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Comparison of Three Autotransformer Based 24-Pulse AC-DC
Converters Incorporated DC Ripple Reinjection Technique
Feeding VCIMD and DTCIMD Loads

Abstract. In this paper, the comparison of star, polygon and zigzag connected autotransformer based 24-pulse AC-DC converters has been
presented. They are12-pulse rectifiers incorporated pulse doubling DC ripple re-injection technique supplying VCIMD or DTCIMD load. Simulation
results indicate that lower capacitances result in more deterioration in power quality indices at ac mains. In this case, VCIMD has a bitter impact than
DTCIMD. Also, using polygon and star connection autotransformers result in lower voltage and current distortions respectively.

Streszczenie. Przedstawiono poréwnanie 24-pulsowego przeksztattnika AC-DC z autotransformatorem pofgczonym w gwiazde, zygzak Ilub
wielokat. Obcigzeniem jest silnik indukcyjny w konfiguracji VCIMD i DTCIMD. Symulacje pokazaty, ze otrzymuje sie bardzo mafe zaktdcenie jakosSci
napiecia. (Poréwnanie trzech przeksztattnikow 24-pulsowych z autotransformatorem o réznym pofaczeniu)
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Introduction

Nowadays, electrical machines are the preferred prime
mover of many applications. Among them, squirrel cage
induction motors are the rugged, reliable, maintenance free,
and economic ones. Today with the development of
semiconductor knowledge, these motors are controlled in
variable frequency mode. The use of these variable
frequency induction motor drives (VFIMDs) as solid-state
converters has been vastly grown in various applications,
i.e. heating, lighting, pumps, fans, blowers, and etc. [1].

Their power supply is usually a 6-pulse diode bridge
rectifier which injects harmonic currents into ac mains,
resulting in equipment overheating and low rectification
efficiency [1]. The growing use of them has reached to a
point that became a serious problem due to their harmonic
distortions. Thus an IEEE Standard 519 [2] was reissued in
1992 providing limitations for current and voltage
distortions.

The two mostly used VFIMD techniques are Vector
control and direct torque control [3]. The direct torque
control drive technique is an easy to deploy, reliable and
low cost technique compared to the other one. But vector
control drive technique is capable of controlling the
induction motor similar to a dc motor having independent
signals for flux and torque control resulting in a smoother
operation and better performance of it.

To diminish the injected harmonics, active and passive
waveshaping techniques has been used. These techniques
have their design complexity, higher losses, overall cost
and some unwanted side effects.

Multipulse methods yet have been proven to be rugged,
reliable and cost-effective solution to diminish these
distortions. The main idea is to use multiple converter
bridges in a manner that they draw currents with a phase
variance which results in cancellation of certain harmonics
in AC mains. Thus sets of 3 phase voltages are needed
which can be produced wusing transformers and
autotransformers [4].

Although they do not isolate the input and output, and
outputs from each other, autotransformers have proven to
be better choices. Use of them result in lower cost, volume,
and magnetic ratings as they transfer only a small portion of
the total kVA of the load [4].

It has been proven that with higher number of pulses,
there is more improvement in power quality indices. But this

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 10/2011

usually result in larger magnetics, higher number of bridges
therefore higher cost of the drive [4].

DC ripple reinjection technique has been introduced in
[5], [6] for pulse multiplication and harmonic current
reduction. With this technique similar performance of higher
numbers of pulses is achieved with reduction in magnetics,
volume and overall cost of the drive. Such configuration has
also been reported in [7-9].

The zigzag connection of autotransformer has been
introduced in [7] for a 36-pulse AC-DC converter using
controlled rectifier bridges. But star and polygon connected
autotransformer based 24-pulse AC-DC converters
introduced in [8] and [9] respectively are comprised of
incorporation of DC ripple reinjection technique in a 12-
pulse AC-DC converter for pulse doubling.

Therefore, to have a better comparison, the zigzag
connection of autotransformer has been used for a 24-pulse
AC-DC converter incorporating DC ripple reinjection
technique in a 12-pulse AC-DC converter for pulse doubling
like [8] and [9].

In [7] the proposed converter feeds an R-L load, in [8]
and [9] it feeds VCIMD load. In this paper for investigating
the power quality at AC mains of each converter topology
and to compare their simulation results, both type of
VFIMDS loads: VCIMD and DTCIMD have been used.

