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Abstract—This paper presents the design, analysis, and development of a novel autotransformer-based 18-pulse ac–dc converter
with reduced kilovoltampere rating, feeding vector-controlled
induction-motor drives (VCIMDs) for power-quality improvement
at the point of common coupling (PCC). The proposed autotransformer consists of only two single-phase transformers for its realization against three single-phase transformers required in other
configurations. The proposed 18-pulse ac–dc converter is suitable
for retrofit applications, where, presently, a six-pulse diode bridge
rectifier is being used. A set of power-quality parameters, such
as total harmonic distortion (THD) and crest factor of ac mains
current, power factor, displacement factor, and distortion factor
at ac mains, THD of supply voltage at PCC, and dc-bus-voltage
ripple factor for a VCIMD fed from an 18-pulse ac–dc converter,
are computed to observe its performance. The presented design
technique provides flexibility to give an average dc output from
the proposed converter, which is the same as that of a conventional
three-phase diode bridge rectifier. However, it is also possible to
step-up or step-down the output voltage as required. The effect of
load variation on VCIMD is also studied to observe the effectiveness of the proposed harmonic mitigator. A laboratory prototype
of the proposed autotransformer-based 18-pulse ac–dc converter
is developed to validate the design and simulation model.
Index Terms—Autotransformer, multipulse ac–dc converter,
power quality improvement, T-connection, vector-controlled
induction-motor drive (VCIMD).

I. I NTRODUCTION

W

ITH the revolution in semiconductor, self-commutating
devices, and reduction in their cost, induction-motor
drives are expanding in industrial, commercial, residential,
aerospace, and utility environments. The induction-motor
drives are being used universally in applications such as heating, ventilation, and air conditioning systems, pumps, blowers,
fans, paper and textile mills, rolling mills, etc. [1], [2]. The
induction-motor drives are currently used in vector-control
mode [3] due to its capability of providing simple and fast
control similar to a dc motor. These drives are fed from a diode
bridge rectifier, which results in injection of current harmonics,
resulting in equipment overheating, low rectifier efficiency,
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malfunction of sensitive electronic equipment, etc. [4]–[6].
These harmonic currents result in voltage distortion (as they
travel through finite source impedance) at point of common
coupling (PCC), thereby affecting the nearby consumers. To
control these harmonics, an IEEE Standard 519 [7] has been
reissued in 1992.
Many power-factor (PF) correction approaches have been
proposed to shape ac input current waveforms in phase with
input voltage. Different techniques based on multipulse converters have been reported in the literature [8]–[24]. The
conventional wye–delta-transformer-based 12-pulse rectification scheme is one such example. But, it is very difficult
to build wye- and delta-connected windings with comparable
electrical characteristics (the same voltage and impedance).
Moreover, the kilovoltampere rating of the transformer is
1.03 Po , where Po is the active power drawn by the converter
[10]. To reduce the transformer rating, autotransformer-based
multipulse converters have been reported in the literature [8].
In the autotransformer, the windings are interconnected, such
that, the kilovoltampere rating of the magnetic coupling is only
a fraction of the total kilovoltampere of the vector-controlled
induction-motor drive (VCIMD), resulting in the reduction in
size and weight of the transformer. For applications where
the demand for harmonic current reduction is more stringent,
an 18-pulse ac–dc converter is generally preferred. This converter is more economical than the 24-pulse ac–dc converter,
while being more effective than the 12-pulse ac–dc converter.
Autotransformer-based 18-pulse ac–dc converters have been
reported in the literature [17] for reducing the total harmonic
distortion (THD) of the ac mains current. Here, the dc-link
voltage is higher, making the scheme nonapplicable for retrofit applications. To overcome the problem of higher dc-link
voltage, Hammond [18] has proposed a new topology, but the
transformer design is very complex. To simplify the transformer
design, Paice [19] has reported a topology for the 18-pulse
converter. But, the THD of ac mains current with this topology
is around 8% at full load. Kamath et al. [20] have also reported
the 18-pulse converter, but the THD of the ac mains current
in the 18-pulse converter is high even at full load (6.9%),
and as load decreases, the THD of ac mains current increases
further (13.1% THD at 50% load). Recently, an 18-pulse ac–dc
converter has also been presented [24] with a rating of 0.56 Po .
However, the THD of supply current with this topology has
been reported as 10.12%, which is not within IEEE Standard
519-1992 limits [7].
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Fig. 1.
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Six-pulse diode bridge rectifier fed VCIMD (Topology A).

