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Abstract

Today, conventional power systems are evolving into modern smart grids,
where interconnected microgrids may dominate the distribution system with high
penetration of renewable energies and storage elements (SEs). The hybrid AC/DC
systems with DC and AC sources/loads are considered to be the most likely future
distribution or even transmission structures. For such hybrid AC/DC microgrids,
control strategies are one of the most critical operation aspects. Also, unbalanced
voltage caused by ever-increasing unbalanced distribution of single-
phase/unbalanced loads, single-phase/unbalanced distributed generations (DGs),
and remote grid faults has raised serious concern about such hybrid microgrids
due to the adverse effects on the power system and equipment. In hybrid AC/DC
microgrids, the high penetration level of power electronics interfacing converters
creates great ancillary services potential such as unbalanced voltage
compensation. These interfacing converters (IFCs) are the interfacing converters
of DGs/SEs, and AC and DC-subsystems IFCs (they can also be called solid-state
transformers). These IFCs can be single three-phase IFCs, parallel three-phase
IFCs (when larger power and current capacity are needed), or single-phase IFCs.

However, the operating interfacing converters under unbalanced voltage will
introduce some adverse effects such as output power oscillations, DC link voltage
oscillations (especially when the DC link capacitance is designed to be small for a
three-phase converter), and the output peak current enhancement. Therefore,

designing suitable control strategies for these IFCs for operation under
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unbalanced AC voltage or even to compensate for the voltage unbalance with
consideration of the above adverse effects is very important. Moreover, since the
compensation is realized through the available rating of IFCs, it is equally
important to consider the effectiveness of the control strategy for unbalanced
voltage compensation.

The purpose of this research work is to develop control strategies for the
interfacing converters for unbalanced voltage operation or compensation in hybrid
AC/DC microgrids. Three interfacing converters configurations, single three-
phase IFCs, parallel three-phase IFCs, and single-phase IFCs, are considered.
Specifically, for single three-phase IFC control, the focus is on the minimization
of adverse effects such as DC link voltage ripple and the effectiveness of the
unbalanced compensation, while providing an adjustable level of unbalanced
compensation ability. For parallel three-phase IFCs, which usually have the same
DC link (the DC link of the DG, SE or the DC subsystem), since adverse effects
can be multiplied by the number of IFCs, the control focus is to optimally utilize
the parallel IFCs to minimize their adverse effects on each other. For this purpose,
either one IFC can focus on the adverse effects minimization, or all IFCs can
share it. For single-phase IFCs, the focus is to coordinate multiple IFCs to

compensate the unbalanced condition while providing an adjustable level.
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Chapter 1

Hybrid AC/DC Microgrids and their Power
Quality Issues

1.1 Introduction to Hybrid AC/DC Microgrids

Smartgrids are being developed as the next generation of power systems.
These smartgrids encompass interconnected microgrids, especially at the
distribution level where distributed generations (DGs) are increasingly being
used. The DG technologies can be classified into power generation from
renewable energy (RE) resources such as wind, photovoltaic, micro hydro,
biomass, geothermal, ocean wave and tides; the clean alternative energy (AE)
generation technologies such as fuel cells and microturbines; and the traditional
rotational machine-based technologies such as diesel generators. Due to the
benefits of these sources, such as cleanness and simple technologies, as well as
the increasing demands for electrical energy, and the exhaustible nature of fossil
fuels, the RE and AE-based DGs play an important role in microgrids.

The microgrids can work in grid-connected or stand-alone operation modes.
In particular, the stand-alone operation can provide improved reliability to the
smart grids, but maybe for a very limited period. Some other systems, such as
electric vehicles and electric ships, can be considered as always operating in the
stand-alone mode. Due to the intermittent nature of renewable energy resources,
other energy sources (such as diesel) and storage elements (SEs) are critical for
enabling the stand-alone operation of microgrids or smoothing the microgrid

power during the grid-connected operation. SEs can be classified into two
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categories: capacity-oriented energy storage and access-oriented energy storage
[1]-[3]. Capacity-oriented energy storage does not have a fast response time and is
used for long-term energy balancing to buffer out the low-frequency power
oscillation of DGs' output power and to compensate for the intermittency of the
renewable energy sources in microgrids [4]. Batteries, pumped hydroelectric
systems, compressed air energy storage (CAES), and hydrogen storage are types
of capacity-oriented energy storage. Access-oriented storage devices have a fast
response time and are responsible for short time disturbances in microgrids by
providing the high-frequency component of the power. These devices can either
supply or absorb the high-power transients with high power density [4].
Flywheels, supercapacitors, and superconducting magnetic energy storage
(SMES) are considered as access-oriented storage devices.

In microgrids, due to the presence of DC power sources such as PVs, fuel
cells, energy storages, and modern DC loads, and also given the existing century-
old AC power systems, interest in hybrid AC/DC microgrids are growing rapidly.
These hybrid AC/DC microgrids contain AC/DC loads and power sources, have
the advantages of both AC and DC power systems, and are considered to be the
most likely future distribution and transmission systems. One critical aspect of the
operation of such hybrid AC/DC microgrids is the control and power management
strategy, which is essential for providing sound operation in both the grid-
connected and stand-alone operation modes. The objective of the short-term
power management strategy is to affect the instantaneous operational conditions
of certain desired parameters such as the voltage, current, power and frequency.
The short-term power management is more relevant to the interface and control of
power converters in the hybrid microgrid and could also address the power quality

1Ssues.
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1.2 Structures, Control Strategies and Power

Management Schemes of Hybrid AC/DC Microgrids'

The term “Hybrid AC/DC Microgrid” refers to a microgrid which contains
both AC/DC power sources and AC/DC loads. Depending on how the sources and
loads are connected to the system and how the AC and DC buses are configured,
the structure of hybrid AC/DC microgrids can be classified into AC-coupled, DC-
coupled and AC-DC-coupled hybrid microgrids.

In an AC-coupled hybrid microgrid, as shown in Figure 1.1, various DGs and
SEs are connected to the common AC subsystem/bus through their interfacing
converters (IFCs). In general, the DGs/SEs can be single-phase or three-phase. In
this structure, AC and DC loads are also connected to the AC bus with or without
power electronic converters. This structure is commonly used when dominant
generation sources in the microgrid produce grid level AC voltages directly (such
as from diesel generator) or indirectly through interfacing power converters.

DGs/SEs interfacing
converters Hybrid Microgrid

Subsystem/Bus

-
-

DC/AC |—»

\
\
\
\
\
\
e [~ AC/DC (= DC Load |
\
\
\
\
\
\

@' Bidirectional »! AC Load
Element Converter | = |
\

Figure 1.1 AC-coupled hybrid microgrid.

=

! For full review of hybrid AC/DC microgrid structures, control strategies, and power management
schemes, we have publications listed below:

- F. Nejabatkhah, and Y. W. Li, “Overview of Power Management Strategies of Hybrid AC/DC
Microgrid”, IEEE Transactions on Power Electronics, vol. 30, no. 12, pp. 7072-7089, Dec.
2015.

- Y. W. Li, and F. Nejabatkhah, “Overview of Control, Integration and Energy Management of
Microgrids”, Journal of Modern Power Systems and Clean Energy, Aug. 2014.
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Nowadays, the AC-coupled hybrid microgrid is the dominant structure due to
its simple structure and simple control and power management scheme. Around
the world, most implemented hybrid AC/DC microgrids are AC-coupled such as
Hachinohe microgrid in Japan, Bronsbergen Holiday Park in Netherland, Kythnos
Greece and Aichi microgrid in central Japan airport city [5]-[8].

The control strategy and power management scheme of AC-coupled hybrid
microgrid mainly focus on power generation/consumption balance and the AC
subsystem voltage/frequency control, especially in the stand-alone operation
mode. Moreover, in the grid-connected operation mode, DGs/SEs IFCs can be
used for the AC grid support (power quality issues such as grid voltage and
frequency regulations).

The DC-coupled hybrid microgrid is shown in Figure 1.2, where all DGs and
SEs are connected to the common DC subsystem/bus through their interfacing
converters, and the AC and DC subsystems are linked by DC/AC interfacing
converters. The AC and DC-subsystems IFCs can also be referred as solid state
transformers, and in general, they can be three-phase or single-phase. This
structure can be used when DC power sources are major power generation units in
the microgrid. In this DC-coupled microgrid, variable frequency AC load such as

adjustable speed motors can be connected to DC bus with a DC/AC converter (to

DGs/SEs interfacing AC and DC-subsystems
conveg\ters Hybrid Microgrid /interfacing converters
rf\*****************j/*j

Subsystem/Bus Subsystexﬁ/Bus |
— < 2
DC/DC |—! ( T
<4 DC/AC |[<»

AC/DC {— :

=
Q
>
a
J
A

DC/AC —| LACd
Storage Bidirectional| _ | 04
Element Converter | +
DC AC
L ___ L Load] |Load] |

Figure 1.2 DC-coupled hybrid microgrid.
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avoid the extra AC/DC conversion for AC bus connection). In this system, the DC
and AC-subsystems IFCs provide bi-directional power flow capability. Depending
on the power exchange requirement between DC and AC buses, parallel IFCs are
typically used with increased rating and reliability. Around the world, various
projects have been implemented in the DC-coupled hybrid microgrids like Italy
CESI RICERCA DER microgrid, and Kahua Ranch Hawaii Hydrogen Power
Park in USA [9], [10].

The DC-coupled microgrid features simple structure and does not need any
synchronization when integrating different DGs/SEs. However, the control and
power management of parallel IFCs, and their output voltage synchronization
(with each other or with the grid) can present some challenges. In this hybrid
microgrid, the DC subsystem voltage control, power balancing between
generation and demand, and AC subsystem voltage and frequency control
(especially in stand-alone mode) are the objectives of control and power
management schemes. Moreover, the grid support functions can be realized in the
grid-connected operation. Unlike in AC-coupled microgrid where the function can
be realized by the DGs/SEs interfacing converters, the grid support is realized by
the DC and AC-subsystems IFCs here in the DC-coupled microgrid.

In Figure 1.3, the AC-DC-coupled hybrid microgrid is shown in which both
DC and AC subsystems have DGs and SEs, and these buses are linked by

AC and DC-subsystems

interfacing converters
\
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Figure 1.3 AC-DC-coupled hybrid microgrid.
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interfacing converters. Similar to the DC-coupled hybrid microgrid, the AC and
DC-subsystems IFCs can be called solid state transformers, which can be single-
phase or three-phase in general. Different from the DC-coupled system, this
hybrid microgrid has single-phase/three-phase DGs and SEs on the AC bus too,
and requires more coordination for the voltage and power control between the DC
and AC subsystems.

In the AC-DC-coupled microgrid, the DC and AC-subsystems IFC can work
on the bi-directional power control mode, the DC link voltage control mode, or
the AC link voltage control mode. In the power control mode, the converter
output current or voltage is controlled to regulate the IFC output power on its
reference value. In the DC link voltage control mode, the IFC controls DC link
voltage and therefore balancing the power generation and consumption on DC
bus. This operation mode is used when the control of output power of grid-
connected IFC is not required. The AC link voltage control mode is mainly for the
stand-alone microgrid operation, where the IFC controls the AC subsystem
voltage and frequency. These control strategies can be applied to the AC and DC-
subsystems IFCs in the DC-coupled hybrid microgrids.

Similar to the DC-coupled microgrid, parallel IFCs can be desired to link AC
and DC buses with increased capacity and reliability. In presence of the parallel
IFCs, in both DC-coupled and AC-DC-coupled hybrid microgrids, control
strategies such as master-slave [11], and instantaneous current sharing methods
such as average current control [12] and circular-chain control [13] can be used.
In addition to aforementioned communication-based method, communication-less
control strategy (such as droop control) [14]-[16] can also be used for controlling
the parallel converters, which may be important when the parallel IFCs are not
physically close as there might be multiple links between the DC and AC
subsystem at various locations with higher reliability.

In general, AC-DC-coupled structure is appropriate if major power sources
include both DC and AC powers, and it improves overall efficiency and reduces
the system cost with reduced number of power converters by connecting sources

and loads to the AC and DC buses with minimized power conversion
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requirements. Considering these benefits together with increasing of modern DC
loads and the necessity of connecting more renewable energy sources and SEs
into the grid, AC-DC-coupled hybrid microgrids will be the most promising
microgrid structures in the near future. Europe is leading research efforts in this
direction through the European supergrid [17], [18], where power of various DC
and AC power sources such as offshore wind turbines and desert-based solar are
transmitted using AC and DC grids.

Although idea of the AC-DC-coupled hybrid microgrid is promising, it
necessitates thorough studies and investigations, particularly for control strategies
and power management aspects. In the AC-DC-coupled hybrid microgrids,
control strategies need to consider both DC and AC bus voltages (and frequency)
control, as well as the power balance within the DC and AC subsystems.
Furthermore, in the grid-connected operation modes, similar to the other
structures of hybrid microgrids, DGs/SEs interfacing converters on the AC bus
together with AC and DC-subsystems IFCs can be controlled to realize the grid
support functions.

1.3 Hybrid AC/DC Microgrids under AC voltage

Unbalance

In future hybrid AC/DC microgrids with more interfacing power electronics
from the DGs, SEs and the loads, together with the increasing
nonlinear/unbalanced loads, power quality will be an important topic. Currently,
harmonics, unbalances, and voltage sag/swell have already caused concern in
today’s power system, and it may get worse in the near future. Among the various
power quality issues, unbalanced voltage has raised serious concern in hybrid
microgrids, which is caused by ever-increasing unbalanced distribution of single-
phase/unbalanced loads, such as household power demands and plug-in electric
vehicles (PEVs), single-phase/unbalanced distributed generations, such as roof-
top PV systems, and remote grid faults. In such systems, single-phase/unbalanced

loads cause unequal power consumption in the three phases, which causes
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unbalanced voltage and current [19]-[20]. Moreover, due to PEVs random
charging behaviors as well as single-phase connections for slow charging, the
increasing PEVs penetrations further contribute to the unbalanced voltage and
current production [21]-[24]. In addition, single-phase DGs, such as single-phase
PV systems, produce unequal power in the three phases, which further leads to
unbalanced condition [25]-[27].

The unbalanced voltage has adverse effects on the power system and
equipment such as electrical machine overheating, transformer overloading,
capacity limitation of power electronics devices, more losses and less stability of
power system, negative impacts on induction motors and adjustable speed drives
[27]-[29]. In addition, unbalanced voltage causes double-frequency power
oscillations at the output of three-phase power electronic converters, which are
reflected as ripple in the DC link voltage. This is particularly true considering that
the DC link capacitors in three-phase power systems are typically small. These
oscillations in some cases lead to instability or system protection if the DC bus
voltage exceeds the maximum limit. Moreover, unbalanced voltage will increase
the peak current of the power converter in the same active and reactive powers
production, which may result in over currents protection. In Figure 1.4, the
performance of the three-phase power electronic interfacing converter under
unbalanced voltage is shown. As seen from the figure, when unbalance condition
is applied, the IFC’s output peak current increases. Also, the output power starts

to oscillate at two times of grid frequency, which is reflected as ripple in the DC

Unbalance

I . in
U‘n‘balance | COHdlthﬂ%]\)\RllEi] _ f}
e am’fll ;Eﬁd m ‘lMM( S:inglefé%tgrtacjng: :C il l_“ie_l; tg‘l})C . A \ Output peak current
I mf ey Sl i T\ el
101 S S wl B Y =
DC link voltage Subsystem/Bus Subsystem/Bus b UW\M an MW\
i

Output power

Figure 1.4 Typical three-phase interfacing converter performance under unbalanced
condition.
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link voltage.

Therefore, the unbalanced voltage concerns will lead the next generation of
grid codes to consider the voltage support control in the steady-state and transient
operation [30], and appropriate methods should be applied in the hybrid AC/DC
microgrids in order to compensate unbalanced condition.

In general, the unbalanced voltage can be compensated using power
electronics-based equipment such as series active power filter by injecting
negative sequence voltage [31], [32], shunt active power filter by injecting
negative sequence current [33], [34], series-parallel compensators such as unified
power quality conditioner (UPQC) by injecting negative sequence voltage with
series converter and negative sequence current with parallel converter [35], and
static synchronous compensators (STATCOM) by injecting positive and negative
sequence reactive powers [28], [36], [37]. Moreover, passive devices such as
shunt capacitor can also be used for unbalanced voltage compensation [38], [39].
In addition, equalizing power generation and load consumption in the three phases
reduce the unbalance condition [19], [20].

In aforementioned strategies, additional equipment is used for unbalanced
compensation purposes. However, installing this additional equipment increases
the total investment cost in hybrid AC/DC microgrids. With the increasing
penetration of interfacing converters in hybrid AC/DC microgrids, they can be
properly controlled to help address the power quality issues and support the grid
in addition to their power management targets. This is a promising idea since
most interfacing converters are not operating at full rating all the time due to the
intermittent nature of renewable energy sources. Therefore, the available
converters rating in hybrid AC/DC microgrids can be used in a smart way to help
improve the unbalanced condition.

For interfacing converters in hybrid AC/DC microgrids, three types of
configurations can be considered:

1) Single three-phase interfacing converter. The single three-phase IFC can

be DG/SE interfacing converter in AC-coupled or AC-DC-coupled hybrid

microgrids. It can also be the AC and DC-subsystems interfacing
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2)

3)

converter (solid-state transformer) in DC-coupled or AC-DC-coupled
hybrid microgrids.

Parallel three-phase interfacing converters. The parallel three-phase IFCs
are usually used when larger power and current capacity are needed. These
parallel converters can be the interfacing converter between the AC and
DC subsystems (parallel solid-state transformers) in DC-coupled or AC-
DC-coupled hybrid microgrids. Moreover, DGs/SEs with large capacity
can also be connected to the AC subsystem through parallel interfacing
converters in AC-coupled or AC-DC coupled hybrid microgrids.
Single-phase interfacing converters: The single-phase IFCs can be single-
phase DGs/SEs interfacing converters connected to the AC subsystem in
AC-coupled or AC-DC coupled hybrid microgrids. Also, the DC
subsystem can be connected by single-phase IFC to one of the phases of
the three-phase AC subsystem in DC-coupled or AC-DC-coupled hybrid

microgrids.

Furthermore, considering the adverse effects of unbalanced voltage on

interfacing converters' operation and also IFCs' capabilities for unbalanced

voltage compensation, two situations can be considered:

1)

2)

Operation of IFCs under the unbalanced voltage situation with a control
effort to reduce/minimize the adverse effects on IFCs. Note that the
unbalanced compensation is not the primary focus here and the
compensation is done without an adjustable level.

Use the IFCs to compensate unbalanced AC voltage directly (with an
adjustable compensation level) and improving the AC subsystem power

quality.

The control strategies of single and parallel three-phase IFCs and multiple

singe-phase IFCs under unbalanced voltage will be addressed in detail as follows:

10
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1.3.1 Single three-phase interfacing converter performance

under unbalanced voltage

The control strategies of single three-phase power electronic interfacing
converter under unbalanced voltage can be studied in two groups. In the first
group, control strategies focus on operation of IFCs under unbalance condition,
and they only protect IFC from adverse effects of unbalanced voltage by
cancelling out output power oscillations and DC link ripple [40]-[44]. In these
control strategies, since the positive and negative sequence active and reactive
powers are not controlled directly, the level of unbalanced voltage compensation
cannot be adjusted (although it is improved). In these strategies, the peak current
of IFC can be controlled using IFC average active and reactive powers control
[43], [44].

In the second group, control strategies focus on adjustable unbalanced voltage
compensation [43], [45]-[51]. These control strategies, which are based on
symmetric sequences, control interfacing converter output positive and negative
sequence active powers [46], positive and negative sequence reactive powers [47],
[48] or positive and negative sequence active and reactive powers [43], [49], [50]
for unbalanced voltage compensation. Although these control strategies sacrifice
the IFC local power quality problems (output power oscillations, DC link ripples,
and peak current enhancement), some of these problems have been considered.
For example, directly unbalanced voltage compensation has been considered
together with IFC peak current control in [43], [46], [49], while IFC output active
power oscillation control has been considered in [43], [51]. However, these
control strategies do not address all unbalanced voltage adverse effects on IFC
together with adjustable compensation at the same time.

From the literature review, it is obvious that previous works either focused on
operating IFCs under unbalanced voltage (without an adjustable level of
compensation) while considering the adverse effects of the IFC itself (such as
power oscillation and DC voltage ripple, etc.), or controlling IFCs for unbalance
compensation without sufficient care of its adverse effects on IFCs operation.

Therefore, study of control strategy that can address both adverse effects of

11
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unbalanced voltage on the IFC's operation and adjustable unbalanced voltage
compensation at the same time is necessary. Additionally, as the unbalanced
voltage compensation is based on the IFC’s available power rating, it is also
important to design control strategies that can compensate unbalanced AC voltage

effectively.

1.3.2 Parallel three-phase interfacing converters

performance under unbalanced voltage

Researches on the control of parallel three-phase IFCs under unbalanced
voltage conditions are quite limited, and they are commonly focusing on parallel
DGs/SEs interfacing converters without common DC link [29], [52]-[57]. Mainly,
these control strategies are compensating unbalanced voltage without considering
its adverse effects on IFCs operation such as output power oscillations and peak
current enhancement [29], [52]-[56]. In the parallel IFCs with AC link voltage
control (such as droop controllers), complementary controllers are added to
conventional voltage controllers for unbalanced voltage compensation purposes.
These complementary controllers are mainly based on unbalanced voltage level
factor control [56], [57], IFCs negative sequence impedance/current control [53]-
[55], or negative sequence reactive power control [29], [52].

There are not enough literatures addressing operation of parallel IFCs under
unbalanced voltage, especially IFCs with common DC link. In the literature, the
control strategies of parallel IFCs with common DC link are mainly focusing on
power sharing among IFCs and controlling circulating current. However, in
hybrid AC/DC microgrids, when parallel IFCs with common DC link are used
under unbalanced voltage, the adverse effects (such as output power oscillations,
DC link ripples, and output current enhancement) could be amplified by the
number of parallel converters. Therefore, addressing operation of parallel IFCs
with common DC link under unbalanced voltage is very important. But, if IFCs
are controlled properly, the adverse effects from each IFC could be cancelled out,

resulting in enhanced power quality in both the AC and DC subsystems.

12
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Therefore, comprehensive study about control strategies of parallel IFCs under

unbalanced voltage is necessary.

1.3.3 Multiple single-phase interfacing  converters

performance under unbalanced voltage

In addition to three-phase interfacing converters, high penetration levels of
single-phase IFCs provide great potential for unbalance compensation. So far,
there are not enough literatures addressing unbalance compensation using single-
phase IFCs. In [58], reactive powers of single-phase PEVs' interfacing converters
are controlled for negative sequence current compensation. However, just one
PEV is considered in each phase, which is not useful for distributed
compensation. Moreover, zero sequence current compensation and phase voltages
regulation are not considered. In [59]-[61], single-phase DGs' IFCs for
unbalanced compensation are considered. However, in the control strategies, the
PCC current is measured to calculate the reference negative and zero sequences
current for DGs directly. As there is not any optimization involved, these methods
cannot easily include practical constraints such as IFCs available ratings and the
need of phase voltages regulation during the compensation. Additionally, the task
sharing among multiple IFCs are not considered either.

It is obvious from the literature review that unbalanced condition
compensation using single-phase IFCs coordination has not been addressed
enough. Therefore, comprehensive study of control strategies for multiple single-
phase IFCs for unbalanced condition compensation in hybrid AC/DC microgrids

1S necessary.

1.4 Thesis Objectives and Motivation

The overall objective of this thesis is to deal with the unbalanced voltage in
hybrid AC/DC microgrids. Given the adverse effects of unbalanced voltage on
power electronics interfacing converters' operation and also the IFCs' capabilities
for unbalanced voltage compensation, two scenarios are addressed in this thesis;

first, the reduction of adverse effects during the operation of IFCs under

13
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unbalanced voltage, and second, the utilization of IFCs to improve the power
quality. According to previously discussed different categories of IFCs, single
three-phase IFC, parallel three-phase IFCs, and single-phase IFCs are considered
in this thesis.

For the single three-phase IFC, researches have been focusing either on
adverse effects reduction of the unbalanced voltage in the IFC's operation, in
which the level of unbalanced voltage compensation cannot be controlled directly,
or on adjustable unbalanced voltage compensation, but the unbalanced voltage
adverse effects on IFC operation (output power oscillations, DC link ripples, and
peak current enhancement) have not been considered sufficiently. Further
investigation and study of single three-phase IFC control strategies under
unbalanced voltage, addressing both the adjustable compensation level and the
adverse effects of compensation on the IFC's operation at the same time, are
necessary. On the other hand, the effectiveness of the control strategy for
unbalanced voltage compensation is equally important since the compensation is
done based on the IFC available power rating. This issue should be considered in
future studies.

On the other hand, when parallel three-phase IFCs with a common DC link
are operating under unbalanced voltage, new challenges and opportunities are
produced. Since the adverse effects of unbalanced voltage on parallel IFCs
operation can be amplified due to interactions, the focus of the control strategies
should be on minimizing/reducing such adverse effects. Such control strategies
could provide the unbalanced voltage compensation, but without an adjustable
compensation level. In general, the two possibilities for controlling parallel IFCs'
operation under unbalanced voltage are (1) the use of one IFC focused on adverse
effects minimization, and (2) the use of all IFCs to share the adverse effects
minimization. No literature is available in this regard, and a thorough study on
this topic is essential.

Furthermore, ever-increasing penetration level of single-phase IFCs has
created a great opportunity for unbalanced voltage compensation. Due to the lack

of research in this area, a thorough study of multiple single-phase IFCs control for
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unbalanced voltage compensation is necessary. In such single-phase IFCs
operating at given real powers production, only reactive powers can be controlled
for the purpose of compensation with an adjustable level. Moreover, practical
considerations such as three-phase voltage regulation, IFCs maximum available
ratings for compensation purposes, and compensation sharing among IFCs are
also important, and should be addressed in future studies.
Motivated by the above considerations, the following research tasks are
carried out in this work:
Task 1 Develop control strategy for single three-phase interfacing converter to
compensate for the unbalanced voltage and consider its adverse effects

at the same time.

Task 2 Design control strategy for parallel three-phase interfacing converters
to operate under unbalanced voltage: one dedicated IFC utilization for

adverse effects minimization.

Task 3 Design control strategy for parallel three-phase interfacing converters

to share unbalanced voltage adverse effects minimization.

Task 4 Develop control strategy for multiple single-phase interfacing

converters for unbalanced voltage compensation.

1.5 Thesis Outline

In Chapter 2, an instantaneous power analysis from a three-phase system
perspective is provided. Then, an instantaneous power analysis from a single-
phase system perspective is developed, and the results are compared with those
from the three-phase system perspective. The provided instantaneous power
analyses are used to generate different reference currents for interfacing
converters to achieve specific performances. These reference currents are used in
the rest of this thesis in the proposed control strategies for IFCs.

Two new control strategies for a single three-phase IFC under unbalanced
voltage in hybrid AC/DC microgrids are proposed in Chapter 3 to address Task 1.

The first strategy aims at compensating for the unbalanced voltage with an
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adjustable level and by considering the active power oscillation minimization of
the IFC. The second strategy focuses on the effectiveness of the unbalanced
voltage compensation. These two proposed control strategies provide a great
opportunity for the three-phase IFCs of hybrid AC/DC microgrids to compensate
for the unbalanced voltage and address the adverse effects on the IFCs' operation
at the same time. The performances of the two proposed control strategies under
different IFC's operations and grid conditions are studied, and their validity is
verified by using both simulations and experiments.

In Chapter 4, a novel control strategy for parallel three-phase IFCs' operation
under unbalanced voltage in hybrid AC/DC microgrids is proposed. This chapter,
which concentrates on Task 2, aims at minimizing the adverse effects of
unbalanced voltage on IFCs' operation by using one dedicated IFC named as
redundant. This control strategy provides the opportunity for unbalanced voltage
compensation, but the compensation level cannot be adjusted. In this chapter, a
thorough study of the peak current of individual and parallel IFCs under
unbalanced voltage is carried out to provide a reduced peak current for the
redundant [FC. The performance of the proposed control strategy is evaluated by
using both simulation and experimental results under different operating
conditions.

