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Abstract—There exists two well known types of power transfer
ac or dc. Power transfer at multiple frequencies has not yet gained
much attention. This paper aims at bringing out such topologies,
which are capable of integrating different electrical power sources
(ac or dc) irrespective of its frequency of generation, form
a multi-frequency bus, transmit power over a single line and
extract/convert them at the load side. This leads to the definition
of unified utility/grid concept. For this, the paper presents more
insight into three possible multi-frequency converter topologies
with renewable energy sources (RESs)/battery integration. The
proposed topologies work on the principle of orthogonal power
transfer. Furthermore, power transfer at multiple frequencies
shows an effective way of decoupling the individual sources
of the system. Finally, the feasibility of transferring power at
multiple frequencies is validated experimentally and the results
are discussed herein along with its potential benefits.

Index Terms—Energy management, Multi-frequency, Multi-
functional converter, Orthogonal power transfer, Renewable
energy source, Smart-grid, Unified ac-dc, Zig-zag transformer.

I. INTRODUCTION

HARNESSING electricity from the renewable energy
sources (RESs) has drawn attention in recent times

and is crucial to meet the global sustainable development
goals. With the increased integration of RESs and the massive
penetration of distributed generators (DGs), efficient energy
management has become more complex than ever before. For
integrating the diverse categories of sources and loads, various
multi-port converter solutions have been reported [1], [2]. The
major challenges in these systems are minimizing the interac-
tion among individual sources and providing flexibility in the
power-flow management. To address these challenges, systems
having transformer with separate winding for each port have
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Fig. 1. (a) Multi-frequency power system, (b) Power spectrum (ac or dc).

been reported [3]–[6], where all the sources are galvanically
isolated. Typically, time division multiplexing techniques have
been employed to minimize the interaction among multi-
ple sources of the system. However, by using time-sharing
schemes, only one source is allowed at a time to transfer
energy to the load, thereby limiting the power rating of overall
system [7], [8]. Alternately, researchers have investigated the
possibilities to integrate RESs and minimize interaction among
the sources by transferring power at multiple frequencies.
Decoupled power transfer at distinct frequencies have been
reported in [9]–[11]. The use of multiple frequencies for
signal transmission is a well established technique in the radio
communication and television broadcasting systems. However,
the use of multiple frequencies for transferring electrical
power did not receive notable attention and remained single
frequency based on all application levels. This paper discusses
the various multi-frequency (MF) operations associated with
multi-frequency power electronic converter (MPEC)s and their
benefits over their single frequency counterparts such as the
multiport power electronic interface (MPEI) that integrates
multiple sources [1], [2].

The concept of transferring electrical power at multiple
frequencies is similar to that of the radio-signal broadcasting
system, where multiple frequencies are used to decouple
various transmitted signals and provide point to point flex-
ible signal transmission. In an analogous way, this paper
investigates three possible converter topologies for flexible
integration of RESs by transferring electrical power at multiple
frequencies over a common line and extract/convert them at
the load side. Table I(a) shows the analogy between a radio
broadcasting system and the proposed multi-frequency (MF)
power transfer system. Concept of the proposed multi-port
multi-frequency system is shown in Fig. 1(a), where a unique
power transmission frequency is assigned to each source
and the sources transfer power only at their pre-assigned
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TABLE I
(A) ANALOGY BETWEEN RADIO COMMUNICATION SYSTEM AND MULTI-FREQUENCY POWER TRANSFER SYSTEM

(B) COMPARISON OF EXISTING AND PROPOSED POWER TRANSFER SYSTEMS

Radio signal
broadcasting system

Proposed power
transfer system

Audio source-
speaker Electrical energy source

Message signal Electrical power

Modulator Source-side power con-
verter

Common
transmission
medium-air

Common transmission
medium-conductive wires

Demodulator Load-side power converter
Listener (Receives
audio signal)

Load (Receives electrical
energy)

(a)

Criteria AC power
system

DC power
system

Multi-frequency
power system

Selective power
transmission No No Yes

Simultaneous power
transmission No No Yes

Cost of converter sta-
tion

Less than DC
power system Reference Same as DC

power system

Cost of line High Low Existing lines are
used

Maturity of technol-
ogy Well-established Well-established Upcoming

Flexibility Low Medium High

(b)

power transmission frequencies. Thus by transferring power
at distinct frequencies, the individual sources do not interfere
with each other, as shown in Fig. 1(b). The basis of the work
is that power at distinct frequencies do not interact ‘by nature’.

The conventional AC and DC power systems are popularly
used in today’s transmission grid, but they do not provide
flexibility to selectively transfer power from any desired source
terminal to any desired load terminal. In the proposed multi-
frequency (MF) system, power transmission is decoupled into
multiple independent power channels. Each of these decou-
pled power channels share the common power transmission
path, but still remain isolated with each other. The use of
existing power transmission lines reduces the installation cost
of proposed MF system. Further, the operational cost in the
proposed MF system is reduced as it provides simultaneous
transmission of low and high quality power over common line.
This leads towards a more reliable and manageable power
system and opens the gate to distinguish between different
types of power, for instance by labeling green power and gray
power by using a different power transmission frequency. In
this way, the proposed MF system puts a healthy economical
challenge to the existing AC and DC power systems and needs
further investigations. Table I(b) compares the conventional
and proposed MF power systems.

Fig. 2 shows that the various multi-frequency (MF) power
conversion systems, reported in the literature, can be broadly
classified into two categories i.e. power transfer systems em-
ploying more than two frequencies and combined/superposed
ac-dc power transfer systems. Power transfer at multiple
frequencies have been implemented in various applications e.g.
high-voltage dc-dc converters [9], [10], smart-grid [11]–[13],
wireless power transfer [14], [15], ac motor drives [16], etc,.
In [10], an additional frequency is used to implement nestled
secondary power loop in a modular multilevel converter (M2C)
to add multiple sources to M2C. In [11], a MF based smart-
grid system with renewable integration is proposed. This
system can selectively cater the loads operating at different
frequencies. It employs tuned passive filters as the key element
to enable frequency decoupling. But the use of passive filters
limits the flexibility in power management. In [12], MF

