
fundamental I,,, s during regeneration is (m — ¢), where ¢ is the
PF angle. The fundamental component of motor current phasor
(Limy) leads the CSI terminal voltage (V) by angle (m—f),
where [ is the phase angle between V, and I,y during the
normal motor operation. The angle (7w — (3) has to be maintained
by the VSI during regeneration for safe commutation. Since
Vsa component of Vs would be negative during regeneration,
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Fig.9. CSIterminal voltage (vs, ), machine current (2, ), and its fundamental
component (i, r) during regeneration.
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Fig. 10.  Phasor diagram during regeneration.

the Vigrer is generated as shown in the following equation:
‘/sqref - tan(ﬁ) * Vsd~ (5)

System control scheme also need to include a method to
pre-charge the VSI capacitor. This is performed by triggering
top and bottom SCRs of any two phases of CSI-1 and CSI-2
without providing the gating signals to the IGBTs. A controlled
dc current flows through the SCRs, motor windings, and anti-
parallel diodes of the IGBTs to pre-charge the capacitor. Normal
operation of the drive starts when the capacitor voltage reaches
its reference value (V). Fig. 11 shows the pre-charging process
where the SCRs of phase-a and phase-b of the multilevel CSI
are triggered. The path of pre-charging current is marked red in
color.

As already explained, the load commutated multilevel CSI
would supply the real power requirement of the motor, whereas
the VSI would meet the reactive power requirement of the motor
as well as the additional reactive power required to maintain the
lead angle between the motor current and CSI terminal voltage
for ensuring load commutation of SCRs of the CSIs. The current
rating of the VSI is same as the motor current rating since VSIis
connected in series with the stator windings. As the two CSIs are

sharing the motor current, their current ratings would be half of
the motor current rating. The voltage rating of the CSI will be the
vector sum of the rated voltage of the motor and the rated voltage
of the VSI. This is evident from the system phasor diagram
depicting CSI terminal voltage (V), motor voltage (V,;,), and
VSI voltage (V,,) shown in Fig. 5. As the VSI is used only for
supplying reactive power required to maintain leading PF at the
CSI terminals, the voltage rating of the VSI can be found from
the reactive power requirement of the system, considering motor
voltage, PF angle (¢), and lead angle (5).

IV. EXPERIMENTAL RESULTS

The proposed scheme has been experimentally verified on
a 1.5-hp, 415-V, 50-Hz three-phase IM with open-end stator
windings. The motor parameters are listed in Table I. Rectifiers
and CSIs are built using converter grade SCRs of 1200 V and
50 A rating. Two identical dc-link inductors of 200 mH are used
to smoothen the rectified output currents ¢4, and ¢42. Hall effect
based voltage and current sensors are used to sense the dc-link
currents, CSI terminal voltages, and the VSI capacitor voltage.
VSI is built using IGBTs of 1200 V and 75 A rating with a
voltage holding electrolytic capacitor of 2200 uF and is operated
at 1 kHz switching frequency. Photograph of the experimental
setup is shown in Fig. 12. Experimental results are shown in
Figs. 13-25.

Fig. 13 shows the waveforms of stator voltage of the motor
measured across the open-end stator terminals, motor current,
CSI-1 current, and CSI-2 current in phase-a during 750 r/min
operation. Fig. 14 shows the actual dc-link currents 743, 242 and
the dc-link current reference generated by the current reference
block of the multilevel CSI control scheme. The gate triggering
pulses of CSI-1 phase-a top SCR and CSI-2 phase-a top SCR
are shown along with motor phase-a stator voltage and current
during 300 r/min (or 10 Hz) operation in Fig. 15. The output
of the pulse transformers (pulse train) for SCR firing indicates
30° phase shifted operation of the two CSIs. Fig. 16 shows the
phase-a stator voltage of motor and VSI capacitor voltage when
motor is accelerated from 300 to 1000 r/min. It can be seen that
the VSI capacitor voltage is constant throughout the period of
acceleration, proving the effectiveness of the capacitor voltage
balancing scheme. Motor response for step change in speed
reference is shown in Fig. 17. Fig. 18 shows the waveforms
when the motor is loaded. The phase-a motor current and phase-a
modulating voltage (vyqm) of the VSI are shown in Fig. 19.
Modulating voltage of the VSI is captured using unipolar DAC
of the DSP, which is dc shifted by a unit division so as to
observe the bipolar modulating signal. It can be observed that the
phase difference between VSI modulating voltage and the motor
current is close to 90°, which substantiates that VSI provide only
reactive power. Motor operation at low speed, total harmonic
distortion (THD) analysis of the motor current, and regeneration
results are covered in the following section.