In [7-9] the DC link capacitance was 2200 uF which
prevents any load disturbances from occurring at AC mains.
In this case the there will be no differences in power quality
indices using different kind of VFIMD loads. Thus to
investigate more, the simulations have been done with
different capacitances: 200 and 800 2200 yF to measure
the disturbance each load creates at AC mains in form of
power quality indices. The 2200 yF capacitance has been
chosen to have a better comparison with the results
achieved in [7-9]. The induction motor used is also a 20-hp
motor to have the same criteria as that of [8, 9].

Rectifiers have been simulated using Matlab software.
The simulation results show that using the 24-pulse AC-DC
converters, power-quality indices will be achieved
complying with IEEE Standard 519. Moreover, the load on
the VCIMD and DTCIMD has been varied to study its effect
on the power quality indices. The results have been
tabulated for comparing different power-quality indices in
the operation range.

Total harmonic distortion (THD) and total demand
distortion (TDD) of voltage and current, crest factor (CF) of

335



current, total power factor (TPF), displacement power factor
(DPF), distortion factor (DF) at the point of common
coupling (PCC) is presented for the 6, 12 and 24-pulse AC—
DC converters in case of feeding the VCMD or DTCIMD
load with different DC link capacitances.

3Phase
415V, 50Hz

Z1gzag connected

Autotransformer 6Pulse Diode

Bnidge Rectifiers

Fig.1. zigzag connected autotransformer based 24-pulse AC-DC
converter with VFIMD load

12-Pulse AC-DC Converters
As mentioned in [4, 8, 9] for achieving 12-pulse
rectification, the autotransformer is designed to produce two

sets of 3phase voltages with +15° and -15° phase
variances with respect to the supply voltages are needed.

Fig. 1 shows the schematic diagram of the zigzag
connected autotransformer for producing the foretold
voltages in the 24-pulse rectifier circuit. The design of this
autotransformer is presented in [7]. The connection diagram
and design of the star and polygon connections of the
autotransformers and the schematic circuit diagram of their
rectifiers are introduced in [8] and [9] respectively.

It must be denoted that the mentioned star and polygon
connections do have the flexibility to adjust the input per
output voltage ratio. It makes it possible to adjust the
resulting DC link voltage amplitude to make the scheme
suitable for retrofit applications where presently a 6-pulse
diode bridge rectifier is used. But the mentioned zigzag
connection does not have this flexibility, resulting in higher
DC link voltage amplitude than that of a 6-pulse diode
bridge rectifier. It makes the scheme using this connection
of autotransformer unsuitable for retrofit applications.

Design of Autotransformers for Retrofit Applications

To have a realistic approach in simulation of the circuit
of AC-DC converters, the circuit loses has been considered
in simulations. The loses like the voltage drop over
semiconductor devices, winding’s leakage inductances and
resistances, and also the capacitor leakage current and R-C
snubber’s current.

Thus the Vo/Vi ratio of the autotransformer must be
calculated to overcome these loses resulting in the same
DC link voltage amplitude as that of a 6-pulase diode bridge
rectifier.

Furthermore winding’s leakage inductances will change
the phase shift of the output voltages of the
Autotransformer, reducing the 30 degree phase variance
needed for 12-pulse rectifications. Thus the design
parameters of the autotransformer must be recalculated to
change the phase shifts to achieve the required phase
variance.

The required V,/V; ratio and phase shift for each
autotransformer connection along with its winding
parameters are discussed in simulation section.

DC Ripple Reinjection Technique

The DC ripple reinjection technique has been
characterized in [5] and its pulse doubling state is presented
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in [6]. Using higher number of pulses will result in better
power quality indices but with higher overall cost. In this
paper, the power rating of the load (15kW) is so that the
power quality indices complying with IEEE standard 519 will
be achieved at AC mains with 24-pulse rectification. Thus it
is more economic to use this number of pulses for the
application as higher number of pulses will have higher
overall cost of the drive.

Therefore in this paper, 24-pulse rectification has been
achieved using pulse doubling state of this technique to
double the number of pulses of 12-pulse AC-DC converters
as done in [8, 9].

The pulse doubling state of the DC ripple reinjection
technique uses only two diodes which are connected to
each tap of an interphase transformer (IPT). Thus the IPT
design must be changed in order to have two taps. Using
diodes there will be no need to use extra control systems
thus the pulse doubling will depend on the position of IPT
taps. This results in its easy implantation and lower overall
cost of the drive [6-9].