In this paper, a novel T-connected autotransformer-based
18-pulse ac–dc converter [25], [26] of reduced rating, which
is suitable for retrofit applications (where, presently, six-pulse
converter is being used, as shown in Fig. 1 and referred to
as Topology “A” here) is proposed to feed the VCIMD. The
proposed ac–dc converter results in the elimination of the
5th, 7th, 11th, and 13th harmonics. It results in near-unity PF
operation in the wide operating range of the drive. The present
approach results in the following advantages.
1) Compact, simple, cost-effective, rugged, and reliable converter configuration, as only two single-phase transformers are needed to realize the proposed converters.
2) A retrofit solution, which improves utilization of the
diode bridge rectifier already existing in the VCIMD.
3) The kilovoltampere rating of the magnetics is reduced,
resulting in a cost-effective solution.
4) Even under light-load conditions, the THD of the ac
mains current and the PF are improved.
A set of tabulated results, which gives the comparison of
the different power-quality parameters such as THD and crest
factor of ac mains current, PF, ripple factor, displacement
factor and distortion factor, and THD of the supply voltage at
PCC, is presented for a VCIMD fed from an existing six-pulse
ac–dc converter and the 12-pulse and the proposed 18-pulse
ac–dc converters. A small-rating laboratory prototype of the
proposed autotransformer-based 18-pulse converter is designed
and developed, and different tests are carried out to validate the
working of the proposed harmonic mitigator. The test results
are found in close agreement with the simulated results under
different operating conditions.

Fig. 2. Proposed autotransformer winding-connection diagram.

II. D ESIGN OF T-C ONNECTED A UTOTRANSFORMER FOR
18-P ULSE AC–DC C ONVERTER
The minimum phase shift required for proper harmonic
elimination is given by [8]
Phase shift = 60◦ /Number of converters.
In this paper, the first T-connected autotransformer-based
12-pulse ac–dc converter is designed. However, the design
procedure is explained here for the 18-pulse ac–dc converter.
An 18-pulse ac–dc conversion may be achieved by having
three sets of balanced three-phase line voltages, which are
either ±20◦ or ±40◦ out of phase with respect to each other,
and the magnitude of these line voltages should be equal to
each other.
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Fig. 3. Vector diagram of phasor voltages for proposed 18-pulse-based ac–dc converter along with auxiliary triangle.

Fig. 4. T-connected autotransformer-based 12-pulse converter (with phase shift of +15◦ and −15◦ ) fed VCIMD (Topology B).

Fig. 5. T-connected autotransformer-based proposed 18-pulse converter (with phase shift of +20◦ and −20◦ ) fed VCIMD (Topology C).
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The T-connected autotransformer makes use of only two
single-phase transformers, resulting in savings in space, volume, weight, and, finally, the cost of the drive. The windings
AI and CB are connected, as shown in Fig. 2, and N is the
neutral point. The ratio of the number of turns in windings AI
(N1 ) and CB (N2 ) are given by [27]
N1 /N2 = 0.866.

(1)

Fig. 2 shows the winding diagram of the proposed autotransformer for achieving 18-pulse rectification, and Fig. 3
shows the phasor diagram of different phase voltages. In Fig. 3,
considering phase “A,” the voltages Va (between F and N ) and
Va (between D and N ) are phase shifted through ±20◦ with
respect to the supply voltage Va . To produce Va and Va , two
constants K1 and K2 are calculated as follows:
VNE /VND = cos 20◦

Fig. 6. Generalized vector diagram of phasor voltages for 18-pulse-based
proposed harmonic mitigator for retrofit applications.