In the proposed strategy in Chapter 4, since only a redundant IFC is used to
minimize the adverse effects of the unbalanced voltage on parallel IFCs'
operation, this IFC's power rating should be large enough. Moreover, since the
collective peak current of parallel IFCs is not shared among IFCs based on their
power ratings, some IFCs work at their rating limits while the others operate far
from their limits. Considering these current-sharing concerns, two control
strategies for parallel three-phase IFCs are proposed in Chapter 5 where
minimization of the unbalanced voltage adverse effects on parallel IFCs operation
is shared among the IFCs. (Task 3 is addressed in this chapter.) Similarly, these
control strategies provide the opportunity for unbalanced voltage compensation in
hybrid AC/DC microgrids, but without an adjustable level. The proposed control

strategies also maximize the power/current transferring capability of parallel IFCs
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and provide the same available rooms for IFCs' operation. In this chapter,
simulation and experimental results are provided for evaluating the performance
of the proposed control strategies.

Chapter 6, which addresses Task 4, focuses on the development of a new
control strategy for multiple single-phase IFCs to compensate for the unbalanced
condition of hybrid microgrids. In the proposed control strategy, the power factors
of IFCs are controlled without modifying the active powers production. The
proposed control strategy compensates for the AC subsystem unbalanced voltage
in terms of the negative and zero sequences, and leads to DC subsystem power
quality improvement as well. In the proposed control strategy, practical
constraints such as three-phase voltage regulation and the available power ratings
of single-phase IFCs for compensation are also considered. The proposed control
strategy is verified by using the IEEE 13-node system.

It should be mentioned that the proposed control strategies for three-phase
and single-phase IFCs of hybrid AC/DC microgrids in Chapter 3 to Chapter 6 can
also be used for conventional AC power systems to compensate the unbalanced
condition by using power electronic converters of DGs/SEs.

Finally, in Chapter 7, the main conclusions and contributions of this thesis are

presented. Also, suggestions for future works are provided.
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Chapter 2

Instantaneous Power Theory

In this chapter, an instantaneous power analysis of the three-phase power
system from the three-phase and single-phase perspectives is provided. Then, the
analysis is used to determine the different reference currents to be tracked by the
interfacing power converters to achieve specific performances. The reference
currents are used in the proposed control strategies in the following chapters.
Finally, in this chapter, discussions and comparisons of the instantaneous power

analysis from the three-phase and single-phase systems perspectives are provided.

2.1 Principles of Instantaneous Power Theory

From Figure 2.1 and according to instantaneous power theory [45], [62], the
instantaneous active and reactive powers injected to the grid at the point of

common coupling (PCC) could be described as in (2.1) and (2.2).

Ppcc =Vpcc -lpcc = Veece, lrcc, TVrec, teec, TVrcc, tpec, 2.1
4pcc =Vecc, -lrcc = Vree, 'pcc, TVree, trec, tVpcc, trcc, (2.2)
PCC
i >
PCC, < .
v j i
PCC,
A £CC, o b

v f i
/ PCC PCC. o .

Figure 2.1 Three-phase power system at the PCC.

18



Chapter 2: Instantaneous Power Theory

where vpee = [vpcca,vpccb,vpccc] and [ = [ipcca, ipccb,ipccc] are three-phase
PCC voltage vector and the current vector, and vpcc, lags vpee by 90°.
Considering symmetric-sequence component of the PCC voltage vector and the
current vector, (2.1) and (2.2) can be described as:

_7F - 0 -+ — -0 _7F -+ - —
Ppcc = (Vpcc +Vpce T Vpce )-(lpcc Fipce ’PCC) = (VPCC'ZPCC *TVpce-tpee ) + 23)

+ — — .+ 0 -0 _
(Vpcc-chc +Vpce-tpce ) + (Vpcc-’Pcc ) = Ppcc +Abpcc + (P Pccy T Alpcc, )

dpcc = (V;cc | TVrcc, +Vpce i )~(i;cc +ipcc +igcc)
(V;cc L -ipcc +Vree, -ipce ) + (V;cc L ipce +Vece, -ipce ) 4)
=Opcc +AQpcc
where Vicc, Vhcer Vhcer iper ipg ing are positive, negative, and zero sequence
vectors of three-phase PCC voltage vector and current vector, Ppcc and APp¢c are
average and oscillatory terms of instantaneous active power, Ppce, and APpcc,
are zero sequence average and oscillatory terms of instantaneous active power,
and Qpcc and AQpcc are average and oscillatory terms of instantaneous reactive
power. It should be mentioned that in (2.3) and (2.4), Vi.c.ipcc = Vpec-ipce = 0.
Moreover, orthogonal vectors for positive, negative and zero sequence vectors

could be achieved using transformation matrix in (2.5), if positive direction of

phasors rotation is assumed clockwise. From (2.5), it is clear that vicc .ipcc =
Vpcc, - i%cc = 0in (2.4), and also quccl =0.

0 1 -1

1

=0 =0

VIJ;CCL —E -1 0 1 V;;CC (25)
1 -1 O

In (2.3) and (2.4), the average active and reactive powers (Ppcc and Qpcc)
can be decompose into their positive and negative sequence components as

follows:

_ pt S -+ - -
Ppee = PCC+PPCC—(Vpcc-lpcc)+(VPcc-chc) (2.6)
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_ At - (. + —+ — —
Orcc = Opcc +Opcc = (VPCC IRJzee ) + (VPCC il 'lPCC) 2.7)
where Ppc. and Pp.. are the positive and negative sequences of average active

power, and Q7.. and Qp. are the positive and negative sequences of average

reactive power.

2.2 Power Control using Instantaneous Power Theory

from Three-Phase System Perspective

Here, proper reference currents calculations to be applied to the three-phase
interfacing converters to achieve specific performances are provided. Thus, the
instantaneous power analysis from the three-phase system perspective is used in
the calculations. In this study, it is assumed that the three-phase IFC is connected
to the grid at the PCC, thus IFC's output voltage and current are the same as PCC
voltage and current (vpec, Ipcc)- Moreover, the power system has three wires, so
there is no active power contribution from zero sequence current. Therefore, zero
sequence voltage will be neglected. In Figure 2.2, a typical grid-connected three-
phase IFC with its control block diagram is shown. As mentioned, here the focus
is on reference current generation for IFC.

Two different reference currents calculations are provided. In the first one,

injection of both positive and negative sequences current into the grid at the

DC Three-phase Interfacing Converter
Subsystem/Bus’ =~ [pc T T = PCC
fpee !
o Output Filter |— @
|
! |
N P:, — Qut_ R Vpee AC
) ’ Subsystem
\ 4 A 4
. | Reference
vl‘(' ) [T e 311
PWM of Q}lneﬂﬂt l‘“_ Current (mgi -
Control Synchronization
= x Generator —
? viv
Figure 2.2 Typical grid-connected three-phase interfacing converter with its control
strategy.
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fundamental frequency is desired, which is suitable for an adjustable unbalanced
compensation [45], [63]. The second reference current is derived to provide an
easy way to reduce the adverse effects of unbalanced voltage on IFC operation in

terms of output powers oscillation cancellation [64]-[66].

2.2.1 Reference current focusing on unbalanced condition

compensation

In this strategy, the reference current of three-phase IFC is calculated to
flexibly inject both positive and negative sequences active and reactive currents
into the grid to compensate unbalanced condition. In other words, this method is
useful if the adjustable unbalanced compensation is a preferential issue.

According to (2.3) and (2.4), the current vector that is aligned with voltage
vector will generate active power while the current vector that is aligned with
orthogonal voltage vector will generate reactive power. Therefore, total IFC's
reference current vector to inject positive and negative sequences current could be

expressed as:

2.8)

ipcc =" Vhee +a Vpee b Viee b Vpee,
where a*,a”,b",b” are positive and negative sequences instantaneous
conductances and susceptances. If just either positive or negative sequence current
had to be injected to the exchange of a certain amount of power with the grid

(Ppcc and Qpcc), the values of conductances and susceptances will be as follows:

+:Pf';cc‘2;a_zﬂ‘b+zgp—c%;b_:‘gf—c% (2.9)

+
Vpcc
In the condition that injection of both positive and negative sequences active
and reactive powers into the grid is desired, both sequences should be regulated to

keep reference active and reactive powers constant. As a result, weighting factors
P o3 .
k, and k, are defined as k; = Ppi and k, = QP—CC to regulate the proportions of
PCC PCC

each sequence power delivered into the grid as follows [45], [63]:
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. Pk Pocc(1-K) _ Opeck Opec (1-ky) _
_Lrccti v +LFI)VPCC+L‘;VECCL+L22)VPCQ (2.10)

‘V;cc ‘VPCC ‘V;cc ‘

As seen from (2.10), k; and k, can be controlled to adjust positive and
negative sequences active and reactive currents to compensate the unbalanced
condition. From (2.3), (2.4), and (2.10), the active and reactive powers

oscillations at the IFC output connected to the PCC can be achieved as:

Po ki Pore(1-K, _ k, O 1-k -

> oo =| ECC 21Jr pec ( _ ) Vhee-Vace Orcc 22_ rec - 2) V;CCL'VPCC (2.11)
‘v PCC ‘ ‘VPCC ‘ ‘VPCC ‘ ‘VPCC ‘
Pocc ki Fpec (1-k) Opcc k> i Orcc(1-k,) (2.12)

_ + -
AQpcc = 5 5 Vpcc-Vpecc,
pec] |

+ _
2 2 Vpcc, -Vpcec,
‘VPCC ‘VPCC ‘VPCC ‘ ‘VPCC ‘

Considering (2.11) and (2.12), the active and reactive powers oscillations can

be cancelled out considering following values of k; and k:
e e
PCC PCC
Mpee =0k =—2l g o el (2.13)
+ - + -
‘VPCC‘ - ‘VPCC‘ ‘VPCC‘ + ‘VPCC‘
2 2
+ +
‘VPCC‘ ‘VPCC‘
AQpcc =0=k = p > & ky = 5 5 (2.14)
+ - + -
‘VPCC‘ + ‘VPCC‘ ‘VPCC‘ _‘VPCC‘

2.2.2 Reference current focusing on active and reactive

powers cancellation

In this strategy, the reference current is calculated to easily control/cancel out
the three-phase IFC's output active and reactive powers oscillations due to
unbalance condition. Although the power oscillations can be cancelled out
considering (2.13) and (2.14) in the reference current (2.10), this control strategy
provides much more easier way for power oscillation cancellation, especially
when parallel IFCs are used.

Considering (2.3) and (2.4), in unity PF where Qpcc = 0, since Vi, - ipcc

and vpec * ipcc, and also vicc, " ipce and Vpee, * ifec are in-phase quantities, the
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active or reactive power oscillation of IFC can be compensated using scalar

coefficient k,, as follows [64]-[66]:

APpce =0=>Vpec-ipee, ==k, Vec-ipce, kpi 20 (2.15)

where subscript "p" is related to unity PF operation. From (2.3), (2.4), (2.15) and

(2.16), the IFC's reference current vector under unity PF can be obtained:

Poce N Ppec k

p
2 2 Vpce T
b +k, [vp
Vpcc p|VPcc

2
+ —
‘VPCC‘ +k, ‘VPCC‘

i;ccp = 5 Vpce (2.17)

Similarly, under zero PF operation mode (Ppcc = 0), the active or reactive
power oscillation can be compensated using scalar coefficient k, as follows [64]-

[66]:

AQpce =0=>Vpee, ‘Ipcc, = ~kq Vpce, -i;;ccq kyi 20 (2.19)
where subscript "g" is related to reactive power control. From (2.3), (2.4), (2.18),
and (2.19), the IFC's reference current vector under zero PF can be derived as:

Opcc + Opcc ky
‘2 Vpce, t ‘

-* —
lpcc, = L2 2 2 Vece, (2.20)
‘VPCC‘ +k, ‘VPCC VPCC‘ +k, ‘VPCC‘

Combining (2.17) and (2.20), the IFC's reference current vector is obtained:

lpcc =tpcc, tlrce, = P — 2 Vpce P —p Vpce |t
‘VPCC‘ +k, ‘VPCC‘ ‘VPCC‘ +k, ‘VPCC‘
2.21)
Opcc + Opcc k, _
> Vpcc, > Vpcc,

+ P - + P -
‘VPCC‘ +k, ‘VPCC‘ ‘VPCC‘ +k, ‘VPCC‘

From (2.3), (2.4), and (2.21), the IFC's output active and reactive powers

oscillations at the PCC can be derived as:
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Prcc (1 +k, )(VIJ;CC'VI_’CC) N Opcc (1 —k, )(V;cq 'vf_’CC)

‘2 ‘2 (2.22)

PCC =

v P - v P -
‘VPCC‘ +kp‘VPCC ‘VPCC‘ +k, ‘VPCC

AOpee = Ppcc (l_kp>("1tcc-"1_>2cq ) N Opcc (1 +k, )(V}tccL -VFCCL ) (2.23)

v P - + P -
vPCC‘ +k, ‘VPCC‘ Vpcc ‘ +k, ‘VPCC

Considering (2.22)-(2.23), k, = —1&ky; =1 and k, = 1 & k; = —1 result
in IFC's active and reactive powers oscillation cancellation, respectively (more
discussion will be provided in Figure 4.2). As clear, this reference current

provides much easier way for IFC's output power oscillations cancellation (see

(2.13) and (2.14)).

2.3 Power Control using Instantaneous Power Theory

from Single-Phase System Perspective

In this section, appropriate reference current calculation to be applied into
single-phase IFCs to achieve specific performance is provided. Due to control of
single-phase IFCs, the instantaneous power theory from the single-phase system
perspective is developed. In this method, it is assumed that one single-phase IFC
is connected to each phase of the three-phase grid at the PCC, therefore IFCs
output voltages and currents are similar to the PCC voltages and currents in that
phase (similar to Figure 2.2 but one single-phase IFC is connected to each phase).
In addition, the power system has four wires, which results in presence of zero
sequence current and voltage.

In this strategy, reference currents for single-phase IFCs are calculated to
inject desired active and reactive powers into the unbalanced grid and compensate
the unbalanced condition. In other words, this method is useful if the unbalanced
compensation of power system by single-phase IFCs is a preferential issue.

As mentioned, the current vector that is aligned with voltage vector will
generate active power while the current vector that is aligned with orthogonal

voltage vector will generate reactive power (see (2.1) and (2.2)). Thus, from
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single-phase perspective, total reference currents for single-phase IFCs in phase-a,

-b, and -c¢ could be defined as:

v
tpcc, = AayVpcc, T BagVpcc,,

~ i (2.24)
YpcCap YPCCaq
. %
ipce, = Ab,Vpcc, T B, Vpcc
b b b
ks 2 = (2.25)
tpccyy tpcey,
. %
ipcc, = Ac,Vpcc, + Be,Vpcc
¢ L : 1 L (2.26)

thccep tbcceq
where ipcc, s ipcc,» and ipcc, are the total reference currents for single-phase IFCs
connected to the phase-a, -b, and -c, (Aap,Baq), (Abp,Bbq), and (Acp,ch) are
instantaneous conductances and susceptances in each phase, IpCCap> TPCChy» and
lpcc,, are active currents of IFCs in phase-a, -b, and -c, and ipccaq> LPCCyys and
ipcc,, are reactive currents of IFCs in phase-a, -b, and -c. The active and reactive
currents generate the active and reactive powers in three phases, respectively. In
(2.24) to (2.26), the values of conductances and susceptances that give rise to the
exchange of certain amount of powers with the grid in each phase, (Ppcc,a, Qpcc,a)-
(Pocep Qpccn)> and (Ppece, Qpece), under given voltage conditions can be

obtained as:

4 = Pocca B - Opcca . _ Poccy ~ Opceyp

ap_ PR aq_ 2 bp_ ‘27 bq_‘ ‘2

‘VPCCH ‘VPCCG ‘VPCCI, Vpce,

(2.27)
4 = PPCC,c - B = QPCC,C

cp_ 2 aq_ 2

‘VPCCC ‘VPCCC

Therefore, the total reference currents for single-phase IFCs in each phase

will be:
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-* . * -*
lpcc, =trcc,, Tircc,

lpcc, =trec,, Tiprcc,

= > Vece, T
c* o* u*
Ipcc, ='pccy, tirce,, =

=—3Vecc, T

QPCC ,a

P, PCC,a
2 2 VPCC,

Vpcc, Vpcc,

QPCC,b

Ppec
2 2 Vpce,

Vecc, Vpcc,

QPCC,C

PPCC,C v
2 "PCC

Vpcc, Vpcc,

Finally, sequential analysis of three-phase active and reactive currents in

(2.28) results in following positive, negative and zero sequences current:

* * *

—+ o+ + —+ _
lpcc =1pcc, Tlrcc, =

2 A
1| Prcca Peccy I Prcce 75
3T Veee, T 2€ “Veco, T3¢ " Vece, | T
‘VPCCa ‘VPCCb ‘ ‘VPCCC (2.29)
2 Ar
1| Opcca y Orcc o3y N Opcc.c R
3 2 "PCC, 2 PCCy, 2 PCC, |
Vpcc, Vpcc, Vpcc,
* * *
Ipcc =lpcc, Tlrce, =
A 27
1| Preca Peccy I Peece 75
3T Veee, T 5€ " Veco, T3¢ " Vece, |T 230
‘Vpcca ‘VPCCb‘ ‘VPCCC (2.30)
4 2r
1| Opcca y Orccp R N Opcc.c J 3y
3 2 "PCC, 2 PCCy, 2 PCC, |
Vpcc, Vpcc, Vpcc,
0 0" L0
lpcc =lpcc, Tlrcc, =
1| Prcca Precp Prece
3l p Vecc, TT 2 VPcc, T 5 VPCC,
‘VPCCa ‘VPCCb ‘ ‘VPCCC (2.31)
1| Opcca Opccyp Opcc,c
3 pURca, T pVreg, T pveec,
Vpce, Vpcc, Vpcc,
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Considering (2.29)-(2.31), it is clear that three-phase active and reactive
powers can be controlled to adjust the positive, negative, and zero sequences

current, which leads to adjustable unbalanced compensation.

2.4 Discussion

In Sections 2.2 and 2.3, the instantaneous power analysis from the three-
phase and single-phase system perspectives are used to generate reference
currents for the three-phase and single-phase IFCs to adjustably compensate the
unbalance condition. Since in both strategies, certain amount of powers are
exchanged with the grid (Ppcc and Qpc¢), the generated reference currents need to
be equal under similar operating conditions. Here, two simple examples are

provided to compare the generated reference currents from the two perspectives.

2.4.1 Example-1: only positive sequence active current
injection

In Section 2.2.1, the instantaneous power theory from the three-phase system

perspective is used to generate reference current to flexibly inject both positive

and negative sequences current into the unbalanced grid. From (2.10), if just

positive sequence current has to be injected to the exchange of a certain amount of

active power with the grid (Ppcc), (2.10) can be written as follows:

* P,

+ _ Tpcc  +

lpcc = . P Vpcc (2.32)
VPCC‘

Replacing vi-. with phase voltages, the following relation will be achieved:

+ __Lpcc
ipoc =——— Vpce, +€ 2 Vpee, € Vpce, (2.33)
3‘V1+>CC‘
On the other hand, in Section 2.3, the instantaneous power theory from the
single-phase system perspective is used to generate reference currents for single-

phase IFCs (connected to PCC in each phase) to inject desired active and reactive
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currents into the unbalanced grid. From (2.29), the positive sequence of PCC

current under just active powers injection can be obtained as follows:

* P, u u jzl u j4l
+ _ tPCC 1 2 3 3 3
lpcc = 3 | P Vrce, +—‘2 € " Vpco, T ¢ " Vecc, (2.34)

‘VPCCu ‘VPCCb ‘VPCCC

where u; + u, + uz = 1. It is worth mentioning that the average of three-phase
instantaneous active power is equal to summation of average active powers of
three phases (Ppcc = Ppcc,a + Precy + Prec,e)-

Comparing (2.33) with (2.34) clarifies that these two positive sequence
reference currents looks similar, however they are not equal due to different
operating conditions. In other words, in (2.33), just positive sequence current is
injected while (2.34) is the positive sequence component of the reference current
in (2.28), which also contains negative and zero sequences current. To compare
these two positive sequence currents ((2.33) and (2.34)), the negative and zero
sequences current of (2.28), which are presented in (2.30) and (2.31), should be

set to zero as follows:

* P Ar u j27[
— _ Ipcc U ) 3 3 3 _
lpcc = > Vece, t 7€ °Vece, 7€ °Vpcc, |0 (2.35)
‘VPCCa ‘VPCC/, ‘ ‘VPCCC
.
o _ Ppcc U U U3 _
tpcc =75 T VG, +———=Vpce, *——3Vpcc, |=0 (2.36)
‘Vpcca ‘VPCCI, ‘ ‘VPCCC

Solving (2.35) and (2.36), following relations are achieved:

‘Vpcca ‘ ‘VPCCI, ‘ ‘VPCCC (2.37)
20, =s0  +Z_,9
PCC, 'PCCy, 3 PCC, 3

Applying the conditions in (2.37) into (2.33) and (2.34) and assuming that
average active powers in three phases are equal (u; = u, = uz = 1/3), following

relations will be resulted:

28



Chapter 2: Instantaneous Power Theory

2 4
* P, I~ J= P,
it —_PCC 3 3 —_PCC
rcc =77 3| Vpce, t€ T Vpeg, T € T Vece, ] =T, plrc, (2.38)
3 VPCC‘ ‘VPCC‘
2 4
* P, u u I u I~ P,
< _Ipcc 1 2 3 3 3 __Ipcc
lpcc = > Vece, T € ~ Vpcg, T 7€ “Vpee, | = 7 Vece, (2.39)
+
‘VPCCa ‘VPCC,, ‘ ‘VPCCL. 3 ‘ Vpcc

Thus, from (2.38) and (2.39), it is seen that the reference currents from the
three-phase perspective and the single-phase perspective are equal under similar

operating condition.

2.4.2 Example-2: only negative sequence active current

injection

As another example, negative sequence active current injection to the grid is
considered, and reference currents generated in Sections 2.2.1 and 2.3 are

compared. From the three-phase system perspective, (2.10) can be written as

follows:

P faad JE
— _ PCC 3 3
lpcc = —‘2 Vpee, T€ 7 Veeo, T€ 7 Ve, (2.40)

3‘V1_>cc
From (2.30), the negative sequence current under active power injection from

the single-phase system perspective will be as follows:

Ar 2

J u J=
3 3 3

l-—* _ Prcc W, L
pcc = > Veee,

‘2

‘VPCCE ‘VPCCb ‘VPCCC
However, for only negative sequence current injection from the single-phase
system perspective, the positive and zero sequences current of (2.29) and (2.31)

should be set to zero as follows:

* P, u u I~ u =
-+ _ I'pcc 1 2 3 3 3 _
ZPCC — _3 —2 VPCCa +—2 e VPCCb +—2 e VPCCC — 0 (242)

‘Vpcca ‘VPCC/, Vpcc
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o _ Ppcc U Uy Uy _
Ipcc = — 2 Vecc, T T3 Vrcg, T 5 Vpee, |=0 (2.43)
‘Vpcca Vecc, ‘ Vecc,

Solving (2.42) and (2.43), the single-phase system parameters should have

the following relations:

W __ W U
‘Vpcca ‘ ‘Vpcc,, ‘ ‘VPCCC (2.44)
20, =s0  +¥_, 9 L
PCC, PCC}y 3 PCC,. 3

Applying the relations in (2.44) into (2.40) and (2.41) to unify the operating
conditions and assuming equal average active powers in three phases, following

results will be achieved:

* P j4l jzl P
—  _ Ipcc 3 3 — __PCC
lpcc = 2| Vecc, € " Vpcg, t€ T Vpee, |= 7 Vrcc, (2.45)
3 ‘VPCC ‘ 3 ‘VPCC ‘
4r 2
* P u u I u I P
—  _Ipcc 1 2 3 3 3 __Trcc
lpcc = > Vece, T € ~ Vpcg, T 7€ “Vpee, | = 7 Vrcc, (2.46)
|VPCC,, |VPCC,, | |VPCC(, | 3 ‘ Vpcc

From (2.45) and (2.46), it is clear that under similar operating conditions, the
reference currents from the single-phase system perspective and the three-phase

system perspective are equal.

2.5 Conclusion

This chapter reviewed and derived an instantaneous power analysis from
three-phase and single-phase system perspectives to calculate the reference
currents for interfacing converters to achieve specific goals. Three methods to
generate the reference currents were provided, which are used in the rest of the
thesis in the proposed control strategies. In the first reference current, which was
derived for a three-phase IFC to adjustably compensate for the unbalanced
condition, the positive and negative sequences' active and reactive currents are

directly controlled by the two coefficients k; and k,. This reference current will
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be used in the proposed control strategies for IFCs in Chapter 3. The second
reference current was derived to easily reduce/minimize the adverse effects of
unbalanced voltage on three-phase IFCs' operation. This reference current will be
used in Chapter 4 and Chapter 5 to cancel out parallel three-phase IFCs' active
power oscillation and DC link voltage ripple by controlling the two coefficients
k, and k. It should be mentioned that adverse effects reduction such as power
oscillation cancellation can be done by the first generated reference current (using
k, and k), but the second one provides an easy way to achieve this goal,
especially when parallel IFCs are used. The third reference current was developed
for single-phase IFCs to adjustably compensate for the unbalanced condition. In
this reference current, which is used in Chapter 6, three-phase active and reactive

powers are controlled to adjust the positive, negative and zero sequences current.
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Chapter 3

Single Three-Phase Interfacing Converter

Control for Unbalanced Voltage Compensation

in Hybrid AC/DC Microgrids!

In hybrid AC/DC microgrids, three-phase power electronics interfacing
converters (IFCs) have great potential to be used for unbalanced voltage
compensation. These IFCs can be DG/SE IFC connected to the AC subsystem or
the AC and DC-subsystems' interfacing converter. The unbalanced voltage has
adverse effects on the IFCs' operation such as output active power oscillation and
DC link voltage variations. Also, since the compensation is realized through the
available rating of IFCs, it is equally important to consider the effectiveness of the
control strategy for unbalanced voltage compensation. Considering these
challenging issues, two unbalanced voltage compensation strategies for single
three-phase power electronics IFC are proposed. In both proposed control
strategies, the instantaneous power analysis from a three-phase system
perspective, presented in Section 2.2.1 of Chapter 2, is used. Both proposed
methods are based on the IFC's equivalent negative sequence virtual impedance
amplitude and phase angle control. In the first strategy, the IFC's output active
power oscillation is minimized to reduce the adverse effects of unbalanced
voltage on IFC operation in addition to providing unbalanced voltage
compensation. This method is named active power oscillation minimization in this

chapter. In the second strategy, an effective method for reducing the negative

! Publication out of this Chapter:

F. Nejabatkhah, Y. W. Li, and B. Wu, “Control Strategies of Three-Phase Distributed
Generation Inverters for Grid Unbalanced Voltage Compensation”, IEEE Transactions on
Power Electronics, vol. 31, no. 7, pp. 5228-5241, Jul. 2016.
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sequence voltage is proposed in which the IFC's injected negative sequence
current is controlled to be in the same phase as the grid negative sequence current.
This method is named in-phase current compensation in this chapter. The
performances of the two proposed control strategies under different grid
conditions and IFC operating conditions are studied. Recommendations for
appropriate strategy utilization under various conditions are provided. In addition,

the validity of proposed strategies is verified by simulations and experiments.

3.1 Three-Phase IFC Instantaneous Power Analysis and

Sequence Network Model

Figure 3.1 shows a three-phase interfacing converter (IFC) connected to the
AC subsystem (sometimes refer as an AC grid in this chapter) at the point of
common coupling (PCC) with LCL filter, and an unbalance load is connected to
PCC as a source of unbalanced voltage. The IFC can be the AC and DC-
subsystems' IFC in DC-coupled or AC-DC-coupled hybrid microgrids or the IFC
of DG/SE connected to the AC subsystem in AC-coupled or AC-DC-coupled
hybrid microgrids.

