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Design of a Cost-Effective Power Interface for
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Abstract—This paper presents a novel design concept, in which
a hybrid power interface system (HPIS) is constructed to work
smartly in various micro-grid (MG) operations. Some
distributed generation (DG) systems, e.g., the wind turbine
generator (WTG) and the Photovoltaic (PV) systems
conventionally generate real power based on natural conditions
thus the average utilization rate of the entire asset is normally
low. To eliminate this shortcoming, the proposed HPIS aims to
use the DG inverter system optimally. To achieve a
cost-effective design, a three-leg zigzag transformer is
incorporated into the proposed HPIS to maximize the operating
capability of DG inverter in terms of real power regulation,
active power filter (APF) functions for current harmonics
compensation and reactive power compensator for MG voltage
support and power factor correction. The HPIS is designed to
fully utilize the DG inverter capacity after performing various
real power control functionalities required by the system
operator. In this paper, the mathematical model of HPIS and
its related controllers designed in two-axis stationary reference
frame are firstly addressed. Then, simulation studies on a
simplified MG network are carried out and followed by a set of
experimental tests on dSPACE1104. Typical results are
presented with brief discussions to demonstrate the feasibility
and effectiveness of the proposed control scheme.

Index Terms—hybrid power interface system (HPIS),
distributed generator (DG), micro-grid (MG), active power
filter (APF)

I. INTRODUCTION

POWER converter interfaced distributed power generations
(DG), renewable energy resources (RES) based
micro-grids (MG) and state-of-the-art communication and
control technologies have been recognized to play an
important role in the achievement of some energy policies set
by Taiwan’s government. The goal of these energy policies
include reductions in high-polluting power generations and
global greenhouse gas emissions, improved diversity and
security of energy supply, and exploitation of possible
incentives for creating local value added opportunities for the
related industrial sectors in Taiwan. Based on the related
technical reports from the open literature, potential RES
based power generations may include wind turbine generator
(WTG)[1], photovoltaic (PV)[2], and fuel cell (FC)[3]. Of
these power generating methods, the interests in PV energy is
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growing worldwide, with annual growth rate of 25-35% over
last ten years. It is recorded about 25 GW of total
commercial PV installations at the beginning of 2012 and the
increasing trend of using PV still continues. Although the PV
generation system is still expensive, according to recent
published reports, PV prices have dropped by 45% over last
two years and further drop is expected in the near future [4].
In fact, a number of different PV incentive programs have
been introduced in Taiwan since 2008. With the same
objectives, some of developed countries are currently
promoting residential and commercial uses of PV generation
systems [5]-[7]. Based on the standards such as IEEE1547,
IEEE 929 and UL1741, PV inverter systems should operate
at unity power [8]; however, this regulation has some
limitations in practical applications. It has been proved that
with proper design of the controllers these inverter systems
working as the power interfaces in WTG, PV and FC all have
the capability to provide additional control functions in
addition to the regulation of real power generated from
various RES. Intrinsically, some DG systems, e.g. the wind
turbine generator and the PV system generate real power
based on weather conditions thus the average utilization rate
of the entire asset is normally low. This has resulted in that
the payback time period for the system owners becomes
longer. To make the best use of the DG hardware systems, the
concept of utilizing PV inverter as a reactive power controller
during the night time for voltage control thereby increasing
the connectivity of a nearby wind farm, is proposed in [9]. A
number of potential operations of a 3-phase PV grid
connected inverter are discussed in [10], [11]. Some similar
examples regarding reactive power compensation and
voltage support in MG are also illustrated in [12], [13].
However, in the above published papers, only individual
control function has been included in the operation of DG
inverters.

