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Abstract-- In this paper, a novel autotransformer for 28-pulse AC-DC converter configuration is designed,
modeled and simulated to feed vector controlled induction motor drive (VCIMD). The proposed
autotransformer configuration consists of two paralleled 7-pulse AC-DC converters involving seven-phase
shifted uncontrolled diode bridges with pulse doubling circuit. It improves power quality at AC mains and it
meets IEEE-519 standard requirements at varying loads. In this paper, we outline a novel method to profile
the rectifier output current to be triangular which results in low ac-side harmonics. The novelty in the
proposed approach is that we exploit the dc-side filter design to minimize the volt-amperes (VA) rating of the
current source used to profile the dc-side rectifier current. Additional benefits of the proposed method
include lower VA rating of the dc filter, simple integration of dc energy storage, and effective ac harmonic
control even when the initial rectifier current is discontinuous. And also we compare this proposed 28-pulse
rectifier performance with the existed 12-pulse rectifier.
Keywords: Active power filter, energy storage, harmonics, 12-pulse diode rectifier, 28-pulse diode rectifier.
1. INTRODUCTION
Availability of reliable and inexpensive semiconductor devices has led to numerous power electronics intensive
industrial loads requiring dc power supply for operation. When a number of dc-powered loads are in proximity, it becomes
viable for them to share a common dc bus. Many such systems benefit from local dc storage to perform the following: 1)
reduce the power demand from the grid; 2) provide backup power; and 3) store locally generated renewable power rather
than feeding it back to the grid. Local dc distribution has been considered for data centers [1], dc-level plug-in vehicle
charging stations [2], more electric ships, and aircrafts [3].
The 12-pulse rectifier is a common, simple, and cost effective method to provide a stable dc supply while at the
same time minimizing the grid-side harmonics. The 12-pulse rectifier is a good tradeoff between harmonic reduction and
subsystem complexity and is commonly used in the industry. However, the 12-pulse rectifier alone does not sufficiently
reduce the ac harmonics to a level prescribed by relevant standards, such as IEEE 519 [4].
A standard way to eliminate ac-side harmonics is to use active, passive, or hybrid power filters [5]–[7]. Although
these methods are well understood and widely used, passive filters are bulky, while active filters require complex control and
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specialized power electronics. An alternative method controls the current draw from the dc side so as to minimize the ac
harmonics.
Researchers have shown that, for the 12-pulse rectifier, the ac-side harmonics are minimized by shaping the two
six-pulse rectifier output currents to be triangular and out of phase. The resulting total harmonic distortion (THD) is as low
as 1% [8], [9]. In [8]–[13], researchers exploit this property; while effective at reducing the harmonics, the circuitry used to
shape the current is placed in path of the load current, resulting in substantial VA rating. Furthermore, the proposed
approaches in [8]–[13] are only effective for continuous rectifier currents and are not capable of dc storage integration.
In this paper, we propose a new method of profiling the dc-side rectifier current by using current sources placed in
parallel with each six-pulse rectifier bridge to inject current and shape the rectifier output current. The method is simple to
implement and makes use of standard series-connected isolated gate bipolar transistor or metal oxide semiconductor fieldeffect transistor (MOSFET) modules. The property of the resulting current sources is that they are able to deliver power to
the load, allowing for the integration of an energy storage system on the dc side. The VA rating required to profile the
current is substantially reduced by a proper choice of the dc-side LC filter parameters.

2. EXISTED 12-PULSE RECTIFIER
A. Principle of Harmonic Elimination
In analyzing the operation of 12-pulse rectifier (Fig. 1), some methods are dedicatedly designed to shape the output
current of 12-pulse rectifier (irec1, irec) so as to minimize the ac-side harmonics (ia, ib, ic) formed by the operation of the
rectifier. The exact shape of the rectifier output current that results in complete elimination of ac input current harmonics

Figure .1 Twelve-pulse diode rectifier.
has been derived in [8] and [9]. Authors in [8]–[13] show that the triangular waveform, shown in Fig. 2, presents a good
approximation of the ideal rectifier output current that completely eliminates the ac current harmonics. Assuming that the
rectifier current is profiled to be triangular, its Fourier series expansion gives

where ω is the line frequency, IL is the load current delivered to the dc load, and irec1 and irec2 are defined in Fig. 1. Based
on the operation of the six-pulse rectifier, the Fourier series expansion of rectifier output voltage is

