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Abstract. Power quality issues and drive performance under dynamic conditions
are the major concern in traction. This paper proposes an active front-end con-
verter (AFEC) fed 6-φ voltage source inverter (VSI) driven induction motor (IM)
drive for traction. The AFEC at the 1-φ grid side and 6-φ VSI at the induction
motor side are controlled independently. The proposed converter overcomes the
power quality issues associated with the 1-φ diode bridge rectifier fed VSI-driven
induction motor drive and enhances the drive performance by reducing the torque
ripple. The control technique adopted over a 1-φ AFEC maintains UPF operation
at the grid side and DC-bus voltage is maintained constant under different load-
ing conditions of the induction motor drive. Moreover, the proposed technique
adopted over the AFEC mitigates 2f oscillation of the DC-bus voltage. The simu-
lation and experimental results are presented to evaluate the proposed converter’s
performance and control technique.

Keywords: Active front-end converter · UPF · DC-bus voltage control · 2f
oscillation · THD

1 Introduction

A 1-φ grid-connected AC-DC converter has drawn the attention of researchers and
industrial people towards their potential application in electric multiple units (EMUs)
[1, 2]. The traction system consists of a traction substation, catenary, pantograph, and
electric multiple units (EMUs). The 2f oscillation over voltage that causes blockage in
the EMUs is the main problem associated with the traction network [3, 4]. The main
cause of 2f oscillation is the mismatching of parameters between the electrical quantities
of the traction network and the control variables of the traction power converters. To
suppress 2f oscillation, different control techniques are adopted in the literature [5].

The auto disturbance rejection control (ADRC) is proposed to suppress 2f oscillation
in [6]. The ADRC has the inherent advantage of excellent adaptability and robustness.
The ADRC has good control performance when the inner parameters of the controlled
object are changed.

A typical EMU traction system that employs PWM rectifiers achieves sinusoidal
source current, UPF, and stable DC-bus voltage. In EMU PWM rectifiers, DC current
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Fig. 1. Schematic diagram of 1-φ to 6-φ (AC-DC-AC) converter fed IM drive.

injects because of the inconsistent switching characteristics and 2nd harmonic voltage
on the transformer’s primary side. The DC current saturates the core of the transformer
and distorts the source current. The current controller in EMU PWM rectifiers can solve
the problems highlighted below.

1. Source current shaping
2. Mitigation of the lower-order harmonics from the grid current.
3. Eliminate the DC current avoiding the transformer core saturation.

Different topologies of 1-φ to 3-φ (AC-DC-AC) converters are studied in the liter-
ature [7–9]. State-of-the-art 1-φ to 3-φ (AC-DC-AC) converters are discussed in [10].
A 1-φ AFEC fed 3-φ VSI-driven induction motor drive overcomes all the drawbacks
associated with the diode bridge-fed VSI. However, the advantages associated with
multi-phase drives add more robustness and reliability to their counterparts [11, 12].
The various advantages of the multi-phase induction motor mentioned in the literature
led to the motivation toward the 1-φ to a 6-φ power converter for traction.

The schematic diagram of a 1-φ to a 6-φ (AC-DC-AC) converter is shown in Fig. 1.
In a 1-φ to 6-φ converter two converters are cascaded in which the output of a single-
phase active front-end converter (AFEC) is the input to the 6-φ VSI fed IM drive.
The multiphase VSI fed induction motor has some distinct advantages: torque ripple
reduction, per-phase voltage rating of the switch reduced, and fault-tolerant operation.
The applications of such drives are traction and ship propulsion.

This paper proposes an independent control technique to control 1-φ AFEC on the
grid side and 6-φ induction motor on the VSI side. A closed-loop control technique is
proposed to control the AFEC at the grid side and an open-loop V/f control technique
is adopted on a 6-φ VSI-fed IM drive. The main advantage of the independent control
technique is that the modulating signals for switching the power converters at the grid
and load side are decoupled. Therefore, disturbance at the IM side doesn’t affect the
power converter performance on the grid side.

This manuscript is arranged as follows. In Sect. 2, control of 1-φ to 6-φ VSI is
discussed. In Sect. 3, the simulation results of the proposed research work are presented.

The experimental results are presented in Sect. 4. The conclusion of the proposed
work is discussed in Sect. 5.
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Fig. 2. Control technique of 1-φ to 6-φ (AC-DC-AC) converter fed induction motor drive.