operation of a smart transformer (ST) based distribution grid
is investigated. In [13], a unified ac-dc (UACDC) microgrid is
proposed based on solid state transformer (SST). It employs a
universal ac-dc converter at the load end to deliver power at the
desired frequency. In [14], [15], multi-frequency (MF) voltages
are generated for the wireless charging of vehicles. In [16],
novel topologies are proposed for an ac drive to realize a unity
power factor single-phase to three-phase MF converter with
a motor load. A combined/superposed ac-dc power transfer
system is a special case of MF power conversion systems,
where the available dc power is superposed onto the ac power
and transmitted simultaneously over the same lines. The first
experiment on combined ac-dc power transfer was performed
in 1953 for high-voltage power transmission system [17] and
subsequently more studies were reported in the literature
[18]–[24]. The most common practice is to employ a zig-
zag transformer with a neutral connection, in order to inject
and extract the dc components at the sending and receiving
ends, respectively. Zig-zag transformer is also employed in
the combined/superposed ac-dc power system to integrate
auxiliary sources e.g. solar photovoltaic (PV), battery, etc,. In
[25], [26], dc sources are interfaced with the three-phase ac
lines without the use of additional interlinking dc-ac and ac-
dc converters at the sending and receiving ends, respectively.
Using similar philosophy, a unified ac-dc (UACDC) multi-
functional topology is derived in [27] to integrate low volt-
age (LV) photovoltaic (PV) with a three-phase ac-grid. This
topology integrates both the ac and dc sources using a line-
frequency zig-zag transformer and a single three-phase four-
leg multi-functional PWM converter. The topology proposed in
[27], is thereby advantageous over the conventional approach
of integrating RES [28]–[30], which employs an additional
high-gain complex dc-dc converter to interface the low voltage
PV with the high-voltage common dc bus. Combined ac-
dc power transfer is also employed in hybrid/battery electric
vehicles (HEV/BEV) [31]–[34], where the battery acts as an
auxiliary source or the primary source, respectively. In [32],
[33], battery is integrated with the main ac source using a boost
chopper circuit in addition to a three-phase PWM converter. In
[34], a single three-phase three-leg PWM converter is used to
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Fig. 2. Generalized classification of multi-frequency based power conversion systems and their application areas.

integrate the battery with the main ac source by implementing
a UACDC control strategy. This strategy eliminates the need
for an additional high-gain dc-dc boost converter, reducing size
and weight of the power converter system. In [35], flexible
converters are proposed to superimpose ac and dc voltages
for specific applications such as electric precipitation, and
production of ultra uniformly-sized silica particles.

This paper discusses three types of multi-frequency power
electronic converter (MPEC) systems, where different sources
are integrated, power is transmitted at multiple frequencies
over a common transmission line and extracted/converted at
the receiving end. Using the proposed MPEC topologies,
following benefits are availed by transferring power at multiple
frequencies i.e.

1) integration of arbitrary number of sources and loads.
2) simultaneous but mutually independent power transfer

from individual sources over existing transmission lines.
3) flexible power exchange between any source and load.
4) reduced component count and improved power density

through effective utilization of the integrated leakage
inductance of a zig-zag transformer/alternator stator
winding for PV/battery integration, respectively.

The paper is organized as follows. Section II discusses
the generalized architecture of frequency-decoupled multi-port
MPEC system along with the theoretical background for the
orthogonal power flow. In Sections III–IV, architectures of
multi-functional MPEC systems are discussed which unify
ac-grid/alternator (50 Hz) and PV/battery (0 Hz) using a
single multi-functional PWM converter. Suitable modulat-
ing strategies are derived for the proposed multi-functional
MPECs and are verified using simulation results. In Section
V, experimental results are furnished to validate the principles
of MF based power transfer operation of the proposed MPEC
systems. Finally, this paper is concluded in Section VI.

II. FREQUENCY-DECOUPLED MULTIPORT MPEC
Block diagram of proposed frequency-decoupled multi-port

system having n-source and m-load terminals, is depicted in
Fig. 3(a). In this system, identical power electronic interface
(PEI) modules are used for interfacing multiple sources and
loads. A unique power transmission frequency ‘fT ’ is assigned
to each of the energy sources (either ac or dc) to achieve
decoupled power transfer from the individual sources of the
system. Each source generates a voltage at a distinct power
transmission frequency ‘fT ’, assigned to it and thereby a MF

bus voltage ‘vbus’ is generated. Identical power electronic
interface (PEI) modules at the load side are used to draw
current ‘i’ of any desired frequency ‘fi’ from the multi-
frequency voltage bus ‘vbus’.

Fig. 3(b) shows the circuit diagram of common power
electronic interface module to integrate sources and loads. It
consists of two cascaded H-bridge converters. This common
circuit is used to integrate all sources (ac or dc) and loads. By
using identical PEI modules, the system can be extended to
integrate arbitrary number of sources and loads. The H-bridge-
1 acts as an ac-dc rectifier or dc-dc converter at the source side
and operates as a current controlled unity power factor (UPF)
boost rectifier at the load-side. The H-bridge-2 functions as an
inverter module as shown in the Fig. 3(b). The loads connected
to the MF bus, can draw current at any programmed frequency
from the MF voltage bus by using the corresponding load-side
power electronic interface module. In the system shown in
Fig. 3(a), if the frequency of voltage generated by any source-j
is equal to the frequency of current drawn by load-k, only then
average power is transferred from source-j to load-k, otherwise
zero average power is transferred from source-j to load-k. In
this way, through appropriate frequency tuning, each load can
selectively draw power from any desired source.

Fig. 4 shows the flow chart of proposed frequency decoupled
power management scheme. This flow chart discusses the op-
eration of power electronic interface (PEI) module to integrate
ac and dc sources and operation of PEI at source and load-side.
By using this power management scheme, the multiple sources
simultaneously transfer power over the common medium i.e.,
same transmission line but they remain functionally decoupled
from each other. Table II compares the various decoupling
schemes. The proposed system shows adaptive impedance
tuning, as the load-side hysteresis current controlled boost
rectifiers can draw current at any desired frequency from
MF bus voltage. The advantages of the proposed system,
compared to the system reported in [11] are summarized as:
(i) the proposed system is modular in structure with identical
source-side and load-side power electronics interface modules,
(ii) independent control of power transfer at distinct frequen-
cies, (iii) flexibility to selectively transfer power from any
desired source terminal to any desired load terminal without
changing system’s architecture and (iv) online dynamic power-
flow management i.e., in case of a particular source failure,
corresponding load demand can be fulfilled by other available
source of the system.
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Fig. 3. (a) Block diagram of proposed frequency-decoupled multi-port system, (b) Circuit diagram of power electronic interface (PEI) module for integrating
source and load. (c) Equivalent circuit diagram of multi-frequency power electronic converter (MPEC) system, consisting of n-sources and m-loads.

TABLE II
PERFORMANCE COMPARISON OF DECOUPLING TECHNIQUES

Decoupling
schemes

Multi-winding
transformer

schemes
[3], [4]

Multiple
transformer

schemes
[5], [6]

Time-
sharing
schemes
[7], [8]

AC+DC
power
system

[11]

Proposed
MF-based

scheme

Simultaneous power transfer
from sources

Yes Yes No Yes Yes

Modular structure No Yes No No Yes
Online source-load pairing No No Yes No Yes
Online source-failure
management

No No Yes No Yes

Flexibility in power flow
management

Low Low Medium Medium High

Impedance tuning Fixed Fixed Fixed Fixed Adaptive

A. Equivalent circuit

Fig. 3(c) shows the equivalent circuit diagram of the pro-
posed n-source m-load multi-frequency power electronic con-
verter system, depicted in Fig. 3(a). The source-side circuit has
series-connected dependent voltage sources, whose frequen-
cies can be controlled independently under the assumption
that each of these dependent voltage sources has a very
large current capacity. Consequently, MF bus voltage ‘vbus’
is generated and loads are connected across it. In the load-
side circuit, multiple loads and their power electronic inter-
face modules are represented as dependent current sources,
whose frequency can be independently controlled to achieve
frequency-decoupled power transfer from any desired source
to any desired load of the system.

