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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 

issues. 
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1.2 Structures, Control Strategies and Power 

Management Schemes of Hybrid AC/DC Microgrids1 

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.  

                                                 

1 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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Figure 1.1 AC-coupled hybrid microgrid. 
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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 
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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 
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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 



Chapter 1: Hybrid AC/DC Microgrids and their Power Quality Issues 

 

7 

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 

PCC

DC 

Subsystem/Bus

IFC

Output 

Filter

i

v AC 

Subsystem/Bus

Single Interfacing Converter

DC link voltage

Output peak current 

amplitude

Output power

Unbalance 

condition applied

Unbalance 

condition applied

 

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

hybrid microgrids. 

2) 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. 

3) 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) 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.  

2) 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: 



Chapter 1: Hybrid AC/DC Microgrids and their Power Quality Issues 

 

11 

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 
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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. 
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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 

is 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 
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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 IFC. 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). 

.
a a b b c cPCC PCC PCC PCC PCC PCC PCC PCC PCCp v i v i v i v i     (2.1)  

.
a a b b c cPCC PCC PCC PCC PCC PCC PCC PCC PCCq v i v i v i v i

   
     (2.2)  
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Figure 2.1 Three-phase power system at the PCC.  
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where 𝑣𝑃𝐶𝐶 = [ 𝑣𝑃𝐶𝐶𝑎 , 𝑣𝑃𝐶𝐶𝑏 , 𝑣𝑃𝐶𝐶𝑐]  and 𝑖 = [𝑖𝑃𝐶𝐶𝑎 , 𝑖𝑃𝐶𝐶𝑏 , 𝑖𝑃𝐶𝐶𝑐] are three-phase 

PCC voltage vector and the current vector, and 𝑣𝑃𝐶𝐶⊥ lags 𝑣𝑃𝐶𝐶 by 90°. 

Considering symmetric-sequence component of the PCC voltage vector and the 

current vector, (2.1) and (2.2) can be described as: 
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(2.4)  

where 𝑣𝑃𝐶𝐶
+ , 𝑣𝑃𝐶𝐶

− , 𝑣𝑃𝐶𝐶
0 , 𝑖𝐷𝐺

+ , 𝑖𝐷𝐺
− , 𝑖𝐷𝐺

0  are positive, negative, and zero sequence 

vectors of three-phase PCC voltage vector and current vector, 𝑃𝑃𝐶𝐶 and ∆𝑃𝑃𝐶𝐶 are 

average and oscillatory terms of instantaneous active power,  𝑃𝑃𝐶𝐶0 and ∆𝑃𝑃𝐶𝐶0 

are zero sequence average and oscillatory terms of instantaneous active power, 

and 𝑄𝑃𝐶𝐶 and ∆𝑄𝑃𝐶𝐶 are average and oscillatory terms of instantaneous reactive 

power. It should be mentioned that in (2.3) and (2.4), 𝑣𝑃𝐶𝐶
+ . 𝑖𝑃𝐶𝐶

0 = 𝑣𝑃𝐶𝐶
− . 𝑖𝑃𝐶𝐶

0 = 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 𝑣𝑃𝐶𝐶⊥
+ . 𝑖𝑃𝐶𝐶

0 =

𝑣𝑃𝐶𝐶⊥
− . 𝑖𝑃𝐶𝐶

0 = 0 in (2.4), and also 𝑣𝑃𝐶𝐶⊥
0 = 0.  
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(2.5)  

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:   

   . .PCC PCC PCC PCC PCC PCC PCCP P P v i v i          

(2.6)  
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   . .PCC PCC PCC PCC PCC PCC PCCQ Q Q v i v i
 

          

(2.7)  

where 𝑃𝑃𝐶𝐶
+  and 𝑃𝑃𝐶𝐶

−  are the positive and negative sequences of average active 

power, and 𝑄𝑃𝐶𝐶
+  and 𝑄𝑃𝐶𝐶

−  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 (𝑣𝑃𝐶𝐶 , 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 

PCC

DC 

Subsystem/Bus IFC

Output Filter
ipcc

vpcc AC 

Subsystem

Three-phase Interfacing Converter

Grid

Synchronization 

Reference 

Current 

Generator

Current 

Control
PWM

Pref Qref

v
+

v
-

iref
vref

 

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:  

*
PCC PCC PCC PCC PCCi a v a v b v b v

 

            

(2.8)  

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:   

2 2 2 2
; ; ;PCC PCC PCC PCC

PCC PCC PCC PCC

P P Q Q
a a b b

v v v v

   

   
     (2.9)  

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 

𝑘1 and 𝑘2 are defined as 𝑘1 =
𝑃𝑃𝐶𝐶
+

𝑃𝑃𝐶𝐶
 and 𝑘2 =

𝑄𝑃𝐶𝐶
+

𝑄𝑃𝐶𝐶
 to regulate the proportions of 

each sequence power delivered into the grid as follows [45], [63]:  
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(2.10)  

As seen from (2.10), 𝑘1 and 𝑘2 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:  
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PCC PCC PCC PCC

P k Q kP k Q k
Q v v v v

v v v v
  

   

   

   
    

    
   
   
   

 

(2.12)  

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

be cancelled out considering following values of 𝑘1 and 𝑘2: 

2 2

1 22 2 2 2
0 &

PCC PCC

PCC

PCC PCC PCC PCC

v v
P k k

v v v v

 

   
    

 

 (2.13)  

2 2

1 22 2 2 2
0 &

PCC PCC

PCC

PCC PCC PCC PCC

v v
Q k k

v v v v

 

   
    

 

 (2.14)  

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 𝑣𝑃𝐶𝐶
+ ∙ 𝑖𝑃𝐶𝐶

−  

and 𝑣𝑃𝐶𝐶
− ∙ 𝑖𝑃𝐶𝐶

+ , and also 𝑣𝑃𝐶𝐶⊥
+ ∙ 𝑖𝑃𝐶𝐶

−  and 𝑣𝑃𝐶𝐶⊥
− ∙ 𝑖𝑃𝐶𝐶

+  are in-phase quantities, the 
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active or reactive power oscillation of IFC can be compensated using scalar 

coefficient 𝑘𝑝 as follows [64]-[66]:  

0 . . 0
p pPCC PCC PCC p PCC PCC piP v i k v i k          

(2.15)  

0 . . 0
p pPCC PCC PCC p PCC PCC piQ v i k v i k

 

          
(2.16)  

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: 

*

2 2 2 2p

PCC pPCC
PCC PCC PCC

PCC p PCC PCC p PCC

P kP
i v v

v k v v k v

 

   
 

 

 (2.17)  

Similarly, under zero PF operation mode (𝑃𝑃𝐶𝐶 = 0), the active or reactive 

power oscillation can be compensated using scalar coefficient 𝑘𝑞 as follows [64]-

[66]:  

0 . . 0
q qPCC PCC PCC q PCC PCC qiP v i k v i k          

(2.18)  

0 . . 0
q qPCC PCC PCC q PCC PCC qiQ v i k v i k

 

          

(2.19)  

where subscript "q" 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: 

*

2 2 2 2q

PCC qPCC
PCC PCC PCC

PCC q PCC PCC q PCC

Q kQ
i v v

v k v v k v
 

 

   
 

 

 (2.20)  

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

* * *

2 2 2 2

2 2 2 2

p q

PCC pPCC
PCC PCC PCC PCC PCC

PCC p PCC PCC p PCC

PCC qPCC
PCC PCC

PCC q PCC PCC q PCC

P kP
i i i v v

v k v v k v

Q kQ
v v

v k v v k v
 

 

   

 

   

 
 

    
 
  
 

 
 


 
  
 

 (2.21)  

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

oscillations at the PCC can be derived as: 



Chapter 2: Instantaneous Power Theory  

 

24 

     
2 2 2 2

1 . 1 .PCC p PCC PCC PCC q PCC PCC

PCC

PCC p PCC PCC q PCC

P k v v Q k v v
P

v k v v k v



   

   

 
  

 

 (2.22)  

     
2 2 2 2

1 . 1 .PCC p PCC PCC PCC q PCC PCC

PCC

PCC p PCC PCC q PCC

P k v v Q k v v
Q

v k v v k v

  

   

   

 
  

 

 (2.23)  

Considering (2.22)-(2.23), 𝑘𝑝 = −1 & 𝑘𝑞 = 1 and 𝑘𝑝 = 1 & 𝑘𝑞 = −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:  

𝑖𝑃𝐶𝐶𝑎
∗ = 𝐴𝑎𝑝𝑣𝑃𝐶𝐶𝑎⏟      

𝑖𝑃𝐶𝐶𝑎𝑝
∗

+ 𝐵𝑎𝑞𝑣𝑃𝐶𝐶𝑎⊥⏟      
𝑖𝑃𝐶𝐶𝑎𝑞
∗

   
(2.24)  

𝑖𝑃𝐶𝐶𝑏
∗ = 𝐴𝑏𝑝𝑣𝑃𝐶𝐶𝑏⏟      

𝑖𝑃𝐶𝐶𝑏𝑝
∗

+ 𝐵𝑏𝑞𝑣𝑃𝐶𝐶𝑏⊥⏟      
𝑖𝑃𝐶𝐶𝑏𝑞
∗

  
(2.25) 

𝑖𝑃𝐶𝐶𝑐
∗ = 𝐴𝑐𝑝𝑣𝑃𝐶𝐶𝑐⏟      

𝑖𝑃𝐶𝐶𝑐𝑝
∗

+ 𝐵𝑐𝑞𝑣𝑃𝐶𝐶𝑐⊥⏟      
𝑖𝑃𝐶𝐶𝑐𝑞
∗

  
(2.26)  

where 𝑖𝑃𝐶𝐶𝑎
∗ , 𝑖𝑃𝐶𝐶𝑏

∗ , and 𝑖𝑃𝐶𝐶𝑐
∗  are the total reference currents for single-phase IFCs 

connected to the phase-a, -b, and -c, (𝐴𝑎𝑝 , 𝐵𝑎𝑞), (𝐴𝑏𝑝 , 𝐵𝑏𝑞), and (𝐴𝑐𝑝 , 𝐵𝑐𝑞) are 

instantaneous conductances and susceptances in each phase, 𝑖𝑃𝐶𝐶𝑎𝑝, 𝑖𝑃𝐶𝐶𝑏𝑝, and 

𝑖𝑃𝐶𝐶𝑐𝑝 are active currents of IFCs in phase-a, -b, and -c, and 𝑖𝑃𝐶𝐶𝑎𝑞, 𝑖𝑃𝐶𝐶𝑏𝑞 , and 

𝑖𝑃𝐶𝐶𝑐𝑞 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), 

(𝑃𝑃𝐶𝐶,𝑏 , 𝑄𝑃𝐶𝐶,𝑏), and (𝑃𝑃𝐶𝐶,𝑐 , 𝑄𝑃𝐶𝐶,𝑐), under given voltage conditions can be 

obtained as: 

, , , ,

2 2 2 2

, ,

2 2

; ; ;

;

p q p q

a a b b

p q

c c

PCC a PCC a PCC b PCC b
a a b b

PCC PCC PCC PCC

PCC c PCC c
c a

PCC PCC

P Q P Q
A B A B

v v v v

P Q
A B

v v

   

 

 
(2.27)  

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

will be:  
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, ,* * *

2 2

, ,* * *

2 2

, ,* * *

2 2

a ap aq a a

a a

b bp bq b b

b b

c cp cq c c

c c

PCC a PCC a
PCC PCC PCC PCC PCC

PCC PCC

PCC b PCC b
PCC PCC PCC PCC PCC

PCC PCC

PCC c PCC c
PCC PCC PCC PCC PCC

PCC PCC

P Q
i i i v v

v v

P Q
i i i v v

v v

P Q
i i i v v

v v








    





   




   


 (2.28)  

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

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

* * *

2 4
, , ,3 3

2 2 2

2 4
, , ,3 3

2 2 2

1

3

1

3

p q

a b c

a b c

a b c

a b c

PCC PCC PCC

j j
PCC a PCC b PCC c

PCC PCC PCC

PCC PCC PCC

j j
PCC a PCC b PCC c

PCC PCC PCC

PCC PCC PCC

i i i

P P P
v e v e v

v v v

Q Q Q
v e v e v

v v v

 

 

  

    

 
   
 
 
 

 
  
 
 
 

 

(2.29)  

* * *

4 2
, , ,3 3

2 2 2

4 2
, , ,3 3

2 2 2

1

3

1

3

p q

a b c

a b c

a b c

a b c

PCC PCC PCC

j j
PCC a PCC b PCC c

PCC PCC PCC

PCC PCC PCC

j j
PCC a PCC b PCC c

PCC PCC PCC

PCC PCC PCC

i i i

P P P
v e v e v

v v v

Q Q Q
v e v e v

v v v

 

 

  

    

 
   
 
 
 

 
  
 
 
 

 

(2.30)  

* * *0 0 0

, , ,

2 2 2

, , ,

2 2 2

1

3

1

3

p q

a b c

a b c

a b c

a b c

PCC PCC PCC

PCC a PCC b PCC c
PCC PCC PCC

PCC PCC PCC

PCC a PCC b PCC c
PCC PCC PCC

PCC PCC PCC

i i i

P P P
v v v

v v v

Q Q Q
v v v

v v v
  

  

 
   
 
 
 

 
  
 
 
 

 

(2.31)  
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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 𝑄𝑃𝐶𝐶), 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:  

*

2

PCC
PCC PCC

PCC

P
i v

v

 


  (2.32)  

Replacing 𝑣𝑃𝐶𝐶
+  with phase voltages, the following relation will be achieved:  

*
2 4

3 3
2

3
a b c

j j
PCC

PCC PCC PCC PCC

PCC

P
i v e v e v

v

 




 
   
 
 

 (2.33)  

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:  

*
2 4

31 2 3 3
2 2 23 a b c

a b c

j j
PCC

PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v e v e v

v v v

 


 
   
 
 
 

 (2.34)  

where 𝑢1 + 𝑢2 + 𝑢3 = 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 + 𝑃𝑃𝐶𝐶,𝑏 + 𝑃𝑃𝐶𝐶,𝑐).  

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:  

*
4 2

31 2 3 3
2 2 2

0
3 a b c

a b c

j j
PCC

PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v e v e v

v v v

 


 
    
 
 
 

 (2.35)  

*0 31 2
2 2 2

0
3 a b c

a b c

PCC
PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v v v

v v v

 
    
 
 
 

 (2.36)  

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

31 2

2 4

3 3

a b c

PCC PCC PCCa b c

PCC PCC PCC

v v v

uu u

v v v

 
  


 





      

 (2.37)  

Applying the conditions in (2.37) into (2.33) and (2.34) and assuming that 

average active powers in three phases are equal (𝑢1 = 𝑢2 = 𝑢3 = 1 3⁄ ), following 

relations will be resulted:  
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*
2 4

3 3
2 2

3 3
a b c a

j j
PCC PCC

PCC PCC PCC PCC PCC

PCC PCC

P P
i v e v e v v

v v

 


 

 
    
 
 

 (2.38)  

*
2 4

31 2 3 3
2 2 2 23 3

a b c a

a b c

j j
PCC PCC

PCC PCC PCC PCC PCC

PCC PCC PCC PCC

P u Pu u
i v e v e v v

v v v v

 




 
    
 
 
 

 

(2.39)  

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:  

*
4 2

3 3
2

3
a b c

j j
PCC

PCC PCC PCC PCC

PCC

P
i v e v e v

v

 




 
   
 
 

 (2.40)  

From (2.30), the negative sequence current under active power injection from 

the single-phase system perspective will be as follows:  

*
4 2

31 2 3 3
2 2 23 a b c

a b c

j j
PCC

PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v e v e v

v v v

 


 
   
 
 
 

 (2.41)  

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:  

*
2 4

31 2 3 3
2 2 2

0
3 a b c

a b c

j j
PCC

PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v e v e v

v v v

 


 
    
 
 
 

 (2.42)  



Chapter 2: Instantaneous Power Theory  

 

30 

*0 31 2
2 2 2

0
3 a b c

a b c

PCC
PCC PCC PCC PCC

PCC PCC PCC

P uu u
i v v v

v v v

 
    
 
 
 

 (2.43)  

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

the following relations:   

31 2

4 2

3 3

a b c

PCC PCC PCCa b c

PCC PCC PCC

v v v

uu u

v v v

 
  


 





      

 (2.44)  

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:  

*
4 2

3 3
2 2

3 3
a b c a

j j
PCC PCC

PCC PCC PCC PCC PCC

PCC PCC

P P
i v e v e v v

v v

 


 

 
    
 
 

 (2.45)  

*
4 2

31 2 3 3
2 2 2 23 3

a b c a

a b c

j j
PCC PCC

PCC PCC PCC PCC PCC

PCC PCC PCC PCC

P u Pu u
i v e v e v v

v v v v

 




 
    
 
 
 

 

(2.46)  

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 𝑘1 and 𝑘2. 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 

𝑘𝑝 and 𝑘𝑞. It should be mentioned that adverse effects reduction such as power 

oscillation cancellation can be done by the first generated reference current (using 

𝑘1 and 𝑘2), 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 Microgrids1 

 

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 

                                                 

1 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 𝑣𝑃𝐶𝐶 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 

Unbalance 

Load

PCC
ZGrid

L1
L2

Cf

IFC LCL Filter

i

v vg
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DC 

Subsystem/Bus
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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:  

   1 2* 1 2
2 2 2 2

1 1
p p q q

P k Q kP k Q k
i i i i i v v v v

v v v v

       
 

   

 
         (3.1)  

As clear from (3.1), portions of positive and negative sequences active and 

reactive currents can be adjusted by 𝑘1 and 𝑘2 to achieve different control 

objectives. For example, 𝑘1 = 1 leads negative sequence active current to zero, 

and 𝑘2 = 1 sets negative sequence reactive current to zero. Moreover, when 𝑘1 =

𝑘2 = 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: 

*
1 2 2
2 2

jP k Q k
i Y v e v

v v


   

 

 
 

  
 
 
 

 

(3.2)  

   * 1 2 2
2 2

1 1 jP k Q k
i Y v e v

v v


   

 

 
  

  
 
 
 

 (3.3)  

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 𝑖𝑙𝑜𝑎𝑑
−  (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 (𝑍𝐺𝑟𝑖𝑑
− ) is shown in parallel 

configuration, and the currents directions are assumed as shown in figure for 

better explanation. 
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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 

(𝑍𝐿1, 𝑍𝐿2, 𝑍𝐿3), 𝑖𝑙𝑜𝑎𝑑
−  can be represented as (3.4). (Note that using three-phase 

network symmetrical component analysis, 𝑖𝑙𝑜𝑎𝑑
−  can be extended to other load 

types, e.g. single-phase load [67]). 

