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Abstract 

With the increasing application of renewable energy systems, many Distributed 

Generation (DG) systems have been connected to power systems. Power electronic 

converters are usually used as effective interfaces of DG unit. These interfaces 

convert either DC or non-grid AC voltages of DGs to the grid compatible AC 

voltage. 

On the other hand, unbalanced voltage caused by local load adversely affects 

distribution network’s power quality. Therefore, operating DG unit under 

unbalanced voltage and using grid-interfacing converter to improve the grid’s 

power quality is becoming an important research topic 

This thesis first reviews grid-interfacing converter control methods that provide 

various flexible operations under unbalanced voltage. Furthermore, to reduce the 

impact on converter dc link due to unbalanced current injection, two DG control 

strategies for voltage unbalance compensation are proposed. Their validity was 

verified by Matlab/Simulink and a lab prototype.  
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Chapter 1 Introduction  

Over the last few decades, renewable energy sources have been attracting great 

attention due to the limitations and adverse environmental effects of fossil fuels [1]. 

Power electronics grid-interfacing converters play a key role that enables the 

efficient and flexible interconnection of renewable energy sources to electric power 

systems. However, with the increasing tendency to connect unbalanced load to the 

grid, the voltage unbalance problem is severely degrading the distribution system’s 

power quality [2]. This problem presents many challenges for researchers seeking 

techniques for controlling grid-interfacing converter. Therefore, the power quality 

enhancement of grid by using power electronics grid-interfacing converter is 

becoming a hot research field where ancillary unbalanced voltage compensation is 

integrated with the control of converter besides the primary power delivery function 

[3].  

1.1 Voltage Unbalance Review 

Due to the increasing number of local loads that are being connecting to power 

systems, power distribution systems are facing many power quality problems, such 

as voltage unbalance, harmonics, and voltage flicker [4], among which the voltage 

unbalance issue especially needs to be drawn attention. As voltage unbalance can 

trip of equipment, interrupt production, and jeopardize the power system operation. 

Therefore, in the next few sections, the details of this issue will be discussed.   

1.1.1 Causes of Voltage Unbalance 

One issue that utility companies are facing is unbalanced voltage in the 

distributed network. Unbalanced voltage indicates unequal voltage magnitudes at 
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the fundamental system frequency (under voltage and over-voltage), fundamental 

phase angle deviation and unequal levels of harmonic distortion [5]. One major 

cause of voltage unbalance is the connection of unbalanced loads (mainly single-

phase loads connected between two phases or one phase and the neutral). 

Unbalance voltage can occur in rural electric power systems with long distribution 

lines, as well as in large urban power systems where single-phase demands, such 

as lighting loads, are imposed by large commercial facilities [6]. Another cause of 

unbalance is single phase traction and electric transit and railroad systems [7]. 

Asymmetrical transformer winding impedance, open wye and open delta 

transformer banks, and asymmetrical transmission impedance can also cause 

considerable imbalance in the power system [4]. In the industry, unbalanced voltage 

can also be caused by unbalanced equipment. For example, motor impedance 

unbalance, which is becoming increasingly severe, is caused by unbalanced heating 

of a motor [8]. Motor unbalance is usually caused during manufacturing by creating 

an unequal number of turns in the winding or asymmetrical stator. Recently, with 

the increasing use of adjustable speed drives (ASD), voltage unbalance problems 

have become quite severe, especially when a large number of single phase ASDs 

are employed. Therefore, balancing the voltage when incorporation of ASDs and 

power electronics are distorting the grid has become a major challenge.  

In DG systems, the unbalanced grid voltage is usually caused by the connection 

of a single-phase DG system and an unbalanced load to a three-phase DG system 

[1]. Ideally, a large number of single-phase DG systems will be evenly distributed 

among the three-phase distribution lines, and consequently, no unbalanced voltage 

will occur in the grid. However, in practice, any difference in the distribution will 

cause grid voltage imbalance.  
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1.1.2 Voltage Unbalance Impact 

Unbalanced voltage can have an adverse effect on equipment and power systems. 

Under unbalanced conditions, the grid suffers more losses and heating effects and 

become less stable. Voltage unbalance can also cause capacity losses, transformer 

overloading, motor overheating, nuisance tripping of protected devices, and 

malfunction in sensitive equipment [9]. Overall, the negative effect of voltage 

unbalance can reduce efficiency and decrease lifespan of equipment. 