Where Vp is the peak value of the ac input voltage and vrec1 and vrec2 are defined in Fig. 1 as the rectified voltages.
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Assuming that the profiled current is triangular as expressed in (1), it is quite simple to calculate the harmonics in
the ac-side line current, namely, by realizing that the ac-side phase a current ia can be expressed as

where the currents are defined in Fig. 1. We can express the ac-side current ia as the sum of the Fourier expansions of the
rectified currents irec1 and irec2

Figure .2 Construction of the input current.
where S is defined as

which is the switching function shown in Fig. 2. By numerically evaluating (4), the ac-side line current THD is shown to be
close to 1% [8], [9].
Analyzing (1) and (2), both vrec and irec have a strong ac component at six times the source frequency. The
fundamental ac components of the voltage and the current are in phase for each six-pulse rectifier, while these ac
components are out of phase when comparing the upper and lower rectifiers, as evident from Fig. 2 and (1) and (2). The fact
that the fundamental ac components of the voltage and the current are in phase for each six-pulse rectifier is exploited in the
LC filter design as discussed in later sections.
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B. Methods for Current Profiling and Harmonic Reduction and Energy Storage Integration
A novel approach proposed in this paper inserts three current sources into the circuit as shown in Fig. 3. The two
current sources (is1 and is2) in parallel with each rectifier are used to shape the rectifier currents irec1 and irec2 in order to
eliminate the ac-side harmonics. The third current source is3 is used to inject active power from an energy storage system. In
addition to providing the ability to inject real power on the dc side, we will show that, with the correct choice of the LC filter
parameters, the VA rating of the current source used for filtering can be substantially reduced compared, for example, to the
direct current profiling case. A direct comparison with other proposed solutions is more difficult, since the VA ratings of the
voltage source will be a function of the design of the entire system.

Figure.3 Conventional method with parallel-connected current sources.
The hardware implementation of the three current sources shown in Fig. 3 is shown in Fig. 4. The current sources
are implemented using two cascaded buck-and-boost converters which provide two independent currents is1 and is2. The
third current is3 results from a combination of is1 and is2 (is3 = is1 − is2). The dc bus of the cascaded buck-and-boost
converter can be supplied by a capacitor bank, much like in active filter designs; otherwise, the dc bus can be used to
interface energy storage.

Figure. 4 Configuration of the conventional ac/dc rectifier with current sources formed by two buck-and-boost
converters.

3. PROPOSED 28-PULSE RECTIFIER FOR HARMONIC ELIMINATION AND ENERGY STORAGE
INTEGRATION
In our solved IEEE paper we used the 28-pulse AC to DC converter which was fed from an auto transformer with
14 supply phases. Here the auto transformer is used to convert 3 input phases into 14 phases. The current harmonics are
problems in AC-DC converters because they cause increased losses in the customer and utility components. Induction
motors are widely used in industry (70-80% of motors are induction motors) and are also known as main work-horse. The
evolution of solid state converters has led to their use in variable frequency drives (VFD) employing in various control
techniques such as vector control (VC) and direct-torque-control (DTC) due to their superior performance. These VFD's are
generally fed by 6-pulse diode bridge rectifiers which results in injection of harmonic currents into AC mains and does not
meet IEEE standard 519 [1] requirements.
The diode bridges connected in series for high voltage multilevel converter fed AC drives are reported by Wu [3]
up to 36-pulse AC-DC converters. The VFDs using different controllers are explained in the literature [4]. The harmonic
pollution created by these non-linear loads must be checked to meet the standard regarding limiting harmonics outlined by
IEEE-5 19 [1]. A number of isolated and non-isolated AC-DC converters for improved power quality are reported by Paice
[5]. Chen and Horng [6] have also described a 28-step current wave shaper for harmonic reduction but it has four diodes in
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the path of load current and needs more inter phase reactors. A 38-pulse converter is reported by Johnson et. al [7] for
meeting US navy requirement of input THD less than 300. A fork connection based 24-pulse AC-DC converter is described
by Singh et al [8] for power quality improvement in vector controlled induction motor drives. The configuration of 28-pulse
converter shown in figure 5.