𝑖𝑙𝑜𝑎𝑑
− =

𝐸(𝑎2𝑍𝐿1 + 𝑎𝑍𝐿2 + 𝑍𝐿3)

𝑍𝐿1𝑍𝐿3 + 𝑍𝐿2𝑍𝐿3 + 𝑍𝐿1𝑍𝐿2 + 𝑍𝑃𝐶𝐶
− 𝑍𝐿 + 𝑍𝑃𝐶𝐶

+ 𝑍𝐿 + 3𝑍𝑃𝐶𝐶
+ 𝑍𝑃𝐶𝐶

−  (3.4)  

where 𝑍𝐿 is the summation of load impedances (𝑍𝐿 = 𝑍𝐿1+𝑍𝐿2 + 𝑍𝐿3), and 𝑎 is 

the rotation operator (𝑎 = 𝑒𝑗
2𝜋

3 ). Moreover, 𝐸 represents the voltage of the PCC 

under balance condition (without presence of unbalance load), and 𝑍𝑃𝐶𝐶
+  and 𝑍𝑃𝐶𝐶

−  

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 =
𝑍𝑃𝐶𝐶
+

𝑍𝑃𝐶𝐶
+ + 𝑍𝐺𝑟𝑖𝑑

+ × 𝑣𝑔  

(3.5)  

𝑍𝑃𝐶𝐶
+ = 𝑍+|| 𝑍𝐺𝑟𝑖𝑑

+  (3.6)  

𝑍𝑃𝐶𝐶
− = 𝑍−|| 𝑍𝐺𝑟𝑖𝑑

−  (3.7)  

where 𝑍𝐺𝑟𝑖𝑑
+  is the grid positive sequence impedance, 𝑣𝑔 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).  

𝑍+ = 𝑍𝑅
+|| 𝑍𝑋

+ = (−
|𝑣+|2

𝑃𝑘1
) || (

|𝑣+|2

𝑄𝑘2
𝑒−𝑗

𝜋
2) (3.8)  
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In the two proposed control strategies to be discussed later, for better 

explanation and comparison, 𝑖𝑙𝑜𝑎𝑑
−  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 𝑍𝑃𝐶𝐶
+  and 𝐸 are approximately constant values in the 

aforementioned conditions. Moreover, the variations of 𝑍𝑃𝐶𝐶
−  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 𝑘1 and 𝑘2 are equal to one (𝑘1 = 1 and 

𝑘2 = 1), just positive sequence active and reactive powers are injected to the grid. 

From Figure 3.2, both 𝑍𝑅
− and 𝑍𝑋

− are open circuit, and the negative sequence 

voltage of PCC can be expressed as (3.9). 

|𝑣−| = |𝑖𝑙𝑜𝑎𝑑
− | × |𝑍𝐺𝑟𝑖𝑑

− |
 (3.9)  

3.1.2 IFC produces unbalance current for unbalanced 

voltage compensation 

In the case that weighting factors 𝑘1 and 𝑘2 are not equal to one (𝑘1 ≠ 1 and 

𝑘2 ≠ 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−| = |𝑖𝑙𝑜𝑎𝑑
− | × |𝑍𝐺𝑟𝑖𝑑

− ∕∕ 𝑍−| (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 (𝑍−) can be controlled to be much smaller than the grid 

impedance, directing 𝑖𝑙𝑜𝑎𝑑
−  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: 

∆𝑃 = (
𝑃𝑘1
|𝑣+|2

+
𝑃(1 − 𝑘1)

|𝑣−|2
) 𝑣+ ∙ 𝑣− + (

𝑄𝑘2
|𝑣+|2

−
𝑄(1 − 𝑘2)

|𝑣−|2
) 𝑣⊥

+ ∙ 𝑣−  (3.11)  

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 is named active power oscillation 

minimization or ∆𝑃-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 



Chapter 3: Single Three-Phase IFC Control for Unbalance Compensation 

 

38 

oscillation and compensate unbalanced voltage. From (3.3), the amplitude of 

IFC's desired negative sequence current is defined as: 

|𝑖−
∗
| =

|𝑣−|

|𝑍−|
= √(

𝑃(1 − 𝑘1)

|𝑣−|
)
2

+ (
𝑄(1 − 𝑘2)

|𝑣−|
)
2

 

(3.12)  

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

frame can be achieved as (3.13). 

∆𝑃 =
3

2
(
𝑃𝑘1
|𝑣+|2

+
𝑃(1 − 𝑘1)

|𝑣−|2
) (𝑣𝛼

+𝑣𝛼
− + 𝑣𝛽

+𝑣𝛽
−)

+
3

2
(
𝑄𝑘2
|𝑣+|2

−
𝑄(1 − 𝑘2)

|𝑣−|2
) (𝑣𝛽

+𝑣𝛼
− − 𝑣𝛼

+𝑣𝛽
−) 

(3.13)  

Using Clarke transformation, the PCC positive and negative sequences 

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

𝑣𝛼
+ = |𝑣+| cos(𝜔𝑡 + 𝜃+) (3.14)  

𝑣𝛽
+ = |𝑣+| cos (𝜔𝑡 −

𝜋

2
+ 𝜃+) (3.15)  

𝑣𝛼
− = |𝑣−| cos(𝜔𝑡 − 𝜃−) (3.16)  

𝑣𝛽
− = |𝑣−| cos (𝜔𝑡 +

𝜋

2
− 𝜃−) (3.17)  

where 𝜃+ and 𝜃− are the phase angle jumps. From (3.13) to (3.17), the active 

power oscillation can be expressed as follows: 

∆𝑃 =
3

2
(
𝑃𝑘1
|𝑣+|2

+
𝑃(1 − 𝑘1)

|𝑣−|2
) |𝑣+||𝑣−| cos(2𝜔𝑡 + 𝜃)

+
3

2
(
𝑄𝑘2
|𝑣+|2

−
𝑄(1 − 𝑘2)

|𝑣−|2
) |𝑣+||𝑣−| sin(2𝜔𝑡 + 𝜃) 

(3.18)  

where 𝜃+ − 𝜃− = 𝜃 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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[(
𝑃𝑘1
|𝑣+|2

+
𝑃(1 − 𝑘1)

|𝑣−|2
) |𝑣+||𝑣−|]

2

+ [(
𝑄𝑘2
|𝑣+|2

−
𝑄(1 − 𝑘2)

|𝑣−|2
) |𝑣+||𝑣−|]

2

 

(3.19)  

This objective function should be minimized subjected to the constraint in 

(3.12) which provides controllable unbalanced voltage compensation. With the 

assumption of 𝑘1 − 1 = 𝑙1 and 𝑘2 − 1 = 𝑙2, the objective function in (3.19) and 

the constraint in (3.12) could be expressed as (3.20) and (3.21), respectively. 

𝐽(𝑙1, 𝑙2) = 𝐴2𝑙1
2 + 𝐵2𝑙2

2 + 𝐶𝑙1 + 𝐸𝑙2 + 𝐹  (3.20)  

𝑃2𝑙1
2 + 𝑄2𝑙2

2 = 𝐷2 (3.21)  

where 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, and 𝐹 are defined as 𝐴 =
𝑃(|𝑣+|

2
−|𝑣−|2)

|𝑣+||𝑣−|
, 𝐵 =

𝑄(|𝑣+|
2
+|𝑣−|2)

|𝑣+||𝑣−|
, 𝐶 =

2𝑃2|𝑣−|2(|𝑣+|
2
−|𝑣−|2)

|𝑣+|2|𝑣−|2
, 𝐷 = |𝑣−||𝑖𝑟𝑒𝑓

− |, 𝐸 =
−2𝑄2|𝑣−|2(|𝑣+|

2
+|𝑣−|2)

|𝑣+|2|𝑣−|2
, 𝐹 =

|𝑣−|2(𝑃2+𝑄2)

|𝑣+|2|𝑣−|2
.  

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)𝑥𝑇𝑃𝑥 +

𝑞𝑇𝑥 + 𝑟. Since 𝑃 in both functions are positive semidefinite, the close form 

analytical solution can be found using Lagrangian method [68]. Utilizing this 

deterministic method, 𝑙1 and 𝑙2 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(𝑙1, 𝑙2, 𝜆) = 𝐴2𝑙1
2 + 𝐵2𝑙2

2 + 𝐶𝑙1 + 𝐸𝑙2 + 𝐹 + 𝜆(𝑃2𝑙1
2 + 𝑄𝑙2

2 − 𝐷2) (3.22)  

where 𝜆 is Lagrangian multiplier. Setting each of the partial derivatives of this 

function equal to zero (
𝜕𝐿

𝜕𝑙1
= 0,

𝜕𝐿

𝜕𝑙2
= 0,

𝜕𝐿

𝜕𝜆
= 0), the optimal values of 𝑙1 and 𝑙2 

are calculated analytically, leading to 𝑘1 and 𝑘2 determination. In control system, 

in each time step, 𝑙1 and 𝑙2 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 (𝑖𝑙𝑜𝑎𝑑
− ) in the fixed |𝑖−|, minimum negative sequence 

current will be directed to the grid, resulting in minimum negative sequence 

voltage at the PCC (|𝑣−| = |𝑖𝐺𝑟𝑖𝑑
− | × |𝑍𝐺𝑟𝑖𝑑

− |). 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). 

∡𝑍− = ∡𝑍𝐺𝑟𝑖𝑑
−

 (3.23)  

Considering (3.12) and (3.23), 𝑘1 and 𝑘2 can be achieved as follows: 

𝑘1 = 1 ±
|𝑣−||𝑖−

∗
|

𝑃 × √1 + (
𝑍𝑋
−
𝐺𝑟𝑖𝑑

𝑍𝑅
−
𝐺𝑟𝑖𝑑

)

2
 

(3.24)  

𝑘2 = 1 ±
𝑍𝑋
−
𝐺𝑟𝑖𝑑

𝑍𝑅
−
𝐺𝑟𝑖𝑑

×
|𝑣−||𝑖−

∗
|

𝑄 × √1 + (
𝑍𝑋
−
𝐺𝑟𝑖𝑑

𝑍𝑅
−
𝐺𝑟𝑖𝑑

)

2
 

(3.25)  

Considering (3.12), (3.24), and (3.25), it can be concluded that if 𝑘1 > 1 and 

𝑘2 < 1, IFC's negative sequence current will be in-phase with the grid negative 

sequence current. However, 𝑘1 < 1 and 𝑘2 > 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 𝛼𝛽 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 𝑘1 and 𝑘2 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 
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Figure 3.3 Proposed control strategies for single three-phase IFC for the unbalanced 

voltage compensation.  
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terms of output 𝑃/𝑄 ratios and the grid conditions in terms of different 

𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  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 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratio) and weak grid with resistive 

impedance (small 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratio) under different IFC's output 𝑃/𝑄 ratio are 

presented. The IFC's apparent power (𝑆) and the amplitude of the grid impedance 

(|𝑍𝐺𝑟𝑖𝑑|) 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 (𝑖𝐺𝑟𝑖𝑑
− ) 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.  

 

TABLE 3.1 Case study results for both proposed control strategies with |i-|=10A 

under different IFC's output P/Q ratios (S=20.61kVA) and the grid conditions 

(|ZGrid|=0.75398Ω). 

Grid impedance conditions 
𝑋𝐺𝑟𝑖𝑑 ≫ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 1 × 10−3Ω;   𝑋 = 0.753Ω 

𝑋𝐺𝑟𝑖𝑑 ≪ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 0.753Ω;   𝑋 = 1 × 10−3Ω 

IFC's output active-reactive powers 
20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

|𝑣−| 
(𝑉) 

No compensation 13.66 15.70 12.88 10.74 

∆𝑃-minimization 9.10 8.26 6.25 6.88 

In-phase current 6.23 8.26 6.15 4.00 
∆𝑃−minimization 

In−phase current 
 ratio 1.46 1 1.01 1.72 

∆𝑃 

(𝑊) 

No compensation 1368 1368 1228 1228 

∆𝑃-minimization 2177 2835 2643 1921 

In-phase current 3005 2862 2673 2626 
∆𝑃−minimization 

In−phase current 
 ratio 0.72 0.99 0.98 0.73 

∆𝑄 

(𝑉𝐴𝑟) 

No compensation 1368 1368 1228 1228 

∆𝑃-minimization 4007 4267 3840 3487 

In-phase current 3297 4248 3820 2850 
∆𝑃−minimization 

In−phase current 
 ratio 1.21 1.004 1.005 1.22 
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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 (∆𝑃∆𝑃−𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 < ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒). 

As shown in TABLE 3.1, the ratios of active power oscillation in ∆𝑃-

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 

(∆𝑃∆𝑃−𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 > ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒). This is because, considering (3.11) and (3.19), 

for active power oscillation minimization |𝑃(1 − 𝑘1) |𝑣−|2⁄ | and 

|𝑄(1 − 𝑘2) |𝑣
−|2⁄ | should reach −|𝑃𝑘1 |𝑣+|2⁄ | and |𝑄𝑘2 |𝑣+|2⁄ |, respectively. In 

this case, the reactive power oscillations will increase according to (2.12).  

For the in-phase current compensation strategy, the phase angles of 𝑖𝑙𝑜𝑎𝑑
− , 𝑖− 

and 𝑖𝐺𝑟𝑖𝑑
−  are the same. Obviously, with the same |𝑖𝑙𝑜𝑎𝑑

− | and |𝑖−|, |𝑖𝐺𝑟𝑖𝑑
− | in the in-

phase current compensation strategy will be smaller than ∆𝑃-minimization 
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(b) 

Figure 3.4 Phasor diagrams of the case study in phase-a with |i-|=10A under 

XGrid≫RGrid and different P/Q ratios (v+ and i+ with the scale of 0.1); (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy. 
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strategy (|𝑖𝐺𝑟𝑖𝑑
− | ∆𝑃−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−| ∆𝑃−𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑎𝑡𝑖𝑜𝑛 >

|𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒). As shown in TABLE 3.1, the ratios of negative sequence voltage in 

p̃-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 |𝑖𝐺𝑟𝑖𝑑
− |, 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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(b) 

Figure 3.5 Phasor diagrams of the case study in phase-a with |i-|=10A under 

XGrid≪RGrid and different P/Q ratios (v+ and i+ with the scale of 0.1); (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy. 
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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 𝑋𝐺𝑟𝑖𝑑 is much large than 𝑅𝐺𝑟𝑖𝑑 (𝑋𝐺𝑟𝑖𝑑 ≫ 𝑅𝐺𝑟𝑖𝑑) is 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 ∆𝑃-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 𝑖𝐺𝑟𝑖𝑑
− ). 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 ∆𝑃-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 ∆𝑃-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 𝑖𝐺𝑟𝑖𝑑
−  (𝑖𝐺𝑟𝑖𝑑

−  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 

component (|
𝑄(1−𝑘2)

|𝑣−|2
| ≫ |

𝑃(1−𝑘1)

|𝑣−|2
|) (see Figure 3.4 and Figure 3.5). In other 

words, 𝑘1 is very close to 1. As a result, considering equivalent circuit in Figure 

3.2, 𝑍𝑅
− can be considered as an open circuit. Therefore, |𝑖−| can be achieved as 

|𝑖−| =
|𝑣−|

𝑍𝑋
− =

𝑄(1−𝑘2)

|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 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  is 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 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratios (𝑋𝐺𝑟𝑖𝑑 ≪ 𝑅𝐺𝑟𝑖𝑑) is 

studied. The conclusions can be extended to the weak grids with comparable 

𝑋𝐺𝑟𝑖𝑑 and 𝑅𝐺𝑟𝑖𝑑, which will be discussed in simulation section. 

In the weak grid with small 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratio, the phase angle between 

negative sequence grid current and the negative sequence PCC voltage is small. In 

the ∆𝑃-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 a result, 𝑖− and 𝑖𝐺𝑟𝑖𝑑
−  will be approximately in-phase (small 

phase angle between 𝑖− and 𝑖𝐺𝑟𝑖𝑑
− ). 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 ∆𝑃-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 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  

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 ∆𝑃-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 𝑖𝐺𝑟𝑖𝑑
− , 

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

reactive power component (|
𝑄(1−𝑘2)

|𝑣−|2
| ≪ |

𝑃(1−𝑘1)

|𝑣−|2
|) (see Figure 3.4 and Figure 

3.5). In other words, 𝑘2 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 |𝑖−| =
|𝑣−|

𝑍𝑅
− =

𝑃(1−𝑘1)

|𝑣−|
. Considering |𝑖−| as a fixed value, increasing 

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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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−
∗
| = 5𝐴 and |𝑖−

∗
| = 10𝐴 under different IFC's output 𝑃/𝑄 ratios and the 

grid 𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratios are shown in TABLE 3.3 and TABLE 3.4. In all the 

 

TABLE 3.2 System parameters for simulations. 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐 800𝑉 

IFC's reference active power  𝑃𝑟𝑒𝑓 20𝑘𝑊 → 5𝑘𝑊 

IFC's reference reactive power  𝑄𝑟𝑒𝑓 5𝑘𝑉𝐴𝑅 → 20𝑘𝑉𝐴𝑅 

Three phase unbalance load  𝑅𝐿𝑜𝑎𝑑 Three phase: 18𝛺, 5𝛺, 3𝛺 

Grid phase voltage (rms) 𝑣𝑔 240𝑉 

Grid frequency 𝑓𝑔 60𝐻𝑧 

Grid coupling impedance 𝑍𝐺𝑟𝑖𝑑 
𝑋𝐺𝑟𝑖𝑑: 0.753𝛺 → 1𝑚𝛺 

𝑅𝐺𝑟𝑖𝑑: 1𝑚𝛺 → 0.753𝛺 

 

 

TABLE 3.3 Simulation results for two proposed control strategies with |i-|=5A 

under different IFC's output P/Q ratios and the grid conditions. 