1.1.2.1 Voltage Unbalance Effects on Motor  

Unbalanced voltages have negative effects on induction motors because the 

unbalanced voltage can be separated into positive sequence voltage, 

negative sequence voltage and zero sequence voltage by using the 

symmetrical component extraction method [10]. However, zero sequence 

voltage does not exist in machines because motors normally use either delta connection 

wire or undergrounded wye, so a zero sequence component has no path to formulate a 

circuit. Therefore, balanced systems contain only the positive and negative sequence 

component of the voltage, current, and impedance.  

Hence, unbalanced motor voltage can be divided into opposing voltage sequence 

voltage, i.e., “abc” and “acb”, respectively. The positive sequence voltage leads to 

a desired positive torque, whereas negative sequence voltage leads to a reversing 

torque, which is caused by an air gap flux rotating against the rotation of the rotor. 

The unwanted torque can cause speed reduction and torque pulsation, and even 

increase the motor noise [11]. Moreover, the negative sequence current generated 

by the negative sequence voltage due to the motor’s impedance can cause machine 

loss and even high temperature [11]. 

Another effect of voltage unbalance is motor damage from excessive heat. 

Voltage unbalance can create a current unbalance 6 to 10 times the magnitude of 
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the voltage unbalance. In turn, a current unbalance produces heat in the motor 

windings that degrades the motor insulation, causing cumulative and permanent 

damage to the motor [5, 11]. This scenario results in expensive facility downtime 

due to motor failures. 

Fig.1. 1 below shows the relationship between voltage unbalance and 

temperature rise, which increases by approximately twice the square of the 

percentage of the voltage unbalance [5].  

 

Fig.1. 1Voltage Unbalance and Temperature Rise [5] 

1.1.2.2 Voltage Unbalance Effects on Sensitive Loads 

Voltage unbalance can cause severe problems for sensitive loads as well. Voltage 

unbalance in the terminal of a load affects the equipment’s normal operation. 

Particularly sensitive loads such as servers, computer centers, and communication 

equipment may fail to work properly due to insufficient voltage for regulation. 

Shutdown or long restart time of sensitive loads can quickly result in losses of 

several hundred thousand dollars, especially in key industries. Sensitive loads such 

as servers, computer centers, and communication equipment are commonly 

protected against voltage imbalance by using dynamic uninterrupted power systems 

(UPS) and flywheel buffer systems [4]. 

1.1.2.3 Voltage Unbalance Effects on Power Electronics Load 

In systems with a large fraction of load formed by either single-phase or three-
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phase rectifier, a long and deep voltage unbalance will trip a large part of electronic 

loads. The equipment which does not trip will undertake a smaller current from the 

supply because the dc bus voltage is larger than the peak of the ac voltage. For 

three-phase rectifiers, under unbalanced voltage, the largest current flows between 

the two phases with the largest voltage difference. The current to the three phase 

rectifiers will contain non-characteristic harmonics. The three-phase controlled 

rectifiers will experience a longer communication period because the source 

voltage is lower during the unbalanced voltage [4]. 

1.1.3 International Standards in Voltage Unbalance 

Two methods have been proposed for determining the level of voltage unbalance.  

The voltage unbalance in percentage is defined by the National Electrical 

Manufacturers Association (NEMA) in Standards Publication no. MG 1-1993 as 

[12]: 

%Unbalance =
Maximum Deviation from Average

Average of Three Phase to Phase Voltage
× 100        (1-1) 

Note that the line voltages are used in this NEMA standard as opposed to the 

phase voltages. When the phase voltages are used, the phase angle unbalance is 

not reflected in the % unbalance, and therefore phase voltages are seldom used to 

calculate the voltage unbalance. 

Another index used in European standards to indicate the degree of unbalance is 

the voltage unbalance factor (VUF), which is the ratio of the negative sequence 

voltage to the positive sequence voltage represented as [13] 

%VUF =
𝑉2

𝑉1
× 100                         (1-2) 

where 𝑉1 and 𝑉2 are the positive and negative sequence voltages, respectively, 

and can be obtained by using symmetrical components. 

Meanwhile, different standards exist for limiting the voltage unbalance. The 
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American National Standard for Electric Power Systems and Equipment. ANSI 

C84.1 [14] recommends that “electric supply systems should be designed and 

operated to limit the maximum voltage unbalance to 3% when measuring the 

electric-utility revenue meter under no-load conditions” while the International 

Electrotechnical Commission (IEC) recommends that the maximum voltage 

unbalance of electrical supply systems should be limited to 2% [15]. 