In this Chapter, since unbalanced voltage compensation with adjustable level
is desired, the reference current calculated in Section 2.2.1 of Chapter 2 is used to
directly control both positive and negative sequences current. Different from
Section 2.2.1, here the IFC's output voltage and current vectors are represented by
v and i, instead of vpc- and ipcc, which is shown in Figure 3.1. Moreover, the
IFC's output average active and reactive powers are represented by P and Q.

From Section 2.2.1, the reference current of three-phase IFC to flexibly

LCL Filter

IFC
: |
i |
g LA a'a’aY
_l @ : b J_Cf b :
I |
DC b o |

Subsystem/Bus Unbalance
Load

Vg
Subsystem/Bus

Figure 3.1 Single three-phase interfacing converter.
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control both positive and negative sequences current injection to the grid is

provided in following:

=iy i, g+ = Pfﬁ V++P(1_‘2kl)v_+ ch VI+Q(1_‘2I€2)VI G.1)
\%

+

v Vv

v

As clear from (3.1), portions of positive and negative sequences active and
reactive currents can be adjusted by k; and k, to achieve different control
objectives. For example, k; = 1 leads negative sequence active current to zero,
and k, = 1 sets negative sequence reactive current to zero. Moreover, when k; =
k, = 1, balance three-phase current is injected to the grid. Using (3.1), the
positive and negative sequence components of IFC's reference current vectors can

be expressed as:

i oyt = %_%e’z vt (3.2)
=y = PUTR) Q07 s (33)
M

From (3.2) and (3.3), sequence network model of single three-phase IFC can
be achieved. Figure 3.2 shows the equivalent negative sequence model of single
grid-connected three-phase IFC (no zero sequence in the system). In this figure,
the positive sequence equivalent network together with unbalance load are
represented by an equivalent current source i;,,4 (Which value depends on the
unbalance load configuration as well as the positive sequence network parameters
as will be discussed later). Moreover, in Figure 3.2, IFC is represented as a virtual
impedance Z~ in order to emulate its behaviour in the negative sequence circuit
(see (3.3)), the grid negative sequence impedance (Z;,;4) 1S shown in parallel
configuration, and the currents directions are assumed as shown in figure for

better explanation.
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r——- i i r——=
| : < ] PCC Grid > i :
| |
12 | iz + n z I
| 2 AN i 2 izl 2
Z,=— |v | | - _ |V | e’ v . 7- _(Zsz) e 2I . _ (chu)
Rl Bz T L s
1 I | Q(l - k2) - Grid I | RG”',]
| I | |
| I } |
IR [
IFC negative sequence Grid negative
virtual impedance sequence impedance

) (%)

Figure 3.2 Sequence network model of single grid-connected three-phase IFC.

If the three-phase unbalance load is connected to the PCC in star connection
(Z11,Z12,Z13), T19qqa can be represented as (3.4). (Note that using three-phase
network symmetrical component analysis, i;,,; can be extended to other load
types, e.g. single-phase load [67]).

. E(a*Z +aZ, + Z,3)
A = — —
toad = 7 Zya + Z13 213 + ZiaZin + ZppeZy + ZiecZy + 327 o Zpee

(3.4)

where Z; is the summation of load impedances (Z;, = Z;;+Z;, + Z;3), and a is

2T

the rotation operator (a =e’ T). Moreover, E represents the voltage of the PCC

under balance condition (without presence of unbalance load), and Zz.. and Zp
are positive and negative sequences impedance seen from the PCC. Considering

Figure 3.1 and Figure 3.2, these parameters can be achieved as follows:

+
E = -’-ZLC-’- X Vg (35)
ZPCC + ZGT'id
Ziee = Z N Zgria (3.6)
Zpce =27 Zgria (3.7

where Z¢.; is the grid positive sequence impedance, v, is the grid (AC
subsystem) voltage, and Z™ is the IFC's positive sequence virtual impedance that

can be expressed as (3.8) by using (3.2).

Iv+I2> <Iv+|2 _-£>
2t =73z = - e /2 3.8
Rl Zx < Pk, Il ok, (3.8)
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In the two proposed control strategies to be discussed later, for better
explanation and comparison, i;,,4 Will be considered as a constant value based on
fixed values of |i~| and IFC's active-reactive powers. Considering (3.4) to (3.8),
this assumption is valid since Z3. and E are approximately constant values in the
aforementioned conditions. Moreover, the variations of Zp.. in the two proposed
control strategies will not influence the denominator of (3.4) due to its small
amplitude (in the both proposed control strategies, Z~ is controlled to be much
smaller than the grid impedance). However, it is worth mentioning again that this
assumption is just for better explanations and comparison, and the proposed
strategies are still valid without this assumption.

Considering the sequence network equivalent circuit in Figure 3.2, two

scenarios are discussed:

3.1.1 IFC produces balance current without unbalanced

voltage compensation
In the case that weighting factors k; and k, are equal to one (k; = 1 and
k, = 1), just positive sequence active and reactive powers are injected to the grid.
From Figure 3.2, both Z; and Zy are open circuit, and the negative sequence

voltage of PCC can be expressed as (3.9).

V™| = lijgaal X 1Zgrial (3.9)

3.1.2 IFC produces unbalance current for unbalanced

voltage compensation
In the case that weighting factors k; and k, are not equal to one (k; # 1 and
k, # 1), positive and negative sequence active and reactive powers are injected to

the grid. From Figure 3.2, the negative sequence voltage of PCC can be achieved:

v™| = lijoaal X 1Z5ria // Z7| (3.10)

From (3.9), (3.10) and Figure 3.2, it can be seen that injecting the negative
sequence active and reactive powers to the grid by single three-phase IFC could

compensate the PCC unbalanced voltage. In other words, the negative sequence
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virtual impedance of IFC (Z7) can be controlled to be much smaller than the grid
impedance, directing i;,,4 to flow to the IFC side and leading to an improved
PCC voltage. However, how the control of IFC negative sequence virtual
impedance or negative sequence current can minimize the IFC's output active
power oscillation and effectively reduce the negative sequence voltage of IFC will

be discussed in the following section.

3.2 Two Proposed Control Strategies for Single Three-
Phase IFC for Unbalanced Voltage Compensation in Hybrid
AC/DC Microgrids

3.2.1 Unbalanced voltage compensation with active power

oscillation minimization
As shown in (2.11), to compensate the PCC voltage unbalance, the IFC
negative sequence currents produce active power oscillation at the DG output,
which leads to DC link voltage oscillation. The DC link ripples have adverse
effects on the DC subsystem and may produce harmonics at IFCs AC output. The
active power oscillation in (2.11) is presented in following again:

Pky; P(1—ky)\ . _ (ka Q(l_kz)) +
. — . 3.11
TEEARE | TR A 311

AP=<

In active power oscillation cancellation strategy [40], the level of unbalanced
voltage compensation cannot be controlled directly. Therefore, in order to control
and compensate the AC subsystem steady-state unbalanced voltage and to reduce
the adverse effects of this unbalance compensation, this proposed control strategy
aims at minimizing the active power oscillation while with adjustable unbalance
compensation levels. This strategy i1s named active power oscillation
minimization or AP-minimization strategy.

In this control strategy, the amplitude and phase angle of IFC's negative
sequence current is controlled (i.e. IFC's negative sequence virtual impedance can

be controlled which are the same approach) to minimize the active power
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oscillation and compensate unbalanced voltage. From (3.3), the amplitude of

IFC's desired negative sequence current is defined as:

B % B \/(P(TU_‘ Ikl))2 * (Q(Tv_‘ IkZ)>2 G-12)

*

Considering (3.10), the active power oscillation in stationary af reference

frame can be achieved as (3.13).

3 Pkl P(l_kl) _ + -
:E(|v+|2+ |‘U—|2 )(Uava +vﬁvﬁ)

3 ( Qk; QA —k3)

+o - +4,=
2 |v+|2_ PRE )(vﬁva—vavﬁ)

AP
(3.13)

Using Clarke transformation, the PCC positive and negative sequences

voltage in stationary aff reference frame can be expressed as follows:

vd = |v*| cos(wt + 67) (3.14)
+ _T o+

vg = v |cos(wt 2+9 ) (3.15)
vy = |v7| cos(wt —07) (3.16)
— — n -

vg = |v |Cos(wt+5—6 ) (3.17)

where 8% and 6~ are the phase angle jumps. From (3.13) to (3.17), the active

power oscillation can be expressed as follows:

3 Pkl P(l - kl) 3
ar =§<|v+|2 v |2 >|v+||v | cos(2wt + 0)
3/Qk, Q(1—ky) (3.18)
2 - 2 _ )
+§<|v+|2_ 2 )|U+||v | sinQwt + 6)
where 8t — 6~ = 0 is the phase angle between positive and negative sequences.

In order to minimize sinusoidal active power oscillation in (3.18), following

objective function is defined:
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[ (| —:O)' v _'] I Qf,zz—Q(llvfli‘”)lvﬂlvw]z (3.19)

[v+]?

This objective function should be minimized subjected to the constraint in
(3.12) which provides controllable unbalanced voltage compensation. With the
assumption of k; —1 =1[; and k, — 1 = [,, the objective function in (3.19) and
the constraint in (3.12) could be expressed as (3.20) and (3.21), respectively.

J(, 1) = A%12 + B%2l2+ Cl, + El, + F (3.20)
P21% + Q215 = D? (3.21)
+12_ (-2 +12 412
where A,B,C,D,E, and F are defined as 4 = P(lv | h_] | ), B = Q(|v | +|1] | ), C =
lv+||lv—| [vF]lv]
P2 (ot - ?) £ =22 ([ "+ v ) | jom2(p2+0?)
[vt|2|v—|2 > - | ||lref|' - [vt|2|v=|2 [ vt 2=z

Considering (3.20) and (3.21), the objective function and constraint are
quadratic functions that can be represented in the general form of (1/2)x”Px +
q"x + 7. Since P in both functions are positive semidefinite, the close form
analytical solution can be found using Lagrangian method [68]. Utilizing this
deterministic method, [; and [, can be determined analytically as a function of
system operating point. Due to the limited computation and deterministic solution
in comparison to heuristic optimization methods, these parameters can be easily
updated online in a digital controller. From (3.20) and (3.21), the Lagrangian
function is defined as follows:

L(ly,15,4) = A%212 + B%153 + Cl; + El, + F + A(P?1? + Q12 — D?) (3.22)
where A is Lagrangian multiplier. Setting each of the partial derivatives of this
function equal to zero (;lLl = 0 alz O — = 0) the optimal values of [; and [,
are calculated analytically, leading to k4, and k, determination. In control system,

in each time step, [; and [, are updated based on system parameters.
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3.2.2 Unbalanced voltage compensation to minimize the

PCC negative sequence voltage

In order to effectively compensate the grid unbalanced voltage, or in other
words to minimize the PCC negative sequence voltage under a given IFC's
negative sequence current level, the phase angles of IFC and the grid negative
sequence currents should be the same. In this case, by assuming constant negative
sequence load current (ij,,4) in the fixed [i™|, minimum negative sequence
current will be directed to the grid, resulting in minimum negative sequence
voltage at the PCC (|v™| = |ligyigl X |Zgyiql)- In this control strategy, the active
power oscillation at IFC output is not controlled directly. In this chapter, this
strategy is named in-phase current compensation strategy.

In this control strategy, the amplitude and phase angle of IFC's negative
sequence current (or IFC's negative sequence virtual impedance) is controlled to
minimize the negative sequence voltage of the PCC without active power
oscillation consideration. In this method, the phase angles of IFC and the grid

negative sequence impedances (see Figure 3.2) are controlled to be the same as in

(3.23).
477 = 4754 (3.23)

Considering (3.12) and (3.23), k; and k, can be achieved as follows:

v Ii”|
Z7 1\ (3.24)
P X 1+ <Z}£Grld>
R Grid

o l]i”

klzli

Zy . .

R Grid 7> \? (3.25)
0x [1+ (Z—{G”d)
R Grid

Considering (3.12), (3.24), and (3.25), it can be concluded that if k; > 1 and

k, < 1, IFC's negative sequence current will be in-phase with the grid negative

sequence current. However, k; < 1 and k, > 1 will cause them to be 180° out of
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phase. Considering (3.24), and (3.25), in this strategy just the ratio of the grid
reactance to resistance in fundamental frequency is needed, which can be easily
obtained using different methods [69]-[71]. In this chapter, this ratio is considered
as a known value in the control system.

Finally, the overall control block diagram is shown in Figure 3.3. This control
system contains outer loop which is responsible for IFC's reference current
generation, and inner current control loop which is responsible for tracking the
reference current quickly and accurately (see Figure 2.2). The control is
implemented in the stationary aff reference frame to avoid multiple frame
transformations for different sequence components control. In the outer loop,
among different sequence extractors [72]-[74], frequency-locked loop (FLL)
based sequence extractor in [74] is used to separate the PCC voltage into positive
and negative sequences. Moreover, weighting factors k; and k, are determined by
either the active power oscillation minimization or in-phase current compensation
strategy. In Figure 3.3, |i‘*| can be set directly through the desired IFC's negative
sequence virtual impedance using (3.12). Either way, the IFC's available rating for
unbalance compensation need to be a constraint. In the inner control loop, IFC is
controlled in current control operation mode using proportional-resonant

controller [75].

3.3 Comparisons of the Proposed Control Strategies

In this section, detailed study of each proposed control strategy and their

differences are concluded, and the influences of IFC's operating conditions in

P, 0 i
LA 7
2 [ ‘k¢"$i U pcC
+\2 + > m "
\/(Va) +(Vﬁ) _ k] and kg —L Reference i* PR afi >
‘VL . Current  [=» Current PWM P Inverter
| ) 2 \2 Calculation —»| . Z.
% +(v ) > k.| Generation controller Grid
( H) s 2
Xerd/ Ria ‘i: v
A [ Sequence Ve ! v
Extractor v

Vg

Figure 3.3 Proposed control strategies for single three-phase IFC for the unbalanced
voltage compensation.
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TABLE 3.1 Case study results for both proposed control strategies with |i"|=10A4
under different IFC's output P/Q ratios ($§=20.61kVA) and the grid conditions
(1Zcria|=0.75398 Q) .

o » Xeria > Reria Xeria € Regria
Grid impedance conditions R=1x1073Q; X=0.7530 | R =0.753Q; X =1x1073Q
IFC's output active-reactive powers i S e S
P P SkVar 20kVar S5kVar 20kVar

No compensation 13.66 15.70 12.88 10.74
v AP-minimization 9.10 8.26 6.25 6.88
V) In-phase current 6.23 8.26 6.15 4.00
AP—minimization .o 1.46 1 1.01 1.72

In—phase current
No compensation 1368 1368 1228 1228
AP AP-minimization 2177 2835 2643 1921
w) In-phase current 3005 2862 2673 2626
AP-minimization .o 0.72 0.99 0.98 0.73

In—phase current
No compensation 1368 1368 1228 1228
AQ AP-minimization 4007 4267 3840 3487
In-phase current 3297 4248 3820 2850

(VAr) - Lo

SO ratio 121 1.004 1.005 1.22

n—phase current

terms of output P/Q ratios and the grid conditions in terms of different
X¢ria/ Reria ratios are investigated. These discussions are supported by a case
study in TABLE 3.1, Figure 3.4, and Figure 3.5, where a three-phase grid-
connected IFC is simulated. In this case study for better explanation and
comparison, the performance of the two proposed control strategies in normal grid
with inductive impedance (large X iq/Rgria ratio) and weak grid with resistive
impedance (small X;,.;q/Rgrig ratio) under different IFC's output P/Q ratio are
presented. The IFC's apparent power (S) and the amplitude of the grid impedance
(1Zgrial) are considered to be constant. Complete simulation results and the
parameters and specifications of the simulated system will be provided in
simulation section.

First of all, with IFC’s compensation and the equivalent small negative
sequence virtual impedance, the negative sequence load current is directed to the
IFC side, resulting in less negative sequence current in the grid (ig,.;4) and
therefore the negative sequence voltage at PCC are reduced in all conditions in the
both proposed methods. However, considering (2.3) and (2.4), the presence of i~
increase the active and reactive powers oscillations in comparison to balance

current injection. These results can be confirmed by TABLE 3.1.
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Figure 3.4 Phasor diagrams of the case study in phase-a with |i"|=104 under
Xcria>> Reria and different P/Q ratios (v and i* with the scale of 0.1); (a) AP-
minimization strategy, (b) in-phase current compensation strategy.

In the active power oscillation minimization strategy, IFC's negative
sequence current (or IFC's negative sequence virtual impedance) is controlled in
order to minimize the active power oscillation at IFC output. Therefore, the active
power oscillation in this strategy is smaller than the in-phase -current
compensation method in all operating conditions (APap_minimization < APin-phase)-
As shown in TABLE 3.1, the ratios of active power oscillation in AP-
minimization strategy over in-phase current compensation strategy are always less
than one under the same operating conditions. At the same time, it can also be
observed that the reactive power oscillations in the active power oscillation
minimization will be larger than in-phase current compensation
(APpp_minimization > DPin—phase)- This is because, considering (3.11) and (3.19),
for active |P(1—ky)/|lv™ |2

|Q(1 — k,)/|v™|?| should reach —|Pk, /|v*|?| and |Qk,/|v*|?|, respectively. In

power oscillation  minimization and

this case, the reactive power oscillations will increase according to (2.12).
For the in-phase current compensation strategy, the phase angles of i;,,4, i~
and ig, ;4 are the same. Obviously, with the same |i;,,4| and |i~|, |ig, ;4| in the in-

phase current compensation strategy will be smaller than AP-minimization
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Figure 3.5 Phasor diagrams of the case study in phase-a with |i"|=104 under
XeriakReria and different P/Q ratios (v" and i* with the scale of 0.1); (a) AP-
minimization strategy, (b) in-phase current compensation strategy.

strategy (|i5n-d| AP—minimization > |iGrid |in—phase). The relationship is more clearly
shown in the phasor plot in Figure 3.4 and Figure 3.5. Therefore, the negative
sequence voltage at the PCC in the in-phase current compensation will be smaller
than the active power oscillation minimization strategy (v~ ap—minimization >
v m_phase). As shown in TABLE 3.1, the ratios of negative sequence voltage in
p-minimization strategy over in-phase current compensation are always greater
than one under the same operating conditions.

In the both methods, increasing |i~| will reduce |ig,.;4|, which leads to more
reduction of negative sequence voltage at PCC. However, considering (2.3) and
(2.4), the active and reactive powers oscillation will increase with higher
unbalance compensation level. In small IFCs, due to lower |i~|, performance
difference of the two proposed control strategies in terms of the negative sequence
voltage reduction will not be very obvious. Therefore, the active power oscillation
will be a dominant factor when comparing the two methods. On the other hand, in
large DGs, due to possibility of high |i~|, the difference negative sequence
voltage reduction between the two methods will be more obvious and become a

dominant factor when comparing the two methods. The influence of |i™| in two
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proposed methods will be shown in the simulation section. Additional
comparisons of the two proposed strategies are provided in the following

subsections.

3.3.1 Inductive grid under various IFC's output P/Q ratios

The performance of the two proposed methods in normal grid with inductive
impedance where X, ;4 1S much large than R;iq (Xgria > Rgrig) 18 studied. In
the inductive grid impedance, the negative sequence current of the grid and the
negative sequence voltage of PCC are approximately orthogonal.

In the AP-minimization strategy, with small values of P/Q ratio (P «< Q) at
the IFC output when IFC mainly produces reactive power support, the phase angle
between v~ and i~ will be close to 90° according to (3.3). As a result, the IFC and
the grid negative sequence currents will be approximately in-phase (small phase
angle between i~ and ig,;;)- This can also be seen in phasor plots in Figure 3.4
and Figure 3.5. Therefore, with inductive grid impedance, the results of active
power oscillation minimization and in-phase current compensation strategies are
approximately the same in small P/Q ratios at the IFC output. As shown in
TABLE 3.1, the ratios of negative sequence voltage, and active and reactive
power oscillations in AP-minimization strategy over in-phase current
compensation are 1, 0.99, and 1.004, respectively. On the other hand, if IFC
operates with unity or high power factor, the performance difference of the two
methods will be very obvious in terms of active power oscillation and
effectiveness of negative sequence voltage reduction (see TABLE 3.1 in which
the negative sequence voltage of AP-minimization strategy is 1.46 times larger
than in-phase current compensation while its active power oscillation is 0.72 of
in-phase current compensation).

Moreover, in the both methods the ratio of P/Q at the IFC output will
influence the effectiveness of |v~| reduction. For the active power oscillation
minimization, this is straightforward to understand as lower P/Q ratio makes this

method performance closer to the in-phase current compensation (see Figure 3.4
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and Figure 3.5), leading to more effective |v™| reduction as explained earlier
(shown in TABLE 3.1 |[v~| is 9.10V with P/Q = 4 and 8.26V with P/Q = 1/4).

For the in-phase current compensation, increasing P/Q ratio will cause more
reduction of |[v~| (8.26V with P/Q = 1/4 to 6.23V with P/Q = 4 as shown in
TABLE 3.1). The reason is that since i~ is in-phase with i;.;4 (ig-iq and v~ are
approximately orthogonal in the normal inductive grid), considering (3.3) the

reactive power component of i~ will be much larger than the active power
|Q(1—kz)
|

v|?2

P(1-kq)
[v=|?

>>|

component ( ) (see Figure 3.4 and Figure 3.5). In other

words, k; is very close to 1. As a result, considering equivalent circuit in Figure

3.2, Zx can be considered as an open circuit. Therefore, |i~| can be achieved as
vl _ Q(1—k3)

il =2 =

Zy [v—|

. Considering |i~| as a fixed value, increasing the value of Q

will lead to |v~| enhancement.

3.3.2 Weak grid under various IFC's output P/Q ratios

In the weak grid, the ratio of Xg,iq/Rgrig 1s small, and the grid has higher
resistance. Here, in order to better explain the difference of the two proposed
methods, the grid impedance with small X;piq/Rgria 1atios (Xgria < Rgria) 18
studied. The conclusions can be extended to the weak grids with comparable
Xgria and Rgyiq, which will be discussed in simulation section.

In the weak grid with small X;,.;q/Rgriq 1atio, the phase angle between
negative sequence grid current and the negative sequence PCC voltage is small. In
the AP-minimization strategy in large values of P/Q ratio (P > Q) at the IFC
output with high power factor, the phase angle between v~ and i~ will be small
according to (3.8). As aresult, i~ and i;,;; Will be approximately in-phase (small
phase angle between i~ and i, ;4). This can be seen in phasor plots in Figure 3.4
and Figure 3.5. Therefore, the results of active power oscillation minimization
strategy and in-phase current compensation are approximately the same in large
P/Q ratios at IFC output. As shown in TABLE 3.1, the ratios of negative
sequence voltage, and active and reactive powers oscillations in AP-minimization

strategy over in-phase current compensation are 1.01, 0.98, and 1.005,
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respectively. So if high power factor control of the IFC is required, the two
methods will perform similarly under weak grid condition with small X;yiq/Reria
ratios.

Similarly, the value of P/Q ratio at IFC output will affect the effectiveness of
|v~| reduction in both methods under a weak grid. As explained earlier,
increasing P/Q ratio will make the AP-minimization strategy performance closer
to the in-phase current compensation in a weak grid condition (see Figure 3.4 and
Figure 3.5), and therefore high P/Q ratio will be more effective for |v~| reduction
under the active power oscillation minimization method. As shown in TABLE
3.1, |v™| is changed from 6.88V with P/Q = 1/4 to 6.25V with P/Q = 4.

For the in-phase current compensation, decreasing P/Q ratio at IFC output
will cause more reduction of |[v~| (6.15V with P/Q = 4 to 4V with P/Q = 1/4
as shown in TABLE 3.1). The reason is that since i~ is in-phase with iz,

considering (3.3) the active power component of i~ will be much larger than the

Q(1-k3)

[v=|?

P(1-k4)
[v=|?

<<|

reactive power component ( ) (see Figure 3.4 and Figure

3.5). In other words, k, is very close to 1. As a result, considering equivalent
circuit in Figure 3.2, Zx can be considered as an open circuit. Therefore, |i~| can
7| _ P(A—k1)

be achieved as |i™| = L

e e Considering |i~| as a fixed value, increasing
R

the value of P will lead to |v~| enhancement.

3.4 Simulations and Experiments

In order to verify the effectiveness and performance of the two proposed

control strategies, simulation and experimental results are provided.

3.4.1 Simulation verification

A three-phase grid-connected IFC has been simulated utilizing the two
proposed control strategies in MATLAB/Simulink. The simulated system

parameters are shown in TABLE 3.2.
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TABLE 3.2 System parameters for simulations.
Symbol Value
DC link voltage Vac 800V
IFC's reference active power Pres 20kW - 5kW
IFC's reference reactive power Qref S5kVAR — 20kVAR

Three phase unbalance load R;oaa | Three phase: 180,50,30
Grid phase voltage (rms) Uy 240V
Grid frequency fq 60Hz

Xeria: 0.7530 - 1mQ

Grid coupling impedance Zerid Repig: 1m0 — 0.7530
ria - .

In these simulations, in order to investigate the performance of the two
proposed methods under different grid conditions and IFC operating conditions,
and to study the influence of IFC's size on the compensation strategies, the results
for |i_*| = 54 and |i_*| = 10A under different IFC's output P/Q ratios and the
grid X¢piq/Rerig ratios are shown in TABLE 3.3 and TABLE 3.4. In all the

TABLE 3.3 Simulation results for two proposed control strategies with |i|=54
under different IFC's output P/Q ratios and the grid conditions.

Grid impedance Xeria » Reria Xgria = Reria Xeria < Reria
conditions R=1x1073Q; X =0.753Q R =05330; X = 05330 R=107530; X=1x10730
IFC's output active- | 20kW | 14.5kW | S5kW | 20kW | 145kw | 5kW | 20kW | 145kw | Skw
reactive powers S5kVar| 14.5kVar| 20kVar| 5kVar| 14.5kVar| 20kVar| S5kVar| 14.5kVar| 20kVar
No 18.12 | 20.00 | 20.82 | 17.70 | 18.10 1740 | 17.08 | 16.13 14.24
compensatlon
ligial om0 | 1575 | 1587 | 1590 | 1350 | 1351 | 1346 | 1274 | 1266 | 1248
In-phase 13.20 | 15.10 1590 | 13.14 | 13.51 12.85 | 12.60 | 11.70 9.80
current
No 18.12 | 20.00 | 20.82 | 17.74 | 18.15 17.45 | 17.08 | 16.13 | 14.24
compensation
i qal miniﬁl‘;ﬁon 17.68 | 19.78 | 20.85 | 17.79 | 18.51 1794 | 17.60 | 16.60 14.50
In-phase 18.20 | 20.10 2090 | 18.14 | 1851 17.85 | 17.60 | 16.70 14.80
current
No 13.66 | 15.08 1570 | 1335 | 13.64 | 13.13 | 12.88 | 1216 | 10.74
compensation
v mmiﬁfz'aﬁon 11.88 | 11.97 1199 | 10.18 | 10.19 10.15 | 9.59 9.54 9.41
In-phase 10.00 | 11.36 1197 | 9.90 10.18 9.68 | 9.50 8.70 7.40
current
No 1368 | 1368 1368 | 1264 | 1264 1264 | 1228 | 1228 1228
compensation
AP mimifz'mon 351 619 734 668 723 630 705 568 280
Izu‘r’rh:lff 1624 | 1220 805 960 723 937 770 1100 1405
No 1368 | 1368 1368 | 1264 | 1264 1264 | 1228 | 1228 1228
compensatlon
AQ mimﬁl’;'mon 2738 | 2790 2815 | 2600 | 2613 2580 | 2540 | 2495 2425
I'C“L‘lffeff 2028 | 2536 2795 | 2485 | 2613 2452 | 2516 | 2252 1762
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TABLE 3.4 Simulation results for two proposed control strategies with |i|=104
under different IFC's output P/Q ratios and the grid conditions.