Grid impedance 

conditions 

𝑋𝐺𝑟𝑖𝑑 ≫ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 1 × 10−3Ω;   𝑋 = 0.753Ω 

𝑋𝐺𝑟𝑖𝑑 = 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 0.533𝛺;   𝑋 = 0.533𝛺 

𝑋𝐺𝑟𝑖𝑑 ≪ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 0.753𝛺;   𝑋 = 1 × 10−3𝛺 

IFC's output active-
reactive powers 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

|𝑖𝐺𝑟𝑖𝑑
− | 

No 

compensation 
18.12 20.00 20.82 17.70 18.10 17.40 17.08 16.13 14.24 

∆𝑃-

minimization  
15.75 15.87 15.90 13.50 13.51 13.46 12.74 12.66 12.48 

In-phase 

current  
13.20 15.10 15.90 13.14 13.51 12.85 12.60 11.70 9.80 

|𝑖𝐿𝑜𝑎𝑑
− | 

No 

compensation 
18.12 20.00 20.82 17.74 18.15 17.45 17.08 16.13 14.24 

∆𝑃-

minimization   
17.68 19.78 20.85 17.79 18.51 17.94 17.60 16.60 14.50 

In-phase 

current  
18.20 20.10 20.90 18.14 18.51 17.85 17.60 16.70 14.80 

|𝑣−| 

No 

compensation 
13.66 15.08 15.70 13.35 13.64 13.13 12.88 12.16 10.74 

∆𝑃-

minimization  
11.88 11.97 11.99 10.18 10.19 10.15 9.59 9.54 9.41 

In-phase 

current  
10.00 11.36 11.97 9.90 10.18 9.68 9.50 8.70 7.40 

∆𝑃 

No 

compensation 
1368 1368 1368 1264 1264 1264 1228 1228 1228 

∆𝑃-

minimization  
351 619 734 668 723 630 705 568 280 

In-phase 

current  
1624 1220 805 960 723 937 770 1100 1405 

∆𝑄 

No 

compensation 
1368 1368 1368 1264 1264 1264 1228 1228 1228 

∆𝑃-

minimization  
2738 2790 2815 2600 2613 2580 2540 2495 2425 

In-phase 

current  
2028 2536 2795 2485 2613 2452 2516 2252 1762 
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simulations, IFC's apparent power and the amplitude of grid impedance are 

considered to be constant 𝑆 = 20.61𝑘𝑉𝐴 and |𝑍𝐺𝑟𝑖𝑑| = 0.75398Ω. For better 

comparison, the results of balance current injection from IFC without 

compensation (𝑘1 = 𝑘2 = 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:  

• The 𝑖𝑙𝑜𝑎𝑑
−  is 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 

𝑋𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑⁄  ratios.  

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

smaller than active power oscillation minimization strategy.  

 

TABLE 3.4 Simulation results for two proposed control strategies with |i-|=10A 

under different IFC's output P/Q ratios and the grid conditions. 

Grid impedance 

conditions 

𝑋𝐺𝑟𝑖𝑑 ≫ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 1 × 10−3Ω;   𝑋 = 0.753Ω 

𝑋𝐺𝑟𝑖𝑑 = 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 0.533𝛺;   𝑋 = 0.533𝛺 

𝑋𝐺𝑟𝑖𝑑 ≪ 𝑅𝐺𝑟𝑖𝑑 

𝑅 = 0.753𝛺;   𝑋 = 1 × 10−3𝛺 

IFC's output active-

reactive powers 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

20𝑘𝑊 

5𝑘𝑉𝑎𝑟 

14.5𝑘𝑊 

14.5𝑘𝑉𝑎𝑟 

5𝑘𝑊 

20𝑘𝑉𝑎𝑟 

|𝑖𝐺𝑟𝑖𝑑
− | 

No 

compensation 
18.12 20.00 20.82 17.70 18.10 17.40 17.08 16.13 14.24 

∆𝑃-

minimization  
12.07 11.28 10.96 9.04 8.93 9.09 8.30 8.50 9.10 

In-phase 

current  
8.26 10.13 10.96 8.56 8.93 8.26 8.20 7.20 5.30 

|𝑖𝐿𝑜𝑎𝑑
− | 

No 

compensation 
18.12 20.00 20.82 17.74 18.15 17.45 17.08 16.13 14.24 

∆𝑃-

minimization   
17.42 19.63 20.80 18.35 18.93 18.41 18.17 17.14 15.12 

In-phase 

current  
18.26 20.13 20.95 18.56 18.93 18.26 18.20 17.20 15.30 

|𝑣−| 

No 

compensation 
13.66 15.08 15.70 13.35 13.64 13.13 12.88 12.16 10.74 

∆𝑃-

minimization  
9.10 8.50 8.26 6.82 6.73 6.85 6.25 6.41 6.88 

In-phase 

current  
6.23 7.64 8.26 6.45 6.73 6.22 6.15 5.44 4.00 

∆𝑃 

No 

compensation 
1368 1368 1368 1264 1264 1264 1228 1228 1228 

∆𝑃-

minimization  
2177 2640 2835 2620 2707 2550 2643 2413 1921 

In-phase 

current  
3005 2965 2862 2760 2710 2715 2673 2697 2626 

∆𝑄 

No 

compensation 
1368 1368 1368 1264 1264 1264 1228 1228 1228 

∆𝑃-

minimization  
4007 4183 4267 3917 3956 3866 3840 3710 3487 

In-phase 

current  
3297 3927 4248 3803 3959 3738 3820 3473 2850 
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• 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.  

• 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.  

• 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) ∆𝑷-minimization strategy, (b) 

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

reduction.  

• In the both proposed control strategies, increasing |𝑖−
∗
| causes more reduction 

of |𝑖𝐺𝑟𝑖𝑑
− |, resulting in more reduction of |𝑣−|. However, the active and reactive 

powers oscillations increase in both methods.   

• 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−
∗
| = 10𝐴 (see TABLE 3.4) for inductive grid (with 𝑋𝐺𝑟𝑖𝑑 ≫ 𝑅𝐺𝑟𝑖𝑑) and 

weak grid (with 𝑋𝐺𝑟𝑖𝑑 ≪ 𝑅𝐺𝑟𝑖𝑑) 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) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy.  
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produces balance current (𝑘1 = 𝑘2 = 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 𝑃𝑟𝑒𝑓 = 20𝑘𝑊,𝑄𝑟𝑒𝑓 = 5𝑘𝑉𝐴𝑅 while 

during 0.4 < 𝑡 < 0.7 and 0.7 < 𝑡 < 1 these powers are set to 𝑃𝑟𝑒𝑓 =

14.5𝑘𝑊,𝑄𝑟𝑒𝑓 = 14.5𝑘𝑉𝐴𝑅 and 𝑃𝑟𝑒𝑓 = 5𝑘𝑊,𝑄𝑟𝑒𝑓 = 20𝑘𝑉𝐴𝑅, 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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Figure 3.8 Active power oscillations at the IFC output in the inductive grid; (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy.  
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power oscillation minimization strategy leads to smaller active power oscillation 

in all operating conditions. However, the reduction is more obvious at high power 

factor operation conditions.  

In Figure 3.9, IFC's output current in the resistive grid is shown, and its 

phasor diagrams are shown in Figure 3.5. From negative sequence voltage of PCC 

shown in Figure 3.10, it can be observed that although both control strategies 

reduce the negative sequence voltage, the reduction level of in-phase current 

compensation strategy is more than active power oscillation minimization 

strategy, which is more obvious at reactive power compensation operating 

condition. Similar to inductive grid, the active power oscillation minimization 
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(b) 

Figure 3.9 IFC output current in the weak resistive grid; (a) ∆𝑷-minimization 

strategy, (b) in-phase current compensation strategy.  
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strategy minimizes the IFC output power oscillation in all operating conditions, 

shown in Figure 3.11.  
 

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 (𝑋𝐺𝑟𝑖𝑑 = 1.88Ω and 𝑅𝐺𝑟𝑖𝑑 = 0.2Ω) with 

|𝑖−
∗
| = 2.5𝐴, and (2) weak resistive grid (𝑋𝐺𝑟𝑖𝑑 = 0.94Ω and 𝑅𝐺𝑟𝑖𝑑 = 1.9Ω) with 

|𝑖−
∗
| = 1.5𝐴. In each test, IFC works with high power factor (large 𝑃 𝑄⁄  ratio; 

𝑃𝑟𝑒𝑓 = 280𝑊,𝑄𝑟𝑒𝑓 = 70𝑉𝐴𝑅) and as a reactive power compensator (small 𝑃 𝑄⁄   
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Figure 3.10 Negative sequence voltage of PCC in the weak resistive grid; (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy.  
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ratio; 𝑃𝑟𝑒𝑓 = 70𝑊,𝑄𝑟𝑒𝑓 = 280𝑉𝐴𝑅). To start the tests, 𝑘1 and 𝑘2 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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Figure 3.11 Active power oscillations at the IFC output in the weak resistive grid; (a) 

∆𝑷-minimization strategy, (b) in-phase current compensation strategy.  
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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 

 

7.2Vv 

5.4Vv 
4.6Vv 

Switch to proposed 

control strategy

4P Q  1 4P Q   

7.2Vv 

4.4Vv  4.7Vv 

Switch to proposed 

control strategy

4P Q  1 4P Q   
(a) (b) 

Figure 3.12 Negative sequence voltage of PCC in the inductive grid; (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy (time: 1 s/div, 

voltage: 1 V/div).  
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Figure 3.13 Active power oscillations in the inductive grid; (a) ∆𝑷-minimization 

strategy, (b) in-phase current compensation strategy (time: 1 s/div, power: 50 W/div). 

 

 

TABLE 3.5 System parameters for experiments. 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐 150𝑉 

Reference active power  𝑃𝑟𝑒𝑓 280𝑊 → 70𝑊 

Reference reactive power  𝑄𝑟𝑒𝑓 70𝑉𝐴𝑅 → 280𝑉𝐴𝑅 

Three phase unbalance load  𝑅𝐿𝑜𝑎𝑑 
Three phase: 

9𝛺, 5𝛺, 3𝛺 

Grid phase voltage (rms) and frequency 𝑣𝑔 − 𝑓𝑔 50𝑉-60𝐻𝑧 

Grid impedance 𝑍𝐺𝑟𝑖𝑑 
𝑋𝐺𝑟𝑖𝑑: 1.88𝛺 → 0.94𝛺 

𝑅𝐺𝑟𝑖𝑑: 0.2𝛺 → 1.9𝛺 
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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. 

 

TABLE 3.6 Summary of experimental results for the two proposed control 

strategies. 

Grid impedance conditions 
Inductive grid 

𝑅 = 0.2Ω;   𝑋 = 1.88Ω 

Resistive grid 

𝑅 = 1.9Ω;   𝑋 = 0.94Ω 

IFC's output active-reactive powers 
280𝑊 

70𝑉𝑎𝑟 

70𝑊 

280𝑉𝑎𝑟 

280𝑊 

70𝑉𝑎𝑟 

70𝑊 

280𝑉𝑎𝑟 

|𝑣−| 

∆𝑃-minimization  5.4 4.6 4 4.4 

In-phase current  4.4 4.7 4 3.4 
∆𝑃−minimization 

In−phase current 
 ratio 1.22 0.98 1 1.29 

∆𝑃 

∆𝑃-minimization  110 148 75 62 

In-phase current  165 147 76 100 
∆𝑃−minimization 

In−phase current 
 ratio 0.66 1.00 0.99 0.62 

 

 

5.9Vv 

4Vv  4.4Vv 

Switch to proposed 

control strategy

4P Q  1 4P Q   

5.9Vv 

4Vv 
3.4Vv 

Switch to proposed 

control strategy

4P Q  1 4P Q   
(a) (b) 

Figure 3.14 Negative sequence voltage of PCC in the weak resistive grid; (a) ∆𝑷-

minimization strategy, (b) in-phase current compensation strategy (time: 1 s/div, 

voltage: 1 V/div).  
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Figure 3.15 Active power oscillations in the weak resistive grid; (a) ∆𝑷-minimization 

strategy, (b) in-phase current compensation strategy (time: 1 s/div, power: 50 W/div). 
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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 

𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios and IFC works as a reactive power compensator, (2) 

in the weak grid with 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ≈ 1 and IFC works in different output active-

reactive power ratios, or (3) in the weak grid with small 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios and IFC works with high power factor, or (2) weak grid 

with small 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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 

 

TABLE 3.7 Control strategy recommendation under different grid conditions and IFC 

operating conditions. 

Grid impedance 

conditions 
Large 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ≈ 1 Small 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios 

IFC's output 

powers 
𝑃 ≫ 𝑄 𝑃 ≪ 𝑄 𝑃 ≫ 𝑄 𝑃 ≪ 𝑄 𝑃 ≫ 𝑄 𝑃 ≪ 𝑄 

∆𝑃 
∆𝑃∆P−𝑚𝑖𝑛
< ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑃∆P−𝑚𝑖𝑛
≈ ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑃∆P−𝑚𝑖𝑛
≈ ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑃∆P−𝑚𝑖𝑛
≈ ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑃∆P−𝑚𝑖𝑛
≈ ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑃∆P−𝑚𝑖𝑛
< ∆𝑃𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄 
∆𝑄∆P−𝑚𝑖𝑛
> ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄∆P−𝑚𝑖𝑛
≈ ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄∆P−𝑚𝑖𝑛
≈ ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄∆P−𝑚𝑖𝑛
≈ ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄∆P−𝑚𝑖𝑛
≈ ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

∆𝑄∆P−𝑚𝑖𝑛
> ∆𝑄𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| 
|𝑣−| ∆P−𝑚𝑖𝑛
> |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| ∆P−𝑚𝑖𝑛
≈ |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| ∆P−𝑚𝑖𝑛
≈ |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| ∆P−𝑚𝑖𝑛
≈ |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| ∆P−𝑚𝑖𝑛
≈ |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑣−| ∆P−𝑚𝑖𝑛
> |𝑣−| 𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑖𝐺𝑟𝑖𝑑
− | 

|𝑖𝐺𝑟𝑖𝑑
− |∆P−𝑚𝑖𝑛

> |𝑖𝐺𝑟𝑖𝑑
− |𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑖𝐺𝑟𝑖𝑑
− |∆P−𝑚𝑖𝑛

≈ |𝑖𝐺𝑟𝑖𝑑
− |𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑖𝐺𝑟𝑖𝑑
− |∆P−𝑚𝑖𝑛

≈ |𝑖𝐺𝑟𝑖𝑑
− |𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑖𝐺𝑟𝑖𝑑
− |∆P−𝑚𝑖𝑛

≈ |𝑖𝐺𝑟𝑖𝑑
− |𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 

|𝑖𝐺𝑟𝑖𝑑
− |∆P−𝑚𝑖𝑛

≈ |𝑖𝐺𝑟𝑖𝑑
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|𝑖𝐺𝑟𝑖𝑑
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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 ∆𝑃 reduction may not be more obvious in comparison to 

small IFC (as high |𝑖−| tends to increase ∆𝑃 but low |𝑣−| tends to decrease ∆𝑃). 

As a result 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 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios and the IFC operating as a reactive power 

compensator (𝑃 ≪ 𝑄), (2) a weak grid with 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ≈ 1 and the IFC 

operating in different output active-reactive power ratios, or (3) a weak grid with 

small 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios and the IFC controlled with a 

high power factor, or (2) the weak grid with small 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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 

Converter1 

 

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 

                                                 

1 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 

PCC

DC 

Subsystem/Bus

Parallel Interfacing Converters

i1

v AC 

Subsystem/Bus

IFC1

IFC2

...

IFCn

i2

in Output 

Filter

Output 

Filter

Output 

Filter

iIFCs

 

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: 

𝑖𝑖
∗ = 𝑖𝑝𝑖

∗ + 𝑖𝑞𝑖
∗ = (

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
𝑣+ +

𝑃𝑖𝑘𝑝𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
 𝑣−)

+ (
𝑄𝑖

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

𝑣⊥
+ +

𝑄𝑖𝑘𝑞𝑖
|𝑣+|2 + 𝑘𝑞𝑖|𝑣

−|2
 𝑣⊥
−) 

(4.1)  

In this Chapter, different from Section 2.2.2, the IFCs output voltage is 

represented by 𝑣, the 𝑖𝑡ℎ-IFC's output current and the average active and reactive 

powers are represented by 𝑖𝑖, 𝑃𝑖, and 𝑄𝑖. Moreover, parallel IFCs collective 

current vector is represented by 𝑖𝐼𝐹𝐶𝑠. These parameters are shown in Figure 4.1. 