The National Equipment Manufacture Association (NEMA) suggests that 

motors should give a rated output for 1% of the voltage unbalance per NEMA MG-

1-1998 [16]. By limiting the voltage unbalance to 1%, this standard is more rigorous 

than ANSI C84.1. Moreover, some motor manufactures have tried to require less 

than 5% current unbalance for a valid warranty. NEMA MG-1 states that 1% of 

voltage unbalance can generate 6-10% current unbalance, therefore, motor 

manufacturers are required to adhere to more stringent voltage unbalance standards. 

According to IEEE Std 141-1993, “IEEE Recommended Practice for Electric 

Power Distribution for Industrial Plants” and IEEE Std.241-1990, “IEEE 

Recommended Practice for Electric Power Systems in commercial buildings”, 

some equipment may experience problems if the voltage unbalance is beyond 2 or 

2.5%. However, according to IEEE Std 1527.2-2008 [17], the voltage unbalance 

should be  limited to 5% when distributed generation is connected to a low voltage 

system.  

1.2 Conventional Methods for Unbalanced Voltage Compensation 

Voltage unbalance problems are either introduced by unbalanced distribution of 

loads or come from the upstream grid. Hence, compensation systems for 

unbalanced voltage should be installed in between the grid and the asymmetrical 

load. Conventionally, the installation of a generator near a sensitive load is an 
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effective way to keep the voltage up during a remote unbalanced voltage drop [18]. 

An alternative way is to choose an appropriate distribution transformer to prevent 

voltage unbalance, particularly in balancing the open wye and open delta 

transformer banks [19]. However, open wye-open delta banks can greatly 

jeopardize the unbalance of the primary system as it converts zero sequence voltage 

into secondary system negative sequence voltage. In addition, unbalanced 

compensation can be achieved by using a passive power filter which balances the 

load impedance [20].  

With the power electronic development, two types of compensators with fully 

controlled power electronic devices are adopted to alleviate the unbalanced voltage 

amplitude. The use of shunt-connected converter is an effective way to minimize 

voltage unbalance (see in Fig.1. 2). Such a shunt converter can act as a shunt Active 

Power Filter (APF) or shunt SATCOM. In [21], the voltage at the grid connection 

point is regulated by injecting reactive current from the shunt active power 

converter, which introduces a voltage drop across the grid impedance. However, 

voltage compensation will be not effective when the grid-impedance is either too 

low, or is dominantly resistive and needs an injection of active power.  

 

Fig.1. 2 Structure of Shunt Connected Converter 

The alternative way to compensate the unbalanced voltage is to use a series-

connected converter, as is shown in Fig.1. 3, where negative-sequence or zero 
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sequence voltage is injected to compensate the unbalanced component of grid 

voltage. Such a series-connected converter can be series Active Power Filter (APF) 

and Dynamic Voltage Restorer (DVR). However, a series-connected converter has 

to provide active power when a three-phase load is asymmetrical due to the active 

power generated by symmetrical sequence components.  

Therefore, the shunt and series connected converter are mainly used for power 

quality improvement, and are specifically designed to compensate for certain power 

quality problems by injecting current or voltage into the system. 

 

Fig.1. 3 Structure of Series Connected Active Filter 

For dealing with other power quality problems other than unbalanced voltage, 

the unified power quality conditioner (UPQC) have been proposed. A typical 

UPQC is shown in Fig.1. 4, where two voltage source converters share a common 

dc bus. One converter is in series with the distribution feeder while the other is in 

parallel with the same feeder. Load 2 on the left side needs balanced and sinusoidal 

voltage. In this structure, the purpose of the series converter is to eliminate 

harmonics between the grid and the local distribution network. Moreover, the series 

converter is able to compensate for the voltage imbalance. The main purpose of a 
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parallel converter is to absorb the current harmonics to compensate for negative 

sequence current and regulate dc bus voltage [22].  

In this way, UPQC can protect the voltage of load 2 from unbalance voltage and 

harmonics occurring in the source of the distribution network. However, when 

voltage of load bus collapses to a low value, the parallel converter is unable to draw 

the amount of power required to recharge the dc capacitor. In this case, energy 

storage devices such as batteries or super capacitors must be connected to the dc 

link in order to provide voltage support. 

 

Fig.1. 4 Structure of Unified Power Quality Conditioner 

1.3 Using DG Grid-interfacing Converter in Unbalanced Voltage 

Mitigation 

Distributed generation (DG) refers to an electrical power source generated from 

renewable energy (RE) resources such as wind, photovoltaic, clean alternative 

energy (AE) generation such as fuel cells and microturbines, as well as the 

traditional rotational machine based technologies such as diesel generators that 

connected to the distributed network [23, 24]. 