Grid impedance Xeria > Reria Xgria = Reria Xeria < Reria
conditions R=1x1073Q; X =0.753Q R =05330; X = 05330 R=107530; X=1x10730
IFC's output active- | 20kW | 14.5kW SkW | 20kW | 14.5kW S5kwW | 20kW | 14.5kW S5kW
reactive powers S5kVar| 14.5kVar| 20kVar| 5kVar| 14.5kVar| 20kVar| S5kVar| 14.5kVar| 20kVar
No 18.12 20.00 20.82 | 17.70 18.10 17.40 | 17.08 16.13 14.24
compensatlon
licigl Ap- 12.07 11.28 10.96 9.04 8.93 9.09 8.30 8.50 9.10
Gridll  minimization
In-phase 8.26 10.13 10.96 8.56 8.93 8.26 8.20 7.20 5.30
current
No 18.12 20.00 20.82 | 17.74 18.15 17.45 | 17.08 16.13 14.24
compensatlon
lisaall Ap- 17.42 19.63 20.80 | 18.35 18.93 18.41 | 18.17 17.14 15.12
Loadll minimization
In-phase 18.26 20.13 20.95 | 18.56 18.93 18.26 | 18.20 17.20 15.30
current
No . 13.66 15.08 15.70 13.35 13.64 13.13 12.88 12.16 10.74
compensation
[v=| Ap- 9.10 8.50 8.26 6.82 6.73 6.85 6.25 6.41 6.88
minimization
In-phase 6.23 7.64 8.26 6.45 6.73 6.22 6.15 5.44 4.00
current
No 1368 1368 1368 1264 1264 1264 1228 1228 1228
compensatlon
AP AP 2177 | 2640 2835 | 2620 | 2707 2550 | 2643 | 2413 1921
minimization
In-phase 3005 2965 2862 2760 2710 2715 2673 2697 2626
current
No . 1368 1368 1368 1264 1264 1264 1228 1228 1228
compensatlon
AQ ~Ap- 4007 4183 4267 3917 3956 3866 3840 3710 3487
minimization
In-phase 3297 3927 4248 3803 3959 3738 3820 3473 2850
current

simulations, IFC's apparent power and the amplitude of grid impedance are

considered to be constant S = 20.61kVA and |Zg.q| = 0.75398Q. For better

comparison, the results of balance current injection from IFC without
compensation (k; = k, = 1) are presented, too.

Considering the results in TABLE 3.3 and TABLE 3.4, the following
conclusions can be achieved that verify the previous discussions in Sections 3.2
and 3.3:

e The i;,,4 1s approximately constant in the fixed |i‘*| and IFC's active-reactive
powers. Negative sequence voltage at the PCC is reduced utilizing the two
proposed control strategies in all IFC's operating conditions and the grid
Xeria/ Rgria ratios.

e The PCC negative sequence voltage in the in-phase current compensation is

smaller than active power oscillation minimization strategy.
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e The active power oscillation minimization provides the minimum active power

oscillation in each operation point. However, reactive power oscillation in this

method is larger than in-phase current compensation strategy.

e In the inductive grid if IFC works as a reactive power compensator (P < Q) or

in the weak grid if IFC works with high power factor (P > Q), performance of

two proposed control strategies are similar and the results of these strategies

are close to each other.

e In the inductive grid if IFC works with high power factor (P > Q) or in the

weak grid if IFC works as a reactive power compensator (P < Q),

performance difference of the two methods will be very obvious in terms of
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Figure 3.6 IFC output current in the inductive grid; (a) AP-minimization strategy, (b)

in-phase current compensation strategy.
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active power oscillation and the effectiveness of negative sequence voltage

reduction.

e In the both proposed control strategies, increasing |i_*| causes more reduction
of |igyiql, resulting in more reduction of |v~|. However, the active and reactive
powers oscillations increase in both methods.

e With higher |i_* |, difference of two proposed strategies in terms of unbalanced
voltage compensation is more obvious.

The waveforms of simulation results in the two proposed control strategies
with |i_*| = 104 (see TABLE 3.4) for inductive grid (with X;,iq > Rgrig) and

weak grid (with X4 < Rgrig) are shown in Figure 3.6 to Figure 3.8 and Figure
3.9 to Figure 3.11, respectively. In these simulations during t < 0.1, the IFC
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Figure 3.7 Negative sequence voltage of PCC in the inductive grid; (a) AP-
minimization strategy, (b) in-phase current compensation strategy.
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produces balance current (k; =k, =1). At t =0.1, the proposed control
strategies are applied to the grid-connected IFC system. During 0.1 < t < 0.4, the
IFC's output active and reactive powers are Pr.or = 20kW, Q,.cf = 5kVAR while
during 04 <t<0.7 and 0.7<t<1 these powers are set to Prr =
14.5kW, Qref = 14.5kVAR and Proy = 5kW, Q.o = 20kV AR, respectively.
Figure 3.6 shows the output current of IFC in the inductive grid. The phasor
diagrams of the IFC output current are shown in Figure 3.4. Figure 3.7 shows the
negative sequence voltage of PCC in the inductive grid. From this figure, it can be
observed that the PCC negative sequence voltage is reduced in all IFC's operating
conditions, and the reduction level in the in-phase current compensation strategy
is more than active power oscillation minimization strategy. Active power

oscillations at the IFC output is shown in Figure 3.8, which proves that the active
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Three-Phase IFC Control for Unbalance Compensation

strategy minimizes the IFC output power oscillation in all operating conditions,

shown in Figure 3

A1,

3.4.2 Experimental verification

To verify the effectiveness of the two proposed control strategies,

experiments are also conducted on a three-phase grid-connected IFC prototype.

The experimental

set-up parameters are shown in TABLE 3.5 and the system is

controlled by dSPACE 1103. The two proposed control strategies are tested under
two grid conditions: (1) inductive grid (X;.iq = 1.88Q and R, = 0.2Q2) with

|i_*| = 2.54, and

(2) weak resistive grid (X¢,iq = 0.94Q and R¢,iq = 1.9Q) with

|i_*| = 1.5A. In each test, IFC works with high power factor (large P/Q ratio;

Prof = 280W, Q,.r = 70VAR) and as a reactive power compensator (small P/Q

=
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~

—_ —
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Figure 3.10 Negative sequence voltage of PCC in the weak resistive grid; (a) AP-
minimization strategy, (b) in-phase current compensation strategy.
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AP-minimization strategy, (b) in-phase current compensation strategy.

ratio; Prer = 70W, Qrep = 280VAR). To start the tests, kq and k, are set to 1,

where IFC produces balance three-phase current without compensation. Then, the

proposed control strategy is applied. The results are shown in Figure 3.12 to

Figure 3.15.

In Figure 3.12 and Figure 3.13, the negative sequence voltage of PCC and

IFC's output active power oscillations in the inductive grid are shown,

respectively. The experimental results for negative sequence voltage of PCC and

the active power oscillations of IFC in the resistive grid are shown in Figure 3.14

and Figure 3.15, respectively. Similar to inductive grid, in this test the control

strategy is switched from balance IFC current injection without compensation

strategy to the proposed control strategies. The experimental tests results are

summarized in TABLE 3.6
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TABLE 3.5 System parameters for experiments.

Symbol Value
DC link voltage Vae 150V
Reference active power Pres 280W - 70W
Reference reactive power Qref 70VAR — 280VAR
Three phase:
Three phase unbalance load Rioad 90, 50,30
Grid phase voltage (rms) and frequency Vg — fy 50V-60Hz
L ‘ Xcrig: 1.8802 — 0.940
Grid impedance Zerid Ripig: 0.20 — 1.90

Considering the experimental results and TABLE 3.6, it can be observed that
utilizing the two proposed methods results in the grid unbalanced voltage
compensation in which the compensation level of the in-phase current
compensation strategy is higher than active power oscillation minimization
strategy. Moreover, the active power oscillation minimization strategy minimizes
the IFC's output active power oscillation in each operation point. Similar to

simulation results, the two proposed control strategies have the similar

Switch to proposed Switch to proposed
v" -79 Y/ control strategy ‘v“ - 7.2\1/ control strategy

<« P/O0=4—>»<«P/0=1/4—> «P/0=4—><«P/Q= 1/4->
(a) (b)

Figure 3.12 Negative sequence voltage of PCC in the inductive grid; (a) AP-
minimization strategy, (b) in-phase current compensation strategy (time: 1 s/div,
voltage: 1 V/div).

Switch to proposed ] a Switch to proposed
/ control strategy ! & control strategy AP = 147W

<—P/Q=4—><—P/Q=1/4—>: <«—P/0=4—><«—P/Q=1/4—>

(@ (b)

Figure 3.13 Active power oscillations in the inductive grid; (a) AP-minimization
strategy, (b) in-phase current compensation strategy (time: 1 s/div, power: 50 W/div).
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TABLE 3.6 Summary of experimental results for the two proposed control
strategies.
e .. Inductive grid Resistive grid
Grid impedance conditions R=020; X=188Q | R=190; X = 0940
. . . 280W 70W 280W 70W
IFC's output active-reactive powers 70Var 280Var 70Var 280Var
AP-minimization 5.4 4.6 4 4.4
v In-phase current 4.4 4.7 4 3.4
aP-minimization ., 1.22 0.98 1 129
In—phase current
AP-minimization 110 148 75 62
AP - In-pl?as.e cyrrent 165 147 76 100
AP~ minimization 1. tio 0.66 1.00 0.99 0.62
In—phase current

performance under inductive grid and IFC works as a reactive power compensator

(P « Q), or weak grid and IFC works with high power factor (P > Q).
Considering aforementioned explanation, experimental results under different

grid conditions and IFC's output active-reactive powers verify the simulation

results and discussions about control strategies and their performance.

Switch to proposed Switch to proposed

v" _ 5.9\[/ control strategy ‘v" _s 9\/ control strategy
v =4v v |=44V by
'"W

mremissmnroener, V| = 3.4V

«—P/Q=4—><«—P/0=1/4—> “«—P[Q=4—><4—P/0=1/4—>

(a) (b)

Figure 3.14 Negative sequence voltage of PCC in the weak resistive grid; (a) AP-
minimization strategy, (b) in-phase current compensation strategy (time: 1 s/div,
voltage: 1 V/div).

Switch to proposed ~ Switch'to proposed |

/ control strategy / control strategy
AP =100W
AP =T75W = AP =76l
AP =30 SRt )
€ P/0=4—><«—P/0=1/4—> «—P/Q=4—><—P/0=1/4—>
(a) (b)

Figure 3.15 Active power oscillations in the weak resistive grid; (a) AP-minimization
strategy, (b) in-phase current compensation strategy (time: 1 s/div, power: 50 W/div).
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TABLE 3.7 Control strategy recommendation under different grid conditions and IFC
operating conditions.
Grid impedance . .
om0 s | Large Xgria/Rerig ratios Xeria/Reria = 1 Small Xgriq/Reria ratios
IFC's output
i(fvg;f“ P»Q P«Q P»Q P«Q P»Q P«Q
AP APAmein APAmein APAmein APAmein APAmein APAmein
< APin—phase ~ APin—phase d Apin—phuse i APin—phase i APin—phase < APin—phase
AQ AQAmein AQAmein AQAmein AQAmein AQAmein AQAP—min
> AQinfphase I AQinfphase I AQinfphase I AQinfphase I AQinfphase > AQinfphase
|v—| |U_| AP-min |1J_| AP-min |1J_| AP-min |17_| AP-min |17_| AP-min |17_| AP-min
> |V_| in—phase I |1J_| in—phas| I |1J_| in—phase I |17_| in—phase I |17_| in—phase > |U_| in—phase
Ii_ i | |ic7?rf'(1|Amein |i(;r§(1|Amein |i(;r§(1|Amein |i(;rf'{1|Amein |i(;rf'{1|Amein |i5rf'{1|Amein
Grid > |lGrid|in—phas ~ |lGrid|in—phc ~ |lGrid|in—phase ~ |LGrid|in—phase ~ |LGrid|in—phase > |lGrid|in—phase
T AP Both Both methods | Both methods | Both methods | AP
small minimization methods minimization
;:;:g; ?rgalli Igl-;)i:;e m]:t(l)lt(? ds Both methods | Both methods | Both methods Iz;l;fefte
Recom. v~
is In-phase Both Both methods | Both methods | Both methods In-phase
small current methods current
3.5 Summary and Recommendations

In TABLE 3.7, the previous discussions and comparisons are summarized,

and appropriate control strategy under different grid conditions in terms of
Xeria/Rerig ratio and different IFC's operating conditions in terms of P/Q ratio is
recommended.

Considering TABLE 3.7, performance of the two proposed control strategies
are similar to each other under three conditions: (1) in the normal inductive grid
with large X;,iq/Reriq ratios and IFC works as a reactive power compensator, (2)
in the weak grid with X¢,;q4/Rsria = 1 and IFC works in different output active-
reactive power ratios, or (3) in the weak grid with small X;;q/Rgriqa ratios and
IFC works with high power factor. On the other hands, performance of the two
methods are very different under the conditions of (1) normal inductive grid with
large X;ria/Rerig ratios and IFC works with high power factor, or (2) weak grid
with small X;,;4/Rgriq ratios and IFC works as a reactive power compensator. In
this case, active power oscillation minimization or in-phase current compensation
method can be selected according to the objectives on power oscillation or PCC
negative sequence voltage reduction.

Considering the size and capacity difference of IFCs, different methods can

be recommended also. In small IFCs, due to low IFC negative sequence current
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|i~|, the difference of two proposed control strategies in terms of |v~| reduction
will not be very obvious. However, the active power oscillation minimization
strategy provides minimum active power oscillation in each operation points. As a
result in small IFC, if |v~| reduction is not the desired control parameter, active
power oscillation minimization strategy is recommended.

In large IFCs, due to possibility of high IFC negative sequence current |i~|,
|v~| can be obviously changed, and difference of the two proposed method in
terms of |v~| reduction will be more obvious. However, these two methods
difference in terms of AP reduction may not be more obvious in comparison to
small IFC (as high |i~| tends to increase AP but low |v~| tends to decrease AP).
As aresult in large IFC, in-phase current compensation strategy is recommended.

Finally, when multiple IFCs participate in the unbalanced voltage
compensation, active power oscillation minimization strategy may result in
different IFCs acting as virtual negative sequence impedances with different
phase angles according to their active and reactive powers output. This will lead
to negative sequence current circulation in the active power oscillation
minimization strategy. However, the in-phase current compensation method will
guarantee that all IFCs behave as negative sequence impedances with the same
phase angle as the grid, resulting in zero negative sequence circulation current
among IFCs. Therefore, the in-phase current compensation would be a good

choice.

3.6 Conclusion

In this chapter, two control strategies for single three-phase interfacing
convector were proposed in order to compensate for the steady-state unbalanced
voltage in hybrid AC-DC microgrids. In the first method, in order to reduce the
adverse effects of compensation on the IFCs' operation, the IFC's active power
oscillation was minimized in the compensation strategy. In the second method, in
order to effectively reduce the negative sequence voltage of the grid, the IFC's
negative sequence current was set to be in-phase with the grid negative sequence

current. Both methods are based on the IFC's equivalent negative sequence virtual
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impedance amplitude and phase angle control. The analysis in the chapter showed
that the two methods had a similar performance under (1) a normal inductive grid
with large Xgriq/Rgrig rtatios and the IFC operating as a reactive power
compensator (P < Q), (2) a weak grid with X;.;q/Rgrig =1 and the IFC
operating in different output active-reactive power ratios, or (3) a weak grid with
small X¢yiq/Reriq ratios and the IFC operating with a high power factor (P > Q).
However, the performance of the two methods in terms of power oscillations and
the PCC negative sequence voltage reduction obviously differed under (1) the
normal inductive grid with large X¢iq/Reriq ratios and the IFC controlled with a
high power factor, or (2) the weak grid with small X;,.;4/R¢riq ratios and the IFC
worked as a reactive power compensator. Recommendations for selecting
different methods under various conditions were presented in the chapter. The
validity and effectiveness of the two proposed control strategies was verified by

simulations and experimental tests.
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Chapter 4

Parallel Three-Phase Interfacing Converters
Control under Unbalanced Voltage in Hybrid
AC/DC Microgrids: Active Power Oscillation
Cancellation using Redundant Interfacing

Converter!

In hybrid AC/DC microgrids, parallel three-phase interfacing converters
(IFCs) with the same DC link are commonly used to handle higher power and
currents. These converters are used to connect an AC and DC subsystems or to
connect DGs/SEs to AC subsystem. Since the unbalanced voltage adverse effects
on parallel IFCs' operation can be amplified by the number of IFCs due to the
interactions, a coordinate control strategy to prevent those adverse effects is
essential. In this chapter, a novel control strategy for parallel IFCs' operation
under unbalanced voltage in hybrid AC/DC microgrids is proposed. In the
proposed strategy, one IFC identified as redundant is controlled to cancel out the
collective active power oscillations of the other IFCs, and results in DC
link/subsystem voltage ripple cancellation. This method could improve the power
quality in both AC and DC subsystems. Also, the control strategy provides

unbalanced voltage compensation, but without an adjustable level of

! Publications out of this Chapter:

F. Nejabatkhah, Y. W. Li, and K. Sun, “Parallel Three-Phase Interfacing Converters Operation
under Unbalanced Voltage in Hybrid AC/DC Microgrid”, IEEE Transactions on Smart Grid,
in press, 2017.

K. Sun, X. Wang, Y. W. Li, F. Nejabatkhah, Y. Mei, and X. Lu, “Parallel Operation of Bi-
directional Interfacing Converters in a Hybrid AC/DC Microgrid under Unbalanced Grid
Voltage Conditions”, IEEE Transactions on Power Electronics, vol. 32, no. 3, pp. 1872-1884,
Mar. 2017.
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compensation. In this control strategy, the reason for using the redundant IFC is
that all IFCs want to operate under zero active power oscillations, but they may
exceed their rating currents due to unbalanced voltage. The redundant converter
cancels out the oscillations resulting from the peak current control of the other
IFCs. In the proposed control strategy, an instantaneous power analysis from a
three-phase system perspective, which is presented in Section 2.2.2 of Chapter 2,
is used. In Chapter 4, a thorough study of the peak current of individual and
parallel IFCs is conducted, and their relationship with active power oscillation
mitigation is analyzed. The analysis shows that under zero active power
oscillation, the collective peak current of parallel IFCs is a constant under fixed
average active and reactive powers. The proposed control strategy keeps the
individual IFCs' peak currents in the same phase as that of the collective peak
current of the parallel IFCs, and thus ensures a reduced peak current for the

redundant IFC.

4.1 Parallel Three-Phase IFCs Instantaneous Power

Analysis

4.1.1 Parallel interfacing converters

Figure 4.1 shows n-parallel three-phase IFCs with common DC and AC links.
The IFCs are connected to the point of common coupling (PCC) with output

Parallel Interfacing Converters PCC
T IFc1 !
L iy T Output |, i
put 1FCs
T < sl | Fitter_ [
\ f IFC2 :
DC | i i— —0— ; - t_ = ‘ v AC
Subsystem/Bus -I ——i—| u pu s s ‘ Subsystem/Bus
‘ S L _Filter 1 ‘
4 \
|
\
|
|

-
ﬁ oo
Q
=

Figure 4.1 Parallel interfacing converters with common DC and AC links.
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filters. These parallel IFCs can be interlinking path between AC and DC-
subsystems in DC-coupled or AC-DC-coupled hybrid microgrids, or interfacing
converters of DGs/SEs connected to the AC subsystem in AC-coupled or AC-DC-
coupled hybrid microgrids.

In this Chapter, since control of adverse effects of unbalanced voltage on
parallel IFCs operation is desired, the calculated reference current in Section 2.2.2
of Chapter 2 is used to easily control/cancel out the three-phase IFCs powers
oscillation under unbalanced condition. The calculated reference current for
individual three-phase IFC, which has been presented in (2.21), is provided in
following again:

P, Pik,;
W it = <|v+|2 T B o ko T ”_>

4.1)

Q; N Qikygi _
* <|v+|2 Fhqv P T P g o P
In this Chapter, different from Section 2.2.2, the IFCs output voltage is
represented by v, the i**-IFC's output current and the average active and reactive
powers are represented by i;, P;, and Q;. Moreover, parallel IFCs collective
current vector is represented by i;rcs. These parameters are shown in Figure 4.1.
From (4.1), and considering (2.3) and (2.4), the i*"-IFC's instantaneous output
active and reactive powers can be achieved as:
Pl(l + kpi)(v+.v_) Ql(1 - kqi)(vj_'.v_)

[v+ |2 + kpilv=|? [v+|% + kgilv=]? (4.2)
APpi APqi

pi =P+

Pi(1—kp)(wt.vD) Qi(1+ky)(wh.vD)
[v*]2 + kpilv—|? V|2 + kgilv|? (4.3)
AQpi Aqu

q;=0Q; +

From (4.1)-(4.3), it can be concluded that under unbalanced voltage, i**-IFC's
current will increase and the output active and reactive powers will oscillate. The

IFC's output current will be balanced under k, =k, = 0. Moreover, the two

components of active power oscillations (AP,; and AP,;) are orthogonal, and
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Figure 4.2 Individual IFC's output active power and three-phase currents under
unbalanced voltage condition a) different kp,- in unity PF operation mode and b) different

k,; in zero PF operation mode.
kpi =—1 and kg =1 result in zero active power oscillations. It is worth
mentioning that aforementioned operating points are independent from average
active and reactive powers flow directions. As an example, in Figure 4.2, a typical
individual IFC's output active power and three-phase currents under different k;
and kg in unity PF and zero PF operations are shown, which verify the
aforementioned discussions.

Using individual IFC's relations in (4.1)-(4.3), the reference current vector

and instantaneous active and reactive powers of n-parallel IFCs in Figure 4.1 can

be achieved as follows:

L L " Piky,
e = il +z v
IFCs Z Z|v+|2+k v~ |2 vtz + .|v‘|2
pl

=1 i=1
. (4.4)
RN,
£ |v+|2+kqi|v‘|2 i=1|v+|2+k v~ |2
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n P 1 + k. (v+.v‘) n Q; (1 — kq,) wi.v7)
pP= :E: P +‘:E: — +‘:E: : — 4 5
|v+|2+k o712 =1 U2+ kg v |2 4.5)

AP, AP,
—Z Zn Pl( )(v UT) Zn Q; (1+kqi) wi.vD)
q= % s lv+|2 + k, |17 12 + o1 [P+ kqilv—lz (4.6)
AQy AQq

4.1.2 Active power oscillation cancellation constraints in

parallel IFCs

From (4.5) in order to cancel out the collective active power oscillations of n-
parallel IFCs in proposed control strategy, the following constraint should be

satisfied:

n n P (1 + kp,) (wt.v7)
Z AR, = Z T -z =0
i=1 =1 |v*| +kpi|v |

4.7)
N Z" P; _ i=1Pi
el L e o o S A el I
n AP n Q; (1 — kqi) (UI v7) 0
=1 _Zi=1 |17+|2‘|'kqi|17_|2 B 4.8)

:Z DY =YY
i= 1|v+|2+kq =2 [t + v |2

Considering (4.4)-(4.6) and (4.7)-(4.8), the reference current vector, and
instantaneous active-reactive powers of n-parallel IFCs under zero active power

oscillations are obtained as:

L% I _ ?lel. + _Z‘lnzlpi — ‘lnzl Qi +
R T e S A D e e R TR e TR i
; (4.9)
=1 Qi
CEaTEES
n
p= Z 1Pi (4.10)
1=
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_\" 2(v*.vi) 2(wi.vD)
q_zilei lv*|2 — |v- |ZZ P+ [V 2+ v |ZZ Q; 4.11)

From (4.9), it is observed that under zero active power oscillations, the
current is independent from k,; and k;, and is affected by Yi*; P; and XiL, Q;
variations. Moreover, from (4.11) it can be concluded that the reactive power

oscillations are independent from k,,; and k4; under AP = 0.

4.2 Three-Phase IFCs' Peak Currents under
Unbalanced Voltage

Under unbalanced voltage, individual IFCs' peak currents should be
controlled not to exceed their rating limits. Moreover, relation between parallel
IFCs' active power oscillation and the IFCs' peak currents should be studied to
analyze the influence of active power oscillation cancellation on IFCs' peak
currents. As will be shown in parallel IFCs under zero active power oscillations,

the collective peak current is constant in the fixed average active-reactive powers.

4.2.1 Individual interfacing converter

From (4.1), i*"-IFC's active and reactive reference current vectors can be

rewritten as follows:

P, Pk,
% . i i + itpi _
=0 +i. = v+ v 4.12
PEPE TP ot 2 4 kv |2 [v* |2 + kpilv™]? (4.12)
Qi Qikgi
L% .4 y— + ql -
1. =i +i..= v v 4.1
e R A o 2 e e T o O I (.13)
where vt = |vt|e/ @07 and v~ = |v~|e/C9t=07) Considering (4.12) and

(4.13), the loci of it"-IFC's active and reactive reference current vectors are
ellipses in which their semi major and semi minor axis' lengths can be achieved
as:

_ P;|v*] Pikyi|v™|
Li — — —
PRt 2+ kpi|vm |2 [0t ]2 + kv |2

(4.14)
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Lo = Pilv*| _ Pikyilv7] @.15)
P ot 2+ kilv 12 o]+ kgilv |2 '
Qilv*| Qikgilv™|
I = + .
WA A v P o + kgl (10
vt ikgilv™
Qll | _ Q; qll | (417)

I =

BT 0H 2+ kil v 2 o2 + kgilv|?
The maximum current at each phase of i*®-IFC is the maximum projection of

the current ellipse on the abc axis [45]. From (4.12)-(4.17), the projection of

current ellipse on the abc axis can be derived as:

l;’l = (IpLi cosy — gy sin y) cos(wt) + (—Iqsi cosy 4.18)

— Ips; sin y) sin(wt) x=a,b,c

where y is rotation angle which is equal to p, p + m/3 and p — /3 for abc axis,
respectively where p is defined as p = (6% —67)/2 . Using (4.14)-(4.18), the

maximum current at each phase of i*®-IFC can be expressed as:

jmax —

(|v+|2+2;21| “ay? > ([v+2 + |v- 12ky; + 2|v]|v™lky, cos(2y)) +

(|v+|2+?<2| ) z([v*2 + |v- |2k . — 2|v*||v~ kg cos(2y)) — (4.19)
\ (|v+|2+kpi2|zi—Qlil)v(Llﬂl+v|;|+kqi|v-|2) Upi + keqe) sin(2y)
x=a,b,c

From (4.19), peak current of individual i*"-IFC can be achieved as follows:

Iimax _ max(lmax Imax’lgrllax (4_20)

Moreover, considering (4.14)-(4.18), the phase angle of i*®-IFC's peak

current can be derived as:
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6 |Iimax

(Pi(|v+| + kpilv‘l)) cosy + <_Qi(|v+| + kqilv‘|)> siny wan)

[v* |2 + kpi|v™|? [v* 1% + kgilv™|?

<—Qi(|v+| - kqi|v—|)>wsy b (R kD)

[v*1? + kgilv|? [v*|? + kpi|v~|?

=t -1

Considering (4.19)-(4.21), it can be understood that the amplitude and phase
angle of individual IFC's peak current depend on IFC output average active and

reactive powers, PCC positive and negative sequence voltages, and kp; and kg;.

4.2.2 Parallel interfacing converters
Considering (4.14)-(4.18), the projection of n-parallel IFCs' collective current

ellipse on each phase can be expressed as:

n
.*’ _ ok
x—1Fcs = § lx

i=1

INGE

Pi|v| i Piky [v7] .
CoOsSy cosw
W+ gy [ 2+ L ToF P+ ley 012 ) T

<l

1l
[

n n —
Z v Qikqilv | siny cos wt
_ i 1)
Lo P+ kg0 P L |v+|2+kqi|v-|2
n (4.22)
z Qilv*| Qikg, V" .
- — |cosy sinw
i [v*]? + kg V™ B = VT2 + kg v ]2
i=1 L
( c Pi|v™|
- +2 4+ k )
L || + Ky v
L Pkp [v|
— |siny sinwt x=a,b,c
Lo 2 + ey [0 TP

From (4.22), it is clear that the amplitude and phase angle of the collective
current projection on each phase depend on average active and reactive powers,
positive and negative sequence of PCC voltage, and kp; and kg;. In (4.22),
applying the active power oscillation cancellation constraints in (4.7) and (4.8),
the maximum collective current amplitude at each phase, the peak current, and the

peak current phase angle are:
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n 2 n 2
L¥Fcslap=0 = [v*|2 = [v~|? [v+|? + v~ |2 x=a,b,c (4.23)

(Iv*1? + [v7]2 = 2[v*||v™| cos(2y))

17563 lap=0 = max(lén—%CsMP:o'Itr;n—%cﬂAP:o;Icni%mMP:o) (4.24)
Sl
(|v+|—IV‘|)Z?—1Pi) ( (|v+l+lv‘|)2?—1Qi) .
— > cosy +|— —> sin 4.25
- C et ! [ 2+ v Yy @

(vt - v DXL, @ (vt + v DXL, P
(‘ FEEaTE )“’SV ‘( ETE )S‘“V
From (4.23)-(4.25), it can be seen that under zero active power oscillations of
parallel IFCs, the collective peak current amplitude and phase angle of parallel

IFCs are independent from kp; and kg;, and are constant values under fixed

average active and reactive powers output.