From (4.1), and considering (2.3) and (2.4), the 𝑖𝑡ℎ-IFC's instantaneous output 

active and reactive powers can be achieved as:  

𝑝𝑖 = 𝑃𝑖 +
𝑃𝑖(1 + 𝑘𝑝𝑖)(𝑣

+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2⏟            

∆𝑃𝑝𝑖

+
𝑄𝑖(1 − 𝑘𝑞𝑖)(𝑣⊥

+. 𝑣−)

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2⏟            

∆𝑃𝑞𝑖

 
(4.2)  

𝑞𝑖 = 𝑄𝑖 +
𝑃𝑖(1 − 𝑘𝑝𝑖)(𝑣

+. 𝑣⊥
−)

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2⏟            

∆𝑄𝑝𝑖

+
𝑄𝑖(1 + 𝑘𝑞𝑖)(𝑣⊥

+. 𝑣⊥
−)

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2⏟            

∆𝑄𝑞𝑖

 
(4.3)  

From (4.1)-(4.3), it can be concluded that under unbalanced voltage, 𝑖𝑡ℎ-IFC's 

current will increase and the output active and reactive powers will oscillate. The 

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

components of active power oscillations (∆𝑃𝑝𝑖 and ∆𝑃𝑞𝑖) are orthogonal, and 



Chapter 4: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation by redundant IFC 

 

64 

𝑘𝑝𝑖 = −1 and 𝑘𝑞𝑖 = 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 𝑘𝑝𝑖 

and 𝑘𝑞𝑖 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: 

𝑖𝐼𝐹𝐶𝑠
∗ =∑𝑖𝑖

∗

𝑛

𝑖=1

=∑
𝑃𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑣+ +

𝑛

𝑖=1

∑
𝑃𝑖𝑘𝑝𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑣−
𝑛

𝑖=1

+∑
𝑄𝑖

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑣⊥
+ +

𝑛

𝑖=1

∑
𝑄𝑖𝑘𝑞𝑖

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑣⊥
−

𝑛

𝑖=1

 

(4.4)  
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Figure 4.2 Individual IFC's output active power and three-phase currents under 

unbalanced voltage condition a) different pik  in unity PF operation mode and b) different 

qik  in zero PF operation mode.  
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𝑝 =∑ 𝑃𝑖
𝑛

𝑖=1
+∑

𝑃𝑖 (1 + 𝑘𝑝𝑖
) (𝑣+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1⏟                  
∆𝑃𝑝

+∑
𝑄𝑖 (1 − 𝑘𝑞𝑖

) (𝑣⊥
+. 𝑣−)

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1⏟                  
∆𝑃𝑞

 (4.5)  

𝑞 =∑ 𝑄𝑖
𝑛

𝑖=1
+∑

𝑃𝑖 (1 − 𝑘𝑝𝑖)
(𝑣+. 𝑣⊥

−)

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1⏟                  
∆𝑄𝑝

+∑
𝑄𝑖 (1 + 𝑘𝑞𝑖)

(𝑣⊥
+. 𝑣⊥

−)

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1⏟                  
∆𝑄𝑞

 (4.6)  

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: 

∑ ∆𝑃𝑝𝑖

𝑛

𝑖=1
=∑

𝑃𝑖 (1 + 𝑘𝑝𝑖)
(𝑣+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1
= 0 

⇒∑
𝑃𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1
=

∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
  

(4.7)  

∑ ∆𝑃𝑞𝑖

𝑛

𝑖=1
=∑

𝑄𝑖 (1 − 𝑘𝑞𝑖
) (𝑣⊥

+. 𝑣−)

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1
= 0 

⇒∑
𝑄𝑖

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1
=

∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
 

(4.8)  

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: 

𝑖𝐼𝐹𝐶𝑠
∗ |∆𝑃=0 =

∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
𝑣+ +

−∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
𝑣− +

∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
𝑣⊥
+

+
∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
𝑣⊥
− 

(4.9)  

𝑝 =∑ 𝑃𝑖
𝑛

𝑖=1
 (4.10)  
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𝑞 =∑ 𝑄𝑖
𝑛

𝑖=1
+

2(𝑣+. 𝑣⊥
−)

|𝑣+|2 − |𝑣−|2
∑ 𝑃𝑖

𝑛

𝑖=1
+

2(𝑣⊥
+. 𝑣⊥

−)

|𝑣+|2 + |𝑣−|2
∑ 𝑄𝑖

𝑛

𝑖=1
 (4.11)  

From (4.9), it is observed that under zero active power oscillations, the 

current is independent from 𝑘𝑝𝑖 and 𝑘𝑞𝑖, and is affected by ∑ 𝑃𝑖
𝑛
𝑖=1  and ∑ 𝑄𝑖

𝑛
𝑖=1  

variations. Moreover, from (4.11) it can be concluded that the reactive power 

oscillations are independent from 𝑘𝑝𝑖 and 𝑘𝑞𝑖 under ∆𝑃 = 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), 𝑖𝑡ℎ-IFC's active and reactive reference current vectors can be 

rewritten as follows: 

𝑖𝑝𝑖
∗ = 𝑖𝑝𝑖

+ + 𝑖𝑝𝑖
− =

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
𝑣+ +

𝑃𝑖𝑘𝑝𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
 𝑣− (4.12)  

𝑖𝑞𝑖
∗ = 𝑖𝑞𝑖

+ + 𝑖𝑞𝑖
− =

𝑄𝑖
|𝑣+|2 + 𝑘𝑞𝑖|𝑣

−|2
𝑣⊥
+ +

𝑄𝑖𝑘𝑞𝑖
|𝑣+|2 + 𝑘𝑞𝑖|𝑣

−|2
 𝑣⊥
− (4.13)  

where 𝑣+ = |𝑣+|𝑒𝑗(𝜔𝑡+𝜃
+) and 𝑣− = |𝑣−|𝑒𝑗(−𝜔𝑡−𝜃

−). Considering (4.12) and 

(4.13), the loci of 𝑖𝑡ℎ-IFC's active and reactive reference current vectors are 

ellipses in which their semi major and semi minor axis' lengths can be achieved 

as: 

𝐼𝑝𝐿𝑖 =
𝑃𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

+
𝑃𝑖𝑘𝑝𝑖|𝑣

−|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

  (4.14)  
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𝐼𝑝𝑆𝑖 =
𝑃𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

−
𝑃𝑖𝑘𝑝𝑖|𝑣

−|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

  (4.15)  

𝐼𝑞𝐿𝑖 =
𝑄𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

+
𝑄𝑖𝑘𝑞𝑖|𝑣

−|

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

  (4.16)  

𝐼𝑞𝑆𝑖 =
𝑄𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

−
𝑄𝑖𝑘𝑞𝑖|𝑣

−|

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

  (4.17)  

The maximum current at each phase of 𝑖𝑡ℎ-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:  

𝑖𝑥𝑖
∗′ = (𝐼𝑝𝐿𝑖 𝑐𝑜𝑠 𝛾 − 𝐼𝑞𝐿𝑖 𝑠𝑖𝑛 𝛾) 𝑐𝑜𝑠(𝜔𝑡) + (−𝐼𝑞𝑆𝑖 𝑐𝑜𝑠 𝛾

− 𝐼𝑝𝑆𝑖 𝑠𝑖𝑛 𝛾) 𝑠𝑖𝑛(𝜔𝑡)    𝑥 = 𝑎, 𝑏, 𝑐 
(4.18)  

where 𝛾 is rotation angle which is equal to 𝜌, 𝜌 + 𝜋/3 and 𝜌 − 𝜋/3 for abc axis, 

respectively where 𝜌 is defined as 𝜌 = (𝜃+ − 𝜃−)/2 . Using (4.14)-(4.18), the 

maximum current at each phase of 𝑖𝑡ℎ-IFC can be expressed as: 

𝐼𝑥𝑖
𝑚𝑎𝑥 =

√
  
  
  
  
  
  𝑃𝑖

2

(|𝑣+|2+𝑘𝑝𝑖|𝑣
−|2)

2 (|𝑣+|2 + |𝑣−|2𝑘𝑝𝑖
2 + 2|𝑣+||𝑣−|𝑘𝑝𝑖 cos(2𝛾)) +

𝑄𝑖
2

(|𝑣+|2+𝑘𝑞𝑖|𝑣
−|2)

2 (|𝑣+|2 + |𝑣−|2𝑘𝑞𝑖
2 − 2|𝑣+||𝑣−|𝑘𝑞𝑖 cos(2𝛾)) −

2𝑃𝑖𝑄𝑖|𝑣
+||𝑣−|

(|𝑣+|2+𝑘𝑝𝑖|𝑣
−|2)(|𝑣+|2+𝑘𝑞𝑖|𝑣

−|2)
(𝑘𝑝𝑖 + 𝑘𝑞𝑖) sin(2𝛾)

           

x=a,b,c 

(4.19)  

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

𝐼𝑖
𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝐼𝑎𝑖

𝑚𝑎𝑥 , 𝐼𝑏𝑖
𝑚𝑎𝑥, 𝐼𝑐𝑖

𝑚𝑎𝑥) (4.20)  

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

current can be derived as:  



Chapter 4: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation by redundant IFC 

 

68 

𝛿|𝐼𝑖
𝑚𝑎𝑥

= tan−1

(

 
 
(
𝑃𝑖(|𝑣

+| + 𝑘𝑃𝑖|𝑣
−|)

|𝑣+|2 + 𝑘𝑃𝑖|𝑣
−|2

) cos𝛾 + (
−𝑄𝑖(|𝑣

+| + 𝑘𝑞𝑖|𝑣
−|)

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

) sin 𝛾

(
−𝑄𝑖(|𝑣

+| − 𝑘𝑞𝑖|𝑣
−|)

|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2

) cos𝛾 + (
−𝑃𝑖(|𝑣

+| − 𝑘𝑃𝑖|𝑣
−|)

|𝑣+|2 + 𝑘𝑃𝑖|𝑣
−|2

) sin 𝛾
)

 
 
  

(4.21)  

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 𝑘𝑃𝑖 and 𝑘𝑞𝑖.  

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: 

𝑖𝑥−𝐼𝐹𝐶𝑠
∗′ =∑𝑖𝑥

∗′
𝑛

𝑖=1

= (∑
𝑃𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1

+∑
𝑃𝑖𝑘𝑝𝑖

|𝑣−|

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1

)cos 𝛾 cos𝜔𝑡

− (∑
𝑄𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1

+∑
𝑄𝑖𝑘𝑞𝑖

|𝑣−|

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1

)sin 𝛾 cos𝜔𝑡

− (∑
𝑄𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1

−∑
𝑄𝑖𝑘𝑞𝑖

|𝑣−|

|𝑣+|2 + 𝑘𝑞𝑖
|𝑣−|2

𝑛

𝑖=1

)cos 𝛾 sin𝜔𝑡

− (∑
𝑃𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1

−∑
𝑃𝑖𝑘𝑝𝑖

|𝑣−|

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1

)sin 𝛾 sin𝜔𝑡             𝑥 = 𝑎, 𝑏, 𝑐 

(4.22)  

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 𝑘𝑃𝑖 and 𝑘𝑞𝑖. 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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𝐼𝑥−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0 = √

((
∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
)

2

+ (
∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
)

2

) ×

(|𝑣+|2 + |𝑣−|2 − 2|𝑣+||𝑣−| cos(2𝛾))

       𝑥 = 𝑎, 𝑏, 𝑐 (4.23)  

𝐼𝐼𝐹𝐶𝑠
𝑚𝑎𝑥|∆𝑃=0 = 𝑚𝑎𝑥(𝐼𝑎−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |∆𝑃=0, 𝐼𝑏−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0, 𝐼𝑐−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |∆𝑃=0)  (4.24)  

𝛿|𝐼𝐼𝐹𝐶𝑠
𝑚𝑎𝑥|

∆𝑃=0

= tan−1(
(
(|𝑣+| − |𝑣−|)∑ 𝑃𝑖

𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
) cos 𝛾 + (−

(|𝑣+| + |𝑣−|)∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
) sin 𝛾

(−
(|𝑣+| − |𝑣−|)∑ 𝑄𝑖

𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
) cos 𝛾 − (

(|𝑣+| + |𝑣−|)∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
) sin 𝛾

)  
(4.25)  

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 𝑘𝑃𝑖 and 𝑘𝑞𝑖, 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 𝑘𝑝𝑖 and 𝑘𝑞𝑖, 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 ∆𝑃 = 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 𝑘𝑝𝑖 and 𝑘𝑞𝑖 values with given 𝑃𝑖 and 𝑄𝑖. 

For example in two-parallel IFCs with 𝑃1 = 4𝑘𝑊, 𝑄1 = 7𝑘𝑉𝑎𝑟, 𝑃2 = 5𝑘𝑊 and 

𝑄2 = 0.5𝑘𝑉𝑎𝑟, under 𝑘𝑝1 = −0.74, 𝑘𝑞1 = 0.74, 𝑘𝑝2 = −1.20, and 𝑘𝑞2 = 6.27, 

the system has ∆𝑃 = 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 𝐼𝐼𝐹𝐶𝑠
𝑚𝑎𝑥|∆𝑃=0 = 49.02𝐴 which is shared between the two IFCs as 𝐼1

𝑚𝑎𝑥 =

30𝐴 and 𝐼2
𝑚𝑎𝑥 = 23.79𝐴 (the difference between 𝐼1

𝑚𝑎𝑥 + 𝐼2
𝑚𝑎𝑥 and 𝐼𝐼𝐹𝐶𝑠

𝑚𝑎𝑥|∆𝑃=0 is 

due to phase angle difference between 𝛿|𝐼1𝑚𝑎𝑥 and 𝛿|𝐼2𝑚𝑎𝑥). Under 𝑘𝑝1 = −1.81, 
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𝑘𝑞1 = −1.39, 𝑘𝑝2 = −0.24, and 𝑘𝑞2 = −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 𝐼𝐼𝐹𝐶𝑠
𝑚𝑎𝑥|∆𝑃=0 = 49.02𝐴 (independent from 𝑘𝑃𝑖 and 𝑘𝑞𝑖 under ∆𝑃 = 0) while the 

first and second IFCs' peak currents are 𝐼1
𝑚𝑎𝑥 = 42.05𝐴 and 𝐼2

𝑚𝑎𝑥 = 33.36𝐴. As 

clear from the example, under ∆𝑃 = 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, 𝑘𝑝𝑖 and 𝑘𝑞𝑖 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(2𝛾) has its minimum value. 

For individual 𝑖𝑡ℎ-IFC, the maximum current expression at each phase in 

(4.19) can be rewritten as follows: 
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𝐼𝑥𝑖
𝑚𝑎𝑥 = √𝐹1𝑖 −√(𝐹2𝑖)

2 + (𝐹3𝑖)
2 𝑐𝑜𝑠(2𝛾 + 𝛽𝑖)       𝑥 = 𝑎, 𝑏, 𝑐 (4.26)  

where 

𝐹1𝑖 =
𝑃𝑖
2

(|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2)

2 (|𝑣
+|2 + |𝑣−|2𝑘𝑝𝑖

2 )

+
𝑄𝑖
2

(|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2)

2 (|𝑣
+|2 + |𝑣−|2𝑘𝑞𝑖

2 ) 

(4.27)  

𝐹2𝑖 =
2|𝑣+||𝑣−| × (𝑃𝑖

2𝑘𝑝𝑖(|𝑣
+|2 + 𝑘𝑞𝑖|𝑣

−|2)
2
− 𝑄𝑖

2𝑘𝑞𝑖(|𝑣
+|2 + 𝑘𝑝𝑖|𝑣

−|2)
2
)

(|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2)

2
(|𝑣+|2 + 𝑘𝑞𝑖|𝑣

−|2)
2  (4.28)  

𝐹3𝑖 = −
2𝑃𝑖𝑄𝑖|𝑣

+||𝑣−|(𝑘𝑝𝑖 + 𝑘𝑞𝑖)

(|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2)(|𝑣+|2 + 𝑘𝑞𝑖|𝑣

−|2)
 (4.29)  

𝛽𝑖 = 𝑡𝑎𝑛−1 (
𝑃𝑖
2𝑘𝑝𝑖(|𝑣

+|2 + 𝑘𝑞𝑖|𝑣
−|2)

2
− 𝑄𝑖

2𝑘𝑞𝑖(|𝑣
+|2 + 𝑘𝑝𝑖|𝑣

−|2)
2

−𝑃𝑖𝑄𝑖(𝑘𝑝𝑖 + 𝑘𝑞𝑖)(|𝑣
+|2 + 𝑘𝑝𝑖|𝑣

−|2)(|𝑣+|2 + 𝑘𝑞𝑖|𝑣
−|2)

) +
𝜋

2
 (4.30)  

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

of cos(2𝛾 + 𝛽𝑖) will have maximum current. Therefore, the phase of 𝑖𝑡ℎ-IFC's 

peak current depends on 𝛾 (or in other words, 𝜌) and 𝛽𝑖 values. Since under zero 

active power oscillations, |𝑣+|, |𝑣−| and 𝜌 are constant values under fixed 

average active and reactive powers (see (4.9)), 𝛽𝑖 (or in other words, 𝑘𝑝𝑖 and 𝑘𝑞𝑖) 



3 2

i


32 3

4 3 5 3

2
2

i
 

5 3 2i 

2 3 2i 

Phase b 

Phase c 

Phase a 

Phase b 

Phase c 

Phase a 

2

i
 

4

3 2

i


 



3

5

3 2

i


2 3

4 3 5 3

7 3 2i 

4 3 2i 
Phase b 

Phase c 

Phase a Phase b 

Phase c 

Phase a 

8

3 2

i


2

i
 

2
2

i
 

 

(a) (b) 
 

Figure 4.3 Relation between the phase of individual ith-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 2 3i   , (b) 4 3 2i    . 
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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 𝑖𝑡ℎ-IFC and collective peak current of parallel IFCs 

under ∆𝑃 = 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 𝛽𝑖 of 

𝑖𝑡ℎ-IFC is in the boundary of 0 < 𝛽𝑖 < 2𝜋 3⁄  or 4𝜋 3⁄ < 𝛽𝑖 < 2𝜋 and 𝜌 is in the 

unshaded areas, the peak current of that 𝑖𝑡ℎ-IFC will be in the same phase with 

collective peak current of parallel IFCs. On the other hand, in the condition that 𝛽𝑖 

of individual IFC is in the boundary of 2𝜋 3⁄ < 𝛽𝑖 < 4𝜋 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 𝛽𝑖 values (or in other 

words, by 𝑘𝑝𝑖 and 𝑘𝑞𝑖 values). Since 𝜌 is a constant value under fixed values of 

average active and reactive powers, 𝛽𝑖 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 (𝑄𝑖 = 0), if 𝑘𝑃𝑖 < 0, 𝛽𝑖 =

0, and if 𝑘𝑃𝑖 > 0, 𝛽𝑖 = 𝜋. Therefore, 𝑘𝑃𝑖 < 0, the peak current of individual 𝑖𝑡ℎ-

IFC will be in the same phase with collective peak current of parallel IFC, 

regardless the value of 𝜌 and active power flow direction (under 𝛽𝑖 = 0, the 

dashed areas are not exist in Figure 4.3).  

Considering aforementioned discussions, in the proposed control strategy 

under unity PF operation mode, 𝑘𝑝𝑖 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 𝑘𝑝𝑖 

and 𝑘𝑞𝑖 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 𝑘𝑝𝑛 and 𝑘𝑞𝑛 of redundant IFC will be discussed later. 

Applying (4.31) for all IFCs except redundant one, if 𝑘𝑝𝑖 < 0; 𝑖 = 1,… , 𝑛 −

1 (or 𝑘𝑞𝑖 > 0; 𝑖 = 1,… , 𝑛 − 1), the peak current of individual 𝑖𝑡ℎ-IFC and 

collective peak current of parallel IFCs will be in the same phase since 𝛽𝑖 = 0, 

regardless of value of 𝜌 and average active and reactive powers flow directions. 

Moreover, 𝑘𝑝𝑖 > 0; 𝑖 = 1,… , 𝑛 − 1 (or 𝑘𝑞𝑖 < 0; 𝑖 = 1,… , 𝑛 − 1) will lead peak 

currents to different phases since 𝛽𝑖 = 𝜋.   