B. Principle of orthogonal power transfer

The principle of orthogonal power transfer is the basis for
all MF power conversion systems. According to this principle,
active power is transferred from a source to a load only if the
voltage across the load and current through the load contain
terms at the same frequency in their Fourier series expansion;
otherwise the average power transferred from the source to
the load is zero [9]–[11]. By using Fourier analysis, any non-
sinusoidal voltage and current can be expressed as the sum of
different sinusoidal functions as:

v(t) = Vo +
∑∞

n=1

√
2Vncos (nωt+ θn) (1a)

i(t) = Io +
∑∞

n=1

√
2Incos (nωt+ φn) (1b)

The active power resulting from this non-sinusoidal voltage
and current can be expressed as follows:

P = VoIo +
∑∞

n=1
VnIncos (θn − φn) (1c)

The power resulting from non-sinusoidal voltage and current
is maximum only if the condition: (θn−φn) = 0, is fulfilled.
Consider that fT1, fT2, . . . fTn are the frequencies of the
voltage sources and fi1, fi2, . . . fim are the frequencies of
currents drawn by m loads. Then the different voltages and
currents in Fig. 3(c), can be expressed as:

vj(t) =
√

2Vjcos
(
2πfTjt+ φj

)
j = 1, 2, 3, . . . , n (2a)

ik(t) =
√

2Ikcos (2πfikt+ θk) k = 1, 2, 3, . . . ,m (2b)

Thus the MF bus voltage and bus current are:

vbus(t) =
(
v1(t) + v2(t) + v3(t) + . . . vn(t)

)
(3a)

ibus(t) =
(
i1(t) + i2(t) + i3(t) + . . . im(t)

)
(3b)

The average active power delivered by any source-j (j =
1, 2, . . . , n) and the average active power drawn by any load-k
(k = 1, 2, 3, . . . ,m) in Fig. 3(c), are:

PSource−j =
1

T

∫ T

0

(
vj(t)ibus(t)

)
dt (4a)

PLoad−k =
1

T

∫ T

0

(
vbus(t)ik(t)

)
dt (4b)

Thus with zero phase shift and ‘fik = fTj’, we have

(PLoad−k)k=1,2,...m =
(
PSource−j

)
j=1,2,...n

(5)

Equations (1) to (5) show that if the current drawn by any load-
k and the voltage generated by any source-j have the same
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Fig. 4. Flow chart of proposed frequency decoupled power management
scheme.

frequency with no phase difference, resulting in: fik = fTj
and (θn - φn) = 0, then load-k draws average power only from
source-j. Thus, similar to radio broadcasting system, by tuning
the frequency (fik) of the current (which is drawn by any
load-k) equal to the frequency of any desired voltage source-j
(fTj) and with no phase difference (θk - φj) = 0 condition,
power can be selectively transferred from any desired source
port to any desired load terminal without interfering with any
other sources and loads of the system. In this way, decoupled
power transfer is achieved by transferring power at multiple
frequencies. This frequency-decoupling scheme for power flow
management can be used for the system consisting of arbitrary
numbers of sources and loads.

C. Circuit to demonstrate flexible power management by
transferring power at multiple frequencies

Fig. 5 shows the circuit diagrams of three-source one-load
and two-source two-load interconnected systems, considered
as two design examples to demonstrate frequency decoupled
flexible power transfer from the sources. Fig. 5(a) shows the
simplified circuit to integrate three sources and one load. This
circuit is derived from the generalized structure as shown
in Fig. 3(a). Power transmission frequencies of 100 Hz,
300 Hz and 500 Hz are assigned to source-1, source-2 and
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Fig. 5. Circuit diagrams to demonstrate the orthogonal power transfer
at (a) 100 Hz, 300 Hz, and 500 Hz, (b) 100 Hz and 500 Hz.

source-3 respectively. To observe the impact of current i drawn
by load-side boost rectifier on the sources, H-bridge-1 at
source-side PEI is kept uncontrolled as shown in Fig. 5(a).
For dc load, H-bridge-2 is not used at load-side PEI. Under
Section II-D, this system is simulated using PSIM to show the
flexibility in power management.

Fig. 5(b) shows the circuit diagram of two-source two-
load interconnected system. Here, a unique power transmission
frequency of 100 Hz is assigned to source-1 and power
transmission frequency of 500 Hz is assigned to source-2
(fT1 = 100 Hz and fT2 = 500 Hz) to demonstrate decoupled
power transfer at two distinct frequencies. For interfacing the
dc sources, H-bridge-1 of Fig. 3(b), is switched to act as
a dc-dc boost converter, which is shown in Fig. 5(b). To
experimentally validate the decoupled power transfer from two
sources, the loads are connected across the multi-frequency
(MF) voltage bus with the help of tuned passive filters. In this
design example, current control of the two boost converters are
not used; in stead the switches SW-1 and SW-2 are operated
at fixed duty ratios of D1 and D2, respectively at a switching
frequency of fsw. The expressions for average source-side
inductor currents (IL1, IL2) and average value of capacitor
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(a) (b) (c) (d)

Fig. 6. Steady-state waveforms (a) multi-frequency voltage generation, (b) power supplied by only source-1, (c) power supplied by only source-2, and (d) power
supplied by only source-3.

TABLE III
SIMULATION PARAMETERS

Parameter Value

Source voltage Vg1, Vg2, Vg3 100 V, 100 V, 100 V
Assigned power transmission
frequencies to sources

fT1 = 100 Hz, fT2 = 300 Hz,
fT3 = 500 Hz

L1, L2, L3 3.3 µH
C1, C2, C2, Co 500 µF
Inductance (L) 1 mH
Load resistance (RL) 1000 Ω

Switching frequency 15 kHz

voltages (V C1, V C2) are:

IL1 =
Pg1rated

Vg1
, IL2 =

Pg2rated

Vg2
,

V C1 =
Vg1

(1−D1)
, V C2 =

Vg2
(1−D2)

 (6a)

where, Pg1rated and Pg2rated are the rated power of source-1
and source-2, respectively. The expressions for the required
values of boost inductances (L1, L2) and output dc bus
capacitances (C1, C2) are:

L1 ≥ Vg1D1

∆iL1fsw
, L2 ≥

Vg2D2

∆iL2fsw
,

C1 >
Pg1rated

ωT1V C1∆VC1

, C2 >
Pg2rated

ωT2V C2∆VC2

 (6b)

where, ∆iL1, ∆iL2, ∆VC1 and ∆VC2 are the peak to peak
ripple in inductor currents and capacitor voltages for the two
front-end boost converters. ωT1 and ωT2 are the fundamental
angular frequencies of inverter output voltages vac−1 and
vac−2, respectively. The cut-off frequency (fc) and bandwidth
(∆fc) of the tuned band pass filter and band stop filter are
given as:

fc =
1

2π
√
LsCs

, ∆fc = (fc2 − fc1) (6c)

where, fc =
√
fc1fc2. Using the above expressions, filter

parameters (Ls and Cs) are determined for the band stop and
band pass filters and shown in Table VI. In this way, source-
1 and source-2 generate voltage at frequencies 100 Hz and
500 Hz, respectively and load-1 and load-2 draw current at

(a) (b)

Fig. 7. Current and voltage waveforms (a) switching load demand from
source-1 to source-2 at t = 0.6 s and (b) switching load demand from source-3
to source-1 at t = 0.8 s.

frequencies 100 Hz and 500 Hz, respectively by using the
tuned passive filters. Therefore, load-1 draws average power
only from source-1 and load-2 draws average power only from
source-2, which is shown in equation (5) and later validated
experimentally in Section V-A.