4.2.3 Discussions
Under zero active power oscillation, the collective peak current of parallel
IFCs is independent from k,; and kg;, and it is a constant value under fixed values
of active and reactive powers (see (4.23) and (4.24)). If all IFCs' peak currents are
in the same phase as the collective peak current of parallel IFCs, the summation of
their peak currents' amplitudes will be reduced.

However, considering (4.19) and (4.23), under AP = 0 the peak currents of
individual IFCs can be in the same phase with collective peak current of parallel
IFCs or in different phases, depending on ky,; and ky; values with given P; and Q;.
For example in two-parallel IFCs with P, = 4kW, Q; = 7kVar, P, = 5kW and
Q; = 0.5kVar, under ky; = —0.74, kqq = 0.74, ky, = —1.20, and k,, = 6.27,
the system has AP = 0, and the peak currents of two IFCs and the collective peak
current of parallel IFCs are in phase b. In this operating point, the collective peak
current is I[pca |ap=o = 49.02A4 which is shared between the two IFCs as

304 and I7"** = 23.79A (the difference between [{"** + [J*** and I[3é&2 [ap=o 1S

max _
" =

due to phase angle difference between §|;max and §|jmax). Under k,;, = —1.81,
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kg1 =—139, k,; = —0.24, and k,, = —15.85 operating point, the collective
active power oscillations is zero again. However, the peak current of first, second
and collective peak current are in phase c, a, and b, respectively. In this operating
point, the collective peak current is similar to previous operating point and equal
to Ijgcs |ap=o = 49.02A (independent from kp; and k,; under AP = 0) while the
first and second IFCs' peak currents are I{*** = 42.054 and IJ'** = 33.36A. As
clear from the example, under AP = 0, when all IFCs' peak currents are in the
same phase with collective peak current of parallel IFCs, the summation of their
peak currents' amplitudes are reduced. It will be explained that since all IFCs,
except redundant one, are controlled based on their current ratings, keeping all
IFCs peak currents in the same phase with collective peak current will reduce
redundant IFC's peak current (which is controlled by constraints in (4.7) and
(4.8)).

Considering aforementioned discussions, k,; and kg; of individual IFCs can
be controlled to lead their peak currents in the same phase with collective peak

current of parallel IFCs.

4.3 Boundary Conditions for Parallel Three-Phase
IFCs' Peak Currents Control

In this section, different conditions in which the peak currents of individual
IFCs and collective peak current of parallel IFCs are in the same phase are
studied. Considering these conditions, appropriate boundaries are proposed for
coefficient factors to keep the peak currents of individual IFCs and collective
peak current in the same phase, which leads to smaller peak currents' amplitudes
summation of parallel IFCs.

Considering (4.23), among three phases, the collective peak current of
parallel IFCs is in the phase where cos(2y) has its minimum value.

For individual i*®-IFC, the maximum current expression at each phase in

(4.19) can be rewritten as follows:
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L™ = \/Fli —V(F2)? + (Fs)?cosy + B)  x=a,b,c (4.26)

where
Fii = i 7 (I0*12 + 1v™1Pkg;)
(lv*12 + kpilv=12)
, (4.27)
Q; _
(|17+|2 + |U |2k2-)
(Iv* 12 + kgilv=12)° "
+{1a,— 2 +12 —12)2 2 +12 -12)2
2|lvT|lv |><(Pi kpi (1012 + kgilv™1?)" — QFkqi([v* 12 + kpilv |)) (4.28)
20 = > > .
(12 + kpilv=12) " (I0+ 1% + kgilv™12)
2P;Q; vt v |(kp; + ki
Fy = 1 Qilv™||v |( pi ql) (4.29)

(012 + kil 1) (1012 + kgilv™[?)

2 —12}2 2 —12\2

5 = ta 1 P; kpi(|17+|2 + inlv |2) —Q; kqi(|17+|2 + kpilv |2) + n (4.30)
—PQi(kpi + kgi) (1v¥12 + kepgv=12) (Iv* 12 + kgilv=I2) ) 2

Considering (4.26)-(4.30), for individual IFC, the phase with minimum value

of cos(2y + B;) will have maximum current. Therefore, the phase of i*"-IFC's

peak current depends on y (or in other words, p) and f; values. Since under zero

"l

active power oscillations, |v |[v™| and p are constant values under fixed

average active and reactive powers (see (4.9)), p; (or in other words, k,; and kg;)

?__.--» Phase a

o
\
-»Phase b
o
N ol P
Ny '""//'}Phasec
gy Vs
//‘\\A /'/ N
4z

Phase a%” “--»Phase a

(a) (b)
Figure 4.3 Relation between the phase of individual i-IFC peak current and parallel

IFCs' collective peak current (peak currents are in the same phase in unshaded areas
and in different phases in shaded areas); (a) 0< 8. <27/3,(b) 47/3< B, <2x.
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can determine the phase of IFC's peak current. In Figure 4.3, conditions in which
the peak current of individual i*®-IFC and collective peak current of parallel IFCs
under AP = 0 are in different phases are shown with shaded area while in the
unshaded area these peak currents are in the same phase. From Figure 4.3, if 5; of
i*"-IFC is in the boundary of 0 < ; < 2m/3 or 4m/3 < fB; < 2m and p is in the
unshaded areas, the peak current of that i**-IFC will be in the same phase with
collective peak current of parallel IFCs. On the other hand, in the condition that S;
of individual IFC is in the boundary of 2w /3 < 8; < 41 /3, the peak current of
that individual IFC and the collective peak current of parallel IFCs will always be
in different phases, which is not shown in Figure 4.3. It is worth mentioning that
in Figure 4.3, shaded and unshaded areas are controlled by f; values (or in other
words, by ky; and kg; values). Since p is a constant value under fixed values of
average active and reactive powers, f3; can be controlled to lead individual IFC's

peak current to the same phase with collective peak current of parallel IFCs.

4.3.1 IFCs under unity power factor operation mode

Considering (4.30), under unity PF operation mode (Q; = 0), if kp; < 0, §; =
0, and if kp; > 0, 8; = m. Therefore, kp; < 0, the peak current of individual i*"-
IFC will be in the same phase with collective peak current of parallel IFC,
regardless the value of p and active power flow direction (under f5; = 0, the
dashed areas are not exist in Figure 4.3).

Considering aforementioned discussions, in the proposed control strategy
under unity PF operation mode, k,; will be controlled to be less than zero to keep
all individual IFCs' peak currents and collective peak current of parallel IFCs in

the same phase, leading to reduced peak currents' summation of parallel IFCs.

4.3.2 IFCs under non-unity power factor operation mode
Under non-unity PF operation mode considering (4.30), determination of
boundaries in which the individual IFCs' peak currents are in the same phase with
collective peak current of parallel IFCs is challenging, and they should be updated

under average active-reactive powers' variations. However, (4.30) can be
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simplified and boundaries can be determined under specific relation between k;

and kg; as:
kpi +kqi =0 i=1,.,n-1 (4.31)

In this Chapter, since redundant IFC is utilized for active power oscillation
cancellation using (4.7) and (4.8), (4.31) may not be applicable for redundant IFC.
The relation between k., and kg, of redundant IFC will be discussed later.

Applying (4.31) for all IFCs except redundant one, if k,; < 0;i=1,..,n—
1 (or kg >0;i=1,..,n—1), the peak current of individual i*"-IFC and
collective peak current of parallel IFCs will be in the same phase since f; = 0,
regardless of value of p and average active and reactive powers flow directions.
Moreover, k,; > 0;i=1,..,n—1 (or ky; <0;i=1,..,n—1) will lead peak
currents to different phases since §; = 7.

Considering individual IFC's power oscillation and its peak current in (4.2)
and (4.19), (4.31) could also satisfy the active power oscillation-free operation of
individual IFCs under kj,; = —1 and k;; = 1, and provide minimum peak current
of individual IFC under kj; = kg = 0. Therefore, in the proposed control
strategy under non-unity PF operation mode, (4.31) will be applied to all
individual IFCs except redundant one, and their k,; will be controlled to be less
than zero to keep their peak currents in the same phase with collective peak
current of parallel IFCs.

As mentioned, the redundant IFC cancels out active power oscillations using
(4.7) and (4.8). As a result, the relation between ky, and kg, of redundant IFC

can be achieved as following:
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Q _ |‘U+|2 Z?zl Qi _yn-1 Qi
kqn _ n |'U+|2 + |17_|2 i=1 |l7+|2 — kpilv—|2

G, =2 =
kpn j2) —|'l7+|2 lnzlpi _yn-1 P
n |U+|2—|v_|2 i=1 |l7+|2+k |-U—|2
(4.32)
n-1 P
|U+|2 |v |2 i=1 |U+|2 +k |U_|2
Z? 1Ql n-1 Qi
|v+|2 + |v |2 =1 |v+|2 — |v |2

In the proposed strategy, all IFCs will work under the same power factor.

Thus, following relation can be considered:

Pi Z?:lpi 1
= = — i:1,...,n 4.33
Q; QU (4.33)

where U is a number. Assuming |v~| = M X |v*| in which M is the unbalanced

ratio and 0 < M < 1, (4.32) can be rewritten as following:

p, — (2=l _yn-a Z _yn-1_ B
n T\ T lll—k N =1 T3 &, M2
P — ?=1Pl'_ n-1 Pi X Zi:l i yn-1 P

nT\T-MZ T R Tk, 2 )| T+ M2 T 2 Tk, M2

In practical power system, M is a small value (based on IEEE Standard,

G, = (4.34)

typical value of M in a three-phase power system under steady state operation is
less than 3% [76]). Assuming that |v*| and |v~| are constant values and since
—1<k, <0;i=1,..,n—1, ky,;M?* will be small enough to be neglected in
(4.34). Therefore, (4.34) can be simplified as following:

o = Kan _ M?(P, + M* 37, P)Z?IP _ PR+ MPYEP 4.39)
" kpn —M?(P,—M2YIP)YL, P, P — MZYIIP, '

Considering (4.35), G, will be close to —1 depend on the number of parallel
IFCs, the power rating of redundant IFC in comparison to other IFCs, and the
value of M. As a result, considering (4.35), B, will be very small value close to
zero degree, which results in small shaded area in Figure 4.3. In this case, even
though we fall in this small area (this area is the transition that the peak current is

switched from one phase to another phase), the peak current basically does not
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Figure 4.4 The variations of B; (for redundant IFC) under k,>=-k,2=-0.9, $3=0.551, U=1/15,
M=0.3, and different IFCs apparent powers: Case#1: Pi=7kW, Q1=466.6Var, P:=2.979kW,
0:=198.52Var; Case#2: Pi=5kW, 0:=333.3Var, P:=4.977kW, 0:=331.85Var; Case#3:
P1=3kW, Q1=200Var, P:=2.979kW, Q:=198.52Var; Case#4: Pi=1kW, Q1=66.6Var,
Pr=8.977kW, 0:=598.52Var.

change that much. In other words, the peak currents of two phases are almost the
same. Therefore, it does not matter in which phase the peak current is.

As a numerical example, three-parallel IFCs have been simulated under the
same PF (U = 1/15) and different apparent powers and coefficient factors. In
this example, M = 0.3, S3 =0.55; (Sr is total apparent power), ky; =
—kg1:—0.9 — —=0.1, ky, = —kgy = —0.9, and the third IFC (redundant one)
cancels out active power oscillations. The variations of f3 under different
operating conditions are shown in Figure 4.4. From the figure, 5 is change within
0.4 degree under different operating conditions, leading to small shaded areas.

Considering aforementioned discussions, ky;; { = 1,...,n will be controlled
to be less than zero to provide reduced peak currents' summation of parallel IFCs

(in other words, to reduce the redundant IFC's peak current).

4.4 Proposed Control Strategy for Parallel Three-Phase
IFCs' Operation under Unbalanced Voltage: Active

Power Oscillations Cancellation using Redundant IFC

A novel control strategy is proposed for parallel IFCs with various PFs under
unbalanced voltage, which reduces the adverse effects of unbalanced voltage on

IFCs' operation, and could also improve the unbalanced condition of AC
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Figure 4.5 Vector representation of AP cancellation using redundant IFC.

subsystem/grid. In the proposed control strategy, one interfacing converter which
has the largest power rating among parallel IFCs, named redundant IFC, cancels
out active power oscillations produced by other parallel IFCs, which results in DC
subsystem/link voltage oscillation cancellation. In Figure 4.5, vector
representation of active power oscillations cancellation using redundant IFC is
shown. In this figure, it is assumed that P, >0and Q; >0i=1,..,n,0 =0+ —
6~ =0,and k,; = —1land ky; <1 i=1,..,n—1 (except redundant IFC). As a
result, redundant IFC works under k,,, < —1 and kg, = 1 to produce 180-degree

out-of-phase power oscillation to cancel out active power oscillations.

4.4.1 1IFCs under unity power factor operation mode
In this control strategy, the redundant IFC is controlled based on active power
oscillation cancellation constraints in (4.7) to cancel out APp; part of active power
oscillations of parallel IFCs, and the other IFCs are controlled based on their peak
currents rating limits. The block diagram of the proposed control strategy is
shown in Figure 4.6. In this control strategy, I5;** can be measured or calculated

using (4.19)-(4.20), and the system is started under k,; = —1;i=12,..,n

where APpi = 0. If the peak current of each n — 1 IFC exceeds its rating current

limit (I]*€), its k,; will move toward zero to limit its peak current on the rating

value. As a result, the peak currents of IFCs except the redundant one are constant
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Figure 4.6 The proposed control strategy under unity PF operation mode.

values under fixed average active powers in different operation conditions (under
kpi = —1 or under their rating values). All information of n — 1 IFCs (P; and k,;)
is sent to redundant IFC's controller. Based on information, k,, of the redundant
converter is determined using (4.7) to cancel active power oscillations.

In this control strategy, IFCs operate under kp; < 0, so IFCs' peak currents
will be in the same phase with collective peak current of parallel IFCs as
discussed in Section 4.3.1, which leads to reduced peak currents' summation of
IFCs (see Section 4.2.3). Since all IFCs' peak currents except the redundant one
are constant values under fixed average active powers in different operation
conditions (see Figure 4.6), the redundant IFC's peak current will be reduced
when peak currents are in the same phase. This capability of control strategy is
important since the redundant IFC cancels out other IFCs active power
oscillations and then its peak current will be much higher. The variation of IFCs'
average powers flow direction and values will not affect the proposed control

strategy performance although the operating point will be changed.

4.4.2 1IFCs under non-unity power factor operation mode
The proposed control strategy block diagram under non-unity PF mode is
shown in Figure 4.7. Considering the block diagram, the performance of control
scheme under non-unity PF mode is similar to unity PF operation mode in which
all n — 1 IFCs are controlled based on their current rating limits, and redundant
IFC is controlled based on information communicated from other IFCs (P;, kp;,

Q;, kqi) and using (4.7)-(4.8) to cancel out APp; and APg; parts of active power
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Figure 4.7 The proposed control strategy under non-unity PF operation mode.
oscillations of parallel IFCs. From Figure 4.7, the system is started under k,; =
-1, i=12,..,n (result in k;; =1 considering (4.31)) which provides zero
active power oscillation of individual IFCs. This operating point will be changed
if each IFC peak current exceeds its rating limit (/7 *®). Thus, k,; of those IFCs
that hit the current limits will move toward zero (ky; will move toward zero, t00),
and the redundant IFC will cancel out active power oscillation produced by peak
currents control. Here, I]*** can be measured or calculated using (4.19).

In the proposed control strategy, k,; < 0;i=1,..,n—1, and relations
between coefficient factors of k,; and kg; for all IFCs except redundant one are
controlled using (4.31), which lead those IFCs peak currents to the same phase
with collective peak current of parallel IFCs. For redundant IFC as mentioned in
Section 4.3.2, since relation between coefficient factors of k,, and kg, is very
close to —1, ky,,, < 0 may lead the redundant IFC's peak current to the same phase
with collective peak current. In case that they are not in the same phase, the peak
current basically does not change that much due to small value of ,,. As a result,
kpi < 0;i =1,...,n provides reduced peak current for redundant IFC.

Similarly, average active and reactive power flow direction will not affected

the performance of the proposed control strategy.

4.4.3 Control scheme

In the proposed control strategy, distributed control structure can be used for

parallel IFCs' control. The k,; and kg; of IFCs are generated in the outer control
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Figure 4.8 Individual IFCs' reference current production scheme.
layer of IFCs' local controllers by the proposed control strategy (see Figure 4.6
and Figure 4.7). These parameters are used in the inner control loops for
individual IFCs' reference currents production, which is shown in Figure 4.8 (see
Figure 2.2). In the control system, it is assumed that IFCs average active-reactive
powers have been determined in high-level control layer, and their flow can be bi-
directional in each IFC. In this Chapter, all parallel IFCs operate on power/current
control mode in which the output currents of individual IFCs are controlled to
regulate output average powers on their reference values (similar to Figure 3.3).
Among different current control methods, closed-loop current control with
practical proportional-resonant (PR) controller in the stationary af reference
frame is adopted. Frequency-locked loop (FLL) based sequence extractor in [74]
is used to separate the PCC voltage into positive and negative sequences among

different sequence extractors [72]-[74].

4.5 Simulation Verification

Three parallel IFCs have been simulated by the proposed control strategy in
MATLAB/Simulink. The simulated system parameters are shown in TABLE 4.1.
In the simulations, the third I[FC with largest power/current rating is considered as
the redundant converter. Two-phase unbalance fault with the fault resistance of
20 is applied to the system at t = 0.15s as a source of unbalanced voltage. In the
simulations during 0 < t < 0.3, k,,; and kg; of all IFCs are set to zero, and three-

phase balance currents are produced. At t = 0.3s, the proposed control strategy is
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TABLE 4.1 System parameters for simulations.
Symbol Value
DC link voltage Vyc 800V
) S, =9kVA; S, = 4kVA;
IFCs' power ratings Si
S; =10kVA
. 179 = 304; I}%¢ = 134
IFCs' current ratings [rate
1} = 344
Grid voltage (rms) and frequency | vy — fy 240V — 60Hz
Grid coupling impedance Zeria | Reria: 0.202; Xgriq: 1.880

applied to cancel out active power oscillations, which results in oscillation-free

DC link voltage.

4.5.1 [IFCs under unity power factor operation mode

In this simulation, during 0 < t < 0.75, the average active powers of IFCs
are P, = 6kW, P, = 2.7kW, and P; = 3kW. At t = 0.75, average active powers
of IFCs are modified into P, = 7kW, P, = 3kW, and P; = 2.5kW. The
simulation results are shown in Figure 4.9 to Figure 4.17.

As mentioned, the proposed control strategy is applied at ¢ = 0.3s. During
0.3 <t < 0.5, the proposed control strategy initially sets k4, k,, and k3 on —1
(see Figure 4.9). Although the initial set point provides zero active power
oscillations for IFCs (see Figure 4.11 to Figure 4.13), the first and second IFCs'
peak currents exceed their rating limits (see Figure 4.10). Therefore, at t = 0.5s,
the proposed control strategy sets the first and second IFCs' peak currents on their
rating limits (see Figure 4.10) by moving k,; and k,, toward zero (see Figure
4.9), and cancels out active power oscillations produced by the IFCs' peak

currents control using redundant IFC (see Figure 4.11 to Figure 4.14).
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Figure 4.9 ky: coefficient factors of the first, second, and third IFCs.
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Figure 4.16 Parallel IFCs' collective reactive power.

The cancellation of parallel IFCs' active power oscillations provides

oscillation-free DC link voltage which is shown in Figure 4.15 (¢ > 0.3s,

AVpeak—peaklmax = 0.4V). After average powers variations at t = 0.75, the

proposed control again sets the first and second IFCs’ peak currents on their rating

limits since they hit limits, and provides zero collective active power.
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According to the results, the collective peak current of parallel IFCs is
independent from k,; variations under AP = 0, and it is just affected by average
active powers' variations. In this simulation, under 0.5 < t < 0.75s, p = 45.26°
and f; = B, = B3 =0° and under 0.75 <t <1s, p =46.25° and [; =B, =
p3 = 0°, so all IFCs' peak currents and the collective peak current of parallel IFCs
are in phase b, as expected fromFigure 4.3. As a result, the redundant IFC's peak
current is reduced. The collective reactive power of parallel IFCs is shown in
Figure 4.16 which is constant under AP = 0 and just affected by average active
powers' variations. The PCC negative sequence of voltage is shown in Figure
4.17. As seen from this figure, the proposed control strategy improves the

unbalanced condition due to negative sequence current injection.

4.5.2 IFCs under non-unity power factor operation mode

In this operation mode, average active and reactive powers of IFCs are set to
P, =75kW, Q. =3.17kVar, P, = 1.5kW, Q, = 634.6Var, P; = 4kW, and
Q3 = 1.69kVar during t < 0.75. At t = 0.75, the average active and reactive
powers of IFCs are changed into P, = 8kW, Q, = 2.66kVar, P, = 2kW, Q, =
666.6kVar, P; = 3.5kW, and Q5 = 1.16kVar. The simulation results are shown
in Figure 4.18 to Figure 4.27. The proposed control strategy is applied at t =
0.3s, and it initially sets kp, k,, and k,3 on —1 during 0.3 <t < 0.5 (see Figure
4.18), which results in kg = kg = kg3 = 1 (see Figure 4.19). This initial set
point provides zero active power oscillations of IFCs (see Figure 4.21 to Figure

4.23), but first IFC’s peak current exceeds its limit (see Figure 4.20).
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Figure 4.23 Third IFC's output active power.

At t = 0.5s, control system moves k,; toward zero (consequently k,; moves
toward zero, too) to reduce the first [FC’s peak current and set it on rating value
(see Figure 4.18 to Figure 4.20). The produced active power oscillation by the
first [IFC’s current control (see Figure 4.21) is cancelled out by redundant IFC (see
Figure 4.23 and Figure 4.24). Since the second IFC’s peak current does not hit the
rating limit, it operates under k,, = —1 and kg, = 1 with oscillation-free output
active power (see Figure 4.22). After average powers variations at t = 0.75s, the
control system has similar performance since the first IFC’s peak current exceeds
the rating limit, and the second IFC peak current does not hit the rating limit. In
this simulation, cancellation of collective active power oscillations by redundant

IFC provides oscillation-free DC link voltage as shown in Figure 4.25 (¢t > 0.3s,
MVpeak—peat], .. = 0.6V).

In this simulation, during 0.5 < t < 0.75s, p = 39.85° and 3, = 0°, 3, =
0°, B3 = 357.23° and under 0.75 <t < 1s, p =41.1°, and S, = 0°, B, = 0°,
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[z = 356.09°. Therefore, as expected, the shaded areas in Figure 4.3 are very
narrow. Thus, all IFCs’ peak currents and collective peak current of parallel IFCs
are in phase b, which provides reduced peak current of redundant IFC.

In this operation mode, the collective peak current of parallel IFCs under
AP = 0 is independent from k,,; and k,;. However, each IFC average active and
reactive powers variation will affect its value. Moreover, the collective reactive
power oscillation is constant under AP = 0 and depends on average active-
reactive powers (see Figure 4.26). In Figure 4.27, the negative sequence of PCC
voltage is shown, which clarifies the improvement of unbalanced condition after

proposed strategy's application.
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Figure 4.24 Parallel IFCs' collective active power.
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4.6 Experimental Verification

The proposed control strategy is applied into two-parallel IFCs' experimental
setup to verify its performance under different operating conditions. The

experimental setup specifications are listed in TABLE 4.2. Here, the results of

TABLE 4.2 System parameters for experiments.

Symbol Value
DC link voltage Vge 400V
IFCs' current ratings 1rate 7% = 44; I;%*¢ = 54
v, = 5520%
Unbalance grid voltage Vg vg = 83.842250.9°
ve = 83.8£109.1°
IFCs' output filters Ls-Cy 3.6mH-4uF
Switching frequency fs 10kHz
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IFCs under non-unity PF operation mode are shown and discussed, which can be
extended to unity PF operation mode.

In the experiments, the second IFC is considered as the redundant converter.
Moreover, two-phase to ground fault is applied as a source of unbalance
condition. In this experiment, the output currents of IFCs and grid voltage
waveforms are achieved by scopecorder (YOKOGAWA DLS850E), and their
saved data is used in MATLAB/Simulink to achieve powers waveforms.

At the beginning, the average active and reactive powers of IFCs are set to
P; = 600W, P, = 600W, Q; = 300Var, Q, = 300Var, and power coefficients
are adjusted on ky; = k,, = —1 and kg; = kg = 1 (power oscillation of IFCs
are zero). Since the first IFC's peak current exceeds its rating limit, the proposed
control strategy adjusts the power coefficients on ky,; = —0.6, ky,, = —1.4, kg =
0.6, and kg, = 1.4 to set the first IFC's peak current on its rating and provide zero
active power oscillation. The first and second IFCs three-phase currents are
shown in Figure 4.28. In Figure 4.29, the first and second IFCs' output active
powers and parallel IFCs collective active power are shown. As seen from this
figure, the active power oscillation of first IFC is cancelled out by redundant IFC.

In this figure, small errors in active power oscillation cancellation are due to

i
IR

errors in voltage and current measurements.
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Figure 4.28 First and second IFCs' output three-phase currents under non-unity PF,
2A/div; (50ms/div).
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In order to evaluate the performance of proposed control strategy under the
variation of average active-reactive powers, these powers are modified into P; =
600W, P, =400W, Q= 300Var, Q, = 300Var. The proposed control

achieves the control targets by adjusting the power coefficients on k,; = —0.6,

kp, = —2.3, kg1 = 0.6, kg, = 1.4, shown in Figure 4.30 and Figure 4.31.
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parallel IFCs under non-unity PF.

4.7 Conclusion

In this Chapter, a control strategy for parallel IFCs operation under
unbalanced voltage in hybrid AC/DC microgrids was proposed. The proposed
control strategy cancels out the collective active power oscillations of parallel
IFCs by using the IFC with the largest power rating among the parallel IFCs as
the redundant IFC. The proposed control strategy has the capability to be applied
to parallel IFCs with various PFs and different average active-reactive powers in
terms of flow directions and values, and could improve unbalanced condition. In
this chapter, based on a thorough analysis of the peak currents of IFCs, it was
found that, under zero active power oscillations, (1) the collective peak current of
parallel IFCs was constant in the fixed average active and reactive powers, and (2)
individual IFCs' peak currents could be either in the same phase or in different
phases as that of the collective peak current. The proposed control strategy kept
all IFCs' peak currents in the same phase as that of the collective peak current,

providing a reduced peak current for the redundant IFC.
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Chapter 5

Parallel Three-Phase Interfacing Converters
Control under Unbalanced Voltage in Hybrid
AC/DC Microgrids: Active Power Oscillation

Cancellation with Peak Current Sharing’

In Chapter 4, a novel control strategy for parallel three-phase IFCs operation
under unbalanced voltage in hybrid AC/DC microgrids was proposed. In the
proposed control strategy, one dedicated IFC (called the redundant IFC) cancelled
out the active power oscillation of the parallel IFCs. Since only the redundant IFC
was used to reject the power oscillations of the parallel IFCs under unbalanced
voltage, this IFC's power rating should be large enough for this work. On the
other hand, the collective peak current of the parallel IFCs (which was a constant
under the fixed average active and reactive powers, as proved in Chapter 4) was
not shared among the IFCs based on their power ratings. Therefore, some IFCs
worked at their rating limits while the others operated far from their rating limits.
To address the above current-sharing concern, this chapter aims at sharing the
active power oscillations cancellation and collective peak current among parallel
IFCs.