VNE = K1 ∗ Va
= VND cos 20◦
= Va cos 20◦
giving
K1 = cos 20◦
= 0.9396.

(2)

Similarly
VED /VNE = sin 20◦
VED = K2 ∗ Vbc
= Va sin 20◦
giving
K2 = sin 20◦ /1.732
= 0.1974.

(3)

Thus, Va is obtained by connecting a fraction K1 of phase
“A” voltage Va to a fraction K2 of line voltage Vbc . Similarly,
Va can also be obtained.
For phase B, two voltages Vb and Vb are to be produced at an
angle of ±20◦ with respect to the supply voltage Vb . Consider
triangle NLJ

Fig. 7. Proposed autotransformer winding connection diagram for retrofit
applications.

From triangle NHG
NH/NG = cos 40◦
NH = Vb cos 40◦
K5 ∗ Va = IH
= (Vb cos 40◦ − Va /2)

LJ = Vb sin 10◦
giving
K3 = (NL − Vb sin 10◦ )/Va

giving

= (Vb /2 − Vb sin 10◦ )/Va

K5 = 0.266.

giving

(6)

In addition
K3 = 0.326

(4)

HG/NG = sin 40◦
HG = Vbc /2−K6 ∗ Vbc /2
= Vb sin 40◦

NJ = Va cos 10◦
K4 Vbc /2 = (Vb cos 10◦ − Vbc /2)
giving

giving
K4 = 0.13715.

(5)

K6 = 0.2577.

(7)
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Fig. 8. T-connected autotransformer-based proposed 18-pulse converter for retrofit applications (with phase shift of +20◦ and −20◦ ) fed VCIMD
(Topology D).

Fig. 9. MATLAB block diagram of proposed 18-pulse ac–dc converter fed VCIMD.

Thus, using the above calculated winding constants, the
autotransformer can be designed for achieving an 18-pulse
rectification. Fig. 4 shows the schematic diagram of a 12-pulse
ac–dc converter, and Fig. 5 shows an 18-pulse converter feeding a VCIMD based on the above designed autotransformer.
But, using the above winding constants, the average dc output
voltage obtained is higher than that of the six-pulse diode
rectifier due to an 18-pulse operation. The aforementioned
design procedure can still be applied to redesign the transformer
for retrofit applications. Fig. 6 shows the generalized diagram
for varying the transformer output voltages while still maintaining an 18-pulse operation. Here, the outer circle represents
voltages corresponding to the input supply-voltage system. To
make the proposed ac–dc converter suitable for retrofit applications, the voltage for the three-phase diode bridge rectifiers
are tapped at the inner circle (with 4% reduced voltage). Ac-

cordingly, the winding constants are calculated again resulting
in K1 = 0.8922, K2 = 0.18749, K3 = 0.3354, K4 = 0.0797,
K5 = 0.2257, and K6 = 0.2952, where K1 , K2 , K3 , K4 , K5 ,
and K6 are the new winding constants to maintain the same dc
bus voltage as in the case of the six-pulse diode bridge rectifier.
Fig. 7 shows the modified autotransformer winding diagram for
retrofit applications, and Fig. 8 shows the schematic diagram of
the proposed 18-pulse ac–dc converter for retrofit applications,
which is referred as Topology “D.”
III. V ECTOR -C ONTROLLED I NDUCTION -M OTOR
D RIVE (VCIMD)
Fig. 1 shows the schematic diagram of an indirect VCIMD.
In vector control, the induction motor is controlled like a dc
motor having independent signals for flux and torque control.
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Fig. 10. MATLAB block diagram of VCIMD.