 Most DG systems are installed in distributed network where they enables bi-

directional power flow instead of traditional one-way power flow from high voltage 

network to low voltage network in the centralized power system.  

With the increasing installation of DG systems, the unbalanced load and the 
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nonlinear load are connected to the grid, so utilities are struggling to maintain their 

power quality. As a result, the increasing demand for DG control of unbalanced 

voltage and harmonics has prompted researchers to seek more effective ways to 

improve the grid voltage performance. 

Several different controllers for current or voltage regulation have been adopted 

to deal with unbalanced voltage and harmonics in the grid. First, the proportional-

integral (PI) controller is widely used in conjunction with 𝑑𝑞 control structure. 

This control structure enables control variable to transform from their natural abc 

frame to the 𝑑𝑞 frame. As a consequence, the control variables becomes dc signals 

[25]. Specifically, this control structure needs information about phase angle of the 

utility voltage to perform the transformation [26]. However, if the controller is 

immune to grid voltage harmonic distortion, harmonic compensator has to be 

designed at each harmonic order, and this requirement greatly increases the 

complexity of the control algorithm. On the other hand, many power converters 

have been designed with proportional resonant (PR) controllers. Their use has been 

demonstrated to be an effective method for controlling inverter systems under 

unbalanced and harmonic grid conditions [25]. Another method to control the 

inverter is to use dead-beat controller, which is suitable for microprocessor-based 

implementation. This controller has theoretically a very high bandwidth, hence, its 

tracing of sinusoidal signals is quite good. However, since dead beat controller is 

developed on the basis of model. It is sensitive to model and parameter mismatch 

[26].  

To compensate for the distribution system unbalanced voltage, installing an 

additional filter is not advisable due to the cost concerns. Alternatively, distribution 

system voltage unbalance compensation using DG system is becoming an 

interesting topic, where the ancillary voltage imbalance compensation capability is 
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integrated into the DG’s primary power delivery function by modifying DG’s 

control reference [27]. This method is preferable for power electronic interfaced 

DG system, where the power electronic interface can be flexibly controlled to 

provide such ancillary functions.  

Using a single DG system for voltage unbalance compensation by injecting a 

negative sequence current has been proposed in [28]. By applying this method, the 

line current becomes balanced under an unbalance load. However, under voltage 

unbalance deterioration, the capability to inject negative sequence current is limited.  

To overcome the weakness of aforementioned method, several papers have been 

proposed using multiple DG systems with droop control or secondary control to 

compensate for unbalanced voltage [29]-[31]. Paper [29] proposed a droop control 

technique with multiple DGs for voltage unbalance compensation. The paper [30] 

proposed a voltage and frequency control strategy for islanded operation of 

dispatched electronically coupled distributed-resource unit. When the power 

quality at the point of common coupling (PCC) is the main concern due to the 

sensitive loads connecting. paper [31] proposed the microgrid secondary control to 

compensate for the voltage unbalance at PCC in an islanded microgrid.   

The use of wind turbine converters to compensate for unbalanced voltage has 

also been investigated as well [32]. In paper [32], a series converter is connected to 

double-fed induction generator to mitigate the unbalanced voltage with phase 

jumps by using classical optimization. The author uses the objective function with 

constraints for mitigating the unbalanced voltage, thus, the real power injection by 

series converter of DFIG is minimized. 

Other method that deals with harmonic voltage compensation can also be 

implemented for voltage unbalance mitigation and reactive power compensation. 

In [33]-[34], two DG control methods are considered and associated power quality 



Chapter 1 

12 

 

compensation strategies are implemented. In [35], a proportional integral repetitive 

control scheme is proposed to mitigate the levels of harmonic and unbalanced 

voltage at the stator terminal of DFIG. Such methods for dealing with the harmonic 

and unbalanced voltage simultaneously can also be found in paper [34].  

Voltage unbalance compensation can lead to active power oscillation at PCC. 

This problem can, in turn, cause DC link ripple, resulting in adverse effects on the 

DG operation or even system instability. However, the existing methods have never 

addressed this issue.  

1.4 Research Goal and Thesis Layout 

The goal of this thesis is to develop unbalanced compensation strategy for the 

grid-interfacing power electronic DG system where voltage quality improvement 

and flexible power control are combined together, minimizing the impact on DC 

link ripple and DG operation. To achieve this goal, the main research focused on 

the following. 