Vector controlled and Direct Torque Controlled
Induction Motor Drives (VCIMD & DTCIMD)

Vector control drive technique is capable of controlling
the induction motor similar to a dc motor having
independent signals for flux and torque control. This results
in reliable, smooth operation and good performance of the
drive [3]. The design and simulation block diagram used
- for VCIMD - in this paper is presented in [7-9].

Also to achieve acceptable performance with low cost of
the drive, simplicity to implement, the induction motor drive
is done using direct torque control technique [3]. The design
and simulation block diagram used - for DTCIMD - in this
paper is presented in [10].

MATLAB Based Simulation

Simulation of the AC-DC converters has been done
using SimPowerSystem blockset (PSB) toolboxes in
simulink environment of MATLAB software.

Simulation of the Autotransformers for
rectification

The autotransformers have been designed using tree
single phase shell type 8B. E-l core [11] core and been
simulated using mutual inductance block.

The e.m.f. per turn of the mentioned core must be
calculated to find the number of turns each winding should
have [12]:

(1) Vwinding = T*Ef =T%4.44 ’V*Bm *Ai

where Ef is e.m.f. per turn of the core (V), f is the frequency
of supply (Hz), Bm is the maximum value of the flux density
in the core (Tesla), Ai is the net cross sectional area of the
core (m2), T is the number of winding turns (Turns) and
Vwinding is the voltage across each winding (V).

- Zigzag connected autotransformer:

The core thickness used is 84 mm. This connection of
autotransformer does not have the flexibility of changing its
voltage gain. Thus this connection topology makes the
entire scheme not suitable for retrofit applications. But as
mentioned before, to produce the required 30° phase
variance the phase shift must be 15.15°.

Using equation (1) and 15.15° phase shift, number of
winding turns will be calculated as follows:

N1 = N2 (winding ratio kz) = 94 Turns

N3 = N4 (winding ratio k4) = 44 Turns
- Star connected autotransformer:

The core thickness used is 99 mm. It has been realized
from simulations that, 1.035 voltage gain and 15.25° phase
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shift will be needed. Using equation (1), Vo/V; = 1.035 and
15.25° phase shift, number of winding turns will be
calculated as follows:

N1 (winding ratio 1-k{) = 22 + (2/3) Turns

N2 (winding ratio k1) = 120 + (1/3) Turns

N3 = N4 (winding ratio kp) = 45 Turns
- Polygon connected autotransformer:

The core thickness used is 99 mm. A voltage gain of
1.027 and a phase shift of 15.22° will be needed. Using
equation (1), Vo/Vi = 1.027 and 15.22° phase shift, number
of winding turns will be calculated as follows:

N1 = N3 (winding ratio kz) = 1.5 Turns

N2 (winding ratio N-2k,) = 207 Turns

N4 = N5 (winding ratio k1) = 38 Turns

Simulation of the IPT for 12-pulse rectifications

The interphase transformer has been designed using a
single phase shell type 33No. E-l core [11] with 40 mm
thickness. To prevent the transformer from saturation due to
being used on the DC side of the rectifier, an air gap of 0.1
mm has been considered between the connecting points of
E and | laminations of its core. It has been simulated using
multi-winding transformer as it has 2 identical windings.
Using equation (1) the number of winding turns will be
calculated as: Nq =Nz =46 Turns

Simulation of the Autotransformers for 24-pulse
rectifications

The core used for the autotransformer of 24-pulse AC-
DC converters is an 8No. E-I core [11].

- Zigzag connected autotransformer:

The design and simulation parameters are as mentioned
earlier for 12-pulse rectifications. It is due to lack of flexibility
to changing voltage gain ratio of the connection topology of
the autotransformer.

- Star connected autotransformer:

The core thickness used is 89 mm. A voltage gain of
1.017 and a phase shift of 15.20 will be needed. Using
equation (1), Vo/Vi = 1.017 and 15.2° phase shift, number of
winding turns will be calculated as follows:

N1 (winding ratio 1-k{) = 27.5 Turns

N2 (winding ratio k1) = 131.5 Turns

N3 = N4 (winding ratio kz) = 49 Turns
- Polygon connected autotransformer:

The core thickness used is 85 mm. A voltage gain of
0.998 and a phase shift of 15.1° will be needed.