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 𝑘𝑝𝑖 = −1 and 𝑘𝑞𝑖 = 1, and provide minimum peak current 

of individual IFC under 𝑘𝑝𝑖 = 𝑘𝑞𝑖 = 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 𝑘𝑝𝑖 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 𝑘𝑝𝑛 and 𝑘𝑞𝑛 of redundant IFC 

can be achieved as following: 
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𝐺𝑛 =
𝑘𝑞𝑛
𝑘𝑝𝑛

=

[𝑄𝑛 − |𝑣+|2 (
∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
− ∑

𝑄𝑖
|𝑣+|2 − 𝑘𝑝𝑖

|𝑣−|2
𝑛−1
𝑖=1 )]

[𝑃𝑛 − |𝑣+|2 (
∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
− ∑

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖

|𝑣−|2
𝑛−1
𝑖=1 )]

  

×

[
∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
− ∑

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖

|𝑣−|2
𝑛−1
𝑖=1 ]

[
∑ 𝑄𝑖
𝑛
𝑖=1

|𝑣+|2 + |𝑣−|2
− ∑

𝑄𝑖
|𝑣+|2 − 𝑘𝑝𝑖

|𝑣−|2
𝑛−1
𝑖=1 ]

 

(4.32)  

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

Thus, following relation can be considered:  

𝑃𝑖
𝑄𝑖
=
∑ 𝑃𝑖
𝑛
𝑖=1

∑ 𝑄𝑖
𝑛
𝑖=1

=
1

𝑈
             𝑖 = 1,… , 𝑛 (4.33)  

where 𝑈 is a number. Assuming |𝑣−| = 𝑀 × |𝑣+| in which 𝑀 is the unbalanced 

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

𝐺𝑛 =

[𝑃𝑛 − (
∑ 𝑃𝑖
𝑛
𝑖=1

1 +𝑀2 − ∑
𝑃𝑖

1 − 𝑘𝑝𝑖𝑀
2

𝑛−1
𝑖=1 )] × [

∑ 𝑃𝑖
𝑛
𝑖=1

1 −𝑀2 − ∑
𝑃𝑖

1 + 𝑘𝑝𝑖𝑀
2

𝑛−1
𝑖=1 ]

[𝑃𝑛 − (
∑ 𝑃𝑖
𝑛
𝑖=1

1 −𝑀2 − ∑
𝑃𝑖

1 + 𝑘𝑝𝑖𝑀
2

𝑛−1
𝑖=1 )] × [

∑ 𝑃𝑖
𝑛
𝑖=1

1 +𝑀2 − ∑
𝑃𝑖

1 − 𝑘𝑝𝑖𝑀
2

𝑛−1
𝑖=1 ]

 (4.34)  

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

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 ≤ 𝑘𝑝𝑖 ≤ 0; 𝑖 = 1,… , 𝑛 − 1, 𝑘𝑝𝑖𝑀
2 will be small enough to be neglected in 

(4.34). Therefore, (4.34) can be simplified as following: 

𝐺𝑛 =
𝑘𝑞𝑛
𝑘𝑝𝑛

=
𝑀2(𝑃𝑛 +𝑀2∑ 𝑃𝑖

𝑛−1
𝑖=1 )∑ 𝑃𝑖

𝑛
𝑖=1

−𝑀2(𝑃𝑛 −𝑀2∑ 𝑃𝑖
𝑛−1
𝑖=1 )∑ 𝑃𝑖

𝑛
𝑖=1

= −
𝑃𝑛 +𝑀

2∑ 𝑃𝑖
𝑛−1
𝑖=1

𝑃𝑛 −𝑀
2∑ 𝑃𝑖

𝑛−1
𝑖=1

 (4.35)  

Considering (4.35), 𝐺𝑛 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), 𝛽𝑛 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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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 = 0.5𝑆𝑇 (𝑆𝑇 is total apparent power), 𝑘𝑝1 =

−𝑘𝑞1: −0.9 ⟶ −0.1, 𝑘𝑝2 = −𝑘𝑞2 = −0.9, and the third IFC (redundant one) 

cancels out active power oscillations. The variations of 𝛽3 under different 

operating conditions are shown in Figure 4.4. From the figure, 𝛽3 is change within 

0.4 degree under different operating conditions, leading to small shaded areas. 

Considering aforementioned discussions, 𝑘𝑝𝑖;  𝑖 = 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 

 

Figure 4.4 The variations of B3 (for redundant IFC) under kp2=-kq2=-0.9, S3=0.5ST, U=1/15, 

M=0.3, and different IFCs apparent powers: Case#1: P1=7kW, Q1=466.6Var, P2=2.979kW, 

Q2=198.52Var; Case#2: P1=5kW, Q1=333.3Var, P2=4.977kW, Q2=331.85Var; Case#3: 

P1=3kW, Q1=200Var, P2=2.979kW, Q2=198.52Var; Case#4: P1=1kW, Q1=66.6Var, 

P2=8.977kW, Q2=598.52Var. 
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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 𝑃𝑖 > 0 and 𝑄𝑖 > 0 𝑖 = 1, … , 𝑛, 𝜃 = 𝜃+ −

𝜃− = 0, and 𝑘𝑝𝑖 ≥ −1 and 𝑘𝑞𝑖 ≤ 1  𝑖 = 1,… , 𝑛 − 1 (except redundant IFC). As a 

result, redundant IFC works under 𝑘𝑝𝑛 ≤ −1 and 𝑘𝑞𝑛 ≥ 1 to produce 180-degree 

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

4.4.1 IFCs 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 ∆𝑃𝑃𝑖 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, 𝐼𝑃𝑖
𝑚𝑎𝑥 can be measured or calculated 

using (4.19)-(4.20), and the system is started under 𝑘𝑝𝑖 = −1;  𝑖 = 1,2, … , 𝑛 

where ∆𝑃𝑝𝑖 = 0. If the peak current of each 𝑛 − 1 IFC exceeds its rating current 

limit (𝐼𝑖
𝑟𝑎𝑡𝑒), its 𝑘𝑝𝑖 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 4.5 Vector representation of ∆𝑷 cancellation using redundant IFC.  
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values under fixed average active powers in different operation conditions (under 

𝑘𝑝𝑖 = −1 or under their rating values). All information of 𝑛 − 1 IFCs (𝑃𝑖 and 𝑘𝑝𝑖) 

is sent to redundant IFC's controller. Based on information, 𝑘𝑝𝑛 of the redundant 

converter is determined using (4.7) to cancel active power oscillations.   

In this control strategy, IFCs operate under 𝑘𝑃𝑖 ≤ 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 IFCs 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 (𝑃𝑖, 𝑘𝑃𝑖, 

𝑄𝑖, 𝑘𝑞𝑖) and using (4.7)-(4.8) to cancel out ∆𝑃𝑃𝑖 and ∆𝑃𝑞𝑖 parts of active power 
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Figure 4.6 The proposed control strategy under unity PF operation mode.  
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oscillations of parallel IFCs. From Figure 4.7, the system is started under 𝑘𝑝𝑖 =

−1;  𝑖 = 1,2, … , 𝑛 (result in 𝑘𝑞𝑖 = 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 (𝐼𝑖
𝑟𝑎𝑡𝑒). Thus, 𝑘𝑝𝑖 of those IFCs 

that hit the current limits will move toward zero (𝑘𝑞𝑖 will move toward zero, too), 

and the redundant IFC will cancel out active power oscillation produced by peak 

currents control. Here, 𝐼𝑖
𝑚𝑎𝑥 can be measured or calculated using (4.19). 

In the proposed control strategy, 𝑘𝑝𝑖 ≤ 0; 𝑖 = 1, … , 𝑛 − 1, and relations 

between coefficient factors of 𝑘𝑝𝑖 and 𝑘𝑞𝑖 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 𝑘𝑝𝑛 and 𝑘𝑞𝑛 is very 

close to −1, 𝑘𝑝𝑛 ≤ 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 𝛽𝑛. 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 𝑘𝑝𝑖 and 𝑘𝑞𝑖 of IFCs are generated in the outer control 
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Figure 4.7 The proposed control strategy under non-unity PF operation mode.  
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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 𝛼𝛽 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 IFC with largest power/current rating is considered as 

the redundant converter. Two-phase unbalance fault with the fault resistance of 

2Ω is applied to the system at 𝑡 = 0.15𝑠 as a source of unbalanced voltage. In the 

simulations during 0 < 𝑡 < 0.3, 𝑘𝑝𝑖 and 𝑘𝑞𝑖 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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Figure 4.8 Individual IFCs' reference current production scheme.  
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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 𝑃1 = 6𝑘𝑊, 𝑃2 = 2.7𝑘𝑊, and 𝑃3 = 3𝑘𝑊. At 𝑡 = 0.75, average active powers 

of IFCs are modified into 𝑃1 = 7𝑘𝑊, 𝑃2 = 3𝑘𝑊, and 𝑃3 = 2.5𝑘𝑊. The 

simulation results are shown in Figure 4.9 to Figure 4.17.  

As mentioned, the proposed control strategy is applied at 𝑡 = 0.3𝑠. During 

0.3 < 𝑡 < 0.5, the proposed control strategy initially sets 𝑘𝑝1, 𝑘𝑝2 and 𝑘𝑝3 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 𝑘𝑝1 and 𝑘𝑝2 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).  

 

Figure 4.9 kpi coefficient factors of the first, second, and third IFCs.  

 

TABLE 4.1 System parameters for simulations. 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐  800𝑉 

IFCs' power ratings  𝑆𝑖 
𝑆1 = 9𝑘𝑉𝐴; 𝑆2 = 4𝑘𝑉𝐴;  

𝑆3 = 10𝑘𝑉𝐴 

IFCs' current ratings  𝐼𝑖
𝑟𝑎𝑡𝑒 

𝐼1
𝑟𝑎𝑡𝑒 = 30𝐴; 𝐼2

𝑟𝑎𝑡𝑒 = 13𝐴 

𝐼3
𝑟𝑎𝑡𝑒 = 34𝐴 

Grid voltage (rms) and frequency 𝑣𝑔 − 𝑓𝑔 240𝑉 − 60𝐻𝑧 

Grid coupling impedance 𝑍𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑: 0.2𝛺; 𝑋𝐺𝑟𝑖𝑑: 1.88𝛺 

 



Chapter 4: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation by redundant IFC 

 

81 

 

Figure 4.10 Peak currents' of IFCs.  

 

Figure 4.11 First IFC's output active power. 

 

Figure 4.12 Second IFC's output active power. 

 

Figure 4.13 Third IFC's output active power.  
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Figure 4.14 Parallel IFCs' collective active power.  

 

Figure 4.15 DC link voltage.  

 

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 (𝑡 > 0.3𝑠, 

∆𝑉𝑝𝑒𝑎𝑘−𝑝𝑒𝑎𝑘|𝑚𝑎𝑥 = 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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Figure 4.17  Negative sequence of PCC voltage. 

According to the results, the collective peak current of parallel IFCs is 

independent from 𝑘𝑝𝑖 variations under ∆𝑃 = 0, and it is just affected by average 

active powers' variations. In this simulation, under 0.5 < 𝑡 < 0.75𝑠, 𝜌 = 45.26° 

and 𝛽1 = 𝛽2 = 𝛽3 = 0°, and under 0.75 < 𝑡 < 1𝑠, 𝜌 = 46.25° and 𝛽1 = 𝛽2 =

𝛽3 = 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 ∆𝑃 = 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 

𝑃1 = 7.5𝑘𝑊, 𝑄1 = 3.17𝑘𝑉𝑎𝑟, 𝑃2 = 1.5𝑘𝑊, 𝑄2 = 634.6𝑉𝑎𝑟, 𝑃3 = 4𝑘𝑊, and 

𝑄3 = 1.69𝑘𝑉𝑎𝑟 during 𝑡 < 0.75. At 𝑡 = 0.75, the average active and reactive 

powers of IFCs are changed into 𝑃1 = 8𝑘𝑊, 𝑄1 = 2.66𝑘𝑉𝑎𝑟, 𝑃2 = 2𝑘𝑊, 𝑄2 =

666.6𝑘𝑉𝑎𝑟, 𝑃3 = 3.5𝑘𝑊, and 𝑄3 = 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 𝑘𝑝1, 𝑘𝑝2 and 𝑘𝑝3 on −1 during 0.3 < 𝑡 < 0.5 (see Figure 

4.18), which results in 𝑘𝑞1 = 𝑘𝑞2 = 𝑘𝑞3 = 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 4.18 kpi coefficient factors of the first, second, and third IFCs. 

 

Figure 4.19 kqi coefficient factors of the first, second, and third IFCs. 

 

Figure 4.20 Peak currents' of IFCs. 

 

Figure 4.21 First IFC's output active power. 
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Figure 4.22 Second IFC's output active power. 

 

Figure 4.23 Third IFC's output active power. 

At 𝑡 = 0.5𝑠, control system moves 𝑘𝑝1 toward zero (consequently 𝑘𝑞1 moves 

toward zero, too) to reduce the first IFC’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 𝑘𝑝2 = −1 and 𝑘𝑞2 = 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, 

∆𝑉𝑝𝑒𝑎𝑘−𝑝𝑒𝑎𝑘|𝑚𝑎𝑥 = 0.6𝑉). 

In this simulation, during 0.5 < 𝑡 < 0.75𝑠, 𝜌 = 39.85°, and 𝛽1 = 0°, 𝛽2 =

0°, 𝛽3 = 357.23° and under 0.75 < 𝑡 < 1𝑠, 𝜌 = 41.1°, and 𝛽1 = 0°, 𝛽2 = 0°, 
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𝛽3 = 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 

∆𝑃 = 0 is independent from 𝑘𝑝𝑖 and 𝑘𝑞𝑖. However, each IFC average active and 

reactive powers variation will affect its value. Moreover, the collective reactive 

power oscillation is constant under ∆𝑃 = 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. 

 

 

Figure 4.24 Parallel IFCs' collective active power. 

 

 

Figure 4.25 DC link voltage. 



Chapter 4: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation by redundant IFC 

 

87 

 

Figure 4.26 Parallel IFCs' collective reactive power. 

 

Figure 4.27 Negative sequence of PCC voltage.  

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 𝑣𝑑𝑐  400𝑉 

IFCs' current ratings 𝐼𝑖
𝑟𝑎𝑡𝑒 𝐼1

𝑟𝑎𝑡𝑒 = 4𝐴; 𝐼2
𝑟𝑎𝑡𝑒 = 5𝐴 

Unbalance grid voltage 𝑣𝑔 

𝑣𝐴 = 55∠0°; 

𝑣𝐵 = 83.8∠250.9°; 

𝑣𝐶 = 83.8∠109.1° 

IFCs' output filters 𝐿𝑓-𝐶𝑓 3.6𝑚𝐻-4𝜇𝐹 

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 DL850E), 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 

𝑃1 =  600𝑊, 𝑃2 = 600𝑊, 𝑄1 =  300𝑉𝑎𝑟, 𝑄2 = 300𝑉𝑎𝑟, and power coefficients 

are adjusted on 𝑘𝑝1 = 𝑘𝑝2 = −1 and 𝑘𝑞1 = 𝑘𝑞2 = 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 𝑘𝑝1 = −0.6, 𝑘𝑝2 = −1.4, 𝑘𝑞1 =

0.6, and 𝑘𝑞2 = 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 

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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Figure 4.29 First and second IFCs' output active powers and collective active power of 

parallel IFCs under non-unity PF. 
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Figure 4.30 First and second IFCs' output three-phase currents under non-unity PF, 

2A/div; (50ms/div). 

 

In order to evaluate the performance of proposed control strategy under the 

variation of average active-reactive powers, these powers are modified into 𝑃1 =

 600𝑊, 𝑃2 = 400𝑊, 𝑄1 =  300𝑉𝑎𝑟, 𝑄2 = 300𝑉𝑎𝑟. The proposed control 

achieves the control targets by adjusting the power coefficients on 𝑘𝑝1 = −0.6, 

𝑘𝑝2 = −2.3, 𝑘𝑞1 = 0.6, 𝑘𝑞2 = 1.4, shown in Figure 4.30 and Figure 4.31.  
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Figure 4.31 First and second IFCs' output active powers and collective active power of 

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.  