In the rotor-flux-oriented reference frame, the reference vector
iSX (flux component of the stator current) is obtained as
i∗SX = imr + τr (∆imr /∆t)

(8)

where imr is the magnetizing current.
The closed-loop proportional-integral (PI) speed controller
compares the reference speed (ωr∗ ) with motor speed (ωr ) and
generates reference torque T ∗ (after limiting it to a suitable
value) as
∗
∗
= T(n−1)
+ Kp {ωe(n) − ωe(n−1) } + KI ωe(n) (9)
T(n)


∗
(10)
− ωr(n)
ωe(n) = ω(r)
∗
∗
where T(n)
and T(n−1)
are the output of the PI controller (after
limiting it to a suitable value), and ωe(n) and ωe(n−1) refer to
speed error at the nth and (n − 1)th instants. Kp and KI are
the proportional and integral gain constants.
The y-component of the stator current reference vector isy
(torque component of stator current) is obtained from the output
of the PI controller as

i∗sy = T ∗ / (ki∗sx ) .

(11)

These current components (i∗sx and i∗sy ) are converted to stationary reference frame using rotor flux angle Ψ(n) calculated
as sum of the rotor angle and the value of slip angle as
ω2∗ = i∗sy / (τr i∗sx )
Ψ(n) = Ψ(n−1) +

(ω2∗

(12)
+ ωr ) ∆t

(13)

where ω2∗ is the slip speed of rotor, and ωr is the angular velocity
of rotor. Ψ(n) and Ψ(n−1) are the value of rotor flux angles at
nth and (n − 1)th instants, respectively, and ∆t is the sampling
time taken as 100 µs.
These currents (i∗sx , i∗sy ) in synchronously rotating frame are
converted to stationary-frame three-phase currents (i∗as , i∗bs , i∗cs )

Fig. 11. Pictorial view of developed proposed autotransformer.

as follows:
i∗as = −i∗sy sin Ψ + i∗sx cos Ψ
√
i∗bs = {−cos Ψ + 3 sin Ψ}i∗sx (1/2)
√
+ {sin Ψ + 3 cos Ψ}i∗sy (1/2)

(14)

i∗cs = −(i∗as + i∗bs ) .

(16)

(15)

i∗as , i∗bs , and i∗cs are the three-phase reference currents. These
three-phase reference currents generated by the vector controller are compared with the sensed motor currents (ias , ibs ,
and ics ). The calculated current errors are
ike = i∗ks − iks ,

where k = a, b, c.

(17)

These current errors are amplified and fed to the pulsewidthmodulation (PWM) current controller, which controls the duty
ratio of different switches in voltage source inverter (VSI). The
VSI generates the PWM voltages being fed to the motor to
develop the torque for running the motor at a desired speed
under required loading conditions.
IV. S IMULATION AND E XPERIMENTATION
The proposed harmonic mitigators feeding VCIMD are
simulated in MATLAB environment along with SIMULINK
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TABLE I
POSSIBLE TURNS FOR DIFFERENT WINDINGS OF AUTOTRANSFORMER FOR NOMINAL VOLTAGE

TABLE II
POSSIBLE TURNS FOR DIFFERENT WINDINGS OF AUTOTRANSFORMER FOR REDUCED (RETROFIT) VOLTAGE

Fig. 12. Dynamic response of six-pulse diode rectifier fed VCIMD with load perturbation (Topology “A”).

and power-system-blockset (PSB) toolboxes. Fig. 9 shows the
MATLAB model of the proposed 18-pulse ac–dc converter
feeding a VCIMD. Fig. 10 shows the sub-block of MATLAB
model of a VCIMD. The VCIMD consists of a 10-hp threephase induction-motor drive controlled using indirect vectorcontrol technique. The detailed parameters of the induction
motor are given in the Appendix.
To validate the simulation results, a prototype model of the
proposed 18-pulse ac–dc converter, consisting of an autotransformer (as shown in Fig. 11), suitable to produce the phaseshifted voltages, interphase transformer, and diode rectifiers is

developed in the laboratory, and different tests are conducted
on it. The design details of the autotransformer are given in the
following:
1) Flux density = 0.8 T, current density = 2.3 A / mm2 ,
Core size: Area of cross section of core = 5161 mm2 .
2) E-laminations: length = 120 mm, width = 188 mm.
3) I-laminations: length = 188 mm, width = 25 mm.
Voltage per turn = 1 V.
Accordingly, the number of turns of different windings are
calculated and wound around the core. It is observed that
certain precalculated number of turns in different windings
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Fig. 13. AC mains current waveform of VCIMD fed by six-pulse diode rectifier along with its harmonic spectrum at full load (Topology “A”).