Using equation (1), Vo/Vi = 0.998 and 15.1° phase shift,
number of winding turns will be calculated as follows:

N1 = N3 (winding ratio kp) = 7 Turns

N2 (winding ratio N-2kz) = 249 Turns

N4 = N5 (winding ratio k¢) = 40 Turns

Simulation of the IPT for 24-pulse rectifications

The interphase transformer has been designed using a
single phase shell type 33No. E-I core [11] with 17 mm
thickness. It has been simulated using mutual inductance
block. To prevent the transformer from saturation due to
being used on the DC side of the rectifier, an air gap of 0.1
mm has been considered between the connecting points of
E and | laminations of its core. Using equation (1) and K =
0.2457 (the DC ripple reinjection technique tap position ratio
[6]), the number of winding turns will be calculated as
follows:

N1 = N3 (winding ratio 0.5-K) = 17 Turns

N2 (winding ratio 2K) = 33 Turns
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Simulation of the ZSBT for 24-pulse rectifications

The zero sequence block transformer has been
designed using a single phase shell type 3No. E-I core [11]
with 30 mm thickness. It has been simulated using multi-
winding transformer block as it has 4 identical windings. To
prevent the transformer from saturation due to being used
on the DC side of the rectifier, an air gap of 0.1 mm has
been considered between the connecting points of E and |
laminations of its core. Using equation (1), the number of
winding turns will be calculated as follows:

N1 = N2 = N3 = N4 =53 Turns

Compared to 12-pulse AC-DC converters, 24-pulse AC-
DC converters have less ripple amplitude in the output DC
voltage, resulting in higher average of DC voltage
amplitude. Therefore 24-pulse rectification needs lower
voltage gain than 12-pulse rectification as being seen from
the needed voltage gain ratios in this section. Furthermore
for 24-pulse AC-DC converters, less phase shift would be
needed to achieve the required 30° phase variance (needed
for 12 pulse rectification) than 12-pulse AC-DC converters.

Results and Discussion

The simulation results of the conventional 6-pulse, 12
and 24-pulse AC-DC converters consisted of
autotransformers with zigzag, star or polygon connection
are shown in table1. These results are tabulated in case of
using 2200, 800 and 200 uF DC link capacitances and load
variations from light load (20%) to full load (100%) on
induction motor in 20% steps. These results show that the
THD of AC mains current of 6-pulse diode bridge rectifier in
operational range is so high which do not comply with IEEE
standard 519. Thus indicating that improving the power
quality of AC mains at PCC is essential.

This table shows that using 12-pulse AC-DC converters,
lower AC mains current THDs are achieved than the 6-
pulse AC-DC converters in case of feeding both VFIMDs
and even with different DC link capacitances. Furthermore
the TPF have also been improved.

Using 24-pulse AC-DC converters there will be even
more improvements in current and voltage THDs using both
VFIMDs and different DC link capacitances. Furthermore
the TPF is almost unity in the wide range of the drive
operation.

THD index measures the ratio of the harmonic current to
its own main component. Thus it is not a good index in case
of comparing the measure of distorted currents in different
systems. To do so, the amplitude of distorted currents of
different systems must be measured to one common
reference current. Therefore TDD is the right power quality
index suitable to do the task. The reference value assumed
for TDD of AC mains current and voltage are the highest
current value 31.95 (A) and the lowest voltage value 232
(V) derived from the simulations.

As shown in table 1, the power quality indices achieved
in for the simulations of 24-pulse AC-DC converters comply
with the IEEE standard 519 for SCR>20 in case of using
2200 and 800 pF DC link capacitances.

The current TDD of AC-DC converters in case of
feeding VCIMD or DTCIMD with 2200, 800 and 200 yF DC
link capacitances are shown in fig. 2. These curves show
that reducing the load will result in decrease of current TDD.

It can be realized from table 1 that using polygon
connection, there will be more reduction in the voltage
distortions than star connection. This is due to the use of
line voltage amplitude on the windings of the polygon
connected autotransformer which is V3 times the phase
voltage to produce the output voltages. The star connected
autotransformer uses the phase voltage on its windings for
this purpose.
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Table 1.