This paper proposes a novel design concept concerning the
feasibility of performing multiple control functions in the DG
inverter system working in micro-grids. To achieve a
cost-effective design, a three-leg zigzag transformer,
designed for eliminating the triplen current harmonics of the
local nonlinear loads, is incorporated into the proposed HPIS
to maximize the operating capability of DG inverter. With the
proposed design concept the DG inverter is able to optionally
utilize the unused portion of rated capacity after performing
the function of real power generation. It is important to note
that to verify the feasibility of the design concepts, the
proposed HPIS system with dSPACE1104 as the main
controller has been practically constructed in the laboratory
of applied power electronics research group (APERG),
National United University, Taiwan.
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II. THE FIRST MICRO-GRID TEST BED IN TAIWAN

Distribution systems possessing DGs and controllable
loads with the ability to operate in both grid-connected and
standalone modes are an important class of the so-called MG
power systems [14]-[15]. A typical MG system constructed
by the Institute of Nuclear Energy Research (INER) in
Taiwan is shown in Fig. 1[16]. As can be seen in Fig 1, the
INER micro-grid with a designed maximum capacity of
475.5 kVA has three independent Zones. In Zonel, there is a
31.5 kVA PV, a 65 kVA microturbine, a total of 60 kVA
controllable load bank, a 150kVA wind turbine and a 100
kVA ABB PCS-100 BESS. Zone?2 has a 60 kVA PV system,
a 65 kVA microturbine and a total of 60 kVA controllable
load bank. Zone3 is equipped with a 4 kW small wind turbine,
a 25 kVA wind turbine, a 10 kVA PV, a 65 kVA
microturbine and a 30 kVA controllable load bank. To
facilitate possible tests considering the conditions of practical
operating modes, Zone 2 and Zone3 are connected in series,
while Zone 1 and Zone2 are in parallel.

It is well known that MG strives for optimized operation of
the aggregated distribution systems by coordinating the
various DGs, ESS and load resources not only when
connected to the distribution system but also in a standalone
mode. In either modes of operation, advanced local controls,
energy management, power quality and protection
technologies are required for robustness and reliability. In
practice, the energy management optimization objective
function can be tailored to the needs of each application. In a
practical MG project, the overall objective is to optimize
operating performance and cost in the normally
grid-connected mode, while ensuring that the system is
capable of meeting the performance requirements in
standalone mode. To satisfy the needs of possible
applications, some ESS units are inevitably required. In the
INER MG project, two ESS are to be installed to achieve
some advanced operations and power management functions.
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Fig. 1 System diagram of a typical micro-grid with various DG inverters
(INER Micro-grid test bed, Taiwan).
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III. HPIS PRINCIPLES AND CONTROL SCHEMES

A. HPIS Hardware Configuration

The operating principles and control concepts of the
proposed HPIS are actually derived from the static
synchronous compensator, a popular shunt-type FACTS
device. In this paper, a basic HPIS hardware configuration
which consists of a 3-phase switching converter using 6
IGBT switches, a three-phase zigzag transformer and a
three-phase load bank including passive linear and nonlinear
loads, as shown in Fig. 2 is chosen to introduce the proposed
HPIS operating principles and its control schemes. The IGBT
converter in the HPIS is designed to be operated from a DC
link voltage provided by a PV or any kind of RES. In normal
operations, the active power can be controlled in either
direction between the AC terminals of the converter and the
grid to regulate the DC voltage and thus the real power
generation of the DG. In this hardware topology, the
converter can also generate or absorb reactive power
independently at its AC output terminals to affect system
voltages or simply to act as a reactive power generator or an
APF.
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Fig. 2 A simplified MG model with the proposed HPIS and control signals.

B. Functions of Zigzag Transformer in HPIS

As mentioned previously, the proposed HPIS is to
maximize the operating capability of DG inverter with the
priority of real power regulation, reactive power
compensation and other APF functions. Theoretically, any
control functions provided by a shunt-type power converter
based system can be included in the design of HPIS; however,
the VA capability is the ultimate limitation. To provide the
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HPIS more freedom in performing its real and reactive power
flow control tasks, a zigzag transformer is incorporated into
the HPIS for handling the triplen harmonics flowing in the
MG distribution feeders. In the literature, a lot of research
reports have proved that the zigzag transformer offers an
attractive solution to harmonics problems. Typical solutions
use a number of small zigzag transformers to isolate and
reduce harmonic currents. Attractive features in using zigzag
transformers can be summarized as: low system cost, easy to
install, ability to reduce most harmonics current including the
neutral, thus the size of neutral wires can be greatly reduced
[17]. The connection method for a three-phase zigzag

transposed transformer used in this study is depicted in Fig. 3.