D. Concept validation through simulation

The system shown in Fig. 5(a) is simulated using PSIM to
validate the effectiveness of the proposed frequency decoupled
power management scheme. The simulation results verify
integration of arbitrary number of sources and loads and
flexibility in power management. The simulation parameters
are shown in Table III.

1) Steady-state performance: Under steady state condition,
a multi-frequency (100 Hz, 300 Hz and 500 Hz) voltage is
generated as shown in Fig. 6(a). The source currents and load
voltage waveforms are observed by changing the frequency
(fi) of current drawn by load-side hysteresis current controlled
boost rectifier and are shown in Figs. 6(b)–(d). iUB and
iLB represent the upper and lower hysteresis band limits,
respectively. These results show that by properly tuning the
current’s frequency (fi), a load can selectively draw power
from any desired source and remains independent from the
other sources of the system.

2) Dynamic performance: Fig. 7 shows shifting of load
demand from one source to the other. For this, the frequency

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on February 22,2021 at 08:02:35 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3019730, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 7

va ls ia

vb ls ib

vc ls ic

Tap

Tan

Tbp

Tbn

Tcp

Tcn

Cdc

Inverter

IM

PV

High-gain, high-efficiency
DC-DC converter with

MPPT control
Cpv

(a)

n

vA

vB

vC

Tap

Tan

Tbp

Tbn

Tcp

Tcn

Tdp

Tdn

m
Cdc

L
oa
d

ia

ib

ic

PV
DC-DC

Converter with
MPPT control

Cn

in

(b)

+
−

V1 6 0◦

Vpv

Ia r jωL
+
−

+−

−

+

MVdc
2
6 −δ

Vdc
2

MVdc
2
6 −δ

Vdc
2

(1−D)Vdc

DVdc

Cdc

Vdc L
oa
d

Tap

Tan

Tdp

Tdn

(c)

Fig. 8. (a) Conventional approach [36] to integrate solar photovoltaic (PV) in a variable frequency drive (VFD) system, which integrates low voltage PV
output to the high voltage common dc bus using a high-gain dc-dc converter, (b) A unified ac-dc (UACDC) approach [27] to integrate low voltage solar PV
with ac-grid using a line-frequency zig-zag transformer and multi-functional MPEC, thus eliminating the need of a high-gain dc-dc converter, and (c) Per-phase
equivalent circuit of a three-phase four-leg PWM converter with the proposed modulation scheme for superposed ac-dc power transfer.

(fi) of current i is changed. This is achieved by changing the
frequency of reference current waveform of hysteresis current
controller. Fig. 7(a) shows the three source current waveforms
by changing the frequency (fi) of current i from 100 Hz to
300 Hz. This result shows that by changing the frequency
of current i, load power demand is switched from source-1
to source-2 at t = 0.6 s. Similarly, Fig. 7(b) shows that by
changing the frequency (fi) of reference current waveform
from 500 Hz to 100 Hz at t = 0.8 s, load power demand is
switched from source-3 to source-1 at t = 0.8 s.

III. THREE-PHASE FOUR-LEG PWM CONVERTER BASED
MULTI-FUCNTIONAL MPEC

Three-phase pulse width modulated (PWM) rectifiers are
commonly employed as the front-end ac-dc converters in high-
power applications such as variable frequency drive (VFD)
[37], uninterrupted power supply (UPS), battery electric ve-
hicle (BEV), etc,. Due to increasing penetration of renewable
energy source (RES) and distributed energy storages (DES),
it is conventional to integrate the auxiliary sources at the high
voltage (HV) dc bus of the PWM converter [36]. Fig. 8(a)
shows such an application, where the dc-dc converter is
required to extract the electrical energy from solar PV and
feed the available power to the common high voltage dc bus.
However, renewable energy source like solar photovoltaic (PV)
is preferred to be operated at low voltage (LV) levels to comply
with the safety regulation. Integrating a low voltage solar
PV to the common HV dc bus, will necessitate for complex
high-gain, high-efficiency boost converters [28], [29]. As an
alternative to the extant solutions, this paper proposes a MPEC
system, which integrates power transfer from both the low
voltage solar PV and three-phase ac-grid, using a four-leg
PWM converter and a zig-zag transformer.

A. Proposed MPEC system: low voltage solar PV integration
with three-phase ac-grid

Fig. 8(b) shows the proposed MPEC system, which uses a
three-phase four-leg PWM converter and a line frequency zig-
zag transformer. It integrates the low voltage PV through the
neutral connection of line-frequency zig-zag transformer and
employing a suitable modulating strategy of the fourth leg of
PWM converter. The proposed scheme therefore interfaces low
voltage PV with the common high voltage dc bus without the
need of a high-gain dc-dc converter and enables unified ac-dc
(UACDC) power transfer from both the ac (50 Hz) and dc

(0 Hz) sources. The solar PV is succeeded by a maximum
power point tracking (MPPT) converter, which extracts the
maximum power available from the PV. The proposed MPEC
allows to maintain a low voltage across the output dc bus
capacitor (Cpv) of the MPPT controller. Therefore, the dc-dc
converter, functioning as MPPT controller, does not need to
be of high-gain, thereby simplifying its design and achieving
high efficiency during maximum power transfer from PV.

In the conventional scheme shown in Fig. 8(a), front-end
line inductors (ls) are essential for implementing of the PWM
converter operation. The proposed scheme shown in Fig. 8(b),
utilizes the transformer leakage inductances as the integrated
boost reactances, required for the PWM converter operation.
The novel magnetic design of the zig-zag transformer, there-
fore, eliminates the need for bulky front-end line-frequency
inductors, reduces the total component count and improves
overall power density of the MPEC converter.