First, studies were carried out on flexible power control strategies based on a 

fast current controller and a reconfigurable reference current selector when the DG 

operates under grid unbalanced voltage. Several existing strategies in the literature 

for the DG’s output reference current generations are studied and compared in 

Chapter 2. 

Moreover, two separate control strategies for voltage unbalanced compensation 

under unbalance load conditions are proposed in Chapter 3 to limit the active power 

oscillation caused by unbalanced voltage. In the first method, the active power 

oscillation is cancelled. However, the level of unbalanced voltage compensation 

cannot be controlled directly by this method. Therefore, a second control strategy 

is proposed to minimize the active power oscillation (instead of completely 
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cancelling it) by using an adjustable unbalanced voltage compensation according 

to the DG’s available capacity. 

Furthermore, to ensure the high performance of the DC link voltage and DG 

output current control, the proposed control strategies include high performance 

techniques for voltage detection and synchronization in disturbed voltage. In this 

fast and accurate detection method, three fundamental functional blocks make up 

the detector, (1) the quadrature-signals generator (QSG), (2) the positive sequence 

calculator (PSC), and (3) the phase locked-loop (PLL), meanwhile, the dual second 

order generalized integrator (DSOGI) is implemented to improve the voltage 

unbalance detection. The details for design of controller are also presented in this 

chapter. 

Finally, a laboratory hardware prototype is used to verify all the control methods 

studied in this thesis. The experimental results are provided and discussed in 

Chapter 4.  

The conclusions from the research and some suggestion for future research are 

presented in Chapter 5.  
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Chapter 2 Flexible power control of DG under 

unbalanced voltage 

2.1 Introduction 

Last few years have witnessed the development of distributed power generation 

systems, especially renewable energy such as wind turbine and solar power have 

made a great contribution to the total amount of energy production in the world. 

Although the energy production of wind turbine and solar power have attractive 

market, the control of these power system is a challenge and the increased 

distributed power generation can cause instability and even outrage in the power 

system [36].  

In order to maintain the stability of power system when large amount of 

distributed power system integrates into the grid, transmission operators are 

requested to follow the strict demands with regard as distributed power system 

interconnecting to the utility grid. Among all the demands, distributed power 

system are requested to work properly under voltage unbalance at point of common 

coupling (PCC). Therefore, the unbalanced voltage influences on the control of 

distributed power generation system need to be investigated.  

In this chapter, several control strategies that could be adopted by distributed 

generation (DG) system will be reviewed under unbalanced voltage at PCC [26]. 

First, Instantaneous power theory will be presented, followed by different control 

strategies under unbalanced voltage in the utility. Finally, the simulation results will 

be illustrated to demonstrate the validity of control algorithm. 
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2.2 Current control strategies under unbalanced voltage at PCC 

In this section, instantaneous power theory is first reviewed [37]. Then, 

instantaneous power calculation based on symmetrical voltage sequence is 

developed. Finally, a variety of control strategies are designed. 

 

Fig.2. 1 A distributed generation inverter operating connecting to grid 

In a three phase inverter system shown in Fig.2.1, instantaneous active power 

and reactive power at the utility connection point are given by [38]. 

𝑝 = 𝑣 ∙ 𝑖 = 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐                (2-1) 

where the operator “∙”denotes the dot product of two vectors.  

When active power is expressed in symmetrical component, there will be the 

following expression: 

𝑝 = 𝑣+ ∙ 𝑖+ + 𝑣+ ∙ 𝑖− + 𝑣− ∙ 𝑖+ + 𝑣− ∙ 𝑖− = 𝑃 + �̃� (2-2) 

where  𝑣+, 𝑣−, 𝑖+, 𝑖− are positive and negative sequence component of voltage and 

current vectors, and 𝑃 and �̃� are average term and oscillatory term of active power.  

Meanwhile, the instantaneous reactive power can be defined as cross-product 

between 𝑣 and 𝑖, and can be calculated by means of the following dot product,  

𝑞 = 𝑣⊥ ∙ 𝑖                       (2-3) 

where 𝑣⊥ is 90 degree lagging vector compared to vector 𝑣. 