Figure. 5 A 28-Pulse AC-DC Converter Using Polygon Autotransformer
A. Polygon Auto Transformer
The polygon auto transformer is just like multi winding transformer and is used to 14 phases from input 3 phase
supply. The 14 phases are given in two sets of 7 phases.
The AC power system harmonic problems are mainly due to the substantial increase of non-linear loads due to
technological advances, such as the use of power electronics circuits and devices. These loads draw non-sinusoidal currents
from electrical power systems which pass through different impedances in the power systems and produce voltage
harmonics. These voltage harmonics propagate in power systems and affect all of the power system components [1].
B. Design of Auto Transformer
Figure 6 shows the schematic of the proposed polygon autotransformer arrangement and its graphical
representation depicting angular position of various phasors. The phase angles of various phasors shown are:
Θ1 = 6.43°,
Θ2 = θ4 = θ9 38.57°,
Θ3 = θ5 = θ8 = 12.86°,
Θ6=10.71°,
Θ7 = 27.86°.

Figure .6 Auto Transformer Winding Arrangement.
Two seven-leg diode bridge converters I and II are connected to two sets of seven-phase output voltages at DB11,
DB12, DB13, DB14, DB15, DB16, DB17 and DB21, DB22, DB23, DB24, DB25, DB26, DB27.
These two sets are displaced by 12.860 from each other and at -6.43° and +6.43° respectively from input voltage of phase A.
The number of turns for every winding is determined as a function of the supply phase voltage, VA. These winding voltages,
as marked in Fig. 4b, are expressed by following relationships.
C. Control Strategy of Energy Storage Integration Circuit
This section describes the proposed control strategy for the three current sources shown in Fig. 3. Our approach is
to control the currents is1 and is2 through the two inductors in Fig. 7. The control diagram of the system is shown in Fig. 8.
Similar to active power filter control, a simple proportional controller is used to act on the error between the references
is1_ref and is2_ref and the inductor currents is1 and is2.
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Figure.7 Equivalent circuit of the rectifier with the current sources included.

Figure.8 Control diagram.
The current references for the two inductors is1_ref and is2_ref are made up of three components. The first
component ensures the tracking of the triangular reference. The desired triangular references irec1_ref and irec2_ref are
generated by multiplying the averaged rectifier output current (Irec1 and Irec2) and the triangular reference which is
synchronized with the line voltage. The dynamics of the averaging can be fairly slow, since the result of a mismatch between
the estimated and actual values of IL simply results in real power injection/absorption by current source into the load during
the transient. The second component balances the voltages of the energy storage elements (batteries or capacitors) that
supply the current source. Since the voltage sources (CDC1 and CDC2 in Fig. 4) represent dc signals with fairly large time
constants, a proportional–integral control is used to ensure zero steady-state error. The third component is used to inject
active power into the dc bus from the energy source. Overall, the control is much simpler than that of the ac side active
power filters [14], [15].
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4. SIMULATION RESULTS
The simulation circuits related to both conventional and proposed systems are shown in the following
figures.

Figure .9 Simulation Circuit of Conventional System

Figure .10 Simulation Circuit of Proposed System

Figure .11 Simulation Circuit of Polygon Auto Transformer

Figure .12 Simulation of Control Circuit
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Figure .13 Output Voltage with Conventional System

Figure .14 Output Current with Conventional System

Figure .15 Output Power with Conventional System

Figure .16 THD Spectrum of Input Current in Conventional System

Figure .17 Fourteen Phases Output of Polygon Auto Transformer in Proposed System
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Figure .18 Output Voltage with Proposed System

Figure .19 Output Current with Proposed System

Figure .20 Output Power with Proposed System

Figure .21 THD Spectrum of Input Current in Proposed System

5. CONCLUSION
Based on design, simulation and test results, it is observed that power quality can be improved significantly by employing
the proposed polygon-connected autotransformer based 28- pulse AC-DC converter. The resulting 28-pulse converter has
exhibited high level of performance with clean power characteristics required for diode based front end rectifiers. The results
have shown that the total harmonic distortion of input current remains below 5% and power factor remains above 0.99 and
meets the requirements of IEEE-519 Standards. It is also been observed that the performance of the proposed system is far
better than the conventional 12-pulse rectifier based system.
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