 



91 

Chapter 5  

Parallel Three-Phase Interfacing Converters 

Control under Unbalanced Voltage in Hybrid 

AC/DC Microgrids: Active Power Oscillation 

Cancellation with Peak Current Sharing1 

 

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 

                                                 

1 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: 

𝑖𝑝𝑖
∗ = 𝑖𝑝𝑖

+ + 𝑖𝑝𝑖
− =

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
𝑣+ +

𝑃𝑖𝑘𝑝𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2
 𝑣− (5.1)  
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Considering (5.1), individual 𝑖𝑡ℎ-IFC's instantaneous active and reactive 

powers under unity PF operation can be achieved using (2.3) and (2.4) as:  

𝑝𝑖 = 𝑃𝑖 + ∆𝑃𝑖 = 𝑃𝑖 +
𝑃𝑖(1 + 𝑘𝑝𝑖)(𝑣

+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

 (5.2)  

𝑞𝑖 = ∆𝑄𝑖 =
𝑃𝑖(1 − 𝑘𝑝𝑖)(𝑣

+. 𝑣⊥
−)

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

 (5.3)  

These relations can also be derived from (4.1) to (4.3) under 𝑄𝑖 = 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) 𝑘𝑝𝑖 = −1 results in zero 

active power oscillation of 𝑖𝑡ℎ-IFC, and (4) 𝑘𝑝𝑖 = 0 provides balanced output 

current of 𝑖𝑡ℎ-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:  

𝑖𝑝−𝐼𝐹𝐶𝑠
∗ =∑𝑖𝑝𝑖

∗

𝑛

𝑖=1

=∑
𝑃𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑣+ +∑
𝑃𝑖𝑘𝑝𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑣−
𝑛

𝑖=1

𝑛

𝑖=1

 (5.4)  

𝑝 =∑ 𝑃𝑖
𝑛

𝑖=1
+∑ ∆𝑃𝑖

𝑛

𝑖=1
=∑ 𝑃𝑖

𝑛

𝑖=1
+∑

𝑃𝑖 (1 + 𝑘𝑝𝑖)
(𝑣+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1
 (5.5)  
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Figure 5.1 Parallel three-phase interfacing converters with common DC and AC links 

under unity power factor operation.  
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𝑞 =∑ ∆𝑄𝑖
𝑛

𝑖=1
=∑

𝑃𝑖 (1 − 𝑘𝑝𝑖
) (𝑣+. 𝑣⊥

−)

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1
 (5.6)  

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

unity PF, following constraint should be satisfied: 

∑
𝑃𝑖(1 + 𝑘𝑝𝑖)(𝑣

+. 𝑣−)

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

𝑛

𝑖=1
= 0 ⇒∑

𝑃𝑖
|𝑣+|2 + 𝑘𝑝𝑖|𝑣

−|2

𝑛

𝑖=1
=

∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
 (5.7)  

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:  

𝑖𝑝−𝐼𝐹𝐶𝑠
∗ |

∆𝑃=0
= (∑𝑖𝑝𝑖

∗

𝑛

𝑖=1

)|

∆𝑃=0

=
∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
𝑣+ +

−∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
𝑣− (5.8)  

𝑝 =∑ 𝑃𝑖
𝑛

𝑖=1
 (5.9)  

𝑞 =
2(𝑣+. 𝑣⊥

−)

|𝑣+|2 − |𝑣−|2
∑ 𝑃𝑖

𝑛

𝑖=1
 (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 𝑘𝑝𝑖 under zero active power oscillations, and they are just 

affected by ∑ 𝑃𝑖
𝑛
𝑖=1  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 𝑖𝑡ℎ-IFC under unity PF operation, considering reference 

current vector in (5.1) and assuming 𝑣+ = |𝑣+|𝑒𝑗(𝜔𝑡+𝜃
+), 𝑣− = |𝑣−|𝑒𝑗(−𝜔𝑡−𝜃

−), 

and 𝜌 = (𝜃+ − 𝜃−)/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 𝑖𝑡ℎ-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: 

𝑖𝑥𝑝𝑖
∗′ = (

𝑃𝑖|𝑣
+|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣−|2
+

𝑃𝑖𝑘𝑝𝑖|𝑣
−|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣−|2
)

⏟                        
𝐼𝑝𝐿𝑖

𝑐𝑜𝑠 𝛾 𝑐𝑜𝑠(𝜔𝑡) 

−(
𝑃𝑖|𝑣

+|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣−|2
−

𝑃𝑖𝑘𝑝𝑖|𝑣
−|

|𝑣+|2 + 𝑘𝑝𝑖|𝑣−|2
)

⏟                        
𝐼𝑝𝑆𝑖

𝑠𝑖𝑛 𝛾 𝑠𝑖𝑛(𝜔𝑡)          𝑥 = 𝑎, 𝑏, 𝑐 

(5.11)  

where 𝐼𝑝𝐿𝑖 and 𝐼𝑝𝑆𝑖 are semi major and semi minor axis' lengths of ellipse. From 

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

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

Pi
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Pi


 

 

v

v
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c
 

Figure 5.2 Locus of the PCC voltage and the 𝒊𝒕𝒉-IFC reference current vectors under 

unity power factor operation mode.  
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𝐼𝑥𝑝𝑖
𝑚𝑎𝑥

= √(
𝑃𝑖

|𝑣+|2 + 𝑘𝑝𝑖|𝑣
−|2

)

2

× (|𝑣+|2 + |𝑣−|2𝑘𝑝𝑖
2 + 2|𝑣+||𝑣−|𝑘𝑝𝑖 𝑐𝑜𝑠(2𝛾))         

𝑥 = 𝑎, 𝑏, 𝑐  

(5.12)  

𝐼𝑝𝑖
𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝐼𝑎𝑝𝑖

𝑚𝑎𝑥, 𝐼𝑏𝑝𝑖
𝑚𝑎𝑥, 𝐼𝑐𝑝𝑖

𝑚𝑎𝑥)  (5.13)  

𝛿𝑖|𝐼𝑝𝑖
𝑚𝑎𝑥 = tan−1 (cot 𝛾 (−1 −

2𝑘𝑝𝑖|𝑣
−|

|𝑣+| − 𝑘𝑝𝑖|𝑣
−|
)) (5.14)  

where 𝛾 is rotation angle which is equal to 𝜌, 𝜌 + 𝜋/3 and 𝜌 − 𝜋/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 𝑄𝑖 = 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 𝑘𝑝𝑖 affect maximum current at each phase and the peak current of individual 

IFC under different phase angles 𝜌 and average active powers output. As seen 

from this figure, different values of 𝑘𝑝𝑖 and 𝜌 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:  

 

𝑖𝑥𝑝−𝐼𝐹𝐶𝑠
∗′ |

∆𝑃=0
= (

|𝑣+|∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
−

|𝑣−|∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
)

⏟                    
𝐼𝑝𝐿−𝐼𝐹𝐶𝑠|∆𝑃=0

𝑐𝑜𝑠 𝛾 𝑐𝑜𝑠(𝜔𝑡)

− (
|𝑣+| ∑ 𝑃𝑖

𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
+

|𝑣−|∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
)

⏟                    
𝐼𝑝𝑆−𝐼𝐹𝐶𝑠|∆𝑃=0

𝑠𝑖𝑛 𝛾 𝑠𝑖𝑛(𝜔𝑡)   𝑥 = 𝑎, 𝑏, 𝑐 

(5.15)  
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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 ith-IFC's maximum currents in abc phases under different kpi, 

phase angle (𝝆), and average active powers (|v+|=168V, |v+|=16V); (a) 𝝆 = 𝟒𝟓, Pi=6kW, 

(b) 𝝆 = 𝟖𝟓, Pi=5kW, and (c) 𝝆 = 𝟏𝟔𝟎, Pi=4kW.  
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𝐼𝑥𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0

= √(
∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
)

2

× (|𝑣+|2 + |𝑣−|2 − 2|𝑣+||𝑣−| 𝑐𝑜𝑠(2𝛾))     𝑥 = 𝑎, 𝑏, 𝑐  

(5.16)  

𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
= 𝑚𝑎𝑥 (𝐼𝑎𝑝−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |
∆𝑃=0

, 𝐼𝑏𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
, 𝐼𝑐𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
)  (5.17)  

𝛿|𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
= 𝑡𝑎𝑛−1 (𝑐𝑜𝑡 𝛾 (−1 +

2|𝑣−|

|𝑣+| + |𝑣−|
)) (5.18)  

From (5.16) to (5.18), the parallel IFCs' collective peak current amplitude and 

phase angle under ∆𝑃 = 0 are independent from 𝑘𝑃𝑖, 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:  

𝐼𝑎1
𝑚𝑎𝑥∠𝛿𝑎1|𝐼𝑎1𝑚𝑎𝑥 + 𝐼𝑎2

𝑚𝑎𝑥∠𝛿𝑎2|𝐼𝑎2𝑚𝑎𝑥 +⋯+ 𝐼𝑎𝑛
𝑚𝑎𝑥∠𝛿𝑎𝑛|𝐼𝑎𝑛𝑚𝑎𝑥 = 𝐼𝑎−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |∆𝑃=0∠𝛿𝑎|𝐼𝑎−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0

𝐼𝑏1
𝑚𝑎𝑥∠𝛿𝑏1|𝐼𝑏1

𝑚𝑎𝑥 + 𝐼𝑏2
𝑚𝑎𝑥∠𝛿𝑏2|𝐼𝑏2

𝑚𝑎𝑥 +⋯+ 𝐼𝑏𝑛
𝑚𝑎𝑥∠𝛿𝑏𝑛|𝐼𝑏𝑛

𝑚𝑎𝑥 = 𝐼𝑏−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0∠𝛿𝑏|𝐼𝑏−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |
∆𝑃=0

𝐼𝑐1
𝑚𝑎𝑥∠𝛿𝑐1|𝐼𝑐1𝑚𝑎𝑥 + 𝐼𝑐2

𝑚𝑎𝑥∠𝛿𝑐2|𝐼𝑐2𝑚𝑎𝑥 +⋯+ 𝐼𝑐𝑛
𝑚𝑎𝑥∠𝛿𝑐𝑛|𝐼𝑐𝑛𝑚𝑎𝑥 = 𝐼𝑐−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |∆𝑃=0∠𝛿𝑐|𝐼𝑐−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0

 (5.19)  

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

considered. It is worth mentioning again that 𝐼𝑥−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0 (amplitude of collective 

maximum current of parallel IFCs in phase-𝑥 under ∆𝑃 = 0) and 𝛿𝑥|𝐼𝑥−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
 

(phase angle of collective maximum current of parallel IFCs in phase-𝑥 under 
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∆𝑃 = 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 (∠𝛿𝑥1|𝐼𝑥1𝑚𝑎𝑥 = ∠𝛿𝑥2|𝐼𝑥2𝑚𝑎𝑥 = ⋯ =

𝛿𝑥𝑛|𝐼𝑥𝑛𝑚𝑎𝑥 = ∠𝛿𝑥|𝐼𝑥−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
; 𝑥 = 𝑎, 𝑏, 𝑐), (5.19) can be rewritten as follows: 

𝐼𝑎1
𝑚𝑎𝑥′ + 𝐼𝑎2

𝑚𝑎𝑥′ +⋯+ 𝐼𝑎𝑛
𝑚𝑎𝑥′ =∑𝐼𝑎𝑖

𝑚𝑎𝑥′
𝑛

𝑖=1

= 𝐼𝑎−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

𝐼𝑏1
𝑚𝑎𝑥′ + 𝐼𝑏2

𝑚𝑎𝑥′ +⋯+ 𝐼𝑏𝑛
𝑚𝑎𝑥′ =∑𝐼𝑏𝑖

𝑚𝑎𝑥′
𝑛

𝑖=1

= 𝐼𝑏−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

𝐼𝑐1
𝑚𝑎𝑥′ + 𝐼𝑐2

𝑚𝑎𝑥′ +⋯+ 𝐼𝑐𝑛
𝑚𝑎𝑥′ =∑𝐼𝑐𝑖

𝑚𝑎𝑥′
𝑛

𝑖=1

= 𝐼𝑐−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

 (5.20)  

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 (∑ 𝐼𝑥𝑖
𝑚𝑎𝑥′𝑛

𝑖=1 ≤

∑ 𝐼𝑥𝑖
𝑚𝑎𝑥𝑛

𝑖=1 ; 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: 

∑𝐼𝑎𝑖
𝑚𝑎𝑥′

𝑚

𝑖=1

+ ∑ 𝐼𝑏𝑖
𝑚𝑎𝑥′

𝑚+𝑢

𝑖=𝑚+1

+ ∑ 𝐼𝑐𝑖
𝑚𝑎𝑥′

𝑛

𝑖=𝑚+𝑢+1

> 𝐼𝑎−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

∑𝐼𝑎𝑖
𝑚𝑎𝑥′

𝑚

𝑖=1

+ ∑ 𝐼𝑏𝑖
𝑚𝑎𝑥′

𝑚+𝑢

𝑖=𝑚+1

+ ∑ 𝐼𝑐𝑖
𝑚𝑎𝑥′

𝑛

𝑖=𝑚+𝑢+1

> 𝐼𝑏−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

∑𝐼𝑎𝑖
𝑚𝑎𝑥′

𝑚

𝑖=1

+ ∑ 𝐼𝑏𝑖
𝑚𝑎𝑥′

𝑚+𝑢

𝑖=𝑚+1

+ ∑ 𝐼𝑐𝑖
𝑚𝑎𝑥′

𝑛

𝑖=𝑚+𝑢+1

> 𝐼𝑐−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |∆𝑃=0

 (5.21)  

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(∑ 𝐼𝑖
𝑚𝑎𝑥𝑛

𝑖=1 ) = 𝐼𝐼𝐹𝐶𝑠
𝑚𝑎𝑥|∆𝑃=0) 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 𝑘𝑝𝑖 while in parallel 

IFCs under ∆𝑃 = 0, the phase angles of collective maximum currents in each 

phase are independent from 𝑘𝑝𝑖. However, since in parallel IFCs with common 

DC and AC links, |𝑣+|, |𝑣−| and 𝛾 are common values in individual and parallel 

IFCs, and the variations of 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥  (when 𝑘𝑝𝑖 deviates from 𝑘𝑝𝑖 = −1) is small 

enough (under 𝑘𝑝𝑖 = −1, 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 = 𝛿𝑥|𝐼𝑥𝑝−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |
∆𝑃=0

; 𝑥 = 𝑎, 𝑏, 𝑐), the 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥  in 

each phase can be assumed constant under 𝑘𝑝𝑖 variations and equal to 

𝛿𝑥|𝐼𝑥𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
 with a good approximation. For more investigation, the variation 

of 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥  respect to 𝑘𝑝𝑖 deviation is derived as in (5.22) using (5.14). 

∆𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 =

−2|𝑣+||𝑣−| cot 𝛾

(|𝑣+| − 𝑘𝑝𝑖𝑜|𝑣
−|)

2
+ (cot 𝛾)2 × (|𝑣+| + 𝑘𝑝𝑖𝑜|𝑣

−|)
2 ∆𝑘𝑝𝑖   

𝑥 = 𝑎, 𝑏, 𝑐 

(5.22)  

where 𝑘𝑝𝑖𝑜 is the initial operation point which is −1 in our case. From (5.22), it 

can be understood that ∆𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 over ∆𝑘𝑃𝑖 is small value in each phase. As a 

numerical example, in 3-parallel IFCs with 𝑃1 = 6𝑘𝑊, 𝑃2 = 2𝑘𝑊, 𝑃3 = 3.6𝑘𝑊, 
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𝑘𝑝𝑖𝑜 = −1, 𝑝 = 55°, |𝑣+| = 168𝑉 and |𝑣−| = 16𝑉, the deviation of 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥  in 

three 𝑎𝑏𝑐 phases from its initial point (where 𝑘𝑝𝑖 = −1 and 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 =

𝛿𝑥|𝐼𝑥𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
; 𝑥 = 𝑎, 𝑏, 𝑐) under ∆𝑘𝑝𝑖 = 2 are ∆𝛿𝑎𝑖|𝐼𝑥𝑝𝑖

𝑚𝑎𝑥 ≈ 8°, ∆𝛿𝑏𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 ≈ 6°, 

and ∆𝛿𝑐𝑖|𝐼𝑥𝑝𝑖
𝑚𝑎𝑥 ≈ 2°. Therefore, it can be concluded that 𝛿𝑥𝑖|𝐼𝑥𝑝𝑖

𝑚𝑎𝑥 ≈

𝛿𝑥|𝐼𝑥𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
; 𝑥 = 𝑎, 𝑏, 𝑐 in the range of 𝑘𝑝𝑖 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(2γ) has its minimum value. For individual 𝑖𝑡ℎ-IFC, 

the phase with minimum value of cos(2γ) will have the peak current if 𝑘𝑝𝑖 < 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 (𝑘𝑝𝑖 < 0). As a result, regardless of 𝜌 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. 
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Figure 5.4 The phase of IFCs' peak currents in different values of 𝝆 when kpi<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 𝜌 

while 𝑘𝑝𝑖 < 0. From this figure and Figure 5.3, it is clear that the grid conditions 

in terms of different values of 𝜌 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 𝜌 = 𝑖𝜋 6⁄ ;  𝑖 =

1,3,5,7,9,11, (𝐴𝑖; 𝑖 = 1,… ,6 operation points), individual IFCs' peak currents have 

their maximum possible values (cos(2𝛾)|𝐼𝑝𝑖
𝑚𝑎𝑥 = −1). It is worth mentioning that 

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

is −1 < cos(2𝛾)|𝐼𝑝𝑖
𝑚𝑎𝑥 < −0.5 (see (5.12), Figure 5.3, and Figure 5.4). When 𝜌 

moves toward boundaries in 𝜌 = 𝑖𝜋 3⁄ ;  𝑖 = 1,… ,6, the peak currents of 

individual IFCs will reduce. At 𝜌 = 𝑖𝜋 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 𝜌 will lead the peak current to the other 

phase. For example, under 𝜌 = 𝜋 3⁄ , the peak current, which is in phase-b, and the 

maximum current of phase-a are equal, and increasing 𝜌 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 𝑘𝑝𝑖 < 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: 

𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 ≅∑𝐼𝑝𝑖

𝑚𝑎𝑥

𝑛

𝑖=1

 (5.23)  

From (5.23), two conclusions can be obtained; first, when 𝑘𝑝𝑖 < 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: 

∑
𝑃𝑖

|𝑣+|2 + 𝑘𝑝𝑖
|𝑣−|2

𝑛

𝑖=1
=

∑ 𝑃𝑖
𝑛
𝑖=1

|𝑣+|2 − |𝑣−|2
 (5.24)  

𝑈1𝐼𝑝1
𝑚𝑎𝑥 = 𝑈2𝐼𝑝2

𝑚𝑎𝑥 = ⋯ = 𝑈𝑛𝐼𝑝𝑛
𝑚𝑎𝑥  (5.25)  

𝑈𝑖 =
𝑆1
𝑆𝑖
                          𝑖 = 1, 2, … , 𝑛 (5.26)  

𝑘𝑝𝑖 ≤ 0                          𝑖 = 1, 2, … , 𝑛 (5.27)  

where 𝐼𝑝𝑖
𝑚𝑎𝑥 is obtained using (5.13). Solving the set of non-linear equations in 

(5.24)-(5.26) considering (5.27), 𝑘𝑝𝑖 of all IFCs are determined. The determined 

𝑘𝑝𝑖 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 𝑘𝑝𝑖 from (5.24)-



Chapter 5: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation with Peak Current 

Sharing 

104 

(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' 𝑘𝑝𝑖 

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 

𝑘𝑝𝑖 under the same average output active powers (𝑃1 = 𝑃2) and different rating 

powers (𝑆1 < 𝑆2) is shown. In this example, 𝐼𝑝𝑖
𝑚𝑎𝑥 − 𝑘𝑝𝑖 relations are assumed 

linear in the operation range (see Figure 5.3). The proposed control strategy 

initially sets 𝑘𝑝1 and 𝑘𝑝2 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 

(𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 ) between 2-parallel IFCs based on their power ratings (in other words, to 

satisfy (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 𝑆1 < 𝑆2). At point-2, 

although part of first IFC's peak current is shifted to the second IFC with larger 
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Figure 5.5 Example for explanation of the proposed control strategy; 2-parallel IFCs 

peak currents relation with kpi under P1=P2 and S1<S2.  
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power rating (consider that 𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥  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 𝑘𝑝1 = 0, 𝑘𝑝1 will be set to zero and 𝑘𝑝2 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 ∆𝑃 = 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 (𝐼𝑝1−4
𝑚𝑎𝑥 + 𝐼𝑝2−4

𝑚𝑎𝑥 > 𝐼𝑝1−2
𝑚𝑎𝑥 + 𝐼𝑝2−2

𝑚𝑎𝑥 ). 