2 Control Technique of 1-φ to 6-φ Converter

The control technique of 1-φ to 6-φ (AC-DC-AC) converter involves a closed-loop
control technique at the front-end side and an open-loop V/f control technique at the 6-φ
IM drive. The control technique of the complete system is shown in Fig. 2.

2.1 Control Technique of 1-φ AFEC

The control of a 1-φ AFEC consists of two loops. The DC bus voltage control loop is an
outer loop and the current control loop is an inner loop. The outer loop controls the DC
bus voltage to the set reference voltage (V*dc). Moreover, a single-phase phase-locked
loop (PLL) is required to estimate the grid voltage phase-angle and frequency. The phase
angle estimated by the PLL is used to synthesize the reference current (I*ref). The block
diagram of analysis shows that the system is stable.

The average model of the control technique is shown in Fig. 3(a). In the average
model, the current controller gain is considered as unity. The controller gains are defined
in (1)–(2) [13].

kv =
√
2CVdc

VrmsTv
(1)

k = VrmsTv√
2Vdc

(2)

Where Tv = 0.25 s is the time constant of the DC-bus voltage loop, C is the capacitance
of the DC-bus capacitor in μF, and Vrms is the RMS value of the grid voltage in V.
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Fig. 3. (a) Average model of the control technique. (b) Bode plot of the DC bus voltage control
loop.

The open loop transfer function of the DC-bus voltage control loop is given in (3).

G(s) = kvKTvs + kvk

s2TvC
(3)

Substituting the value of the controller gains in (3) yield (4).

G(s) = 0.0094s + 0.0376

0.02352
(4)

The Bode plot analysis of the DC-bus voltage control loop represented by (4) is
shown in Fig. 3(b). The Bode plot analysis shows that the system is stable.

2.2 Open-Loop V/f Control Technique of 6-φ VSI Driven Induction Motor

The control of stator frequency (fe) is essential for the variable frequency drive (VFD).
In volt/Hz (V/fe) control, the IM stator terminal voltage is required to be proportional to
stator frequency (fe) so that the flux (ψ) remains constant, neglecting the stator resistance
(Rs) drop. TheV/fe control technique of 1-ϕ to 6-ϕ (AC-DC-AC) converter-fed induction
motor drive is shown inFig. 2.Themodulating signals (V*a,V*b,…, andV*f) are directly
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generated from the frequency command (f*e) by the gain factor (G) to maintain the ψ

constant [14]. The gain factor is given in (5).

G = 1

ωe
× Vspu (5)

At low speed, the stator frequency (fe) becomes small, the stator resistance tends to
absorb the major amount of stator voltage, thus weakening the flux. The boost voltage
(Vo) is added so that the rated flux and corresponding full load torque become available
down to zero speed. The effect of Vo becomes negligible at higher frequencies.

3 Simulation Results

The simulation parameters are given in Table 1. The switching frequency is 10 kHz at
1-ϕ AFEC and 6-ϕ VSI sides. The motor parameters are given in Table 2. The reference
DC-bus voltage (V*dc) is set at 200 V. The source voltage and current and the DC-bus
voltage under different loading conditions of the induction motor are shown in Fig. 4(a).
It is evident from this figure that the UPF operation is achieved on the grid side.

Table 1. Simulation parameters.

Symbol Description Value unit

V*dc reference dc link voltage 200 V

C DC-bus capacitor 4700 μF

Vg grid voltage 100 v

fg grid frequency 50 HZ

Lg grid inductance 7 mH

Rg grid resistance 1 �

fs switching frequency 10 kHz

Table 2. 6-� Induction Motor Parameter

Symbol Description Value Unit

RS, Rr stator and rotor
resistance

5.17, 2.3 �

Lls, Llr stator & rotor
leakage inductance

20.8 mH

Lm magnetic inductance 215 mH

Pr Motor rated power 1.5 kW

Fr rated flux 0.35 wb

P pole pairs 2 -

RS, Rr magnetic inductance 5.17, 2.3 �
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Fig. 4. Simulation results of 1-φ to 6-φ converter for IM. (a) Grid voltage and current and DC-
bus voltage. (b) Stator current. (c) Electromagnetic torque. (d) Speed. (e) FFT analysis of the grid
current. (f) FFT analysis of the phase current.
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The stator current over the entire range of operation of the IM drive is shown in
Fig. 4(b). The electromagnetic torque and speed of the induction motor under different
loading conditions are shown in Fig. 4(c) and (d) respectively. The FFT analysis of the
grid current and stator current is shown in Fig. 4(e) and (f) respectively. The grid current
THD is 4.74% and the phase current THD is 0.92%.