A. Low-Speed Operation

One of the major drawback of conventional load commu-
tated CSI-fed drive is the commutation failure during low-speed
operation, due to insufficient motor back EMF. While most of
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TABLE I \/o oov  Jfaosv  |@P200A [a2mA |@R2.00A [195A |@Ro0A |hooa |@»0
IM PARAMETERS 796A
1 | 5.96 A
Parameter Value P 2964
No of poles (P) 4 1084
Inertia (J ) 0.01 Kg.m? :%JW
Stator Resistance (Ry) 8.89 O &W oo
Rotor Resistance (R,) 5.51 Q 4, PR
Stator inductance (L) 2436 mH : aoa
Rotor inductance (L,.) 24.36 mH a04a
Magnetising inductance (L,,)  450.46 mH O oo =l@®858] o o

Fig. 12.

Photograph of the experimental setup.

the CSI-VSI hybrid systems cited in this paper need a separate
scheme to run the drive at startup and low speeds, the proposed
system is free from such deficiency since the VSI can provide
enough voltage as well as lead angle for natural commutation
of the SCRs. The load commutated ARIM structure presented
in [11] has limited starting torque delivery capability as the

Fig. 13. Experimental results: Motoring operation at 750 r/min: X-axis:
15 ms/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 200 V/div). Ch-2:
Phase-a CSI-1 current (Y-axis: 2 A/div). Ch-3: Phase-a CSI-2 current (Y-axis:
2 A/div). Ch-4: Phase-a motor current (Y-axis: 2 A/div).

(@p.00a  |f103a |@p00a |[136mA |@[200v  [3osv  |@»0|
120V
9.96V
lg 7.96V
5.96 vV
2{! 3.96V
7 196V
:j -42mv

-2.04V

-4.04V
-29ms  7Ams  371ms  6l1ms 971ms 127ms  157ms

[@F00ms/ Jr.os00947707 ms | @ € > 7]

-M43ms  -113ms  -829ms  -529ms

Fig. 14. Experimental results: Ch-1: Actual dc-link current i47 (Y-axis: 5
A/div). Ch-2: Actual dc-link current ¢ 45 (Y-axis: 5 A/div). Ch-3: DC-link current
reference captured using digital-to-analog converter (DAC) of digital signal
processor (DSP) (Y-axis: 2 A/div).

motor would be started using VSI connected to the low voltage
excitation winding of the ARIM [13]. In the proposed system,
the IM can be operated at low speeds with full load torque
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Fig. 15.  Experimental results: 300 r/min (or 10 Hz) motor operation: X-axis:
20 ms/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 200 V/div). Ch-2:
Phase-a motor current (Y-axis: 4 A/div). Ch-3: CSI-1 Phase-a top SCR triggering
pulse (Y-axis: 10 V/div). Ch-4: CSI-2 Phase-a top SCR triggering pulse (Y-axis:
10 V/div).
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Fig. 16.  Experimental results: Acceleration of motor from 300 to 1000 r/min:
X-axis: 2 s/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 100 V/div). Ch-2:
VSI capacitor voltage V. (Y-axis: 200 V/div).
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Fig. 17. Experimental results: Step change in motor speed from 300 to
600 r/min: X-axis: 300 ms/div. Ch-1: Phase-a stator voltage of motor (Y-
axis: 100 V/div). Ch-2: Phase-a motor current (Y-axis: 2 A/div). Ch-3: Motor
speed reference (Y-axis: 666 r/min/div). Ch-4: Actual motor speed (Y-axis:
666 r/min/div).

without the problem of commutation failure. Fig. 20 shows
motor operation at 100 r/min.

B. THD Analysis

Multilevel CSI configuration is primarily proposed for reduc-
ing the harmonic content of motor current. Harmonic analysis
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Fig. 18.  Experimental results: Motoring operation at 300 r/min with load:
X-axis: 50 ms/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 200 V/div).
Ch-2: Phase-a CSI-1 current (Y-axis: 5 A/div). Ch-3: Phase-a CSI-2 current
(Y-axis: 5 A/div). Ch-4: Phase-a motor current (Y-axis: 5 A/div).