When the reactive power is expressed in symmetrical component, it will be 

calculated as follows: 

𝑞 = 𝑣⊥ ∙ 𝑖 = (𝑣⊥
+ + 𝑣⊥

−) ∙ (𝑖+ + 𝑖−)                 (2-4) 

𝑞 = 𝑣⊥
+ ∙ 𝑖+ + 𝑣⊥

− ∙ 𝑖− + 𝑣⊥
+ ∙ 𝑖− + 𝑣⊥

− ∙ 𝑖+ = 𝑄 + �̃�     (2-5) 

where the 𝑄 and  �̃� are average and oscillatory terms of reactive power, 
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respectively 

In the following, several different control strategies for determining the current 

vector (𝑖∗) will be reviewed and discussed when delivering active and reactive 

power into the grid under unbalanced grid voltage conditions. The performance of 

these control strategies for calculating reference currents will be discussed and 

compared since these control strategies will provide different features for grid-

interfacing DG system [25]. 

2.2.1 Instantaneous active-reactive control (IARC) 

From the instantaneous active power and reactive power theory, current vector 

𝑖 which aligns with voltage vector 𝑣 wil give rise to active power, current vector 

𝑖  aligned with 𝑣⊥  will generate reactive power. Therefore, the following 

expression can be concluded according to this concept. In order to deliver constant 

active power (𝑝 = 𝑃∗) and constant reactive power (𝑞 = 𝑄∗), the current reference 

based on instantaneous power theory could be calculated as follows [39]: 

𝑖𝑝
∗ = 𝑔𝑣                          (2-6) 

 𝑖𝑞
∗ = 𝑏𝑣⊥                         (2-7) 

where 𝑖𝑝
∗  and 𝑖𝑞

∗  are considered as active and reactive current vectors respectively, 

𝑔  represents instantaneous conductance and 𝑏  represents instantaneous 

susceptance.  

The product of current and voltage vector can give rise to a certain amount of 

power P and Q with grid voltage 𝑣. Therefore, there will be the following equations: 

𝑖𝑝
∗ ∙ 𝑣 = 𝑔𝑣 ∙ 𝑣 = 𝑃 ⟹ 𝑔 =

𝑃

|𝑣|2
             (2-8) 

𝑖𝑞
∗ ∙ 𝑣⊥ = 𝑏𝑣⊥ ∙ 𝑣⊥ = 𝑄 ⟹ 𝑏 =

𝑄

|𝑣|2
          (2-9) 

So, the reference current vectors to deliver the 𝑃 and 𝑄 power to the grid is 

expressed as : 
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𝑖𝑝
∗ =

𝑃

|𝑣|2
𝑣                            (2-10) 

𝑖𝑞
∗ =

𝑄

|𝑣|2
𝑣⊥                           (2-11) 

where 𝑖𝑝
∗  is the active power component of reference current vector and 𝑖𝑞

∗  is the 

reactive power component of vector. Therefore, the final reference can be 

calculated by just adding (2-10) and (2-11) 

𝑖∗ = 𝑖𝑝
∗ + 𝑖𝑞

∗                          (2-12) 

In (2-10) and (2-11)，the norm of grid voltage vector |𝑣|2 can be calculated as 

follows [39]: 

|𝑣|2 = 𝑣𝑎
2 + 𝑣𝑏

2 + 𝑣𝑐
2 = 𝑣𝛼

2 + 𝑣𝛽
2 = 𝑣𝑑

2 + 𝑣𝑞
2        (2-13) 

Under balanced sinusoidal conditions, the current injecting to the grid is 

perfectly sinusoidal, because the module of the voltage |𝑣| and 𝑔 and 𝑏  are 

constant. However, when voltage unbalance occurs, voltage at PCC are separated 

into positive sequence and negative sequence voltages. And the module of |𝑣|2 

has oscillation at twice the fundamental grid frequency, i.e. 

|𝑣|2 = |𝑣+|2 + |𝑣−|2 + 2|𝑣+||𝑣−|cos (2𝑤𝑡 + ∅+ − ∅−)      (2-14) 

where ∅+ and ∅− are positive and negative initial phase angles of 𝑣+ and 𝑣−. 

When the expression is replaced in the denominator of (2-10) and (2-11), the 

reference current 𝑖𝑝
∗  and 𝑖𝑞

∗  are not sinusoidal and contains high order harmonics, 

resulting in distorted reference signals. The drawback of this control strategy is that 

it has the possibility to inject distorted current. In the high power grid-connected 

converter, injecting harmonics is limited where it can give rise to additional 

problems, such as excitation of resonance or deterioration of the grid voltage.  

Therefore, although IARC has the obvious advantage of power controllability, 

the application of IARC will not be suitable for generating reference current 

because the low quality of injecting current may be not acceptable when the 
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unbalanced voltage occurs in the grid. Hence, instantaneous power calculations 

based on symmetrical sequence components are derived in the following.  