Power Quality Indices Derived from Simulation Results of AC-DC converters in case of 2200, 800 and 200 pF DC link
capacitances, feeding VCIMD or DTCIMD under load variation (Z: AC-DC converter using zigzag connected autotransformer, S: AC-DC
converter using Star connected autotransformer, P: AC-DC converter using Polygon connected autotransformer)
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Fig. 2. Variation of Total Demand Distortion (TDD) of supply current with load perturbation on the induction motor fed from 6, 12, and 24-
pulse autotransformer based AC-DC converters in case of feeding each of the two VFIMDs and different DC link capacitances: 2200pF:
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This is unlike the current distortions which will be lesser
using star connection than polygon connection. This is due
to the use of line current amplitude in the windings of star
connected autotransformer to produce the output currents
which is V3 times the phase current for creating the output
currents. The polygon connected autotransformer uses the
phase current in its windings for this purpose.

It can be seen from the figures that reducing the DC link
capacitance, the distortions created by the drive systems
will affect the AC mains deteriorating the power quality
indices. It is also being seen that in this case using VCIMD
will result in injection of more disturbances to PCC than
DTCIMD. In the case of using VCIMD, using polygon
connection in 24-pulse AC-DC converter and zigzag
connection in 12-pulse AC-DC converter will result in more
reduction in the disturbances created by the drive system
than the other connections of the autotransformer.

In the case of using DTCIMD, this is possible using star
connection in 24-pulse AC-DC converter and zigzag
connection of the autotransformer in 12-pulse AC-DC
converter.

Fig. 2 also shows that the TDD curves of the 24-pulse
AC-DC converters are below the TDD curves of the other
converters. It is as mentioned before that the distortion
created by the 24-pulse rectification is less than 6 and 12-
pulse rectifications.

Table 2 shows the ratings of magnetic circuits used for
each AC-DC converter and the ratio percentage compared
to power rating of the load. It shows that rating of the
magnetic circuits of the 24-pulse AC-DC converter using
zigzag connected autotransformer is 3.966 kVA only 26.44
percent of the load. It is the lowest magnetic rating due to
the characteristic of zigzag connection in cancelation of
ZSBT. It means lower overall cost and volume of the drive
system compared to other AC-DC converters making it a
more economical scheme.

Table 2. Ratings of magnetic circuits needed for AC-DC
converters feeding 15 kW load

Pulse | Autotransformer IPT ZSBT | Ratio of magnetic
# (kVA) (kVA) | (kVA) |ratings to Load (%)

122 3x1.25 0.544 - 28.26

128 3x1.92 2x0.513 - 45.24

12P 3x1.58 2x0.513 - 38.44

247 3x1.25 0.217 - 26.44

24 S 3x1.93 0.220 1.03 46.93

24 P 3x1.26 0.209 | 0.97 33.06

Conclusions

The 6, 12 and 24-pulse AC-DC converters have been
simulated in case of feeding VCIMD or DTCIMD loads and
three DC link capacitances. It has been realized that where
there is the need of less distortions in current, the star
connection is the choice. Also where there is the need for
less distortion in voltage, the polygon connection is the
choice.

The Zigzag connected autotransformer blocks the zero
sequence currents, resulting in cancelation of ZSBT in 24-
pulse rectifications incorporated DC ripple reinjection
technique. It also results in the use of only one IPT in 12-
pulse rectifications. This had resulted in less ratings of the
magnetic circuit, making the converters a more compact
and cost effective scheme.

With a large DC link capacitor (2200 & 800 uF), there
will be no differences in power quality indices in case of

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 10/2011

using VCIMD and DTCIMD loads. The differences of using
these two VFIMDs have been detected using 200 uF DC
link capacitor. In this case, the VCIMD will result in more
distortions in PCC than DTCIMD. Polygon connection of the
autotransformer can be used for 24-pulse rectifications to
reduce the distortions caused by VCIMD. For 12-pulse
rectifications the zigzag connection of the autotransformer
can be used.

Appendix

Induction Motor: 3-phase squirrel cage 20hp (15 kW),
4-pole, Y-connected, 400 V, 50 Hz

Rs = 0.2147 Q, R, = 0.2205 Q, Ls = L, = 0.991mH

Lm =64.19 mh, J = 0.102 kg.m2, F = 0.009541 N.m.s

PI controller: KP = 50, K; = 0.003

DC-link parameters: Lqc = 1 mH, Cq4c = 200, 800, 2200 pF.
3-phase supply: S =300 kVA, V=415V, XIR=7
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