@ -49m
e
Phase -2.05
difference
1 -4.05
-253ms  -203ms  -153ms  -103ms -526ms -26ms 474 ms 974 ms 147 ms 197 ms 247 ms

[°|50.0 ms/ |-2.6315785918 ms| @) 1 » El]

Fig. 19. Experimental results: X-axis: 50 ms/div. Ch-1: Phase-a motor current
(Y-axis: 5 A/div). Ch-2: Phase-a modulating voltage of VSI captured using
unipolar DAC of DSP, the bipolar modulating signal is dc shifted by a unit
division (Y-axis: 0.5 unit/div).
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Fig. 20. Experimental results during low-speed operation at nearly rated
torque (100 r/min): X-axis: 100 ms/div. Ch-1: Phase-a stator voltage of motor
(Y-axis: 100 V/div). Ch-2: Phase-a motor current (Y-axis: 5 A/div). Ch-3: Phase-a
CSI-1 current (Y-axis: 5 A/div). Ch-4: Phase-a CSI-2 current (Y-axis: 5 A/div).

of the quasi-square-wave current of the two-level CSI and the
multilevel motor current of the proposed system is presented
in this section. For quasi-square-wave motor current, instead
of operating both CSI-1 and CSI-2, only CSI-1 is operated at
leading PF. Fig. 21 shows the phase-a stator voltage of motor
and phase-a motor current waveform for single CSI operation.
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Fig. 21.  Experimental results: Motor operation at 300 r/min with single CSI:
X-axis: 50 ms/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 100 V/div).
Ch-2: Phase-a motor current (Y-axis: 2 A/div).
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Fig.22. Harmonic spectrum of motor current shown in Fig. 21 with single CSI
operation: X-axis (harmonic order) and Y-axis (magnitude in % of fundamental).
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Fig. 23. Experimental results: Motor operation at 300 r/min with multilevel
CSI: X-axis: 50 ms/div. Ch-1: Phase-a stator voltage of motor (Y-axis: 100 V/div).
Ch-2: Phase-a motor current (Y-axis: 2 A/div). Ch-3: Phase-a CSI-1 current
(Y-axis: 2 A/div). Ch-4: Phase-a CSI-2 current (Y-axis: 2 A/div).

Harmonic analysis of the quasi-square-wave motor current is
shown in Fig. 22. Fifth and seventh harmonic contents are
approximately 20% and 13%, respectively, during the single
CSI operation. Figs. 23 and 24 show the motor current and the
corresponding harmonic content, respectively, with multilevel
CSI. A significant reduction in the fifth and seventh harmonic
content can be observed because of the 30° phase shifted oper-
ation of CSI-1 and CSI-2. As presented in [20], the reduction
in fifth and seventh harmonic currents will bring down the sixth
harmonic torque pulsations drastically.
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Fig. 24.  Harmonic spectrum of the motor current with multilevel CSI opera-
tion: X-axis (harmonic order) and Y-axis (magnitude in % of fundamental).
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Fig. 25. Experimental results: Regenerative braking of the drive during step
change in motor speed from 600 to 300 r/min: X-axis: 470 ms/div. Ch-1: Phase-a
stator voltage of motor (Y-axis: 200 V/div). Ch-2: Phase-a motor current (Y-axis:
5 A/div). Ch-3: DC-link voltage of Rectifier-1 (Y-axis: 500 V/div). Ch-4: Motor
speed reference (Y-axis: 333 rev/min/div).

C. Regeneration

Fig. 25 shows the experimental result during machine regen-
eration when step change in motor speed is performed from 600
to 300 r/min. Trace-3 of the result shows the dc-link voltage
of Rectifier-1; it can be observed that the dc-link voltage goes
negative during the period of regeneration, which happens iden-
tically with both Rectifier-1 and Rectifier-2 and thereby power
is fed back to the utility supply.

V. CONCLUSION

A new configuration of load commutated SCR-based mul-
tilevel CSI for open-end winding IM drive is presented in
this paper. This configuration consists of two SCR-based CSIs
connected to one end of the stator windings and a capacitor-fed
VSI connected to the other end. The CSIs are operated in a phase
shifted manner to realize multilevel current waveform in the mo-
tor. The CSIs provide the real power requirement of the system.
The VSIis used for supplying adequate reactive power to operate
the multilevel CSI at leading PF so as to ensure load commuta-
tion under all conditions including regeneration. The multilevel
waveform significantly improves the quality of motor current.
Harmonic analysis of the motor current shows significant reduc-
tion in the fifth and seventh harmonic content compared to that
of a two-level CSI-fed IM drive. The substantial reduction in the
lower order harmonics results in significant reduction in torque
pulsations and the losses due to harmonics. Another attractive
feature of the proposed drive scheme is its capability to operate at
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low speeds, providing full load torque, without any problems like
commutation failure normally encountered in load commutated
CSI-fed drives at low speeds due to insufficient back EMF. The
performance of the proposed drive system is experimentally
verified under all conditions of operation including regenerative
braking. The experimental results demonstrate the capability
of the proposed multilevel CSI-fed drive system for industrial
applications.
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