2.2.2 Positive and Negative Sequence Control (PNSC) 

This strategy deals with calculation of reference current vector, including 

positive and negative sequence current that can eliminate the oscillatory 

instantaneous power that is injected into the grid.  

First, it is assumed that reference current injecting into the grid is expressed as: 

𝑖∗ = 𝑖∗+ + 𝑖∗−                    (2-15) 

where 𝑖∗+ and 𝑖∗− represent positive and negative sequence reference current 

It is initially assumed that only active power is delivered into the grid, and the 

active power at PCC is free of oscillation [25]. Considering the two constrains, there 

exists the following expression: 

𝑣+ ∙ 𝑖𝑝
∗+ + 𝑣− ∙ 𝑖𝑝

∗− = 𝑃                 (2-16) 

𝑣+ ∙ 𝑖𝑝
∗− + 𝑣− ∙ 𝑖𝑝

′∗+ = 0                 (2-17) 

𝑣+ ∙ 𝑖𝑝
∗− = −𝑣− ∙ 𝑖𝑝

∗+ ⟹ |𝑣+|2 ∙ 𝑖𝑝
∗− = −𝑣+ ∙ 𝑖𝑝

∗+ ∙ 𝑣− 

⟹ 𝑖𝑝
∗− = −

𝑣+∙𝑖𝑝
∗+

|𝑣+|2
𝑣−   (2-18) 

Therefore, the following equation can be found by substituting and regrouping 

terms : 

𝑃 = 𝑣+ ∙ 𝑖𝑝
∗+ (1 −

|𝑣−|2

|𝑣+|2
)                  (2-19) 

And the positive sequence reference current is derived as: 

𝑖𝑝
∗+ =

𝑃

|𝑣+|2−|𝑣−|2
𝑣+                      (2-20) 

Finally, the positive and negative reference current is given by 

𝑖𝑝
′∗ = 𝑔±(𝑣+ − 𝑣−), 𝑔± = 

𝑃

|𝑣+|2−|𝑣−|2
         (2-21) 

Similarly, to determine the reference current for the reactive power, we have the 
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following equation: 

𝑣⊥
+ ∙ 𝑖𝑞

∗+ + 𝑣⊥
− ∙ 𝑖𝑞

∗− = 𝑄                (2-22) 

𝑣⊥
+ ∙ 𝑖𝑞

∗− + 𝑣⊥
− ∙ 𝑖𝑞

∗+ = 0                (2-23) 

From the above equation, the current reference for the reactive power is the 

following expression: 

𝑖𝑞
∗ = 𝑏±(𝑣⊥

+ − 𝑣⊥
−); 𝑏± =

𝑄

|𝑣+|2−|𝑣−|2
            (2-24) 

Therefore, the final reference current is calculated as: 

𝑖∗ = 𝑖𝑝
∗ + 𝑖𝑞

∗ = 𝑔±(𝑣+ − 𝑣−) + 𝑏±(𝑣⊥
+ − 𝑣⊥

−)    (2-25) 

In the PNSC control strategies, the positive and negative sequence currents 

injecting into the grid is written as the active and reactive component as follows: 

𝑖+ = 𝑖𝑝
+ + 𝑖𝑞

+                     (2-26) 

𝑖− = 𝑖𝑝
− + 𝑖𝑞

−                     (2-27) 

So the instantaneous active and reactive power delivered by the converter is 

expressed as: 

𝑝 = 𝑣+𝑖𝑝
+ + 𝑣−𝑖𝑝

+
⏟        

𝑃

+𝑣+𝑖𝑞
+ + 𝑣−𝑖𝑞

−
⏟        

0

+ 𝑣+𝑖𝑝
− + 𝑣−𝑖𝑝

+
⏟        

0

+ 𝑣+𝑖𝑞
− + 𝑣−𝑖𝑞

+
⏟        

�̃�

  (2-28) 

𝑞 = 𝑣⊥
+𝑖𝑞
+ + 𝑣⊥

−𝑖𝑞
−

⏟        
𝑄

+𝑣⊥
+𝑖𝑝
+ + 𝑣⊥

−𝑖𝑝
−

⏟        
0

+ 𝑣⊥
+𝑖𝑞
− + 𝑣⊥

−𝑖𝑞
+

⏟        
0

+ 𝑣⊥
+𝑖𝑝
− + 𝑣⊥

−𝑖𝑝
+

⏟        
�̃�

  (2-29) 

In both (2-28) and (2-29) third and fourth term are cancelled, as the dot product 

of two terms with same sequence and 90 degree shifted equals zero. The fifth and 

sixth term in (2-28) and (2-29) are also zero considering the equation of (2-17) and 

(2-23), where both oscillating terms are set to be zero when calculating the 

reference current. As is seen from (2-28) and (2-29), when PNSC strategy is 

implemented, the instantaneous active and reactive power 𝑝 and 𝑞 differ from 

the reference 𝑃 and 𝑄 due to the interaction between in-quadrature voltage and 

current with different sequences. 