In this chapter, two new control strategies for parallel three-phase IFCs with
unity power factor (PF) operation under unbalanced voltage in hybrid AC/DC
microgrids are proposed. Such parallel IFCs can be AC and DC-subsystems IFCs

or can be used to connect DGs/SEs to an AC subsystem in hybrid microgrids. The

! Publication out of this chapter:

F. Nejabatkhah, Y. W. Li., K. Sun, and S. Qiong “Operation of Parallel Interfacing Converters
under Unbalanced Voltage: Active Power Oscillation Cancellation with Peak Current
Sharing”, IEEE Transactions Power Electronics, Conditional Accepted, Under Final Review.
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proposed control strategies focus on cancelling the active power oscillations,
sharing the collective peak current of the parallel IFCs among them based on their
power ratings, and maximizing the power/current transferring capability of
parallel IFCs. Moreover, the proposed control strategies provide non-adjustable
unbalanced voltage compensation. In the first proposed control strategy, the IFCs'
power coefficients are controlled by solving a set of nonlinear equations, and this
method is called the coefficient-based strategy. In the second proposed control
strategy, the peak currents of IFCs are controlled directly through the derived
relationship of the IFCs' peak currents under zero power oscillation, and this
method is called the peak current-based strategy. This strategy features much
simplified calculations and could be easily applied online.

In this chapter, maximizing the power/current transferring capability of n-
parallel IFCs under an unbalanced condition is investigated. Based on the study, it
is proven the collective peak current of IFCs is a constant under zero total active
power oscillation, and therefore keeping all IFCs' peak currents in the same phase
and in-phase with the collective peak current optimizes the utilization range of
parallel IFCs (maximize the power/current transferring capability). Both

simulation and experimental results are provided.

5.1 Parallel Three-Phase IFCs Instantaneous Power

Analysis under Unity PF Operation

In Figure 5.1, n-parallel three-phase IFCs operating under unity power factor
with common DC and AC links is shown. In this figure, "p" refers to unity PF
operation of IFCs. Similar to Chapter 4, in this Chapter the calculated reference
current in Section 2.2.2 of Chapter 2 is used to control adverse effects of
unbalanced voltage on IFC operation. From (2.21), the calculated reference
current for individual three-phase IFC under unity PF operation is provided in

following again:

-

e P; N Pikyp;
lpi = lpg t1p =

vt + v 5.1
4 kv T + kv 2 -1)
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Sharing
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Figure 5.1 Parallel three-phase interfacing converters with common DC and AC links
under unity power factor operation.

Considering (5.1), individual i**-IFC's instantaneous active and reactive
powers under unity PF operation can be achieved using (2.3) and (2.4) as:

Pi(1+ kp;)(wt.v7)
[v* |2 + kpilv]|?

P;(1— ky;)(wt.vD)

53
[v* 12 + kpilv~? ©-3)

q; = AQ; =

These relations can also be derived from (4.1) to (4.3) under Q; = 0. From
(5.1) to (5.3), it can be concluded that under unbalanced condition (1) individual
IFC's output active and reactive powers will oscillate, (2) IFC's output current will
increase in the fixed average active power output, (3) k,; = —1 results in zero
active power oscillation of i*"-IFC, and (4) kyi = 0 provides balanced output
current of i*"-IFC. All these discussions can be verified by the provided example
in Figure 4.2(a) of Chapter 4.

From (5.1) to (5.3), for n-parallel IFCs with common DC and AC links under
unity PF operation (see Figure 5.1), the reference current vector and instantaneous

active and reactive powers can be achieved as follows:

n n
fires = ) i5i = ), T Ky e Z |v+|2 T k,, EEEM G4

i=1 i=1

n n n P 1+k )(v*’.v‘) (5.5)
p‘zizl”i+zi=1AP"‘Z P+Z |v+|2+k IERE '
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n n Pi(1—k, )wr.v])
T T i Lt 56)
i=1 1 [vF2 4k 07

i=

From (5.5), to cancel out n-parallel IFCs' active power oscillations under

unity PF, following constraint should be satisfied:

n

Z" P(1+ ky)(w*.v7) P Z” P; _ i=1 P (5.7)

i=1 V12 + kv |? i=1 V¥ + kv 2 ot = v ?

By applying (5.7) into (5.4)-(5.6), the reference current vector and
instantaneous active and reactive powers of n-parallel IFCs with unity PF

operation under zero active power oscillations are obtained as:

n
Lk Lk ZT}lei _anlpi —
lP_IchlAP=O - (Z lPi) = |v+|zl_ BRE v? BRE - BRE (5.8)
=1 AP=0
n
p= Z P; (5.9
i=1
2w*.vD)
5.10
T |ZZ i (5.10)

Considering (5.8) to (5.10), the positive and negative sequences current as
well as reactive power oscillation of parallel IFCs under unity PFs are

independent from k,; under zero active power oscillations, and they are just

affected by 2.7-.; P; variations.

5.2 Parallel Three-Phase IFCs' Current/Power
Transferring Capability

Here, current/power transferring capability of parallel IFCs is studied in
detail. For that, a thorough study on individual and parallel IFCs' peak currents
under unbalanced voltage is conducted. From the study, it is proven that if all
individual IFCs' peak currents are kept in the same phase and in-phase as that of
the collective peak current of parallel IFCs, their power/current transferring

capability will be maximized. It is worth mentioning that as mentioned in Chapter
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4, Section 4.2, parallel IFCs' collective peak current with fixed average active

powers is a constant value under zero active power oscillations.

5.2.1 Peak current analysis of parallel IFCs under unity PF

For individual i*"-IFC under unity PF operation, considering reference
current vector in (5.1) and assuming v* = |v*|e/ @01 = = |y el (-wt=67)
and p = (67 — 67)/2, the locus of PCC positive and negative sequence voltage
vectors and the output reference current vector are shown in Figure 5.2. In this
figure, the big and small dashed circles are the locus of positive and negative
sequence current vectors, and total reference current vector is shown by an ellipse.
Considering reference current ellipse in Figure 5.2, the maximum current at
each phase of the individual i*"-IFC is the maximum projection of that ellipse on
the abc axis [45]. Considering (5.1) and Figure 5.2, the projection of reference

current ellipse on the abc axis can be derived as:

ir = Pilv?| Pileyilv”] cosy cos(wt)
P\ 2 ko |2 T 0 + ke 2) SO
IpLi
" (5.11)
— Pilv] — Pileyilv”]| siny sin(wt) x=a,b,c
2 + kil 2 [P 2 + ko 2) 5 '

IpSi
where I,,; and I,5; are semi major and semi minor axis' lengths of ellipse. From

(5.11), for individual i**-IFC, maximum current at each phase, the peak current,

and the phase angle of peak current under unity PF can be derived:

Figure 5.2 Locus of the PCC voltage and the i**-IFC reference current vectors under
unity power factor operation mode.
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Lepi™

i (2 4 22 ly- (5.12)
= T o x(lv 12 + [v™[%ky; + 2[vt][v |kpicos(2y)) .
x=a,b,c
I = max([]l’;‘}x, Il bl (5.13)

2k ;v |

6‘ max = t -1 t _1 _L .

where y is rotation angle which is equal to p, p + m/3 and p — /3 for abc axis,
respectively. It should be mentioned that the aforementioned equations about
individual IFC's peak current under unity PF operation can also be achieved from
(4.19) to (4.21) when Q; = 0. From (5.12) to (5.14), the individual IFC's
maximum current at each phase and its peak current amplitude and phase angle
depend on power coefficient and the PCC voltage components.

In a simulated case study in Figure 5.3, it is shown that how different values
of ky; affect maximum current at each phase and the peak current of individual
IFC under different phase angles p and average active powers output. As seen
from this figure, different values of k,; and p lead peak current to different
phases, which will be discussed in more details.

For n-parallel IFCs with unity PF operation under zero active power
oscillations, the projection of collective reference currents ellipse on abc axis can

be achieved using (5.8) and (5.11) as follows:

+ -
OO ot B L = B PO
e N T el O GO i el O 7 A

IpL-1Fcs|p_g
_ |U+|Z?=1Pi IV_IZ?=1Pi
L et O el O

Ips-1rcs|p_,

(5.15)

>sinysin(wt) x=a,b,c
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From (5.15), the collective maximum current in each phase, and the

collective peak current and its phase angle can be obtained as follows:
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Figure 5.3 Individual #-IFC's maximum currents in abc phases under different kp;,
phase angle (p), and average active powers ([v'|=168V, |v'|=16V); (a) p = 45, P=6kW,
(b) p = 85, P=5kW, and (c) p = 160, P=4kW.
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max |
xp=IFCslpp—q

np 2 (5.16)
= (W) X ([v*|2 + |v7|2 = 2|v*||v~|cos(2y)) x=a,b,c
maxeol oy =max (I8 IS | Imere] ) (5.17)

2(v"|
— -1 — -
6|11g1_%65|AP:0 = tan (coty( 1+ BRI |U_|>> (5.18)

From (5.16) to (5.18), the parallel IFCs' collective peak current amplitude and
phase angle under AP = 0 are independent from kp;, and they are constant values

with fixed active powers output.

5.2.2 Maximizing power/current transferring capability of

parallel IFCs

As mentioned, under the unbalance condition, IFCs' output peak currents
increase, and active power oscillation cancellation may worsen this situation. As a
result, power/current transferring capability of IFCs is reduced. Here, it is proven
that to maximize the power/current transferring capability of parallel IFCs under a
given voltage condition (in other words to optimize the utilization range of
parallel IFCs), peak currents of all individual IFCs should be kept in the same
phase and in-phase with collective peak current of parallel IFCs.

In general, for n-parallel IFCs under various PFs, three phases current phasors

based on maximum currents can be represented as follows:

max max max — Jmax
181" 2801 | max + 155™ £8 0z ymex + -+ + L™ £8anpax = 1a%frcslap=048alimazx |
max max max — Jmax
I5Y" 281 rax + Ipy™ 26| ymax + -+ Ign™ £8pn | ymax = [T pcs ap=040plnaz | . (5.19)

max max max — jmax
1617 28 x| max + 1537 £8ca | jpgax + o + Ien™ 28 el e = I GFeslap=04clmaz |

In (5.19), subscript "p" is not used since IFCs under different PFs are

considered. It is worth mentioning again that I7*%F

1A% cslap=o (amplitude of collective

maximum current of parallel IFCs in phase-x under AP = 0) and §| s
xX— S =0

(phase angle of collective maximum current of parallel IFCs in phase-x under
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AP = 0) are constant values. Assuming that the phase angles of individual IFCs'

maximum currents in each phase are equalized with the phase angle of collective

maximum current of parallel IFCs in that phase (45x1| jmax = L8y |max = - =

Onlymax = £6,| jmax ;x =a,b, c) (5.19) can be rewritten as follows:

IFCSlAp -0

Imax + Imax -t Ilrlr;lax Zlmax — Ia IFCslAP=0
Ilr)qax’+llrjréax’+, max Zlmax _ I‘;nIJIg'CslAP':O (5.20)

!
max’ max max' _ § max' _ x
I +Icz +"'+Icn - Ici - c—IFCslAP:O
i=1

n’n

where superscript refers to maximum currents values after phase angles'

equalization. From (5.20), although phase angles equalization can reduce the

summation of individual IFCs maximum currents in each phase (X, I% <
Y D% x = a, b, c), it cannot guarantee the minimization of individual IFCs
peak currents summation. In other words, it cannot guarantee to maximize
power/current transferring capability of parallel IFCs without considering the
phases that the peak currents are in. In more details, if it is assumed that m
numbers of IFCs' peak currents are in the phase-a, u numbers are in the phase-b,

and n—m —u numbers are in the phase-c (n>m+u), the following

expression will be obtained:

m+u
max’ max’ max
Zlal + z Ibl + Z I > Ia IFCslAP=0
i=m+1 i= m+u+1
m+u
max’ max’ max’ max
z[al + Z I~ + Z I;™ > Iy kcs|ap=o (5.21)
i=1 i=m+1 i= m+u+1
m m+u
max’ max’ max'
Zlai + Iy ™ + Ig™ > I Fcslap=o
i=1 i=m+1 i=m+u+1

Therefore, considering (5.21), it is concluded that to minimize the summation
of individual IFCs peak currents (which is equal to collective peak current of

parallel IFCs; min(Xi, [[***) = [} | ap=o) or in other words to maximize the
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parallel IFCs power/current transferring capability, all individual IFCs' peak

currents should be kept in the same phase and in-phase with parallel IFCs'

collective peak current.

It is worth mentioning that this strategy can be used for parallel IFCs
operating under different PFs. It should be also highlighted that, here, summation
of n-parallel IFCs peak currents are minimized to maximize parallel IFCs
power/current transferring capability, and the individual IFCs peak current values
are not addressed directly. Although in most cases individual IFCs peak currents
are reduced by this strategy, the distribution of peak current among parallel IFCs
are not controlled. Considering this issue, in both proposed control strategies,
individual IFCs peak currents will be adjusted based on their power ratings. As a
result, not only parallel IFCs power/current transferring capability is maximized,
but also individual IFCs operation is optimized.

Under unity PF operation, from (5.14) and (5.18), the phase angles of
individual IFCs maximum currents in each phase depend on k,,; while in parallel
IFCs under AP = 0, the phase angles of collective maximum currents in each
phase are independent from k,;. However, since in parallel IFCs with common

DC and AC links, |[v*|, [v~| and y are common values in individual and parallel

IFCs, and the variations of &y;[;max (when k,; deviates from k,; = —1) is small
xpi
enough (under k,; = —1, 6xi|,;r;%x = 6x|,;rzl’a_:5FCS|AP=0;x =a,b,c), the Sxill)rgﬁx in

each phase can be assumed constant under k,; variations and equal to

Oy | ymax with a good approximation. For more investigation, the variation
X pr

—IFCslAP:O

of 8| 1 respect to ky,; deviation is derived as in (5.22) using (5.14).

—2|v*||lv™| coty

Dby jmax = 5 - > Ak
(|U+| - kpiolv_l) + (COt)/) X (|U+| + kpiolv_l) (522)
x=a,b,c

where kp;, is the initial operation point which is —1 in our case. From (5.22), it

can be understood that Ad,;| jmax Over Akp; is small value in each phase. As a

numerical example, in 3-parallel IFCs with P, = 6kW, P, = 2kW, P; = 3.6kW,
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kpio = —1, p= 550, |U+| = 168V and |U_| = 16[/" the deviation of 6xi|1)7c”;fl?x in
three abc phases from its initial point (where k, = —1 and 5xi|%%x —
Suligese,l % =@ b,c) under Ay =2 are Adglypge ~ 8, Ayl er ~ 6

and Ad| jmax = 2°. Therefore, it can be concluded that &y jmee =
;X =a,b,c in the range of k,; operation with a good

approximation. However, as mentioned before, to guarantee maximum
power/current transferring capability of parallel IFCs, all IFCs peak currents
should also be in the same phase with collective peak current of parallel IFCs.
From (5.16), among three phases, the collective peak current of parallel IFCs
is in the phase in which cos(2y) has its minimum value. For individual i**-IFC,
the phase with minimum value of cos(2y) will have the peak current if k,; <0
(see (5.14)). Since keeping all IFCs peak currents in the same phase with
collective peak current of parallel IFCs is desired, all IFCs power coefficients are
controlled to be less than zero (k,; < 0). As a result, regardless of p and active
power flow direction, all IFCs peak currents will be in the same phase with
collective peak current of parallel IFCs. These discussions have been provided in

Section 4.3.1 as well.

max __ ymax __ ymax g _..--=" " G Y max __ ymax __ ymax
]pi _Iapi _]cpi < /// \\\ >Ipi _Ibpi _]api
A3 ./ \. Al
// All peaks All peaks \\
‘/ in phase-c in phase-b \\
»
- =P
e [
ma max ma \  All peaks Allpeaks , 4
Iix :Ici :Ib iX \  in phase-b in phase-c / I7% = % = [
P P P y ‘ in phase p ‘ y pi epi bpi
6
! \ AAll pkaks ,
Imax — Imax — Imax<_?:“\_ in phjse-a _/__/__/_> i i i
pi =~ [pi = Iapi = Icpi

bpi api - -
R 1 BB

Figure 5.4 The phase of IFCs' peak currents in different values of p when k<0 for all
IFCs.
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In Figure 5.4, the phase in which all IFCs peak currents and collective peak
current of parallel IFCs are in that phase is shown under different values of p
while kj,; < 0. From this figure and Figure 5.3, it is clear that the grid conditions
in terms of different values of p affect which phase the peak currents are in. In
following, more details are provided.

Considering (5.12) and Figure 5.4, in the grid condition that p = in/6; i =
1,3,5,7,9,11, (A;; i = 1, ...,6 operation points), individual IFCs' peak currents have

their maximum possible values (cos(2y)]| jmax = —1). It is worth mentioning that

the range of cos(2y) variations in the phase that all peak currents are in that phase

is —1< COS(Z]/)lI;r;ax < —0.5 (see (5.12), Figure 5.3, and Figure 5.4). When p

moves toward boundaries inp=inr/3;i=1,..,6, the peak currents of
individual IFCs will reduce. At p =in/3;i=1,..,6, the peak current of
individual IFC will be equal to one of other phases' maximum current (see these
points in Figure 5.4), and increasing p will lead the peak current to the other
phase. For example, under p = 1 /3, the peak current, which is in phase-b, and the
maximum current of phase-a are equal, and increasing p will lead the peak
currents to phase-a. It should be mentioned that the results of Figure 5.4 verify the
results of Figure 5.3.

With the aforementioned discussions, under k,; < 0;i = 1, ...,n, following
relation among peak currents of individual IFCs and collective peak current of

parallel IFCs with unity PF operation could be derived:
n

jmax Z max (5.23)
i=1

From (5.23), two conclusions can be obtained; first, when k,; < 0;i =
1, ...,n, maximum power/current transferring capability of n-parallel IFCs under
unity PF operation can be achieved, and second, the collective peak current of n-
parallel IFCs, which is a constant value under fixed output active powers, can be

shared linearly among individual IFCs.
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5.3 Proposed Control Strategies for Parallel Three-Phase

IFCs' Operation under Unbalanced Voltage: Active Power

Oscillations Cancellation with Peak Current Sharing

Two control strategies are proposed for parallel IFCs operation with unity PF
under unbalanced voltage, which reduce the adverse effects of unbalanced voltage
on IFCs' operation. The proposed control strategies ensure zero collective active
power oscillations, share the collective peak current among parallel IFCs based on
their power/current ratings, and maximize the power/current transferring

capability of n-parallel IFCs.

5.3.1 Coefficient-based control strategy
In this control strategy, in order to cancel out active power oscillations, to
keep all IFCs peak currents in the same phase with collective peak current of
parallel IFCs for maximizing power/current transferring capability, and to share
collective peak current among n-parallel IFCs based on their ratings, the

following expressions are considered:

Zn Pi _ i=1 Pi

= [VH2 ke [0712 T [ot]2 = v 2 (5.24)

UrIpi™ = Uplpy™ = - = Uplpy™ (5.25)
S: _

Ui = — 1= 1,2,...,n (526)
Si

kpl S O i = 1, 2, ...,n (5'27)

where [;;** is obtained using (5.13). Solving the set of non-linear equations in
(5.24)-(5.26) considering (5.27), ky; of all IFCs are determined. The determined
kp; of IFCs provide zero collective active power oscillation of parallel IFCs by
(5.24), share collective peak current of parallel IFCs among them based on their
power ratings using (5.25) and (5.26), and assure maximum power/current

transferring capability of parallel IFCs by (5.27). If determined k,; from (5.24)-
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(5.26) are greater than zero, which lead IFCs peak currents to different phases,
they will be set to zero and the calculation will be repeated for rest of IFCs' k,;
determinations. It is worth mentioning that the sharing factors in (5.26) are
independent from the converters' operating points, and these factors provide the
same available room for IFCs' operation. In this control strategy, since the control
objectives are achieved by power coefficients control, this control strategy is
named as coefficient-based control strategy.

The proposed control strategy is discussed in more details using example in
Figure 5.5. In Figure 5.5, the relation between 2-parallel IFCs' peak currents and

kp; under the same average output active powers (P; = P,) and different rating

powers (S; < S,) is shown. In this example, I;;**

— ky; relations are assumed
linear in the operation range (see Figure 5.3). The proposed control strategy
initially sets kj; and k,; on —1 (point-1), where the active powers oscillation of
both IFCs are zero.

In order to share the constant collective peak current of parallel IFCs

(I;%7kcs) between 2-parallel IFCs based on their power ratings (in other words, to

satisty (5.25)), the first IFC's peak current should be decreased and the second
IFC's peak current should be increased toward point-2 (since S; < S,). At point-2,
although part of first IFC's peak current is shifted to the second IFC with larger

max
1 pi 1 2,12,1); = Peak current of i™-IFC at point j
max . h e
max 4 pij = Power coefficient of i -IFC at point j
P4 |7
Jmax @ First [FC
P23 [T
max | TN @ Second IFC
P2
Jmax & Jmax ] LN
P11 P2-1 |
max max
1P174 & kaz """"""" l """""""""""""""""""""
max |
Ipy | ' S S
| 1| | 1 >k
k k_ k1 k. 0 k P

P24 P23 P22 P12 D1-4

Figure 5.5 Example for explanation of the proposed control strategy; 2-parallel IFCs
peak currents relation with k,; under P;=P: and S:<S>.
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power rating (consider that I)7:.s is constant) and collective active power

oscillation is zero, it is assumed that (5.25) is not satisfied, and the collective peak
current has not been shared among IFCs based on their power ratings. As a result,
the first IFC's peak current is reduced more which result in second IFC's peak
current enhancement toward point-3. If (5.25) cannot be satisfied up to point-3
where kp; = 0, k,; will be set to zero and k,, will be controlled to cancel out
active power oscillation. Although sharing of collective peak current among 2-
parallel IFCs may not be satisfied in point-3, all peak currents are in the same
phase to provide minimum summation of peak currents of parallel IFCs and
maximize the power/current transferring capability. For better explanation,
assuming that (5.25) is satisfied at point-4 (where AP = 0 and the first IFC peak
current is not in the same phase with collective peak current). Comparing this
operating point with point-2 clarifies that the summation of parallel IFCs peak
currents at point-4 is greater that point-2 (I)i%% + 5% > %5 + I5%5).
Therefore, power/current transferring capability of parallel IFCs at point-4 is less
than point-2 although the collective peak current is shared based on power ratings
at point-4. In addition, at point-4, the higher active power oscillations of
individual IFCs lead to greater circulating current than point-2. Therefore, in this
control strategy, keeping IFCs peak currents in the same phase with collective
peak current of parallel IFCs has the higher priority. Then, control strategy tries to
share collective peak current among parallel IFCs based on their power/current
ratings.

In general in this proposed control strategy, the operating point information
of all IFCs and the PCC voltage are sent to the central controller for all IFCs' kp;
determination. Due to computational complexity in solving the set of non-linear
equations, the control strategy may not run online, and small delay may be
imposed. The proposed control strategy will not have any errors in active power
oscillation cancellation. However, under variation of IFCs' average active powers
flow directions and values, the power coefficients of IFCs should be recalculated

and updated.
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5.3.2 Peak current-based control strategy

In order to reduce the computational burden of the first proposed control
strategy, the peak current-based control strategy is proposed here. This control
strategy is based on the conclusion that has been achieved from (5.23). In more
details, the collective peak current of parallel IFCs under AP = 0 is a constant
value with fixed average active powers. Moreover, individual IFCs peak currents
can be controlled to be in the same phase and in-phase with the collective peak
current of parallel IFCs under unity PF operation. Thus, in order to cancel out
active power oscillations, to keep individual IFCs peak currents in the same phase
with collective peak current of parallel IFCs (which maximizes the power/current
transferring capability), and to share constant collective peak current among

parallel IFCs, following expressions are considered in the second proposed

control:
Igiax + I;réax 4+ -+ Igrrllax =~ Izran—aIJIng po (5.28)
U L™ = Uyl = oo = Uplpp™ (5.29)

Imax

where I, %frcs o and U; are obtained using (5.17) and (5.26), respectively. In

ap-
this control strategy, active power oscillation cancellation constraint is embedded
in (5.28), and collective peak current sharing target is achieved using (5.29). From

(5.28) and (5.29), the I;;** for individual i®"-IFC under AP = 0 can be calculated

as:

S; ]
max = <51 ST Sn) XIM%e| o i=1.m (5.30)

After each IFC's reference peak current's calculation, ky; can be determined

using (5.12). Similarly, k,; of all IFCs should be less than zero to keep all IFCs'

peak currents in the same phase with collective peak current of parallel IFCs to
minimize IFCs peak currents’ summation and maximize power/current
transferring capability of parallel IFCs. It is worth mention that the minimum

possible value of I;;** is P;/|v™| (kp; = 0 in (5.12) and see Figure 5.3), and if
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any calculated Ij;* is less than P;/|v*], it will be set to the limited value and the
calculation will be repeated for rest of IFCs. In this control strategy, since IFCs'
peak currents are directly controlled, this control strategy is named peak current-
based control strategy.

Considering (5.12), it can be concluded that if P;/|v*| < [;;** < P;/|v7],
the I;;** — kp; quadratic equation will have two different real roots for k,; under

each determined I;rl-‘ax

and different values of y. These two roots have different

signs. As mentioned in this proposed method, all IFCs peak currents are
controlled to be [;;** = P;/|v*|. In addition, I}** < P;/|v™| is always satisfied
since |v~| is small percentage of |[v*| [76], and P;/|v~| exceeds the current rating
limit of IFC. As a result, P;/|v"| < [;;** < P;/|v™| is always satisfied, which
leads to two districts real roots for ky,; with different signs.

As a numerical example, the I;;** —kj,; quadratic equation variations

(f (i, I ) under fixed value of Ij;**and different values of kj,; and y are
shown in Figure 5.6. As seen from the figure, for determined Ij;**, the
f (kpi,lgl?ax) quadratic equation has two real roots for kj; with different signs

(I;;** is in the aforementioned boundary). In this figure, the roots with positive

x10*

cos (27 ) =
4 //

cos(2y /

k)w

B

max

s 2 i/
4:5' : % cos(Zy):fO.S
~ cos(Zy) =—0.5
R 4
j cos(2y)¢
-1
005(27) =-1
24 2 0 2 4 6 8

Figure 5.6 Numerical example for I});**-kyi quadratic equation variations under fixed

value of I};;** = 354 and different values of kpi (kyi: —4 — 8) and y (cos 2y: —
1:0.1: —0.5); (v'|=168V, |v*|=16V, P=SkW).
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signs are not shown. From these discussions, it can be concluded that there is

always a k,; < 0 to satisfy calculated I;}** from (5.29), which keeps the i*"-IFC's

peak current in the same phase with collective peak current of parallel IFCs.

In general, peak current-based control strategy reduces the computational
burden of active power oscillation cancellation and collective peak current sharing
of parallel IFCs, and can be run online in distributed control structure of parallel
IFCs. Due to approximate calculations, the proposed control strategy may have
small errors in active power oscillation cancellation. Similarly, individual IFCs'
peak currents should be recalculated under variations of average active powers
flow directions and values.

As mentioned before, in the first coefficient-based control strategy, all IFCs'
kp; are generated in the central controller and sent to individual IFCs' local
controllers while in the second peak current-based control strategy, the kp; of
IFCs are generated individually in the outer control layer of IFCs' local
controllers. These parameters are used to generate individual IFCs' reference
currents using (5.1). In these control strategies, all parallel IFCs operate on
power/current control mode in which the output currents of individual IFCs are
controlled in the inner control loops to regulate output average powers on their

reference values (see Figure 2.2).

5.4 Simulations and Experiments
Here, the effectiveness and performances of the two proposed control

strategies under different operating conditions are verified by simulation and

experimental results.