Fig. 14. AC mains current waveform of VCIMD fed by six-pulse diode rectifier along with its harmonic spectrum at light load (20%) (Topology “A”).
TABLE III
COMPARISON OF POWER-QUALITY PARAMETERS OF A VCIMD FED FROM DIFFERENT AC–DC CONVERTERS
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Fig. 15. AC mains current waveform along with its harmonic spectrum in simulation as well as in experimentation for Topology “B” (a) at full load and
(b) at light load.

help in obtaining nearly equal magnitude and 20◦ phase-shifted
voltages. Some practical examples giving the preferable number of turns in different windings of autotransformer (shown in
Fig. 7) for the proposed 18-pulse ac–dc converter are shown
in Table I for nominal voltage and in Table II for retrofit
applications. Small magnitude and phase-angle deviations from
the ideal ones are also mentioned in these tables. However,
these deviations do not detract from the practical usefulness
of the given design, and it is also observed that other turns
selections are also possible.
Various tests on the developed 12- and 18-pulse ac–dc converters are carried out at three-phase line voltage of 230-V
50-Hz ac input with an equivalent resistive load. The recording
of results have been carried out using Fluke made poweranalyzer model 43B.
V. R ESULTS AND D ISCUSSION
The proposed 12- and 18-pulse ac–dc converters have been
modeled and designed for VCIMD load in MATLAB environment along with Simulink and PSB toolboxes. The dynamic

performance of the drive, along with load perturbation on the
VCIMD fed by a six-pulse diode bridge rectifier, is shown
in Fig. 12. The set of curves consists of supply voltage vs ,
supply current is , rotor speed “ωr ” (in electrical radians per
second), three-phase motor currents iabcs , motor-developed
torque “Te ” (in Newton-meters), and dc-link voltage vdc (in
volts). The input current of a six-pulse diode bridge rectifier
fed VCIMD are shown in Figs. 13 and 14. Fig. 13 shows the
supply current waveform along with its harmonic spectrum at
full load, showing the THD of ac mains current as 31.3%, which
deteriorates to 62.2% at light load (20%), as shown in Fig. 14.
Moreover, the PF at full load is 0.935, which deteriorates to
0.807 as the load is reduced to 20%, as shown in Table III.
These results show that there is a need in improving the power
quality at ac mains to replace the existing six-pulse converter.
A. Performance of 12-Pulse AC–DC Converter Fed VCIMD
To improve the power-quality indexes, a T-connected
autotransformer-based 12-pulse ac–dc converter fed VCIMD
has been designed, simulated, and developed. The THD of
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Fig. 16. Dynamic response of proposed 18-pulse ac–dc converter (Topology “D”) fed VCIMD with load perturbation.

Fig. 17. AC mains current waveform along with its harmonic spectrum in simulation as well as in experimentation for Topology “D” (a) at full load and
(b) at light load.
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TABLE IV
COMPARISON OF POWER-QUALITY INDEXES OF PROPOSED 18-PULSE
AC–DC CONVERTER FED VCIMD UNDER VARYING LOADS

TABLE V
COMPARISON OF RATING OF MAGNETICS IN DIFFERENT
CONVERTER FED VCIMD

Fig. 18. Variation of the THD of ac mains current with load on VCIMD in
6-pulse (Topology “A”), 12-pulse (Topology “B”), and proposed 18-pulse
ac–dc converter (Topology “D”) fed VCIMD.