The relationship of voltage vectors between the primary and
the secondary sides is shown in Fig. 4.
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Fig. 3 The connection method for a three-phase zigzag transposed
transformer.
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Fig.4 The details of voltage vectors in a three-phase zigzag transposed
transformer with the connection shown in Fig.3.

From Fig. 3 and 4, the following relationship can be derived.

A1 1 -1 —1][e,
Bl=|-1 1 -l|g

| M
Al -1 1 ]e

For a balanced three-phase system, the load currents of the
zigzag transformer can be expressed as:

i=iy=ip =i, 2)

IV. DESIGN OF HPIS CONTROL SYSTEMS

In this paper, three important control functions are
designed for the HPIS; i.e., real power regulation for DG,
reactive power compensation for the grid and harmonic
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currents compensation for the local nonlinear load. These
control functions can be activated simultaneously or
individually. Because the proposed compensating
requirements, i.e., real and reactive power or harmonic
compensation, are directly related to the currents, shunt-type
connection of DG inverter is a realistic topology as it normally
injects currents at PCC. Therefore, this study uses the
shunt-type connecting format for the implementation of HPIS
control system shown in Fig. 2. With a number of
mathematical manipulations, the output voltages and current
commands of the HPIS can be obtained in two-axis stationary
reference frame as briefly addressed below.

From Fig.2, the following voltage and current equations
can be easily obtained on KVL.

d[o

L th:VAN_Van_VnN
dl,

L dtB:VBN_I/bn_I/nN
dl

L d;C :VCN_Vcn_VnN

3)
The above (3) can be rewritten into (4) and the equivalent

forms in d-q frame as expressed in (5) and (6).

1
dt 2 2|, [V
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vl v,
1 CN c

I o
dt |_p 1 0fv,, sl I 0] v, s | (5)
L dI{){l o 0 1 vCOi’llI 0 1 Vﬂl i

Ly | _Kpun[1 O Ve | 11 0] v, | ©
1, sL 10 1|v, .| sLIO 1]v,

Finally, the three-phase output current signals for the HPIS
can be directly derived from (6) by using the inverse Clarke’s
transformation.

In the open literature, many current control methods for
three phase inverter systems have been proposed. Among
them, a PWM based control scheme using high-frequency
switching has been widely used in many applications. This is
due to the fact that the design of output filter becomes simple
for eliminating the high-frequency current harmonics.
Besides, the typical advantages of PWM based current
control method are its simplicity in implementation and the
high speed of its current control loop. The block diagram of
the proposed current controller based on (6) is shown in Fig.
5. As can be seen from Fig. 5, the input commands to the
derived controllers include three parts, i.e., the harmonic
compensating current, the reactive power to be compensated,
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the DC voltage of the HPIS or the real power of the DG if

desired. To achieve a better dynamic performance, a feed
forward compensating path is also used.
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Fig. 5 The signal block diagram of the derived HPIS controller.

V. CASE STUDIES AND RESULTS

To investigate the detailed dynamics of the proposed HPIS
and to validate the proposed control method, simulations are
carried out on a MG distribution network connected with
a nonlinear DG link in Matlab/Simulink environment. It is
considered that for the whole period of simulations the local
loads are fed by the main source of the micro-grid feeder. In
this study, during the simulation process active power which
is delivered from DG link is assumed not activated. This
assumption makes it possible to evaluate the capability of
HPIS to track the fast change in the harmonic currents and the
reactive current components of the reactive power required
by the load or the grid independently. To simulate a realistic
operation scenario in micro-grid network, the loads are
connected and disconnected to MG distribution network
randomly and the harmonic distortion of current waveform
are calculated and compared in various conditions. Since
the principle of proposed current control technique is
based on separating active and reactive current
components in stationary reference frame known as the
two-axis components, in all conditions only phase-a
parameters (voltage and current) are shown. To demonstrate
the performance of the proposed HPIS to compensate total
reactive power, load voltage, load current, source current
and the output current of the HPIS are shown simultaneously.
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In addition to the simulation cases for various control
functions of the HPIS, in this paper, the proposed HPIS
control scheme is further experimentally tested in a
laboratory setup as shown in Fig. 6. In the experimental
setup, a SPWM controlled three phase grid-connected
inverter and a set of three-phase nonlinear load modules are
used. Test conditions and parameters are the same as that
used in simulation studies. All controllers except the SPWM
circuit are implemented with dSPACE1104 control card on a
PC. The sensed currents and voltages acquired to the
dSPACE1104 and the control signals output to the SPWM
circuit are using the AD/DA interfaces in dSSPACE1104. The
sampling frequency for data acquisition is set at 20 kHz to
achieve satisfactory response. In this test, the DC voltage
controlled at 400V with the three-phase 220V, 60Hz power
grid.