B. Equivalent circuit and principle of operation

Fig. 8(c) illustrates the per-phase equivalent circuit of a
three-phase four-leg PWM converter. The switches are re-
placed with their respective equivalent potential drop based
on the modulation technique in [27]. Modulating waveforms
in each leg of the three-phase four-leg PWM converter, are
defined as

mx = Msin (ωt− θx) (7a)
md = D (7b)

where, x = a, b, c and M denotes the modulation index for
power transfer from the ac source and θa = 0, θb = 120◦ and θc
= 240◦, for a–b–c phases, respectively. For power transfer from
the dc source using neutral injection, modulating signal in the
fourth switching leg Td of PWM converter is defined as shown
in (7b) where, D is the average duty cycle for power transfer
from the dc source. Assuming a forward power transfer i.e.
power is transferred from the ac-grid to the PWM rectifier, the
ac component of current in phase ‘a’ is calculated as

Ia1 =
(V1∠0− V2∠−δ)

jωL
(8a)

where, V1 and V2 are the RMS magnitudes of the grid and
PWM converter voltages, respectively. During forward power
transfer, the instantaneous PWM converter voltage is assumed
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Fig. 9. (a) Experimental prototype and its (b) zoomed view of interleaved winding arrangement of the 1 kW, 415/130 V, 50 Hz zig-zag transformer prototype,
Operation of the line-frequency zig-zag transformer is schematically illustrated with (c) power transfer from ac source, and (d) dc source.

to lag the ac-grid voltage by a power transfer angle of δ. The
dc component of current in phase ‘a’ is calculated as

Io =

(
Vpv − Vdc (0.5−D)

)
r

(8b)

where, Vpv denotes the dc voltage available at the output of
the MPPT converter, as indicated in Fig. 8(b). Because of the
presence of ac and dc excitations, current in a given phase
can be determined using the superposition theorem. Adding
(8a) and (8b), the resultant current in phase ‘a’ due to both
ac and dc sources, is obtained ia = (Io + ia1). The neutral
current injection is Ipv = 3Io. Expression in (8b) shows that
suitable modulation strategy of the additional fourth leg makes
it possible to integrate low voltage solar PV, having voltage
magnitude less than Vdc/2.

C. Integrated magnetic design for the proposed MPEC

To experimentally validate the proposed MPEC system,
1 kW, 415/130 V, 50 Hz, delta/zig-zag transformer prototype
is built, which is shown in Fig. 9(a). The novel magnetic
design approach for the line-frequency zig-zag transformer
design is proposed and verified with the help of 2-D FEM
analysis in [38]. Due to brevity, only the salient features
of the transformer design are discussed here. In addition
to the galvanic isolation and power conversion, the zig-zag
transformer offers high winding leakage inductances, which
are utilized as the integrated boost inductances for the PWM
operation. It eliminates the bulky line reactors, otherwise re-
quired in a conventional design, reduces the component count
and thereby improves the overall power density of MPEC
system. During superposed ac-dc power transfer, operation of
the line-frequency zig-zag transformer is explained below.

1) During power transfer from the ac source: In this mode
of power transfer, both the primary and secondary windings
conduct and their leakage inductances are utilized for the
PWM converter operation, which is illustrated in Fig. 9(c).
Analysis in [38] shows that 0.03 pu of leakage inductance is
integrated into the transformer design. While referred to the
secondary side of the zig-zag transformer, it translates to Lacσ
= 1.61 mH (≡ 0.03 pu), which is used as integrated boost
inductance for ac power transfer and limits the peak-to-peak
current ripple within 10% of the rated value.

2) During power transfer from the dc source: In this
mode of power transfer, dc power is injected through the
neutral point and only the zig-zag windings conduct; therefore
its leakage inductance is utilized for the PWM converter
operation, as depicted in Fig. 9(d). Analysis in [38] shows

TABLE IV
SIMULATION PARAMETERS

Parameter Value

Rated output power (Po) 55 kW
Input ac voltage (L-L) (Vac) 440 V
Per phase transformer resistance (rs) 0.5 Ω
Per phase transformer leakage inductance (ls) 6 mH
DC bus voltage (Vdc) 1250 V
DC bus capacitance (Cdc) 1000 µF
Load resistance (RL) 28 Ω

Neutral point voltage (Vpv) 200 V

that 0.12 pu of leakage inductance is integrated into the zig-
zag winding sections. While referred to the secondary (low
voltage) side, it translates to Lpvσ = 6.21 mH (≡ 0.12 pu),
which is utilized as the integrated boost inductance for dc
power transfer.In the proposed MPEC system, high value of
boost inductance is desired as it integrates low voltage solar
PV (Vpv = 48 V) to the common high voltage dc bus (Vdc =
300 V) of the PWM converter. This is achieved with the help
of an interleaved winding arrangement shown in Fig. 9(b),
where the primary (high voltage) winding is placed between
sections of secondary (low voltage) windings.

3) Optimal design of zig-zag transformer: It is desirable
that the zig-zag transformer should offer the required winding
leakage inductances as well as exhibit an overall good effi-
ciency. An optimal design of the 1 kW zig-zag transformer is
derived in [39] with the help of an iterative design methodol-
ogy. It employs a parametric sweep to find the optimal pair of
flux density and winding isolation distance and thereby derive
the design parameters of the optimal transformer design.

D. Concept validation through simulation

The simulation study of the proposed three-phase four-leg
MPEC is carried out in MATLAB/Simulink. Table IV shows
the simulation parameters. Fig. 10 shows the waveforms of
the three-phase input voltages and currents, dc bus voltage
(Vdc) and capacitor current (idc). It is apparent that the input
current to the PWM converter in each phase is superposed
ac-dc in nature e.g. while transferring an output power of
55 kW across the dc bus, the per phase current consists of a dc
component of 13 A (0 Hz) and an RMS ac component of 74 A
(50 Hz). The simulation results demonstrates that the available
power is simultaneously derived from both the ac-grid and
PV sources at frequencies of 50 Hz and 0 Hz, respectively
using the proposed MPEC system. Furthermore, a laboratory-
scale prototype of the proposed three-phase four-leg MPEC
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Fig. 10. Performance of the proposed three-phase four-leg MPEC converter
(Simulation conditions: Total load: 55 kW; Power from ac-grid: 46.25 kW;
and Power from PV source: 8.25 kW).

system is built and tested to verify its operating principles.
The experimental results are discussed in Section V-B.

IV. THREE-PHASE THREE-LEG PWM CONVERTER BASED
MULTI-FUNCTIONAL MPEC

Various multi-functional converters have been reported in
the literature for hybrid/battery electric vehicle (HEV/BEV)
applications [31]–[33]. In HEV application, battery serves the
role of an auxiliary source and supplements the main ac supply
whereas in BEV application, battery acts as the primary source
and supplies power. Typically the auxiliary source i.e. battery
is connected in the neutral of stator windings of the motor and
utilize its leakage inductance as boost reactor to transfer power
from battery. A ‘reactor–free’ topology is therefore derived but
it employs either a boost chopper [33] or a PWM converter
with an additional fourth leg [32].

In this paper, an alternative MPEC is proposed which is
compatible with the existing power train arrangement in HEV.
It integrates the battery with the main ac source (i.e. alternator)
using a single three-phase three-leg PWM converter, thereby
reducing the size and mass of HEV system.