5.4.1 Simulation verification
The two proposed control strategies are applied into three parallel three-phase
IFCs with unity PF operation, and simulated in MATLAB/Simulink. The
simulated system parameters are shown in TABLE 5.1, which is the same as
TABLE 4.1. In the simulation, at t = 0.15s unbalance condition is applied to the

system. As a result, individual and parallel IFCs' output active powers will
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TABLE 5.1 System parameters for simulations.

Symbol Value
DC link voltage Vye 800V
S, =9kVA
IFCs' power ratings S; S, =4kVA
S; = 10kVA
17 = 304
IFCs' current ratings Irate Irete = 134
[} = 34A
Grid voltage (rms) and frequency | vy — fy 240V — 60Hz
Grid coupling impedance Zeria | Reria: 0.202; Xgriq: 1.880

oscillate and their peak currents will increase. Since during 0 < t < 0.3, power

coefficients are set to kp; = kp, = kpz = 0, balance three-phase current is

produced by IFCs. During 0.3 < t < 0.5, parallel IFCs' power coefficients are
initially set to kj,; = kp, = kp3 = —1. Although the initial point provides zero
active power oscillations of IFCs, the first IFC's current exceeds its rating limit.
Moreover, the collective peak current is not shared among parallel IFCs based on
their power ratings. Therefore, at t = 0.5s, the proposed control strategies are
applied to control IFCs' peak currents not to exceed their rating limits, share
collective peak current among three parallel IFCs, and cancel out total active
power oscillation.

In these simulations, IFCs peak currents are kept in the same phase with
collective peak current of parallel IFCs to maximize power/current transferring
capability of parallel IFCs. In both simulations, during t < 0.75, average active
powers of IFCs are set to P, = 6kW, P, = 2kW, and P; = 3.6kW, and at t =
0.75s, they are modified into P, = 6.5kW, P, = 1.5kW, and P; = 4.5kW.

54.1.1 Coefficient-based control strategy

The simulation results are shown in Figure 5.7 to Figure 5.12. As mentioned,
in the initial operating point since the first IFC's peak current exceeds its rating
limit and collective peak current is not shared among parallel IFCs based on their

power ratings, the proposed control strategy is applied at t = 0.5s. Since the third
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IFC's room for operation is greater than other two IFCs, the first IFC's peak

current is shifted to third IFC, and the third IFC provides higher portion of

collective peak current (see Figure 5.7 and Figure 5.8).
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Figure 5.7 kp: coefficient factors of the first, second, and third IFCs.
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Figure 5.8 Peak currents' of IFCs.
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Figure 5.9 First IFC's output active power.
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Figure 5.10 Second IFC's output active power.
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Figure 5.11 Third IFC's output active power.
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Figure 5.12 Parallel IFCs' collective active power.

Since collective peak current is independent from k,; variations under zero
active power oscillations, its value does not change at t = 0.5s. Att = 0.75s, as
aresult of Y>_, P; enhancement, collective peak current of parallel IFCs increases
(see (5.16) and Figure 5.8). Also, the increased value is shared among three
parallel IFCs based on their power ratings (see TABLE 5.1 and Figure 5.7 and
Figure 5.8). In all operating points, the proposed control strategy provides zero

collective active power oscillations, which is shown in Figure 5.12.

111



Chapter 5: Parallel Three-Phase IFCs Control: AP cancellation with Peak Current
Sharing

In this control strategy, since all k,; are controlled to be less than zero (see
Figure 5.7), all IFCs peak currents are in the same phase with collective peak
current, which provides maximum power/current transferring capability for
parallel IFCs. Moreover, total active power oscillation cancellation and collective
peak current sharing among parallel IFCs are done without any error (see Figure
5.8 and Figure 5.12). This control strategy is running off-line; however, the
calculation delays (at t = 0.5s and t = 0.75s) have not been shown in simulation

results.

5.4.1.2 Peak current-based control strategy

The similar test is repeated for the peak current-based proposed control

strategy, and the results are provided in Figure 5.13 to Figure 5.19.
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Figure 5.13 k;: coefficient factors of the first, second, and third IFCs.
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Figure 5.15 First IFC's output active power.

As seen from the results, the performances of the two proposed control
strategies are approximately the same; (1) all IFCs peak currents are kept in the
same phase with collective peak current of parallel IFCs (see Figure 5.13 where
kpi < 0), (2) collective peak current is shared among parallel IFCs, and third
IFC's peak current's portion is higher than other two IFCs due to higher power
rating and room for operation (see Figure 5.16), and (3) active power oscillations
are collectively cancelled out (see Figure 5.18). This control strategy is running
online. Also, due to use of approximation in peak currents' calculation, this
control strategy induces small errors, which can be seen in Figure 5.18 (APpeqr =

38W during 0.5 <t < 0.75 and APpeqr = 41W during 0.75 < t < 1). The PCC

negative sequence of voltage is shown in Figure 5.19, which confirms the
improvement of the unbalanced conditions after proposed control strategy

application.
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Figure 5.16 Second IFC's output active power.
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Figure 5.19 Negative sequence of PCC voltage.

5.4.2 Experimental verification
The online peak current-based control strategy is applied into two parallel
three-phase IFCs' experimental setup to verify its performance under different
operating conditions. In TABLE 5.2, the experimental setup specifications are

listed. In the experiment, two-phase to ground fault is applied as a source of
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unbalance condition. Moreover, the output currents of IFCs and grid voltage

waveforms are measured by scopecorder (YOKOGAWA DL850E), and their

saved data is used in MATLAB/Simulink to get powers waveforms.

Here, the average active powers of the first and second IFCs are set to P; =
600W and P, = 600W. At the beginning, the power coefficient factors are set to
kp1 = kp, = —1, which leads to zero collective active power oscillations of
parallel IFCs. Since the collective peak current of parallel IFCs is not shared
among them based on their power ratings, the proposed control strategy is
applied. The coefficient factor results are shown in Figure 5.20. From the results,
it is clear that the proposed control strategy provides maximum power/current
transferring capability for parallel IFCs since k,,; < 0. The collective peak current
of parallel IFCs and the first and second IFCs' peak currents are shown in Figure
5.21. As clear from the figure, the parallel IFCs collective peak current is constant
under fixed average active powers of IFCs. Moreover, this current is shared
between IFCs based on their power ratings after proposed control strategy's
application (since S;/S, = 4/3, the first IFC provides higher portion of collective
IFCs peak current; ;1™ =~ 4/3 X I;3*). It should be mentioned that before
applying the proposed control strategy, since average active powers of IFCs are
equal, and k,; and k,, are equal to —1, the individual IFCs peak currents values
are the same. In Figure 5.22, the collective active power of parallel IFCs and
active powers of the first and second IFCs are shown. As seen from the figure,

after applying the proposed control strategy, the collective active power

TABLE 5.2 System parameters for experiments.

Symbol Value
DC link voltage Vge 400V
IFCs' power ratings S; S; = 1.4kVA; S, = 1kVA
v, = 55209
Unbalance grid voltage Vg vp = 83.84£250.9%
ve = 83.8£109.1°
IFCs' output filters Ly-Cy 3.6mH-4uF
Switching frequency fs 10kHz
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oscillation remains zero. It is worth mentioning that small errors in active power

oscillation cancellation are due to errors in voltage and current measurements.

‘ Under k,/=k,,=-1 operation | Under peak current-based control operation
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Figure 5.20 k,; and kp: coefficient factors, kpr (0.5/div) and kp: (0.5/div); (500ms/div).
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Figure 5.21 Peak currents' of individual IFCs and collective peak current of parallel IFCs;
I ks (1A/div), Ti™ (14/div), and Iz (14/div);5 (500ms/div).

5.5 Conclusion

In this chapter, two control strategies for parallel three-phase power
electronics interfacing converters under unbalanced voltage in hybrid AC/DC

microgrids were proposed to reduce the adverse effects of the unbalanced
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Figure 5.22 Parallel IFCs collective active power, and first and second IFCs output
active powers.

condition on their operation. The proposed control strategies cancelled out the
active power oscillation, shared the collective peak current among the IFCs based
on their power ratings, and maximized the power/current transferring capability of
the parallel IFCs. Both proposed control strategies are applicable for parallel IFCs
under unity PF operation.

In the first proposed control strategy, the power coefficients of IFCs are
controlled in a central control structure to achieve the objectives. Due to
computational complexity and calculation delay, this control strategy may not be
able to be run in real-time online. In the second proposed control strategy, the
peak currents of IFCs are directly controlled. This control strategy, which can be
implemented in a distributed control structure, can be easily run online due to the
reduction of the computations’ complexity. In this chapter, a thorough study of
parallel IFCs' power/current transferring capability was conducted. After a

detailed analysis of individual and parallel IFCs' peak currents, a strategy for
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maximizing the power/current transferring capability of parallel IFCs was

provided. The results showed that the power/current transferring capability of

parallel IFCs was maximized when peak currents of all the individual IFCs and

the collective peak current of parallel IFCs were in the same phase and in-phase.

Both simulation and experimental results were obtained to verify the analysis and

the two control strategies proposed in this chapter.

118



Chapter 6

Multiple Single-Phase Interfacing Converters
Control for Flexible Compensation of

Unbalanced Condition in Hybrid AC/DC

Microgrids!

Due to the high penetration level of single-phase interfacing converters in
hybrid AC/DC microgrids, there is a great opportunity for unbalanced voltage
compensation. Such single-phase IFCs can be either DGs/SEs interfacing
converters connected to the AC subsystem in AC-coupled or AC-DC-coupled
hybrid microgrids, or AC and DC-subsystems interfacing converters in DC-
coupled or AC-DC-coupled hybrid microgrids (it should be considered that DC
subsystem can be connected to one of the phases of three-phase AC subsystem
with a single-phase IFC). In this chapter, a new control strategy is proposed for
single-phase IFCs to compensate for the unbalanced condition in hybrid AC/DC
microgrids. The proposed control strategy focuses on flexible compensation of
negative and zero sequences current in three-phase power systems. With the IFCs
operating at given active power productions, the reactive powers of the single-
phase IFCs are controlled in the proposed control strategy. The instantaneous
power analysis from a single-phase perspective, which is developed in Section 2.3
of Chapter 2, is used to achieve the objective function for flexible compensation

of the negative and zero sequences current. In the compensation strategy, the

! Publication out of this chapter:

F. Nejabatkhah and Y. W. Li “Flexible Unbalanced Compensation of Three-Phase Distribution
System Using Single-Phase Distributed Generation Inverters”, IEEE Transactions on Smart Grid,
Conditional Accepted, Under Final Review.
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voltage regulation of the three phases and also the available power ratings of IFCs
are considered as constraints. The optimization problem is solved by using
Karush—Kuhn-Tucker (KKT) method online due to its simplicity. The calculated
reference reactive power of each phase from the optimization method is shared
among the single-phase IFCs in that phase by considering their available power
ratings. In this chapter, the influences of voltages regulation, IFCs available
power ratings, and active power equalization among the phases of the proposed
control strategy are studied. Finally, the proposed control strategy is evaluated

under the IEEE 13-node test system.

6.1 Single-Phase IFCs Instantaneous Power Analysis

and Active and Reactive Currents

Figure 6.1 shows a typical three-phase AC-coupled hybrid AC/DC microgrid
including single-phase IFCs of PV systems. In general, the single-phase IFCs of
hybrid microgrids can be AC and DC-subsystems interfacing converters or IFCs
of DGs/SEs connected to the AC subsystem. Here, the hybrid system is connected
to the grid at the point of common coupling (PCC). Also, it is assumed that the

Supervisory control: Supervisory control center

e Measure PCC current and voltage E_ﬂ
e Measure IFCs output active powers S
¢ Produce reference reactive powers for IFCs @
------ -P-w-—PPw-——---—v—--—---—-r---:—---—--r-—---——--[-!)-a—ta-b-u-s
Vg 1wt Ipee i AC:Subsystem
1 1 ~ 3 I |
v, (T e
® T
vi b 7 e
—
|
PCC

Figure 6.1 Three-phase AC-coupled hybrid AC/DC microgrid with single-phase IFCs.
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Ipcc, ’4 o,

Ircc, = PCC,

Figure 6.2 PCC voltage and current.

PCC three-phase voltages and currents are unbalanced due to single-phase loads
and generators, shown in Figure 6.2.

In this chapter, the developed reference current of single-phase IFCs from the
instantaneous power analysis from a single-phase perspective in Section 2.3 of
Chapter 2 is used. As mentioned in Section 2.3, the reference current of single-
phase IFCs can be controlled to exchange a certain amount of active and reactive
powers with the grid in each phase under given voltage conditions. This reference

current, which has been presented in (2.28), is provided in (6.1) again, in which

((P PCC,ar Qpcc,a)» (P PCC,b Qpcc,b)» (P PCC,cr QPCC,C)) are exchanged with the grid.

PPCC,a T QPCC,a
T pvecc, T aVeec,
. ; v Vrce, Vrcc,
lpcca PCC,yy T *PCCyy
. | e . _ PPCC,b QPCC,b (6 1)
pcc =|pcc, || trcey, Yireg,, |T| T g Yece, Y 2 VP, :
. v v
, - PCC, PCC,,
Ipcc, lpcc,, tlpcc,
Ppcce Opcc.c
a2 Vecc, T g Vecc,
Vpcc, Vpcc,

As mentioned, the three-phase unbalanced power system quantities can be

replaced by positive, negative and zero sequences. Since negative and zero
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sequences of active and reactive currents are addressed in this chapter, they will

explain in more detail.

6.1.1 Negative sequence of active and reactive currents
From developed reference current in from (6.1), negative sequence

component of PCC current vector can be derived as follows:

lpcc =1pcc, Tlrcc, =

Ar 2
1| Preca Peccy 75 Prcce 75
S| T 2 Ve, 7€ “Vpcg, 7€ " Veee, |t
‘VPcca ‘VPCC;) ‘ ‘VPCCC ‘ (6.2)
Ar 2
1| Opcca Opccp 75 Orcce I3
3T gleec, 2¢ " Vecg, 2¢ " Vece,
‘VPCCG ‘VPCC,, ‘ ‘VPCCL,

In (6.2), it is seen that the negative sequence of PCC current vector (ipcc)
encompasses negative sequence components of active and reactive current vectors

(ipcc, and Ipcc,)- Also, it is concluded that unequal values of not only three-phase
average active powers but also reactive powers cause negative sequence current.

Assuming that the active current negative sequence (i;ccp) i1s constant, the

reactive current negative sequence (i;ccq) can be controlled to reduce the value

of ipcc. In other words, assuming constant average active powers, the reactive

powers can be controlled to reduce/minimize the negative sequence current.
Considering (6.2), it is also concluded that equalizing average active powers

in three phases could reduce negative sequence current. For example, when three

phases average active powers are equalized Ppccq = Ppecp = Ppece, the active
current negative sequence value (i;ccp) goes down obviously. However, for

minimizing the ip.c, the value of i pcc, should be considered at the same time.

For better illustration, the negative sequence model of hybrid system seen

from the PCC is shown in Figure 6.3. As clear form the figure, ipcc, can be

controlled to absorb ipcc, in order to reduce/minimize the value of ip.-. In the
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PCC negative sequence of current ;~
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lpcc, = 2 Ypee,, P PCC,, P PCC,|
‘VPCCG ‘VPCC;, ‘VPCCC

Figure 6.3 Negative sequence model of the system seen from the PCC.

proposed control strategy, reactive powers of single-phase IFCs will be controlled

to absorb ipcc,, which will be discussed later. In case that ipcc, = ~lpccy the

negative sequence current is zero.

6.1.2 Zero sequence of active and reactive currents

The zero sequence component of PCC current vector can be achieved from

the developed reference current in (6.1):

0 .0 -0 _
pcc =tpcc, Tlpcc, =

1| Prcca Pecc N Prcce y N
3 > VPcc, 2 Vpce, > VPCC,
‘VPCCH ‘VPCC,, ‘ ‘VPCCC (6.3)
1| Oprcca v Orccyp v N Orcc.e .
3 2 "PCC,, 2 "PCCy, 2 "PCC,
‘VPCCa ‘VPCCb ‘ ‘VPCCC

From (6.3), unequal values of three-phase average active powers and/or

reactive powers produce zero sequence current. Assuming constant active current
Zero sequence (igccp), the reactive current zero sequence (igccq) can be

controlled by three-phase reactive powers to reduce/minimize the value of iD..

Similarly, equalizing average active powers in three phases can reduce the zero
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Figure 6.4 Zero sequence model of the system seen from the PCC.

sequence current (ip..), but it cannot realize the complete removal of zero
sequence current.

In Figure 6.4, the zero sequence model of hybrid system seen from the PCC
is shown. As seen from this figure, zero sequence of active current can be

absorbed by igccq (single-phase IFCs will be used) for compensation purposes,

. .0 . .0 .0 .
and the desired value of ipcc, 18 ~lpce, where ipc 1s zero.

6.2 Proposed Flexible Compensation of Negative and
Zero Sequences Current in Hybrid AC/DC Microgrids
using Multiple Single-Phase IFCs

In this Chapter, flexible compensation of negative and zero sequences current
in hybrid AC/DC microgrids using single-phase IFCs is proposed. In the proposed
method, single-phase IFCs are controlled under constant active power for
unbalanced compensation. In this section, the objective function for flexible
compensation is achieved from the developed instantaneous power analysis from
the single-phase perspective and the resultant reference current. In the
compensation strategy, voltage regulation of three phases and available reactive
powers of IFCs are considered. The required reactive power of each phase for
compensation purpose is shared among its IFCs based on their available power

ratings.
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6.2.1 Objective function

6.2.1.1 Negative sequence current compensation
In other to minimize the negative sequence component of PCC current vector

(ipcc) in (6.2), the square of its amplitude is defined as an objective function for

minimization as follows:

2 2 2
I (QPCC,a »Opccp> Qpcc,c) =CiOpcca + COpccp + CGOpcc,c +
CiOpcca Orcep + CsOpec.a Orcc,e + CoOpecp Orcce +C189pcca + (6.4)

CsOpccp +CoOpec.c +Cio

where C; to C; are constant values at each operating points, which are provided
in Appendix A, and Qpccq, Qpccp, and Qpcc are three control variables for

minimization purposes.

6.2.1.2 Zero sequence current compensation

To minimize the zero sequence component of the PCC current (igcc), the
objective function in (6.5) is defined, which is the square of zero sequence current
amplitude in (6.3). Similar to (6.4), three control variables Qpccq, Qpccp, and
Qpcc,c are adjusted for minimization purposes. Also, D; to Dy, are constant values

at each operating points, provided in Appendix A.

2 2 2
F, (QPCC,a »Opcc b QPCC,c) =D\Opcca + DrOpccp + D3Opcc, +
DyOpcc.a Opccp + DsOpcc.a Orcce ¥ DsOpccs Orcce +P19pcca + (6.5)
DsOpccp +DoOpcc.c + Dy

6.2.1.3 Flexible negative and zero sequences current
compensation

From (6.4) and (6.5), to flexibly compensate the negative and zero sequence
components of the PCC current, the objective function in (6.6) is defined to be

minimized. In (6.6), k= and k° are two controllable weighting factors that are

related as (6.7).
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F (QPCC,a »OpccpOpece ) =k F (QPCC,a »Opcc o Opcc e ) +

(6.6)
kOsz (QPCC,a > QPCC,b’ QPCC,C )

kK +k° =1 (6.7)

From (6.6) and (6.7), k= and k° can be controlled to flexibly compensate the
negative and zero sequences current to keep them in their desired level. For
example, when k~ = 1(k°® = 0), three variables Qpcc > Qpccps and Qpec are
controlled to minimize the negative sequence current; otherwise k= = 0(k° = 1)
leads to minimization of zero sequence current. In case that k= #1 and k° # 1,
both negative and zero sequences current are compensated in which their
compensation levels are determined by k™ and k°.

For better clarification of weighting factors effect on the compensation
scheme, a numerical example is provided in Figure 6.5. In this example, the
reactive powers of three phases in IEEE standard 13-node test system [77] are
controlled by integrated single-phase DGs interfacing converters (one single-
phase DG per phase) under different values of k= and k° (the optimization
problem is solved in each point, which will be discussed later). As seen in Figure
6.5, when k= = 1(k°® = 0), the negative sequence current is minimized (|ipqc|
reduced from 1024 to 9A4), and when k~ = 0(k° = 1), the current zero sequence
is minimized (|i3.¢| reduced from 754 into 6A). In cases that k= #1 and k° # 1,
the objective function minimization provides minimum possible values for
negative and zero sequences current based on defined weighting factors.
Therefore, the weighting factors can be controlled to keep the negative and zero
sequences current on their desired limits.

In Figure 6.6, the phasor diagrams of negative and zero sequences current are
shown when (a) negative sequence current is minimized and (b) zero sequence
current is minimized (the same results of Figure 6.5in k= = 1(k® = 0) and k™~ =
0(k° = 1) points). From the figure, it is concluded that (1) under negative

sequence minimization, the controlled ipcc, cancels out ipcc, which leads to ip¢.
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Figure 6.5 Example of k- and k° variations effect on the proposed control strategy in
IEEE standard 13-node test system.

minimization, but the resultant igccq increases the i3.., (2) under zero sequence
minimization, although controlled igccq could compensate igccp and minimize the

ipcc» the resultant ipcc, increases ipec-

6.2.2 Constraints
In the proposed strategy, three control variables (Qpccq, @pccp> and Qpcc )

are restricted considering phase voltages regulation and IFCs available reactive

power ratings.
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Figure 6.6 Phasor diagram of negative and zero sequences of the PCC current under
a) negative sequence current minimization k=1(k’=0) and b) zero sequence current
minimization k=0(k’=1).

6.2.2.1 Voltage regulation

In general, three phases voltage regulation cannot guarantee the unbalanced
voltage compensation, and also unbalanced voltage compensation cannot
guarantee all three phases voltage regulation [78]-[79] (more discussion will be
provided in the Simulation section). As a result, in the proposed control strategy,
voltage regulation of three phases is also considered in addition to flexible
unbalanced compensation. To do that, the reactive power of each phase at the
PCC is restricted between upper and lower limits to keep its voltage amplitude in
the acceptable range. Considering Figure 6.1 and assuming that the PCC voltage

phasor of phase-x is |vpccx|49 the grid voltage phasor of phase-x is

VpcCy®

|an-dx|49 and the grid coupling impedance of phase-x is |Z,|£8,, upper

VGridy®

128



Chapter 6: Multiple Single-Phase IFCs Control for Unbalance Compensation

and lower limits of phase-x reactive power for regulating its voltage between

IVL”C‘?,CI < |Upccx| < |v};"c%’;| is achieved as [80]:

2
max
v
max _ (‘ PCCy ) sin(§ )
PCCXy_reg — | x
x
(6.8)
max
v Veri
‘ PCC ‘ Grid, | .
- - sm(é‘x+6’v -0, ) x=a,b,c
|Zx| PCCy. Gridy,
min 2
| viee)
R L
PCCXy_yeg |Z x
X
(6.9)
min
v Ve
‘ PCC Grid .
= | - sm(§x+9vpcc —0,.., ) x=a,b,c
X ridx
X

where |v,§”cac’; | and |v,§’3£‘x| are maximum and minimum acceptable rms voltages of

PCC in phase-x. Therefore, constraints in (6.10) should be considered for the PCC

three phases voltage regulation.
min max _
PCCx ey < OPCCx SOPCCx pyeg x=a,b,c (6.10)

Considering (6.8) and (6.9), just the grid impedance in fundamental
frequency is needed, which can be easily obtained using different methods [69]-

[71]. Here, the impedance 1s considered as a known value in control system.

6.2.2.2 Maximum available reactive power of single-phase IFCs

In the proposed control strategy, since existing single-phase IFCs are used for
unbalance compensation purposes, their maximum available reactive powers

should be considered. Among different methods [78]-[79], in the proposed control

strategy the nominal power rating of single-phase IFCs (S DGl.) and their operating
active powers (PDGl.) are used for maximum available reactive power

determination:

e :J_r,/S,qu —P,iq (6.11)
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After determining maximum available reactive powers of DGs at each phase,
they are used to restrict the PCC reactive power injection/absorption capability in

that phase:
min max _
PCCx ey S OPcox SOPCCx fpey X =obsc (6.12)

With reactive powers limitations considering voltages regulation (see (6.10))
and IFCs maximum available reactive powers (see (6.12)), their intersections are

used to determine each phase reactive power constraint at the PCC:

min min . max max
max( PCCX p_yoq ? LPCC.X [y ) SOpcex < mm( PCC.X y_yog * CPCC.x ppc ) 6.13)

= QlT(l?nC,x < QPCC,X < QITSXC,X X = a,b,c

6.2.3 Optimization problem solution
The developed objective function in (6.6) is a quadratic function that can be
represented in the general form of (1/2)xTPx + q”x + r. This function is convex
since P is positive semidefinite. The convex objective function subjected to
convex linear constraints in (6.13) can be minimized using Karush—Kuhn—Tucker

(KKT) method [68]. Using this method, following equation is achieved:

_VF(Qpcc,x) = iﬂngj (QPCC,x) x=a,b,c (6.14)
j=1

where m is number of inequality constraints (which is 6 from (6.13)), u; are KKT
multipliers, and g j(Q PCC,x) are inequality constraint functions, which are obtained

using (6.13) as follows.

g:(Orce) = Opccx —Opee <0 (Jox)=(1,2),(3,b).(5,¢) 615
g (Opcc)==Opccn + Obte s <0 (jx)=(2,2),(4,),(6,¢)

In this optimization method, the KKT multipliers (,u j) should satisfy

following equality and inequality functions:

4,20 j=1,..,6 (6.16)
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14;8;(Opcc)=0 =16 (6.17)

Solving (6.14) considering (6.16) and (6.17), systems of three linear
equations with three variables are obtained, which can be solved online easily due
to their simplicity. Then, the determined reference reactive powers from

optimization are shared among single-phase IFCs as follows.

6.2.4 Reactive power sharing among single-phase IFCs
Considering maximum available reactive powers of single-phase IFCs, the
reference reactive power in each phase is shared among the single-phase IFCs in

that phase as follows:

Oircs, = Orrer, + Orrea, +--+ Oircy, x=a,b,c (6.18)

I QIFCIX = szQchzx =.=T, QIFCrx x=a,b,c (6.19)
max
IFC, :

]}X =—3=" x=a,b,c& i=1,..r (6.20)
IFC;

where Qrcs, 1s the total reference reactive powers of single-phase IFCs in phase-

x, which is calculated from optimization problem results. Moreover, 7, is the
number of single-phase IFCs in phase-x (they can be different in each phase), and
T;, is the sharing factor of i"-IFC in phase-x. Since T;, is based on maximum
available reactive powers of IFCs, it provides the same available room for IFCs'
operation.

In general, the proposed control strategy is a secondary controller that
compensates the unbalanced condition of hybrid AC/DC microgrids in the steady-
state operation mode. The three-phase currents and voltages at the PCC as well as
operating active powers of single-phase IFCs are measured and sent to a
supervisory control center (see Figure 6.1). In the supervisory control center, the
optimization problem is solved online to determine the reference reactive powers

of each single-phase IFC. The reference reactive powers are transferred into local
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controllers of IFCs, which track reference active and reactive powers. It is worth

mentioning that data communication is crucial in this control strategy. Moreover,

the active powers of IFCs are not used for unbalanced compensation.

6.3 Simulation Verification

6.3.1 Testsystem

The proposed control strategy is applied into IEEE 13-node test system [77],

which is shown in Figure 6.7. The configuration data of the test system is

provided in Appendix B. In the test system, bus#632 is considered as PCC, which

is connected to the main grid in bus#650 with over-head line and a transformer.

Here, for simplicity, transformer between buses 632 and 650 is not considered,

and the voltage of bus#650 is assumed balance with 1P.U. (vy;_;ms = 4.16kV).

It is worth mentioning that the coupling impedance between buses 632 and 650 is

the over-head line impedance (see Appendix B). In the original IEEE 13-node test

system, the PCC current and voltage vectors positive, negative and zero sequence

components are as follows:

Vhee|=3487V;

Viec|= 22V(%0.63‘V;§CC

):

Vec| :35V(%1.01\V;CC\)

i;cc‘=735A; i}cc‘:91A(%12.3‘i;cc ); igcc‘:67A(%9.1‘i;CC‘)
| ==1650

e

i |

i |

| |

Grid : :

________________ r

_;C?n';__‘——___: -------------------------------- ) T_:
e 632 633 | 634
- ¢ ® 3o

Impedance

692

Vpce PCC | 6‘1 684 671 ._L.—615

652 680

Figure 6.7 Configuration of IEEE 13-node test system.
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TABLE 6.1 Distributed load modifications connected to Bus#671 (Model: Y-PQ).