Rectifier

e FT T TT

Fig. 6 The experimental setup of the HPIS.

Case_1: Connection of nonlinear load link to the MG
feeder with only zigzag transformer in operation.

To test the effectiveness of a zigzag transformer in
eliminating the triplen harmonics, a set of nonlinear load with
three-phase balanced output currents are tested in this case.
The results show that the third and its triplen harmonic
currents contribute to the largest value of THD currents. In
addition, the 5th, 7th, and 11th also give to the THD level;
however, the amount is not significant. The decrease of the
third and its triplen harmonic currents after the use of zigzag
transformer is shown in Fig. 7 (a) to (e) for the balanced case.
It is found that the THD current can be reduced about 40 %
on the primary side (delta winding) of the zigzag transformer.
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(a) The voltage and current spectra on the delta side of the zigzag
transformer (measured with power analyzer).
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(b) The current waveforms on the load side of zigzag transformer
(simulation).
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(c) The current waveforms on the load side of zigzag transformer
(measured).
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(d)The current waveforms on the primary side of zigzag transformer
(simulation).

Tek Ju i Trig'd M Pos: 2.800ms
-
] iE
ZSCZ
HD
AV lsb
24 '.Ir..-u"" ] '“-, )
{: B S/00ms

CH3 100rnt 5-Sep-12 20:47

(Time :5ms /div,i:5A4/div)
(e)The current waveforms on the primary side of zigzag transformer
(measured).

Fig. 7 The current waveforms of the test with a balanced three-phase
nonlinear load.

ISBN: 978-988-19252-6-8
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Case_2: Connection of nonlinear load link to the MG
feeder with both HPIS and zigzag transformer in
operation.

In this test case, the HPIS link is connected to the network
at t=0.0 s. At this moment a nonlinear load is added to PCC
and it is removed at t=8.0 s. Fig.8 and Fig.9 respectively
show the related voltages and currents in various HPIS
control functions and grid operating conditions. As can be
seen in Fig. 8 (a) and (b), after the connection of HPIS link
to feeder the source current becomes sinusoidal since the
harmonic currents are fully provided by the HPIS link. In
Fig.9 (a) and (b), the nonlinear load is the same as that in
previous case but the reactive power command of DG is set to
1000V Ar to provide the demand of the grid. As shown in
Fig.9, (c) and (d), when the command for the output reactive
power of the DG is reversed there is a negative reactive
power (-1000VAr) feeding backward to the HPIS link.

3.5 3.6 3.7 3.8 3.9
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(a) Simulated results of voltage and current waveforms.
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(b) Measured results on dASPACE1104 based hardware system .
Fig. 8 The results of Case_2 when the HPIS is in operation.
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(a) Simulated results on APF function and a 1000 VAr reactive power
command for HPIS.
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(d) Measured results on APF function and a -1000 VAr reactive power
command for HPIS.

Fig. 9 The results of Case_2 when the HPIS is in operation with nonlinear
load and a bilateral reactive power control.

VI. CONCLUSION

This paper has demonstrated a novel design of a flexible
hybrid power interface system in which any DG inverter
system can be utilized as an APF for harmonic currents
compensation and a reactive power generator for power
factor correction and voltage control at the PCC. 1t is
important to note that decoupled current controllers are
used in the functional control loops designed for the HPIS,
better dynamic response can be achieved in various control
functions performed by the proposed control algorithms.
Based on comprehensive simulation studies with a simple
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MG network carried out in Matlab/Simulink software
environment and the hardware tests on dSPACE1104
controllers, the feasibility and effectiveness of the proposed
HPIS concept incorporating the three-phase zigzag
transformer to maximize the capability of DG inverters have
been confirmed.
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