A. Proposed MPEC: Battery integrated HEV system

The proposed MPEC is shown in Fig. 11(a), where the
battery (Vbat) is connected to the neutral of stator windings of
induction generator (IG). A unified ac-dc (UACDC) control
is implemented such that the three-phase three-leg PWM
converter simultaneously rectifies the ac output voltage of the
alternator and also serves as a boost converter to interface the
battery. Therefore, the proposed system is capable to process
combined ac-dc power from two different sources i.e. the
alternator (50 Hz) and the battery (0 Hz). Leakage inductances,
offered by stator windings of the alternator, are utilized as
integrated boost reactors, thereby emulating a ‘reactor–free’
topology. Although a single power electronic (PE) stage is
employed, the battery to dc bus voltage ratio is constrained
during dc-dc power conversion mode. The battery voltage
should be less than half of the common dc bus voltage to
ensure a reliable and safe converter operation.
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Fig. 11. (a) The proposed MPEC integrates the auxiliary battery with the main
ac source using a three-phase three-leg PWM converter, and (b) Per-phase
equivalent circuit of the multi-fucntional PWM converter with the proposed
modulation scheme.

TABLE V
SIMULATION PARAMETERS

Parameter Value

Rated output power (Po) 5 kW
DC bus capacitance (Cdc) 1000 µF
DC bus voltage (Vdc) 400 V
Per phase generator voltage (Vao, Vbo and Vco) 110 V (RMS)
Per phase stator resistance (rs) 0.1 Ω
Per phase stator leakage inductance (ls) 5 mH
Battery float voltage (Vbat) 200 V

B. Equivalent circuit and principle of operation

The per-phase equivalent circuit of a three-phase three-
leg PWM converter, is shown in Fig. 11(b). Switches are
replaced with its respective equivalent potential drop according
to the modulation technique described in [34]. The modulating
waveforms for the switching legs are defined as

mx = Mo −Msin (ωt− θx) (9)

where, x = a, b, c; Mo and M denote the modulation indices
for power transfer from the dc and ac sources, respectively;
and θa = 0, θb = 120◦ and θc = 240◦, for a–b–c phases,
respectively. Assuming forward power flow as in Section III-B,
the ac component of current in ‘a’ phase is calculated as

Ia1 =
(V1∠0− V2∠−δ)

jωL
(10a)

where, V1, V2 and δ are as defined previously. The RMS
value of the PWM voltage is V2 = MVdc/(2

√
2), analytical

derivation of which can be found in [34]. The dc component
of the current in phase ‘a’ is deduced as

Io =

(
Vbat − Vdc

2 (1−Mo)
)

r
(10b)

where, Vbat and Vdc are the battery and dc bus voltages,
respectively. Combining (10a) and (10b), current in ‘a’ phase
is obtained ia = Io + ia1. In a similar way, currents in phases
‘b’ and ‘c’ can be calculated. The battery current in the neutral
is Ibat = 3Io. The equivalent circuit shown in Fig. 11(b),
implies that the battery voltage Vbat, connected in the neutral
of stator winding, can be only half of the main dc bus voltage
(Vdc) due to the inherent nature of sinusoidal pulse width
modulation. In this respect, the three-phase four-wire PWM
converter discussed in Section III-B, is better because no
restriction is imposed on the PV to dc bus voltage ratio.
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Fig. 12. Performance of the proposed three-phase three-leg MPEC converter
with battery in (a) discharging mode, and (b) charging mode of operations.

C. Concept validation through simulation

The proposed three-phase three-leg MPEC system is sim-
ulated in MATLAB/Simulink to verify the effectiveness of
simultaneous power transfer from both induction generator
and battery using a single PWM converter. Table V shows
the simulation parameters. The two modes of operations are
discussed as follows.

1) Mode-I (Battery discharging): Fig. 12(a) shows the
performance of the MPEC converter while power is derived
from the battery i.e. during discharging mode of operation.
At time t = 0 s, battery discharge current reference is set to
1 A. Initially, the induction generator and the battery together

feed a load of 2.5 kW. Between time durations t = 0.2 s
and t = 0.25 s, the three-phase input currents to the PWM
converter are shown to have the requisite dc-offset. At time t
= 0.5 s, the load is increased from 2.5 kW to 5 kW and the
battery current reference is increased to 5 A. The increased
dc-offset in the three-phase input currents to PWM converter
is apparent between time durations t = 0.6 s and t = 0.65 s.
It demonstrates that the superposed ac-dc power transfer takes
place from the induction generator and battery at frequencies
of 50 Hz and 0 Hz, respectively. Irrespective of the changes
in the load demand and battery current references, the output
dc bus voltage is maintained at the desired level.

2) Mode-II (Battery charging): Fig. 12(b) shows the per-
formance of the proposed MPEC converter while power is
transferred back to the battery i.e. during charging mode
of operation. At time t = 0 s, the battery charging current
reference is set to 5 A. The induction generator alone feeds the
load demand of 2.5 kW and battery simultaneously. At time t =
0.5 s, the load is increased from 2.5 kW to 5 kW while keeping
the battery charging current at the same level. The nature
of superposed ac-dc power transfer is depicted by the input
current profiles to the PWM converter. Moreover, a laboratory-
scale prototype of the proposed three-phase three-leg MPEC
system is built and tested to verify its operating principles.
The experimental results are discussed in Section V-C.

V. EXPERIMENTAL VERIFICATION

A. Independent power transfer at multiple frequencies in a
frequency-decoupled multiport MPEC system

In this section, it is experimentally validated that power
transferred at distinct frequencies do not interact with each
other, evidencing the feasibility of a frequency decoupled
MF power transfer. For this an experimental prototype of
the system, shown in Fig. 5(b), is built. The photograph of
the experimental setup is shown in Fig. 13 and the system
parameters are shown in Table VI. In this system, a unique
power transmission frequency of 100 Hz is assigned to source-
1 and power transmission frequency of 500 Hz is assigned
to source-2. Fig. 14 shows the 100 Hz and 500 Hz voltage
generated by source-1 and source-2, respectively as well as
the MF bus voltage. Fig. 15(a) and Fig. 15(b) depict the
steady state waveforms of the system, shown in Fig. 5(b). The
100 Hz and 500 Hz voltage components of multi-frequency
(MF) bus voltage are generated by source-1 and source-2,
respectively and load-1 and load-2 draw current at 100 Hz and
500 Hz, respectively. Thus, load-1 draws average power only
from source-1 and load-2 draws average power only from
source-2.