Phase-a Phase-b Phase-c

Old values 17kW-10kV Ar 66kW-38kVAr 117kW-68kVAr
New values 400kW-0kVAr 300kW-0kVAr  1040kW-0kVAr

To worsen the unbalanced condition in the PCC in order to clearly illustrate
the control strategy performance, distributed load connected to bus#671 is
modified as shown in TABLE 6.1. Applying this modification, the PCC current
and voltage vectors positive, negative and zero sequence components vary as

follows:

Vice| =3181;

Viec| =64V (%2.1

)
)

As another modification, single-phase DGs interfacing converters are

Voec| =43V (%1.35

Viec|) (6.23)

.
Vpce

ipec| =736 4;

ipce| =156 A( %21 2]ijcc| )3 [ibec| = 104 4(%14.13i5c. (6.24)

connected to different buses, provided in more details in TABLE 6.2. As
mentioned, in the proposed control strategy, only reactive powers of single-phase
IFCs are controlled. Therefore, in the simulations, the IFCs active powers are
assumed constant. From TABLE 6.2, constraints on the PCC reactive powers
considering maximum available reactive powers of single-phase IFCs are

achieved as follows (see (6.12)):

TABLE 6.2 Single-phase IFCs of DGs connected to IEEE 13-bus test system.

Power rating of Operating Max available
Bus Number

DGs inverters active power  reactive power
IFC1 #633 1 MVA 120 kW +992.7 kVAr

Phase-a
IFC2 #684 1 MVA 80 kW +996.7 kVAr
IFC1 #692 500 kVA 50 kW +497.4 KVAr
Phase-b IFC2 #680 300 kVA 40 kW +297.3 kVAr
IFC3 #632 700 kVA 60 kW +697.4 kVAr
IFC1 #611 800 kVA 150 kW +785.8 kVAr

Phase-c
IFC2 #645 1 MVA 120 kW +992.7 kVAr
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249 MVAr = Optt- . < Opeca < OPtta o, = 1488 MVAr (6.25)
~LTTMVAr = Ot e < Opcci S Opces e, =1:206 MVAr (6.26)
_2'28MVAr = Qgé%,c IFCs S QPCC,C S leg)(i’,c IFCs = 1'277 MVAV (627)

For determining reactive power constraints at the PCC considering three
phases voltage regulation, the maximum and minimum acceptable rms voltages of

the PCC are considered as follows:

vpce,|=1.05x% ‘VGridx‘ =1.05x 4. 1\/6§kV = 2.521’;27,,”3 x=a,b,c (6.28)
v}?éncx =0.95x ‘an-dx ‘ =0.95x 4 i/%kV = 2.281];12_,ms x=a,b,c (6.29)

These values are used in (6.8) and (6.9) to calculate the upper and lower
limits of three phases' reactive powers to address the voltage regulation.

In all simulations, initial total reference reactive powers of IFCs in phase-a, -
b and —c are Qpgs, = Qpgs, = Upes, = 1kVar, which are shared among IFCs
based on (6.18) to (6.20). In simulations, the proposed control strategy is applied
at r=02s.

6.3.2 Flexible negative/zero sequence current compensation

6.3.2.1 Negative sequence current compensation

In this simulation, minimization of negative sequence of PCC current is
studied. Therefore, in (6.6), k- =1 and k°=0. The PCC reference reactive
powers of three phases (Qp ), resulted from optimization problem, and their

constraints due to three phases voltage regulation (Qpcc yr AN Opcex Vreg )

max

and IFCs available reactive powers ( and Opce DGs

Opcex DGs ) are shown in

Figure 6.8 to Figure 6.10. As seen, the results are in the determined boundaries.
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In Figure 6.11 to Figure 6.13, total reference reactive powers of IFCs in three

phases (Q[FCSY) and each IFC share in different phases (Q;c. ) are shown. It is

clear from the results that the reference reactive powers of IFCs are less than their
maximum available reactive powers (see TABLE 6.2). Moreover, reactive powers
sharing among IFCs are based on their available rating. For example, from Figure
6.12, the reference reactive power of IFC3 is 1.4 times of IFC1, and IFC2 is 0.59
times of IFC1, similar to their available reactive powers ratios in TABLE 6.2.
Controlling the single-phase IFCs reactive powers, the negative sequence of PCC
current is minimized, which leads to reduction of negative sequence of PCC
voltages. These results are seen in Figure 6.14 and Figure 6.15. The zero sequence
of current and voltage at the PCC are shown in Figure 6.16 and Figure 6.17. In
Figure 6.18, the amplitudes of PCC three-phase voltages are shown. As seen from

this figure, all three phases are in their defined boundaries by voltage regulation,

<3566" (see (6.28) and (6.29)).

peak
< ph—peak

Vv
between 3226, .4< ‘Vp oc,

x 10°
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_——'-'-_'_-—'-__'——__
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oF V-regulatior - 7‘ m

Q lower limit for V-regulation
1k 4

Q lower limit for [FCs max reactive power

[
2
1

0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)

PCC ref. reactive power in phase-a
and its upper and lower limits (V Ar)

Figure 6.8 PCC reference reactive power in phase-a and its boundary limits (k=1; k’=0).
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Figure 6.9 PCC reference reactive power in phase-b and its boundary limits (k"=1; k’=0).
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Figure 6.10 PCC reference reactive power in phase-c and its boundary limits (k"=1; k’=0).
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Figure 6.11 Total reference reactive power of phase-a IFCs, and IFC1 and IFC2 shares
(k=1; k'=0).
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Figure 6.14 Negative sequence of the PCC current (k=1; k’=0).
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Figure 6.15 Negative sequence of the PCC voltage (k'=1I; k’=0).
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Figure 6.16 Zero sequence of the PCC current (k'=1I; k’=0).
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Figure 6.17 Zero sequence of the PCC voltage (k=1; k’=0).
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Figure 6.18 Amplitudes of PCC three-phase voltages (k'=1; k’=0).

6.3.2.2 Zero sequence current compensation

Here, since minimization of zero sequence of PCC current is implemented,
k™ and k° are chosen as k&~ =0 and k° =1. The optimization problem results
(the PCC three phases reactive power references) and their boundaries are shown
in Figure 6.19 to Figure 6.21. The total reference reactive power of IFCs in three
phases and each IFC share in different phases are shown in Figure 6.22 to Figure
6.24. Due to generation of these reactive powers by single-phase IFCs in each
phase, the PCC zero sequence current is minimized, which is shown in Figure
6.25. The minimization of zero sequence of PCC current leads to the PCC zero
sequence voltage reduction, which is shown in Figure 6.26. The negative
sequences of the PCC voltage and current are shown in Figure 6.27 and Figure
6.28. The PCC three-phase voltages amplitudes are shown in Figure 6.29, where

all of them are in their boundary limits based on voltage regulation constraints.
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Figure 6.19 PCC reference reactive power in phase-a and its boundary limits (k"=0; k’=1).
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Figure 6.20 PCC reference reactive power in phase-b and its boundary limits (k"=0; k°=1).
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Figure 6.21 PCC reference reactive power in phase-c and its boundary limits (k"=0; k’=1).
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Figure 6.22 Total reference reactive power of phase-a IFCs, and IFC1 and IFC2 shares
(k=0; k°=1).
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Figure 6.25 Zero sequence of the PCC current (k=0; k’=1).
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Figure 6.26 Zero sequence of the PCC voltage (k=0; k’=1).
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Figure 6.27 Negative sequence of the PCC current (k=0; k’=1).
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Figure 6.28 Negative sequence of the PCC voltage (k=0; k’=1).
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Figure 6.29 Amplitudes of PCC three-phase voltages (k'=0; k’=1).

6.3.2.3 Both negative and zero sequences current compensation

Compensation of both negative and zero sequences of the PCC current are
investigated here. Since negative sequence of current is larger than zero sequence
before compensation (see (6.24)), more reduction of negative sequence current is
desired. As a result, the weighting factors are considered as & =0.65 and

k" =0.35. Considering these weighting factors, the reduction level of negative

sequence current will be less than the case thatk~ :1(k° = O) (see Figure 6.14).

However, this will provide the opportunity to reduce the zero sequence of current

compare to k- zl(k0 =0) (see Figure 6.16). In Figure 6.30, Figure 6.31, and

Figure 6.32, reference reactive powers of the PCC three phases and their
boundary limits are shown. As seen from Figure 6.32, the reference reactive
power in phase-c reaches its minimum limit corresponding to voltage regulation
in phase-c. This result means that the unbalanced compensation is restricted by
voltage regulation of the PCC, and more compensation can be done if voltage
regulation is not considered. The influences of reactive power restriction due to
voltage regulation will be discussed later. The PCC three-phase voltages
amplitudes are shown in Figure 6.33. As seen from this figure, phase-a and phase-
b voltages are in their boundary limits. However, the voltage of phase-c is slightly

smaller than minimum limit (3226gh_peak), which is due to power loss in the

system.
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Each IFCs reference reactive powers in three phases are shown in Figure
6.34, Figure 6.35, and Figure 6.36. In Figure 6.37 and Figure 6.38, the negative
sequence of the PCC current and voltage are shown. As expected, the negative
sequence current and as a result the negative sequence voltage are reduced. But,
their reduction level is less than Figure 6.14 and Figure 6.15. The zero sequences
of PCC current and voltage are shown in Figure 6.39 and Figure 6.40. Compare to
Figure 6.16, the zero sequence current is reduced from 3354 into 2034 by

choosing £’ as k” =0.35. From the negative and zero sequences current results,

the optimization program provides their minimum possible values under defined

k™ and k° values.
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Figure 6.30 PCC reference reactive power in phase-a and its boundary limits (4=0.65;
k’=0.35).
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Figure 6.31 PCC reference reactive power in phase-b and its boundary limits (k=0.65;
k’=0.35).
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Figure 6.32 PCC reference reactive power in phase-c and its boundary limits (k=0.65;
k'=0.35).
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Figure 6.33 Amplitudes of PCC three-phase voltages (k"=0.65; k"=0.35).
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From all aforementioned results, it is concluded that weighting factors can be
flexibly controlled to restrain both the negative and zero sequence components in
their desired limits. For better illustration, the simulation results are summarized
in TABLE 6.3. To study the effects of three phases active powers equalization on
the proposed method, the simulation of zero sequence current minimization is
repeated under equalized active powers [81]-[82], and the results are provided in
TABLE 6.3 and Figure 6.41. From the results, it is concluded that by applying
three phases' average active powers equalization with the proposed control
strategy, both negative and zero sequence currents could be reduced obviously
compared to non-compensated method. The reason is that active powers
equalization could reduce the unbalance level and significantly remove the trade-

off of negative and zero sequence current compensation.

6.3.3 Influence of voltage regulation constraints

This part studies how voltage regulation constraints affect the proposed
control strategy performance. It also shows that whether solitary voltage
regulation control strategy (without compensation considerations) can guarantee
unbalanced compensation.

To study the influence of voltages regulation on flexible unbalanced
compensation, the simulation in Section 6.3.2.3 is repeated (k= =0.65 and k°® =
0.35) under new voltage regulation constraints, where the maximum and

minimum possible rms voltages of PCC are considered as follows:

TABLE 6.3 Simulation Results Summary.
Both Comep! ot
Without Negative Negative and | Zero Seq. omp-
: Active
Compensation | Seq. Comp. Zero Seq. Comp.
o Power
) Equalization
k™ 0 1 0.65 0 0
k° 0 0 0.35 1 1
lipce| (A) 173.54 134 1214 3514 50.34
[vpcel (V) 71.5V 5.4V 49.5V 143V 20.5V
lidccl (A) 127.94 3354 2034 12.3A 7.5A
[v3ccl (V) 52.3V 137.5V 83V 5V 3V
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Figure 6.41 Negative and zero sequence current phasor diagrams with and without
active powers equalizations under zero sequence current minimization.

[vpes. | =1.02x]vg,,, [=1.02x %_2449’;; _ x=abc (6.30)
‘v‘,f‘é“cx = 0.98><‘an.dx \ =0.98x 4'1\/651‘1/ =2353%  x=ab,c (6.31)

So, the boundary of PCC voltage amplitude in each phase has been changed

from 3226 peak

Vpce, ph~peak= ‘VPCC

peak
ph— peak< ‘

<3566, ear 0 3328" <3463"

ph—peak *

Since the boundary has become smaller, the unbalance compensation is expected
to be lower (since in Figure 6.32, the PCC reference reactive power in phase-c
was restricted to its minimum voltage regulation boundary limit for objective
function minimization, decreasing that boundary limit will increase the objective
function minimum value). In Figure 6.42, the PCC reference reactive power in
phase-c is restricted to its minimum voltage regulation limit as expected.

In Figure 6.43, negative sequence of PCC current is shown. Comparing this

figure with Figure 6.37 clarifies that the negative sequence current reduction level
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has increased from 1214 into 137A4. The PCC zero sequence of current is shown
in Figure 6.44. Similarly, the zero sequence current has increased from 2034 in
Figure 6.39 into 2194 in Figure 6.44. Therefore, when boundaries of reactive
powers in PCC become smaller, the compensation capability is reduced. The PCC
three-phase voltage amplitudes are shown in Figure 6.45. From this figure, it is

clear that all voltages except phase-c are restricted between

33281 etV

ph-peak> [VpeC <3463" The phase-c voltage is slightly smaller than
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Figure 6.42 PCC reference reactive power in phase-c; study the voltage regulation effects
on compensation (k'=0.65; k’=0.35).
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Figure 6.43 Negative sequence of the PCC current; study the voltage regulation effects on
compensation (k=0.65; k"=0.35).
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Figure 6.44 Zero sequence of the PCC current; study the voltage regulation effects on
compensation (k=0.65; k’=0.35).
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Figure 6.45 Amplitudes of PCC three-phase voltages; study the voltage regulation effects
on compensation (k'=0.65; k’=0.35).

In the second study of this section, it is shown that solitary voltages
regulation control strategy cannot guarantee unbalanced compensation. For that,
the PCC voltages in three phases are regulated on 0.98 X |vcn-dx| = 2.353'1%_”715
without any unbalanced compensation strategy. In Figure 6.46, the PCC three-
phase voltage amplitudes are shown. It can be seen all three-phase voltages are
regulated on their reference values (2.353’1%_”“). The negative and zero
sequences of the PCC current and voltage are shown in Figure 6.47 to Figure
6.50. From the figures, it is clear that negative and zero sequences current are
increased after voltage regulation applied at ¢t = 0.2s. Thus, voltage regulation

cannot guarantee unbalanced condition compensation.
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Figure 6.46 Amplitudes of PCC three-phase voltages; only voltage regulation strategy.
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Figure 6.50 Zero sequence of the PCC voltage; only voltage regulation strategy.

6.3.4 Influence of single-phase IFCs available reactive
powers

To study how maximum available reactive powers of single-phase IFCs

affect the proposed strategy performance, the simulation in Section 6.3.2.2 is

repeated under k= =0 and k° = 1; however, the total maximum available reactive

power of phase-b IFCs is modified from Qp¢c'p, ., = 1.206MVAT t0 Qpee p,pe, =

0.7MV Ar (see (6.26)). The PCC reference reactive power in phase-b and its upper
and lower constraints are shown in Figure 6.51. As clear, the PCC reference
reactive power in phase-b is restricted to IFCs maximum available reactive power
(see Figure 6.20). In Figure 6.52, zero sequence of PCC current is shown. Due to

IFCs rating limitations, the minimum value of zero sequence of PCC current is
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increased from 12.374 in Figure 6.25 into 24.334 in Figure 6.52. In Figure 6.53,
the zero sequence of PCC voltage is shown. Compare to Figure 6.26, the zero

sequence voltage is increased from 5.05V into 9.95V value as a result of IFCs

available reactive power limit in phase-b.
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Figure 6.51 PCC reference reactive power in phase-b; study the effects of max available
reactive powers of IFCs on compensation (k=0; k’=1).
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Figure 6.52 Zero sequence of the PCC current; study the effects of max available reactive
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Figure 6.53 Zero sequence of the PCC voltage; study the effects of max available reactive
powers of IFCs on compensation (k=0; k°=1).
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6.4 Conclusion

In this chapter, the negative and zero sequences current in hybrid AC/DC
microgrids were flexibly compensated by using smart single-phase interfacing
converters (IFCs) with communications, in which their power factors are
controlled without active powers production modifications. In the proposed
control strategy, the objective function for negative and zero sequences current
compensation was achieved from the developed single-phase perspective of the
instantaneous power analysis. Moreover, three phases' voltage regulations and
IFCs available reactive power ratings were considered as constraints. The
proposed objective function was minimized subjected to constraints by using the
Karush—Kuhn—Tucker (KKT) method. Due to the simplicity of the optimization
problem, this method can be run online in a supervisory controller. The calculated
reference reactive power in each phase is shared among the IFCs in that phase
based on their available power rating, providing the same available room for IFCs'
operation. In this chapter, comprehensive studies of the voltage regulation and the
IFCs' available powers ratings effects on the proposed control strategy were
conducted. Moreover, it was shown that the phases' active powers equalization
could improve the effectiveness of the proposed strategy in both negative and zero

sequences current minimization.
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Chapter 7

Conclusions and Future Work

7.1 Thesis Conclusions and Contributions

The main objective of this thesis was to deal with unbalanced voltage in

hybrid AC/DC microgrids. Thus, different novel control strategies were proposed

for three-phase and single-phase interfacing converters (IFCs) to compensate for

the unbalanced condition in such hybrid microgrids. The conclusions and

contributions are as follows:

In order to facilitate the design of three-phase and single-phase IFCs control
strategies, a thorough review and a derivation of the instantaneous power
analysis from three-phase and single-phase perspectives were conducted in
Chapter 2. The analysis provided three methods to generate the reference
currents of IFCs to achieve specific goals. These methods were used in the
proposed control strategies in the rest of this thesis. The first reference current
was used to adjustably compensate for the unbalanced voltage by the three-
phase IFC in Chapter 3, in which positive and negative sequences' active and
reactive currents were directly controlled by the two coefficients k; and k,.
To easily reduce/minimize the adverse effects of the unbalanced voltage on
IFCs' operation, the second reference current was used in Chapter 4 and
Chapter 5 to cancel out the parallel three-phase IFCs' active power oscillation
and DC link voltage ripple by using the two coefficients k,, and k. The third
reference current, which was developed for single-phase IFCs, was used to

adjustably compensate for the unbalanced condition in Chapter 6. In this
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reference current, the three-phase active and reactive powers were controlled

to adjust the positive, negative and zero sequences currents.

e Two new control strategies were proposed for single three-phase IFC to
adjustably compensate for the unbalanced voltage of hybrid AC/DC
microgrids, together with adverse effects consideration, in Chapter 3. Also, the
effectiveness of unbalanced voltage compensation was considered. The three-
phase IFC could be either AC and DC-subsystems interfacing converter in
DC-coupled or AC-DC-coupled hybrid microgrids or IFC of DG/SE
connected to the AC subsystem in AC-coupled or AC-DC-coupled hybrid
microgrids. In the first proposed strategy, the IFC's active power oscillation
was minimized, and the unbalanced voltage was compensated with adjustable
level. In the second proposed strategy, the IFC's negative sequence current
was set to be in-phase with the grid negative sequence current to effectively
reduce the negative sequence voltage of the grid. The results showed that the
performance of the two proposed control strategies in terms of power
oscillations and the AC subsystem negative sequence voltage reduction
differed under the normal inductive grid with large X;;,;q/Rgriq ratios and the
IFC was controlled by the high power factor, or the weak grid with small
Xgria/Rgrig ratios and the IFC worked as a reactive power compensator. In
other grid conditions and IFC operating conditions, the two strategies had
similar performances. The validity of both proposed strategies was verified by

simulations and experiments.

e In parallel three-phase IFCs, because of interactions, the adverse effects of the
unbalanced voltage on IFCs' operation can be multiplied by the number of
IFCs. In AC/DC hybrid microgrids, the parallel IFCs can be an interlinking
path between the AC and DC-subsystems in DC-coupled or AC-DC-coupled
hybrid microgrids, or DGs/SEs interfacing converters connected to the AC
subsystem in AC-coupled or AC-DC-coupled hybrid microgrids. Two
scenarios were proposed to deal with the adverse effects amplification issue in

parallel IFCs' operation in hybrid microgrids: first, the use of one dedicated
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redundant converter for adverse effects minimization, and second, the use of
all IFCs to share the adverse effects minimization. More specifically, a new
control strategy was proposed for parallel three-phase IFCs' operation under
unbalanced voltage in Chapter 4, where the redundant IFC was used to cancel
out the collective active power oscillations. The proposed control strategy can
be applied to parallel IFCs with various PFs and different average active-
reactive powers. In this chapter, a thorough study of single and parallel IFCs'
peak currents was conducted. It was found that under zero active power
oscillations, the collective peak current of parallel IFCs was a constant in the
fixed average active and reactive powers. Moreover, the peak currents of IFCs
can be kept in the same phase as the collective peak current, and provide a
reduced peak current for the redundant IFC in the proposed control strategy.
Finally, the proposed control strategy was verified by simulations and

experiments under different operations of IFCs.

e For the second scenario of parallel IFCs operation under unbalanced
condition, two new control strategies were proposed in Chapter 5, in which
adverse effect minimization was shared among parallel IFCs. Both proposed
control strategies were applicable for [FCs operating under unity PF, and they
focused on the collective active power oscillations cancellation, sharing the
collective peak current of parallel IFCs among them based on their power
ratings, and maximizing the power/current transferring capability of parallel
IFCs. In the first proposed control strategy, which may not be able to be run in
real-time online due to its complexity, the IFCs' power coefficients were
controlled by solving a set of nonlinear equations. In the second proposed
control strategy, the peak currents of IFCs were controlled directly through the
derived relationship of the IFCs' peak currents under zero power oscillation.
Since this method featured more simplified calculations, it could be easily
applied online. However, this control strategy may induce small errors into the
active power oscillation cancellation. In this chapter, a detailed analysis of
individual and parallel IFCs' peak currents was conducted to maximize the

power/current transferring capability of parallel IFCs. In both proposed
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control strategies, the maximum power/current transferring capability of
parallel IFCs was achieved by controlling the IFCs' peak currents phases. Both
simulation and experimental results were obtained to verify the analysis and

the two proposed control strategies.

e In Chapter 6, a new control strategy was proposed for multiple single-phase
IFCs to compensate for the unbalanced condition in three-phase hybrid
microgrids. The single-phase IFCs can be DGs/SEs interfacing converters
connected to the AC subsystem in AC-coupled or AC-DC-coupled hybrid
microgrids. Also, the DC subsystem can be connected by a single-phase IFC
to one of the phases of the three-phase AC subsystem in DC-coupled or AC-
DC-coupled hybrid microgrids. The proposed control strategy flexibly
compensated for the negative and zero sequences current, resulting in
unbalanced voltage compensation. In the proposed control strategy, the power
factors of the IFCs were controlled while their active power productions
remained unchanged. The objective function derived from the developed
instantaneous power analysis from the single-phase perspective was
minimized online due to its simplicity by using the Karush—Kuhn—Tucker
(KKT) optimization method in a supervisory control center. Three-phase
voltages regulation and IFCs' available power ratings were considered as
practical constraints in the optimization problem. The outcomes of the
optimization problem, which were the reference reactive powers in each
phase, were shared among the IFCs in that phase based on their power ratings.
This chapter also studied the influences of voltage regulations, IFCs available
power ratings, and three-phase active powers equalization on the proposed
control strategy. Finally, the IEEE 13-node test system with seven embedded

single-phase IFCs was adopted for case studies.

e The proposed control strategies for single-phase and three-phase interfacing
converters in Chapter 3 to Chapter 6 focus on dealing with unbalanced voltage
in hybrid AC/DC microgrids. In case when multiple individual three-phase

and single-phase IFCs participate in the unbalanced voltage compensation, in-
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phase current compensation strategy would be a good choice for three-phase
IFCs' control since all three-phase IFCs behave as negative sequence
impedances with the same phase angle as the grid, resulting in zero negative
sequence circulation current among them. Moreover, single-phase IFCs would
mainly focus on zero sequence voltage compensation since negative sequence
voltage is already compensated by three-phase IFCs. It should be mentioned
that all the proposed control strategies for three-phase and single-phase IFCs
can also be used for conventional AC power systems to compensate the
unbalanced condition by using power electronic converters of distributed

generations or energy storage devices.

7.2 Suggestions for Future Work

The suggestions for extending this research are as follows:

Coordinate control of both single-phase and three-phase IFCs to compensate

for the unbalanced condition.

Provide power quality control in the DC subsystems of hybrid AC/DC
microgrids by using DC-DC and DC-AC interfacing converters.

Develop parallel three-phase IFCs control to adjustably compensate for the
unbalanced voltage and to reduce the adverse effects of unbalanced voltage on

the IFCs' operation.

Study the stability of future hybrid AC/DC microgrids with high penetration

of interfacing converters.
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Appendix A

Coefficients of Objective Function for Negative
and Zero Sequences Current Minimization

Using Single-Phase IFCs

The values of C; to Cy, in (6.4) are presented here:

9‘VPCCQ
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Appendix A: Coefficients of Objective Function for Negative/Zero Sequence

Current Minimization
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Moreover, the values of D; to Dy in (6.5) are presented here:
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Current Minimization
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Appendix B

IEEE 13-Node Test Feeder: Configuration Data

TABLE B.1 Overhead Line Configuration Data

Configuration Phasing Phase Neutral Spacing
ACSR ACSR ID
601 BACN 556,500 26/7 4/0 6/1 500
602 CABN 4/0 6/1 4/0 6/1 500
603 CBN 1/0 1/0 505
604 ACN 1/0 1/0 505
605 CN 1/0 1/0 510

TABLE B.2 Underground Line Configuration Data

Configuration Phasing Cable Neutral Space ID
606 ABCN 250,000 AA, CN None 515
607 AN 1/0 AA, TS 1/0 Cu 520

TABLE B.3 Line Segment Data

Node A Node B Length (ft.) Configuration
632 645 500 603
632 633 500 602
633 634 0 XFM-1
645 646 300 603
650 632 2000 601
684 652 800 607
632 671 2000 601
671 684 300 604
671 680 1000 601
671 692 0 Switch
684 611 300 605
692 675 500 606
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Appendix B: IEEE 13-Node Test Feeder

TABLE B.4 Transformer Data

kVA kV-high kV-low R-% X-%
Substation: 5,000 115-D 416Gr. Y 1 8
XFM -1 500 4.16 - Gr.'W 0.48 - Gr.W 1.1 2

TABLE B.5 Capacitor Data

Node Ph-A Ph-B Ph-C
kVAr kVAr kVAr
675 200 200 200
611 100
Total 200 200 300

TABLE B.6 Regulator Data

Regulator ID: 1
Line Segment: 650 - 632
Location: 50
Phases: A-B-C
Connection: 3-Ph,LG
Monitoring Phase: A-B-C
Bandwidth: 2.0 volts
PT Ratio: 20
Primary CT Rating: 700
Compensator Settings: Ph-A Ph-B Ph-C
R - Setting: 3 3 3
X - Setting: 9 9 9
Voltage Level: 122 122 122
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TABLE B.7 Spot Load Data

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3
Model kW kVAr kW kVAr kW kVAr
634 Y-PQ 160 110 120 90 120 90
645 Y-PQ 0 0 170 125 0 0
646 D-Z 0 0 230 132 0 0
652 Y-Z 128 86 0 0 0 0
671 D-PQ 385 220 385 220 385 220
675 Y-PQ 485 190 68 60 290 212
692 D-1 0 0 0 0 170 151
611 Y-I 0 0 0 0 170 80
TOTAL 1158 606 973 627 1135 753

TABLE B.8 Distributed Load Data

Node A Node B Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3
Model kW kVAr kW kVAr kW kVAr
632 671 Y-PQ 17 10 66 38 117 68
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