supply current at full load is observed as 6.01% in simulation
and 5.3% in experimentation, as shown in Fig. 15(a). Under
light load, the THD of ac mains current is observed to be
10.8% in simulation and 10.4% in experimentation, as shown in
Fig. 15(b). The PF under these conditions is 0.987 and 0.989,
respectively. Moreover, the dc-link voltage is higher than that
of a six-pulse diode bridge rectifier. The rating of the overall
magnetics is 28.23% of the drive rating.
B. Performance of the Proposed 18-Pulse AC–DC Converter
The 18-pulse ac–dc converter has been realized based on
the novel T-connected autotransformer. The THD of supply
current at full load is observed as 4.36% and the PF as 0.98.
Similarly, under light-load condition, the supply current THD is
observed as 7.75%, as shown in Table III. The dc-link voltage
at full load is 563 V and, that, at light load is 578 V, which
are higher than that of a six-pulse diode-bridge-rectifier output
voltage. To make the scheme suitable for retrofit applications,
the transformer has been redesigned as explained above and
referred as Topology “D.” The dynamic performance of the
drive along with load perturbation on the VCIMD fed by
the proposed 18-pulse ac–dc converter is shown in Fig. 16.
Fig. 17 shows the supply current waveform of the proposed
18-pulse ac–dc converter (Topology “D”) in simulation as well
as in experimentation under different loading conditions. At
full load, the THD of ac mains current is observed as 4.24%
in simulation and 4.9% in measurements, and the PF obtained
is 0.987. At light-load condition, the THD of ac mains current
is 7.89% in simulation and 7.7% in experimentation, as shown
in Fig. 17(b). The PF under this condition is observed as 0.989,
as shown in Table III.
Table IV shows the effect of load variation on the VCIMD to
study various power-quality indexes. It shows that the proposed
ac–dc converter is able to perform satisfactorily under load
variation on VCIMD with almost unity PF in the wide operating
range of the drive, and the THD of supply current is always less
than 8%. This is within the IEEE Standard 519 [7] limits for

Fig. 19. Variation of PF with load on VCIMD in 6-pulse (Topology “A”),
12-pulse (Topology “B”), and proposed 18-pulse ac–dc converter
(Topology “D”) fed VCIMD.

SCR > 20. On the magnetics front, as shown in Table V, the
proposed 18-pulse ac–dc converter needs an autotransformer of
3.32 kVA and an interphase transformer of 0.26 kVA, making
the total magnetics required as 3.58 kVA, which is 34.3% on
the input of the VCIMD.
Fig. 18 shows the variation of the THD of ac mains current
of the VCIMD at full load, fed from six-pulse ac–dc converter,
12-pulse ac–dc converter, and the proposed 18-pulse ac–dc
converter. Similarly, Fig. 19 shows the variation of PF at full
load for a VCIMD fed from different ac–dc converters. It is
evident from these figures that the proposed 18-pulse ac–dc
converters results in superior performance in terms of various
power-quality indexes.
VI. C ONCLUSION
The design, modeling, simulation, and development of a
novel T-connected autotransformer-based 18-pulse ac–dc converter with a VCIMD load has been carried out for varying
loads. The proposed autotransformer makes use of only two
single-phase transformers, resulting in saving in space, weight,
volume, and the cost. The design technique of the proposed
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converter has shown the flexibility to design the transformer
suitable for retrofit applications. The proposed 18-pulse ac–dc
converter has shown its capability to improve the THD of
supply current to below 8% and PF close to unity in a wide
operating range of the drive. There has been remarkable improvement in other power-quality indexes at ac mains as well
as on the dc side.
A PPENDIX
M OTOR AND C ONTROLLER S PECIFICATIONS
Three-phase squirrel-cage induction motor: −10 hp
(7.5 kW), three phase, four pole, Y connected, 415 V, 50 Hz,
Rs = 1.0 Ω, Rr = 0.76 Ω, Xls = 0.77 Ω, Xlr = 0.77 Ω,
Xm = 18.84 Ω, J = 0.1 kg · m2 .
1) PI controller: Kp = 7.0, Ki = 0.1.
2) DC-link parameters: Ld = 0.002 H, Cd = 3200 µF.
3) Magnetics ratings: 18-pulse autotransformer rating
3.32 kVA, interphase transformer 0.26 kVA.
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