To verify the dynamic response of orthogonal power transfer
from the two sources, step changes were made in the sources
and the impacts of these changes on the loads were recorded,
as shown in Fig. 15(c) and Fig. 15(d). Fig. 15(c) shows
that when source-1 voltage (Vg1) was changed from 25 to
50 V, the current (i1) drawn by load-1 changed but no change
was observed in the current (i2) drawn by load-2. Similarly,
Fig. 15(d) shows that when changing source-2 voltage (Vg2)
from 25 to 50 V, the current (i2) drawn by load-2 changed,
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TABLE VI
SYSTEM PARAMETERS

Parameter Value

Source voltage Vg1, Vg2 50 V, 50 V
L, L1, L2 300 µH, 1500 µH, 1500 µH

C1, C2
160 µF, 700 V (Metalized

Polypropylene Film Capacitor)
Switching frequency (SW-1, SW-2) 10 kHz
Duty ratio (SW-1, SW-2) D1 = 0.5, D2 = 0.5

Band stop filter-1 (500 Hz) Ls1 = 10 mH, Cs1 = 10 µF
Band stop filter-2 (100 Hz) Ls2 = 50 mH, Cs2 = 50 µF
Band pass filter-1 (100 Hz) Ls3 = 50 mH, Cs3 = 10 µF
Band pass filter-2 (500 Hz) Ls4 = 10 mH, Cs4 = 10 µF
Load resistances RL1 = 50 Ω, RL2 = 50 Ω

Fig. 13. Photograph of the experimental setup for independent power transfer.

(a) (b) (c)

Fig. 14. THD plots of (a) voltage (vac−1) generated by source-1, (b) voltage
(vac−2) generated by source-2, and (c) multi-frequency (100 Hz and 500 Hz)
bus voltage.

whereas the current drawn by load-1 (i1) did not. These results
verify that the load-1 draws average power only from source-
1 and load-2 draws average power only from source-2. Thus
by transferring power at multiple frequencies, existing power
transmission lines can be used for any source to any load
decoupled power transmission.

B. Low voltage solar PV integration with three-phase ac-grid
using multi-functional MPEC

Fig. 16 shows the experimental setup, which is built to
integrate 48 V solar photovoltaic (PV) with 415 V three-phase
ac-grid and verify the principle of superposed/unified ac-dc
(UACDC) power transfer using a three-phase four-leg PWM
converter and a 1 kW, 415/130 V, 50 Hz zig-zag transformer.

(a)

(b)

(c)

(d)

Fig. 15. Experimental results (a) bus voltage generation, (b) current drawn
by loads and load voltages, (c) source voltages and load currents with step
change in Source-1, and (d) source voltage and load currents with step change
in Source-2.

System parameters are shown in Table VII. The integrated
inductance values are referred to the secondary side of zig-
zag transformer, where the superposed ac-dc power transfer
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TABLE VII
SYSTEM PARAMETERS

Parameter Value

AC-grid voltage 415 V (three-phase)
PV voltage 48 V
Dz0 zig-zag transformer 1 kW, 415/130 V, 50 Hz
Integrated boost inductances Lacσ = 1.61 mH, Lpvσ = 6.21 mH
PWM switching frequency (fsw) 11 kHz
Rated dc bus voltage 300 V
DC bus capacitance 1230 µF
Load resistance (RL) 106 Ω

1

2

3

4

5

6

7

8

9

10

1 – Auto transformer (3-Φ ac source)
2 – Zig-zag transformer
3 – Controllable dc supply
4 – Power analyzer
5 – Three-phase four-leg

PWM converter
6 – Sensing circuit and DSP
7 – to PC (CCS interface)
8 – Auxiliary power supply
9 – Digital storage oscilloscope

10 – Resistive load
(across dc bus)

Fig. 16. Laboratory-scale prototype of three-phase four-leg PWM converter
based multi-functional MPEC system.

(a) (b)

Fig. 17. Harmonic spectrum of the phase current in the zig-zag transformer
secondary windings with (a) AC, and (b) UACDC modes of power transfer.

takes place. The principle of operations is explained below.
1) Conventional AC mode of power transfer: In this mode

of operation, the entire input power to the PWM rectifier (Pin
= 970 W), is derived from the three-phase ac-grid. The unity
power factor operation of the PWM rectifier is ensured by
implementing the synchronous reference frame (SRF) current
control on the first three legs of the converter while the fourth
leg is kept unmodulated. Fig. 18 shows the experimental re-
sults, where vR and iR are the line-line voltage and line current
in the primary; vr and ir are the line-neutral voltage and line
current in the secondary side. At the secondary terminals of

Vdc

VRY

IR

Vrn

Ir

Vn, In

PR

Pr

Pn

Fig. 18. Voltage and current waveforms during conventional mode of ac
power transfer (Input power from ac-grid: 970 W; Injected dc power: 0 W
and Transformer output power: 905 W, indicating an efficiency of 93.29%).

Vdc

VRY

IR

Vrn

Ir

Vn

In
PR

Pr

Pn

Fig. 19. Voltage and current waveforms during UACDC mode of operation
(Input power from ac-grid: 775 W; Injected dc power: 204 W and Transformer
output power: 924 W, indicating an efficiency of 94.37%).

zig-zag transformer, an output power of 905 W is derived
indicating a transformer efficiency of 93.29% during ac mode
of operation. Following the PWM converter operation, dc bus
voltage (Vdc) of 294.2 V is developed across a load resistance
of 106 Ω. Fig. 17(a) shows the FFT analysis of transformer
current. The prominent contribution is observed at ac source
frequency i.e. 50 Hz, only. It indicates that during conventional
ac mode of power transfer, the ac to dc power conversion
is achieved using source voltage and current at an excitation
frequency of 50 Hz only.

2) Superposed AC-DC mode of power transfer: PV source
is emulated using a regulated dc power supply (model L6430).
The neutral potential of zig-zag transformer is held at the
desired potential (i.e. Vpv = 48 V) and the dc power is
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injected as per demand. During UACDC operation, a total
input power is Pin = 979 W, out of which 775 W is derived
from the ac-grid and the remaining 204 W is obtained from
the dc source. Fig. 19 shows the experimental results, which
conclusively shows the nature of superposed ac and dc power
transfer during UACDC operation. At the output of trans-
former secondary, 924 W is obtained indicating a transformer
efficiency of 94.37% during UACDC mode of operation. It
shows that UACDC operation improves the system efficiency
in comparison to the conventional mode of power transfer.
Following PWM converter operation, dc bus voltage (Vdc)
of 297.4 V is developed across a load resistance of 106 Ω.
Fig. 17(b) shows the FFT analysis of transformer current.
The prominent contributions are noted at 50 Hz (4.35 A) as
well as 0 Hz (1.19 A), indicating that the load requirement
is shared by both the ac and dc sources. In [40], it is shown
that the capability of simultaneous power transfer using the
multi-fucntional MPEC gives rise to possibility of an optimal
power sharing between the ac and dc sources. It reduces the
copper loss of the zig-zag transformer and improves the overall
system efficiency. Therefore, the experimental results show the
inherent benefits of the proposed MPEC suitable for low volt-
age PV integration with three-phase ac-grid i.e. (i) integration
of ac and dc sources using a single-stage multi-functional PE
converter, (ii) simultaneous and decoupled power transfer from
the individual sources, and (iii) reduced size and improved
power density through elimination of additional line reactors.