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' 𝑘𝑃𝑖 

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 ∆𝑃 = 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: 

𝐼𝑝1
𝑚𝑎𝑥 + 𝐼𝑝2

𝑚𝑎𝑥 +⋯+ 𝐼𝑝𝑛
𝑚𝑎𝑥 ≅ 𝐼𝑝−𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 |
∆𝑃=0

 (5.28)  

𝑈1𝐼𝑝1
𝑚𝑎𝑥 = 𝑈2𝐼𝑝2

𝑚𝑎𝑥 = ⋯ = 𝑈𝑛𝐼𝑝𝑛
𝑚𝑎𝑥  (5.29)  

where 𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
 and 𝑈𝑖 are obtained using (5.17) and (5.26), respectively. In 

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 𝐼𝑝𝑖
𝑚𝑎𝑥 for individual 𝑖𝑡ℎ-IFC under ∆𝑃 = 0 can be calculated 

as: 

𝐼𝑝𝑖
𝑚𝑎𝑥 ≅ (

𝑆𝑖
𝑆1 + 𝑆2 +⋯+ 𝑆𝑛

) × 𝐼𝑝−𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 |

∆𝑃=0
     𝑖 = 1,… , 𝑛 (5.30)  

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

using (5.12). Similarly, 𝑘𝑝𝑖 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 𝐼𝑝𝑖
𝑚𝑎𝑥 is 𝑃𝑖 |𝑣

+|⁄  (𝑘𝑝𝑖 = 0 in (5.12) and see Figure 5.3), and if 
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any calculated 𝐼𝑝𝑖
𝑚𝑎𝑥 is less than 𝑃𝑖 |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 𝑃𝑖 |𝑣
+|⁄ ≤ 𝐼𝑝𝑖

𝑚𝑎𝑥 ≤ 𝑃𝑖 |𝑣
−|⁄ , 

the 𝐼𝑝𝑖
𝑚𝑎𝑥 − 𝑘𝑝𝑖 quadratic equation will have two different real roots for 𝑘𝑝𝑖 under 

each determined 𝐼𝑝𝑖
𝑚𝑎𝑥 and different values of 𝛾. These two roots have different 

signs. As mentioned in this proposed method, all IFCs peak currents are 

controlled to be 𝐼𝑝𝑖
𝑚𝑎𝑥 ≥ 𝑃𝑖 |𝑣

+|⁄ . In addition, 𝐼𝑝𝑖
𝑚𝑎𝑥 ≤ 𝑃𝑖 |𝑣

−|⁄  is always satisfied 

since |𝑣−| is small percentage of |𝑣+| [76], and 𝑃𝑖 |𝑣
−|⁄  exceeds the current rating 

limit of IFC. As a result, 𝑃𝑖 |𝑣
+|⁄ ≤ 𝐼𝑝𝑖

𝑚𝑎𝑥 ≤ 𝑃𝑖 |𝑣
−|⁄  is always satisfied, which 

leads to two districts real roots for kpi with different signs.   

As a numerical example, the 𝐼𝑝𝑖
𝑚𝑎𝑥 − 𝑘𝑝𝑖 quadratic equation variations 

(𝑓(𝑘𝑝𝑖, 𝐼𝑝𝑖
𝑚𝑎𝑥)) under fixed value of 𝐼𝑝𝑖

𝑚𝑎𝑥and different values of 𝑘𝑝𝑖 and 𝛾 are 

shown in Figure 5.6. As seen from the figure, for determined 𝐼𝑝𝑖
𝑚𝑎𝑥, the 

𝑓(𝑘𝑝𝑖, 𝐼𝑝𝑖
𝑚𝑎𝑥) quadratic equation has two real roots for 𝑘𝑝𝑖 with different signs 

(𝐼𝑝𝑖
𝑚𝑎𝑥 is in the aforementioned boundary). In this figure, the roots with positive 
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Figure 5.6 Numerical example for 𝑰𝒑𝒊
𝒎𝒂𝒙-kpi quadratic equation variations under fixed 

value of 𝑰𝒑𝒊
𝒎𝒂𝒙 = 𝟑𝟓𝑨 and different values of kpi (kpi: −𝟒 ⟶ 𝟖) and 𝜸 (𝐜𝐨𝐬 𝟐𝜸: −

𝟏: 𝟎. 𝟏: −𝟎. 𝟓); (|v+|=168V, |v+|=16V, Pi=5kW). 
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signs are not shown. From these discussions, it can be concluded that there is 

always a 𝑘𝑝𝑖 < 0 to satisfy calculated 𝐼𝑝𝑖
𝑚𝑎𝑥 from (5.29), which keeps the 𝑖𝑡ℎ-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' 

𝑘𝑃𝑖 are generated in the central controller and sent to individual IFCs' local 

controllers while in the second peak current-based control strategy, the 𝑘𝑃𝑖 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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oscillate and their peak currents will increase. Since during 0 < 𝑡 < 0.3, power 

coefficients are set to 𝑘𝑝1 = 𝑘𝑝2 = 𝑘𝑝3 = 0, balance three-phase current is 

produced by IFCs. During 0.3 < 𝑡 < 0.5, parallel IFCs' power coefficients are 

initially set to 𝑘𝑝1 = 𝑘𝑝2 = 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 𝑃1 = 6𝑘𝑊, 𝑃2 = 2𝑘𝑊, and 𝑃3 = 3.6𝑘𝑊, and at 𝑡 =

0.75𝑠, they are modified into 𝑃1 = 6.5𝑘𝑊, 𝑃2 = 1.5𝑘𝑊, and 𝑃3 = 4.5𝑘𝑊. 

5.4.1.1 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 

 

TABLE 5.1 System parameters for simulations. 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐  800𝑉 

IFCs' power ratings  𝑆𝑖 

𝑆1 = 9𝑘𝑉𝐴 

𝑆2 = 4𝑘𝑉𝐴 

𝑆3 = 10𝑘𝑉𝐴 

IFCs' current ratings  𝐼𝑖
𝑟𝑎𝑡𝑒 

𝐼1
𝑟𝑎𝑡𝑒 = 30𝐴 

𝐼2
𝑟𝑎𝑡𝑒 = 13𝐴 

𝐼3
𝑟𝑎𝑡𝑒 = 34𝐴 

Grid voltage (rms) and frequency 𝑣𝑔 − 𝑓𝑔 240𝑉 − 60𝐻𝑧 

Grid coupling impedance 𝑍𝐺𝑟𝑖𝑑 𝑅𝐺𝑟𝑖𝑑: 0.2𝛺; 𝑋𝐺𝑟𝑖𝑑: 1.88𝛺 

 



Chapter 5: Parallel Three-Phase IFCs Control: ∆𝑃 cancellation with Peak Current 

Sharing 

110 

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).  

 
 

 

Figure 5.7 kpi coefficient factors of the first, second, and third IFCs.  

 

 

Figure 5.8 Peak currents' of IFCs.  

 

 

Figure 5.9 First IFC's output active power.  
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Figure 5.10 Second IFC's output active power.  

 

Figure 5.11 Third IFC's output active power.  

 

Figure 5.12 Parallel IFCs' collective active power.  

Since collective peak current is independent from 𝑘𝑝𝑖 variations under zero 

active power oscillations, its value does not change at 𝑡 = 0.5𝑠. At 𝑡 = 0.75𝑠, as 

a result of ∑ 𝑃𝑖
3
𝑖=1  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.  
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In this control strategy, since all 𝑘𝑝𝑖 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.  

 

 

Figure 5.13 kpi coefficient factors of the first, second, and third IFCs.  

 

 

Figure 5.14 Peak currents' of 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 (∆𝑃𝑝𝑒𝑎𝑘 =

38𝑊 during 0.5 < 𝑡 < 0.75 and ∆𝑃𝑝𝑒𝑎𝑘 = 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.  

 

 

Figure 5.16 Second IFC's output active power. 
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Figure 5.17 Third IFC's output active power.  

 

Figure 5.18 Parallel IFCs' collective active power.  

 

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 𝑃1 =

 600𝑊 and 𝑃2 = 600𝑊. At the beginning, the power coefficient factors are set to 

𝑘𝑝1 = 𝑘𝑝2 = −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 𝑘𝑝𝑖 < 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 𝑆1 𝑆2⁄ ≈ 4 3⁄ , the first IFC provides higher portion of collective 

IFCs peak current; 𝐼𝑝1
𝑚𝑎𝑥 ≈ 4 3⁄ × 𝐼𝑝2

𝑚𝑎𝑥). It should be mentioned that before 

applying the proposed control strategy, since average active powers of IFCs are 

equal, and 𝑘𝑝1 and 𝑘𝑝2 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 𝑣𝑑𝑐  400𝑉 

IFCs' power ratings 𝑆𝑖 𝑆1 = 1.4𝑘𝑉𝐴; 𝑆2 = 1𝑘𝑉𝐴 

Unbalance grid voltage 𝑣𝑔 

𝑣𝐴 = 55∠0°; 

𝑣𝐵 = 83.8∠250.9°; 

𝑣𝐶 = 83.8∠109.1° 

IFCs' output filters 𝐿𝑓-𝐶𝑓 3.6𝑚𝐻-4𝜇𝐹 

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.  
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Figure 5.20 kp1 and kp2 coefficient factors, kp1 (0.5/div) and kp2 (0.5/div); (500ms/div).  
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Figure 5.21 Peak currents' of individual IFCs and collective peak current of parallel IFCs; 

𝑰𝒑−𝑰𝑭𝑪𝒔
𝒎𝒂𝒙 (1A/div), 𝑰𝒑𝟏

𝒎𝒂𝒙(1A/div), and 𝑰𝒑𝟐
𝒎𝒂𝒙(1A/div); (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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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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Figure 5.22 Parallel IFCs collective active power, and first and second IFCs output 

active powers.  
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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.  

 

 



 

Chapter 6  

Multiple Single-Phase Interfacing Converters 

Control for Flexible Compensation of 

Unbalanced Condition in Hybrid AC/DC 

Microgrids1 

 

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 

                                                 

1 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 

AC Subsystem
a

b

c
n

av

PCC

Supervisory control center

Data bus

aPCCi

bPCCi

cPCCi
bv

cv

Supervisory control:

• Measure PCC current and voltage

• Measure IFCs output active powers

• Produce reference reactive powers for IFCs

 

Figure 6.1 Three-phase AC-coupled hybrid AC/DC microgrid with single-phase IFCs.  
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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 

((𝑃𝑃𝐶𝐶,𝑎 , 𝑄𝑃𝐶𝐶,𝑎), (𝑃𝑃𝐶𝐶,𝑏 , 𝑄𝑃𝐶𝐶,𝑏), (𝑃𝑃𝐶𝐶,𝑐 , 𝑄𝑃𝐶𝐶,𝑐)) are exchanged with the grid.  
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(6.1)  

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

replaced by positive, negative and zero sequences. Since negative and zero 

 

Figure 6.2 PCC voltage and current.  
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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: 

4 2
, , ,3 3

2 2 2

4 2
, , ,3 3
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1
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p q

a b c

a b c
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a b c

PCC PCC PCC
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(6.2)  

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 

(𝑖𝑃𝐶𝐶𝑝
−  and 𝑖𝑃𝐶𝐶𝑞

− ). 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 (𝑖𝑃𝐶𝐶𝑝
− ) is constant, the 

reactive current negative sequence (𝑖𝑃𝐶𝐶𝑞
− ) 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 𝑃𝑃𝐶𝐶,𝑎 ≈ 𝑃𝑃𝐶𝐶,𝑏 ≈ 𝑃𝑃𝐶𝐶,𝑐, the active 

current negative sequence value (𝑖𝑃𝐶𝐶𝑝
− ) goes down obviously. However, for 

minimizing the 𝑖𝑃𝐶𝐶
− , the value of 𝑖𝑃𝐶𝐶𝑞

−  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, 𝑖𝑃𝐶𝐶𝑞
−  can be 

controlled to absorb 𝑖𝑃𝐶𝐶𝑝
−  in order to reduce/minimize the value of 𝑖𝑃𝐶𝐶

− . In the 
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proposed control strategy, reactive powers of single-phase IFCs will be controlled 

to absorb 𝑖𝑃𝐶𝐶𝑝
− , which will be discussed later. In case that 𝑖𝑃𝐶𝐶𝑞

− = −𝑖𝑃𝐶𝐶𝑝
− , 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
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(6.3)  

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 (𝑖𝑃𝐶𝐶𝑝
0 ), the reactive current zero sequence (𝑖𝑃𝐶𝐶𝑞

0 ) can be 

controlled by three-phase reactive powers to reduce/minimize the value of 𝑖𝑃𝐶𝐶
0 . 

Similarly, equalizing average active powers in three phases can reduce the zero 
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Figure 6.3 Negative sequence model of the system seen from the PCC.  
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sequence current (𝑖𝑃𝐶𝐶
0 ), 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 𝑖𝑃𝐶𝐶𝑞
0  (single-phase IFCs will be used) for compensation purposes, 

and the desired value of 𝑖𝑃𝐶𝐶𝑞
0  is −𝑖𝑃𝐶𝐶𝑝

0  where 𝑖𝑃𝐶𝐶
0  is 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. 

0
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Figure 6.4 Zero sequence model of the system seen from the PCC.  
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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
1 , , , 1 , 2 , 3 ,

4 , , 5 , , 6 , , 7 ,

8 , 9 , 10

, ,PCC a PCC b PCC c PCC a PCC b PCC c

PCC a PCC b PCC a PCC c PCC b PCC c PCC a

PCC b PCC c

F Q Q Q C Q C Q C Q

C Q Q C Q Q C Q Q C Q

C Q C Q C

   

   

 

 (6.4)  

where 𝐶1 to 𝐶10 are constant values at each operating points, which are provided 

in Appendix A, and 𝑄𝑃𝐶𝐶,𝑎, 𝑄𝑃𝐶𝐶,𝑏, and 𝑄𝑃𝐶𝐶,𝑐 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 (𝑖𝑃𝐶𝐶
0 ), 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 𝑄𝑃𝐶𝐶,𝑎, 𝑄𝑃𝐶𝐶,𝑏, and 

𝑄𝑃𝐶𝐶,𝑐 are adjusted for minimization purposes. Also, 𝐷1 to 𝐷10 are constant values 

at each operating points, provided in Appendix A. 

  2 2 2
2 , , , 1 , 2 , 3 ,

4 , , 5 , , 6 , , 7 ,

8 , 9 , 10

, ,PCC a PCC b PCC c PCC a PCC b PCC c

PCC a PCC b PCC a PCC c PCC b PCC c PCC a

PCC b PCC c

F Q Q Q D Q D Q D Q

D Q Q D Q Q D Q Q D Q

D Q D Q D

   

   

 

 (6.5)  

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 𝑘0 are two controllable weighting factors that are 

related as (6.7).  
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 (6.6)  

0 1k k    (6.7)  

From (6.6) and (6.7), 𝑘− and 𝑘0 can be controlled to flexibly compensate the 

negative and zero sequences current to keep them in their desired level. For 

example, when 𝑘− = 1(𝑘0 = 0), three variables 𝑄𝑃𝐶𝐶,𝑎, 𝑄𝑃𝐶𝐶,𝑏, and 𝑄𝑃𝐶𝐶,𝑐 are 

controlled to minimize the negative sequence current; otherwise 𝑘− = 0(𝑘0 = 1) 

leads to minimization of zero sequence current. In case that 𝑘− ≠1 and 𝑘0 ≠ 1, 

both negative and zero sequences current are compensated in which their 

compensation levels are determined by 𝑘− and 𝑘0. 

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 𝑘0 (the optimization 

problem is solved in each point, which will be discussed later). As seen in Figure 

6.5, when 𝑘− = 1(𝑘0 = 0), the negative sequence current is minimized (|𝑖𝑃𝐶𝐶
− | 

reduced from 102𝐴 to 9𝐴), and when 𝑘− = 0(𝑘0 = 1), the current zero sequence 

is minimized (|𝑖𝑃𝐶𝐶
0 | reduced from 75𝐴 into 6𝐴). In cases that 𝑘− ≠1 and 𝑘0 ≠ 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 6.5 in 𝑘− = 1(𝑘0 = 0) and 𝑘− =

0(𝑘0 = 1) points). From the figure, it is concluded that (1) under negative 

sequence minimization, the controlled 𝑖𝑃𝐶𝐶𝑞
−  cancels out 𝑖𝑃𝐶𝐶𝑝

− , which leads to 𝑖𝑃𝐶𝐶
−  
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minimization, but the resultant 𝑖𝑃𝐶𝐶𝑞
0  increases the 𝑖𝑃𝐶𝐶

0 , (2) under zero sequence 

minimization, although controlled 𝑖𝑃𝐶𝐶𝑞
0  could compensate 𝑖𝑃𝐶𝐶𝑝

0  and minimize the 

𝑖𝑃𝐶𝐶
0 , the resultant 𝑖𝑃𝐶𝐶𝑞

−  increases 𝑖𝑃𝐶𝐶
− . 

6.2.2 Constraints   

In the proposed strategy, three control variables (𝑄𝑃𝐶𝐶,𝑎, 𝑄𝑃𝐶𝐶,𝑏, and 𝑄𝑃𝐶𝐶,𝑐) 

are restricted considering phase voltages regulation and IFCs available reactive 

power ratings. 