4 Experimental Results

Alaboratory prototypemodel of a 1-φ to a 6-φVSI-driven IMdrive is designed anddevel-
oped in the laboratory. The prototype model is tested for a power rating equal to 250 W.
The control algorithm of the complete system is developed on TMS320F28379D DSP
Launchpad. The switching and sampling frequencies are 10 kHz and 20 kHz respectively.

Fig. 5. Experimental results. (a) Grid voltage, current, DC-bus voltage, and grid voltage phase-
angle. C1 (yellow): DC-bus voltage (50 V/div), C2 (red): grid voltage (50 V/div), C3 (blue):
grid current (5A/div), C4 (green): grid voltage phase-angle. X-axis-(Time): 20ms/div. (b) Stator
currents (ia, ib, ic, and id) of the VSI-fed 6-ϕ IM drive.
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The grid voltage and current are shown in Fig. 5(a). The UPF operation is shown
in this figure. The DC-bus voltage is shown in Fig. 5(a). The experimental result shows
that the proposed control technique is capable to eliminate 2f oscillation in the DC-bus
voltage. A single-phase SOGI-PLL is used to estimate the grid voltage phase-angle,
which is shown in Fig. 5(a). The stator currents (ia, ib, ic, and id) of the six-phase
VSI-fed IM drive are shown in Fig. 5(b).

5 Conclusion

The control technique adopted over a 1-φ to a 6-φVSI fed IM drive is capable to achieve
the UPF operation at the grid side while maintaining the DC-bus voltage constant under
different loading conditions of the IM drive. The 2f oscillation in the DC-bus voltage is
mitigated by the appropriate selection of the bandwidth of the DC-bus voltage control
loop. The efficacy of the proposed control technique is evaluated through the simulation
and experimental results.
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considering parameters and system uncertainties for suppressing low-frequency oscillations
of traction dual rectifiers,” IEEE Transactions on Transportation Electrification, vol. 7, no. 3,
pp. 1031–1046, Sept. (2021).

6. Cecati, C., Dell’Aquila, A., Liserre,M.,Monopoli, V.G.: Design ofH-bridgemultilevel active
rectifier for traction systems, IEEE Trans. on Indus. Appl., vol. 39, no. 5, pp. 1541–1550,
Sept.-Oct (2003).

7. Dewan, S., Showleh, M.: A novel static single-to-three-phase converter, IEEE Trans. magn.,
vol. 17, no. 6, pp. 3287–3289, Nov (1981).

8. dos Santos, E. C., Rocha, N., Jacobina, C. B.: Suitable single-phase to three-phase AC–DC–
AC power conversion system, IEEE Trans. on Power Electron., vol. 30, no. 2, pp. 860–870,
Feb. 2015.



140 A. Kumar et al.

9. Kumar, A., Aware, M. V., Umre, B. S.: Single-phase to three-phase power converter with
reduced DC-link voltage ripple and grid current harmonics, IEEE Trans on Industry Appl.,
vol. 57, no. 1, pp. 664–672, Jan.–Feb (2021).

10. Santos, E. C., Jacobina, C. B., Silva, E. R.: Single-phase to three phase power converters:
state of the art, IEEE Trans. Power Electron., vol. 27 (2012).

11. Levi, E.: Multiphase electric machines for variable-speed applications, IEEE Trans. on Ind.
Electron., vol. 55, no. 5, pp. 1893–1909, May (2008).

12. González-Prieto, A., González-Prieto, I., Yepes, A.G., Duran,M. J., Doval-Gandoy, J.: On the
advantages of symmetrical over asymmetrical multiphase AC drives with even phase number
using direct controllers, IEEE Trans. on Ind. Electron., vol. 69, no. 8, pp. 7639–7650, Aug
(2022).

13. Kumar, A., Aware, M. V., Umre, B. S., Waghmare, M. A.: Comparative performance analysis
of single-phase grid-connected converters, 2021 IEEE 2nd International conference on smart
technologies for power, energy, and control (STPEC), pp. 1–6 (2021).

14. Bimal, K. B.: Modern power electronics and AC drives.: PHI Learning (2011).

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by-nc/4.0/

	Single-Phase to Six-Phase (AC-DC-AC) Converter for Traction
	1 Introduction
	2 Control Technique of 1-ϕ to 6-ϕ Converter
	2.1 Control Technique of 1-ϕ AFEC
	2.2 Open-Loop V/f Control Technique of 6-ϕ VSI Driven Induction Motor

	3 Simulation Results
	4 Experimental Results
	5 Conclusion
	References