C. Battery integration with three-phase induction generator
using multi-functional MPEC

An experimental setup is built to integrate battery with the
three-phase induction generator using a three-phase three-wire
multi-functional MPEC, as shown in Fig. 20. Specification of
the motor-generator (MG) set used is shown in Table VIII.
During experiment, the DG set is run at 420 RPM; thereby
the excitation frequency of the induction generator is 14 Hz.
The per phase stator resistance and leakage inductance of the
induction generator are 3.6 Ω and 12 mH, respectively.

The three-phase generator is excited using the three-phase
three-wire converter and the dc bus capacitor. For a particular
operating condition of the generator, recorded waveforms of
voltage, current and instantaneous power are shown in Fig. 21.
The per phase terminal voltage (vbo) developed across the
generator terminals in phase ‘b’ is 24.06 V (RMS) and its
excitation frequency is 14 Hz. Using the suitable modulation
technique discussed in Section IV-B, the PWM converter is
controlled to draw an ac current (ib) of 0.887 A (RMS) in
each phase of the induction generator, indicating per phase
input ac power (Pgen) of 8.53 W. The voltage of battery (Vbat)
connected in the neutral of stator windings of the induction
generator is 54.55 V. The battery source is emulated using
a regulated dc power supply (model L6430). The PWM con-
verter is controlled to draw a battery current (Ibat) of 1.04 A,
indicating a total dc power input (Pbat) of 56.69 W. During the
unified ac-dc (UACDC) power transfer, available power from
both the generator and the battery are utilized to establish
a common dc bus voltage (Vdc) of 115.62 V while feeding

TABLE VIII
SYSTEM PARAMETERS OF MOTOR-GENERATOR (MG) SET

(A) DC MOTOR AND (B) INDUCTION GENERATOR

Parameter Value

Rated power 3 kW
Rated speed 1500 RPM

(a)

Parameter Value

Rated power 2.2 kW
Rated speed 1445 RPM

(b)

1

2

3

4

5

6

7
8

9

10

11

1 – DC motor (prime mover)
2 – Induction generator
3 – Stator terminals of IG
4 – Regulated power supply

5 – PWM converter
6 – Sensing circuit and DSP
7 – PC (CCS interface)
8 – Auxiliary power supply
9 – Oscilloscope

10 – Resistive load
across dc bus

11 – DC drive for
prime mover

Fig. 20. Battery integrated three-phase induction generator based multi-
functional MPEC system.

Vdc

vbo

ib

Vbat
Ibat

Pgen

Pbat

Fig. 21. Recorded waveforms of voltage, current and instantaneous power
during simultaneous ac-dc power transfer from the three-phase alternator as
well as battery.

the resistive load of 188.4 Ω, placed across the dc bus of
PWM converter. The input current ia to the PWM converter is
superposed ac-dc in nature, which indicates that power transfer
takes place from the induction generator and battery at the
frequencies of 14 Hz and 0 Hz, respectively. In this converter
topology, leakage inductances of the stator windings of three-
phase induction generator are utilized as the integrated boost
inductances for boost operation by the multi-fucntional PWM
rectifier, thereby reducing the component count. Therefore,
the experimental results demonstrate the inherent benefits of
the proposed MPEC suitable for battery integration in HEV
application i.e. (i) integration of three-phase alternator and
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TABLE IX
PERFORMANCE COMPARISON OF THE PROPOSED MPEC TOPOLOGIES

Frequency-decoupled
multiport MPEC system

Multi-functional three-phase
four-leg PWM based MPEC system

Multi-functional three-phase
three-leg PWM based MPEC system

Application areas Suitable for dc and single-phase ac
systems e.g. smart-grid

Suitable for RES integration e.g. low
voltage solar PV integration with
three-phase ac-grid

Suitable for HEV application e.g.
battery integration with three-phase
alternator

Source integration Integration of ac and dc sources
through cascaded H-bridge converter

Allows direct integration of ac and
dc sources using neutral connection
of zig-zag transformer and a single-
stage PE converter

Allows direct integration of ac and
dc sources using neutral connection
of stator windings of alternator and
a single-stage PE converter

Type of Power conversion Multi-frequency voltage to desired
dc or single-phase ac Unified ac-dc to dc Superposed ac-dc to dc

Limitation
Magnitude of source voltage depends
on the voltage rating of dc-link ca-
pacitors

Magnitude of PV voltage can be less
than half of common dc bus voltage
(Vdc) i.e. Vpv ≤ Vdc/2

Magnitude of the auxiliary source
(i.e. battery) voltage is nearly equal
to half of common dc bus voltage
(Vdc) i.e. Vbat ≈ Vdc/2

Advantage over existing
conventional systems Flexible power management No need for an additional high-gain

dc-dc converter Simple structure and smaller in size

Power handling capacity Low High Medium

battery using a single-stage multi-functional PE converter, (ii)
simultaneous and decoupled power transfer from the individual
sources, and (iii) reduced size and improved power density due
to elimination of separate boost inductances.

D. Summary
In the preceding sections, results obtained from the ex-

perimental measurements for three multi-frequency power
electronic converter topologies have been presented, which
serve as a proof-of-concept for feasibility of flexible power
management at multiple frequencies in frequency decoupled
multi-port MPEC systems. The multi-port MPEC proposed in
Section II, enables flexible power management even under
source-failure conditions. The three-phase three-leg MPEC
proposed in Section IV is the simplest structure, where the
conventional three-phase three-leg PWM rectifier also acts as
a dc-dc converter to derive available power from the battery
connected in the neutral of stator winding of induction gener-
ator. However, the topology poses constraint on the magnitude
of battery, connected in the neutral, which should be nearly
equal to half of the common dc bus voltage (Vdc) of the
PWM converter. The three-phase four-leg MPEC proposed
in Section III is a modified topology, where an additional
switching leg is connected to the conventional PWM converter.
A suitable modulating strategy is proposed, which allows to
integrate the dc source, connected to the neutral of zig-zag
transformer, without the need of additional high-gain dc-dc
converter. The addition of fourth leg also allows to eliminate
the design constraint on the PV voltage, unlike the previous
three-phase three-leg MPEC topology where the auxiliary
battery voltage is restricted to less than half of the common
dc bus voltage. Therefore, the three-phase four-leg MPEC is
suitable for integration of low voltage (LV) PV with three-
phase ac-grid. Performances of the proposed MPEC topologies
are compared among each other and shown in the Table IX.

VI. CONCLUSION

In this paper, concept, system level realization and potential
applications of multi-frequency based power conversion sys-

tems, were discussed with the help of three multi-frequency
power electronic converters, where sources of different fre-
quencies were superimposed, power was transmitted over a
common line and extracted/converted at the receiving end.
Decoupled power transfer at 100 Hz and 500 Hz frequencies
over a common medium, was demonstrated using a laboratory-
scale prototype system. In comparison to the single-frequency
counterparts reported in the literature, the MPEC systems
offered improved degree of freedom to selectively transfer
power from any source to any load in a smart-grid application.
Using a single PWM converter, the MPEC systems also
integrated low voltage solar PV with ac-grid and auxiliary
battery in a HEV. It reduced the size and weight, and improved
the system’s efficiency on account of unified ac-dc operation.
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