 

 

Figure 6.5 Example of k- and k0 variations effect on the proposed control strategy in 

IEEE standard 13-node test system.  
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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|∠𝜃𝑣𝑃𝐶𝐶𝑥 , the grid voltage phasor of phase-x is 

|𝑣𝐺𝑟𝑖𝑑𝑥|∠𝜃𝑣𝐺𝑟𝑖𝑑𝑥 , and the grid coupling impedance of phase-x is |𝑍𝑥|∠𝛿𝑥, upper 
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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(k0=0) and b) zero sequence current 

minimization k-=0(k0=1).  
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and lower limits of phase-x reactive power for regulating its voltage between 

|𝑣𝑃𝐶𝐶𝑥
𝑚𝑖𝑛 | ≤ |𝑣𝑃𝐶𝐶𝑥| ≤ |𝑣𝑃𝐶𝐶𝑥

𝑚𝑎𝑥 | is achieved as [80]:   
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 (6.9)  

where |𝑣𝑃𝐶𝐶𝑥
𝑚𝑎𝑥 | and |𝑣𝑃𝐶𝐶𝑥

𝑚𝑖𝑛 | 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
,x ,x ,x , ,

V reg V regPCC PCC PCCQ Q Q 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 is 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 (𝑆𝐷𝐺𝑖) and their operating 

active powers (𝑃𝐷𝐺𝑖) are used for maximum available reactive power 

determination: 

max 2 2

i i iIFC IFC IFCQ S P    (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
,x ,x ,x , ,

IFCs IFCsPCC PCC PCCQ Q Q x a b c    (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
,x ,x ,x ,x ,x

min max
,x ,x ,x

max , min ,

, ,

V reg IFCs V reg IFCsPCC PCC PCC PCC PCC

PCC PCC PCC

Q Q Q Q Q

Q Q Q x a b c

 
 

   
 

(6.13)  

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 + 𝑞𝑇𝑥 + 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: 

   , ,

1

, ,
m

PCC x j j PCC x

j

F Q g Q x a b c


     

(6.14)  

where m is number of inequality constraints (which is 6 from (6.13)), 𝜇𝑗 are KKT 

multipliers, and 𝑔𝑗(𝑄𝑃𝐶𝐶,𝑥) are inequality constraint functions, which are obtained 

using (6.13) as follows. 
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, , ,
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, , ,
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0 ( , ) (2,a), (4,b), (6, )

j PCC x PCC x PCC x
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g Q Q Q j x c

    


    

 

(6.15)  

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

following equality and inequality functions: 

0 1,...,6j j    

(6.16)  
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 , 0 1,...,6j j PCC xg Q j    (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: 

1 2 ... , ,
x x x xIFCs IFC IFC IFCrQ Q Q Q x a b c      

(6.18)  

1 1 2 2 ... , ,
x x x x x xIFC IFC r IFCrT Q T Q T Q x a b c     (6.19)  

1

max

max
, , & 1,...,x

x

ix

IFC

i

IFC

Q
T x a b c i r

Q
    (6.20)  

where 𝑄𝐼𝐹𝐶𝑠𝑥 is the total reference reactive powers of single-phase IFCs in phase-

x, which is calculated from optimization problem results. Moreover, 𝑟𝑥 is the 

number of single-phase IFCs in phase-x (they can be different in each phase), and 

𝑇𝑖𝑥 is the sharing factor of ith-IFC in phase-x. Since 𝑇𝑖𝑥 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 Test system  

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. (𝑣𝐿𝐿−𝑟𝑚𝑠 = 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:  

   03487 ; 22 %0.63 ; 35 %1.01PCC PCC PCC PCC PCCv V v V v v V v       
(6.21)  

   0735 ; 91 %12.3 ; 67 %9.1PCC PCC PCC PCC PCCi A i A i i A i       (6.22)  

646 645 633 634632

692 675671

652 680

611 684

vGrid

Grid

vPCC

Coupling

Impedance

PCC

Z

650

632

650

 

Figure 6.7 Configuration of IEEE 13-node test system.  
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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: 

   03181 ; 64 %2.1 ; 43 %1.35PCC PCC PCC PCC PCCv V v V v v V v     
 

(6.23)  

   0736 ; 156 %21.2 ; 104 %14.13PCC PCC PCC PCC PCCi A i A i i A i     
 

(6.24)  

As another modification, single-phase DGs interfacing converters are 

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 6.1 Distributed load modifications connected to Bus#671 (Model: Y-PQ). 

 Phase-a  Phase-b  Phase-c  

Old values 17kW-10kVAr 66kW-38kVAr 117kW-68kVAr 

New values 400kW-0kVAr 300kW-0kVAr 1040kW-0kVAr 

 

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

  Bus Number 
Power rating of 

DGs inverters 

Operating 

active power 

Max available 

reactive power 

Phase-a 
IFC1 #633 1 MVA 120 kW ±992.7 kVAr 

IFC2 #684 1 MVA 80 kW ±996.7 kVAr 

Phase-b 

IFC1 #692 500 kVA 50 kW ±497.4 KVAr 

IFC2 #680 300 kVA 40 kW ±297.3 kVAr 

IFC3 #632 700 kVA 60 kW ±697.4 kVAr 

Phase-c 
IFC1 #611 800 kVA 150 kW ±785.8 kVAr 

IFC2 #645 1 MVA 120 kW ±992.7 kVAr 
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min max
, , ,2.49 1.488

IFCs IFCsPCC a PCC a PCC aMVAr Q Q Q MVAr      (6.25)  

min max
,b , ,b1.77 1.206

IFCs IFCsPCC PCC b PCCMVAr Q Q Q MVAr      (6.26)  

min max
, , ,2.28 1.277

IFCs IFCsPCC c PCC c PCC cMVAr Q Q Q MVAr      (6.27)  

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:  

max 4.16
1.05 1.05 2.521 , ,

3x x

kV
PCC Grid ph rms

kV
v v x a b c       (6.28)  

min 4.16
0.95 0.95 2.281 , ,

3x x

kV
PCC Grid ph rms

kV
v v 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 𝑄𝐷𝐺𝑠𝑎 = 𝑄𝐷𝐺𝑠𝑏 = 𝑄𝐷𝐺𝑠𝑐 = 1𝑘𝑉𝑎𝑟, which are shared among IFCs 

based on (6.18) to (6.20). In simulations, the proposed control strategy is applied 

at 0.2t s .   

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), 1k    and 0 0k  . The PCC reference reactive 

powers of three phases ( ,PCC xQ ), resulted from optimization problem, and their 

constraints due to three phases voltage regulation (
min

,x V regPCCQ


 and 
max

,x V regPCCQ


) 

and IFCs available reactive powers (
min

,x DGsPCCQ  and 
max

,x DGsPCCQ ) 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  xIFCsQ  and each IFC share in different phases (
ix

IFCQ ) 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, 

between 3226 3566
x

V peak V
ph peak ph peakPCC

v    (see (6.28) and (6.29)).  

 

 

Figure 6.8 PCC reference reactive power in phase-a and its boundary limits (k-=1; k0=0).  
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Figure 6.9 PCC reference reactive power in phase-b and its boundary limits (k-=1; k0=0). 

 

 

Figure 6.10 PCC reference reactive power in phase-c and its boundary limits (k-=1; k0=0).  

 

 

Figure 6.11 Total reference reactive power of phase-a IFCs, and IFC1 and IFC2 shares  

(k-=1; k0=0). 
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Figure 6.12 Total reference reactive power of phase-b IFCs, and IFC1, IFC2, and IFC3 

shares (k-=1; k0=0).  

 

 

Figure 6.13 Total reference reactive power of phase-c IFCs, and IFC1 and IFC2 shares   

(k-=1; k0=0). 

 

 

Figure 6.14 Negative sequence of the PCC current (k-=1; k0=0).  
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Figure 6.15 Negative sequence of the PCC voltage (k-=1; k0=0).  

 

 

Figure 6.16 Zero sequence of the PCC current (k-=1; k0=0).  

 

 

Figure 6.17 Zero sequence of the PCC voltage (k-=1; k0=0).  
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Figure 6.18 Amplitudes of PCC three-phase voltages (k-=1; k0=0).  

6.3.2.2 Zero sequence current compensation  

Here, since minimization of zero sequence of PCC current is implemented, 

k   and 0k  are chosen as 0k    and 0 1k  . 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.  

 

Figure 6.19 PCC reference reactive power in phase-a and its boundary limits (k-=0; k0=1). 
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Figure 6.20 PCC reference reactive power in phase-b and its boundary limits (k-=0; k0=1).  

 

 

Figure 6.21 PCC reference reactive power in phase-c and its boundary limits (k-=0; k0=1). 

 

 

Figure 6.22 Total reference reactive power of phase-a IFCs, and IFC1 and IFC2 shares  

(k-=0; k0=1). 
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Figure 6.23 Total reference reactive power of phase-b IFCs, and IFC1, IFC2, and IFC3 

shares (k-=0; k0=1). 

 

 

Figure 6.24 Total reference reactive power of phase-c IFCs, and IFC1 and IFC2 shares   

(k-=0; k0=1). 

 

 

Figure 6.25 Zero sequence of the PCC current (k-=0; k0=1).  
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Figure 6.26 Zero sequence of the PCC voltage (k-=0; k0=1).  

 

 

Figure 6.27 Negative sequence of the PCC current (k-=0; k0=1).  

 

 

Figure 6.28 Negative sequence of the PCC voltage (k-=0; k0=1).  
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Figure 6.29 Amplitudes of PCC three-phase voltages (k-=0; k0=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 0.65k    and 

0 0.35k  . Considering these weighting factors, the reduction level of negative 

sequence current will be less than the case that  01 0k k    (see Figure 6.14). 

However, this will provide the opportunity to reduce the zero sequence of current 

compare to  01 0k k    (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 (3226𝑝ℎ−𝑝𝑒𝑎𝑘
𝑉 ), 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 335A  into 203A  by 

choosing 0k  as 0 0.35k  . From the negative and zero sequences current results, 

the optimization program provides their minimum possible values under defined 

k   and 0k  values.   

 

Figure 6.30 PCC reference reactive power in phase-a and its boundary limits (k-=0.65; 

k0=0.35).  

 

 

Figure 6.31 PCC reference reactive power in phase-b and its boundary limits (k-=0.65; 

k0=0.35). 
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Figure 6.32 PCC reference reactive power in phase-c and its boundary limits (k-=0.65; 

k0=0.35). 

 

 

Figure 6.33 Amplitudes of PCC three-phase voltages (k-=0.65; k0=0.35). 

 

 

Figure 6.34 Total reference reactive power of phase-a IFCs, and IFC1 and IFC2 shares  

(k-=0.65; k0=0.35). 
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Figure 6.35 Total reference reactive power of phase-b IFCs, and IFC1, IFC2, and IFC3 

shares (k-=0.65; k0=0.35).  

 

 

Figure 6.36 Total reference reactive power of phase-c IFCs, and IFC1 and IFC2 shares   

(k-=0.65; k0=0.35). 

 

 

Figure 6.37 Negative sequence of the PCC current (k-=0.65; k0=0.35).  
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Figure 6.38 Negative sequence of the PCC voltage (k-=0.65; k0=0.35).  

 

 

Figure 6.39 Zero sequence of the PCC current (k-=0.65; k0=0.35).  

 

 

Figure 6.40 Zero sequence of the PCC voltage (k-=0.65; k0=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 𝑘0 =

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. 

 
Without 

Compensation 

Negative 

Seq. Comp. 

Both 

Negative and 

Zero Seq. 

Comp. 

Zero Seq. 

Comp. 

Zero Seq. 

Comp. with 

Active 

Power 

Equalization 

𝑘− 0 1 0.65 0 0 

𝑘0 0 0 0.35 1 1 

|𝑖𝑃𝐶𝐶
− | (𝐴) 173.5𝐴 13𝐴 121𝐴 351𝐴 50.3𝐴 

|𝑣𝑃𝐶𝐶
− | (𝑉) 71.5𝑉 5.4𝑉 49.5𝑉 143𝑉 20.5𝑉 

|𝑖𝑃𝐶𝐶
0 | (𝐴) 127.9𝐴 335𝐴 203𝐴 12.3𝐴 7.5𝐴 

|𝑣𝑃𝐶𝐶
0 | (𝑉) 52.3𝑉 137.5𝑉 83𝑉 5𝑉 3𝑉 
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max 4.16
1.02 1.02 2.449 , ,

3x x

kV

PCC Grid ph rms

kV
v v x a b c       (6.30)  

min 4.16
0.98 0.98 2.353 , ,

3x x

kV

PCC Grid ph rms

kV
v v x a b c       (6.31)  

So, the boundary of PCC voltage amplitude in each phase has been changed 

from 3226 3566
x

V peak V
ph peak ph peakPCC

v    to 3328 3463
x

V peak V
ph peak ph peakPCC

v   . 

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 

Without Comp.

Without Equal.

With Comp.

With Equal.

With Comp.

Without Equal.

Without Comp.

Without Equal.

Zero Sequence Negative Sequence

0

pPCCi

0

qPCCi

0

PCCi

pPCCi

qPCCi

PCCi

0

pPCCi

0

PCCi

0

qPCCi

0

PCCi 0

qPCCi
0

pPCCi

Zero sequence is 

minimized in compensation

With Comp.

Without Equal.

pPCCi

qPCCi

PCCi

With Comp.

With Equal.

PCCi

qPCCi

pPCCi

Zero sequence is 

minimized in compensation

 

Figure 6.41 Negative and zero sequence current phasor diagrams with and without 

active powers equalizations under zero sequence current minimization.  
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has increased from 121A  into 137A . The PCC zero sequence of current is shown 

in Figure 6.44. Similarly, the zero sequence current has increased from 203A  in 

Figure 6.39 into 219A  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 

3328 3463
x

V peak V
ph peak ph peakPCC

v   . The phase-c voltage is slightly smaller than 

lower limit (3328 V

ph peak ) due to power loss in the system.   

 

 

Figure 6.42 PCC reference reactive power in phase-c; study the voltage regulation effects 

on compensation (k-=0.65; k0=0.35).  

 

 

Figure 6.43 Negative sequence of the PCC current; study the voltage regulation effects on 

compensation (k-=0.65; k0=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; k0=0.35).   

 

 

Figure 6.45 Amplitudes of PCC three-phase voltages; study the voltage regulation effects 

on compensation (k-=0.65; k0=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 × |𝑣𝐺𝑟𝑖𝑑𝑥| = 2.353𝑝ℎ−𝑟𝑚𝑠
𝑘𝑉  

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 (2.353𝑝ℎ−𝑟𝑚𝑠
𝑘𝑉 ). 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. 

 

 

Figure 6.47 Negative sequence of the PCC current; only voltage regulation strategy. 

 

 

Figure 6.48 Negative sequence of the PCC voltage; only voltage regulation strategy. 
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Figure 6.49 Zero sequence of the PCC current; only voltage regulation strategy. 

 

 

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 𝑘0 = 1; however, the total maximum available reactive 

power of phase-b IFCs is modified from 𝑄𝑃𝐶𝐶,𝑏𝐼𝐹𝐶𝑠
𝑚𝑎𝑥 = 1.206𝑀𝑉𝐴𝑟 to 𝑄𝑃𝐶𝐶,𝑏𝐼𝐹𝐶𝑠

𝑚𝑎𝑥 =

0.7𝑀𝑉𝐴𝑟 (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 12.37A  in Figure 6.25 into 24.33A  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.     

 

Figure 6.51 PCC reference reactive power in phase-b; study the effects of max available 

reactive powers of IFCs on compensation (k-=0; k0=1). 
 

 

Figure 6.52 Zero sequence of the PCC current; study the effects of max available reactive 

powers of IFCs on compensation (k-=0; k0=1). 
 

 

Figure 6.53 Zero sequence of the PCC voltage; study the effects of max available reactive 

powers of IFCs on compensation (k-=0; k0=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 𝑘1 and 𝑘2. 

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 𝑘𝑝 and 𝑘𝑞. 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. 

• 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 𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 ratios and the 

IFC was controlled by the high power factor, or the weak grid with small 

𝑋𝐺𝑟𝑖𝑑/𝑅𝐺𝑟𝑖𝑑 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. 

• 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.   

• 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 IFCs 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.  

• 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.   

• 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 𝐶1 to 𝐶10 in (6.4) are presented here: 
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Moreover, the values of 𝐷1 to 𝐷10 in (6.5) are presented here: 

1 2

1

9
aPCC

D

v

  

2 2

1

9
bPCC

D

v

  

3 2

1

9
cPCC

D

v

  

 4

2
cos

9
PCC PCCa b

a b

v v

PCC PCC

D
v v

    

 5

2
cos

9
PCC PCCa c

a c

v v

PCC PCC

D
v v

    



Appendix A: Coefficients of Objective Function for Negative/Zero Sequence 

Current Minimization 

 

173 

 6

2
cos

9
PCC PCCb c

b c

v v

PCC PCC

D
v v

    

 

 

,
7

,

2
sin

9

2
sin

9

PCC PCCa b

a b

PCC PCCa c

a c

PCC b
v v

PCC PCC

PCC c
v v

PCC PCC

P
D

v v

P

v v

 

 

  



 

 

 

,
8

,

2
sin

9

2
sin

9

PCC PCCb a

a b

PCC PCCb c

b c

PCC a
v v

PCC PCC

PCC c
v v

PCC PCC

P
D

v v

P

v v

 

 

  



 

 

 

,
9

,

2
sin

9

2
sin

9

PCC PCCc a

a c

PCC PCCc b

b c

PCC a
v v

PCC PCC

PCC b
v v

PCC PCC

P
D

v v

P

v v

 

 

  



 

     

     

2

, , ,

10

2

, , ,

cos cos cos

3 3 3

sin sin sin

3 3 3

PCC PCC PCCa b c

a b c

PCC PCC PCCa b c

a b c

PCC a v PCC b v PCC c v

PCC PCC PCC

PCC a v PCC b v PCC c v

PCC PCC PCC

P P P
D

v v v

P P P

v v v

  

  

 
 

   
 
 
 

 
 

 
 
 
 

 

 

 



174 

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 B A C N 556,500 26/7 4/0 6/1 500 

602 C A B N 4/0 6/1 4/0 6/1 500 

603 C B N 1/0 1/0 505 

604 A C N 1/0 1/0 505 

605 C N 1/0 1/0 510 

 

TABLE B.2 Underground Line Configuration Data 

Configuration Phasing Cable  Neutral  Space ID 

606 A B C N 250,000 AA, CN None 515 

607     A N 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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TABLE B.4 Transformer Data 

 kVA kV-high kV-low R - % X - % 

Substation: 5,000 115 - D 4.16 Gr. 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-I 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 

 