However, when one of the power reference is null, i.e. 𝑄 is set to be zero, the 
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performance of instantaneous power at PCC is slightly different. Active power 

oscillation is cancelled, this is due to the fact that oscillatory component in the �̃� 

depends on reactive power component 𝑖𝑞
− and 𝑖𝑞

+, whose reference is zero[39]. 

2.2.3 Average Active-Reactive Control (AARC) 

As is mentioned previously, when unbalanced voltage occurred in the grid, the 

reference current using IARC strategies present harmonics in the waveform 

because of oscillation terms in 𝑔 and 𝑏 . Since P and Q is assumed to be constant, 

such harmonics come from effect of the second-order component of |𝑣|2 on the 

calculation of the instantaneous conductance and susceptance [25]. Therefore, if 

the second-order component of |𝑣|2  is cancelled out, the harmonics will be 

eliminated as well. To achieve this objective, the average active-reactive control 

strategy calculate average value of conductance and susceptance throughout one 

period, so the active and reactive reference current is calculated as [39]: 

𝑖𝑝
∗ = 𝐺𝑣; 𝐺 =

𝑃

𝑉∑
2                   (2-30) 

𝑖𝑞
∗ = 𝐵𝑣; 𝐵 =

𝑄

𝑉∑
2                   (2-31) 

where 𝑉∑ is rms value of the grid voltage, and is defined as: 

𝑉∑ = √|𝑣
+|2 + |𝑣−|2 

Since G and B are constant in this control strategy, there is no oscillation in the 

reference current. Considering active power injection, the current injecting to the 

grid has the same direction with grid voltage. Therefore, there will be no reactive 

power component showing in the grid. However, instantaneous power sending to 

the unbalanced grid will not equal to 𝑃 but will be present by: 

𝑝 = 𝑖𝑝
∗ ∙ 𝑣 =

|𝑣|2

𝑉∑
2 𝑃 = 𝑃 + �̃�           (2-32) 

where �̃� is the oscillatory term adding to the average value 𝑃 
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So, the actual instantaneous power delivered to the unbalanced grid is written 

as : 

𝑝 = 𝑃 [1 +
2|𝑣+||𝑣−|

|𝑣+|2+|𝑣−|2
𝑐𝑜𝑠(2𝑤𝑡 + 𝜑+ + 𝜑−)]         (2-33) 

where 𝜑+  and 𝜑−  are the phase angles of the positive and negative sequence 

voltage 𝑣+ and 𝑣− 

In the same way, reactive current has the same direction with in-quadrature 

voltage 𝑣⊥. As discussed in the active power scenario, the actual reactive power 

consists of constant term and oscillatory term as well and can be written as: 

𝑞 = 𝑣⊥ ∙ 𝑖𝑞
∗                          (2-34) 

𝑞 = 𝑄 [1 +
2|𝑣+||𝑣−|

|𝑣+|2+|𝑣−|2
𝑐𝑜𝑠(2𝑤𝑡 + 𝜑+ − 𝜑−)]         (2-35) 

After acquiring the equation for 𝑝  and 𝑞  in (2-33) and (2-35), it can be 

observed that the instantaneous reactive power delivered into grid will be zero, if 

just active power is injected into grid by AARC strategy. Likewise, if only reactive 

power delivers into the grid, active power will be zero.  

2.2.4 Balanced Positive Sequence Control (BPSC) 

Considering the previous AARC control strategy, there is possibility to change 

the conductance and susceptance to calculate the reference current for obtaining 

other objectives. In the balanced positive sequence control strategy (BPSC), the 

goal is to inject only balanced positive sequence sinusoidal current. So the reference 

current for the BPSC strategy [38]is written as: 

𝑖𝑝
∗ = 𝐺+𝑣+; 𝐺+ =

𝑃

|𝑣+|2
                    (2-36) 

𝑖𝑞
∗ = 𝐵+𝑣+; 𝐵+ =

𝑄

|𝑣+|2
                    (2-37) 

The reference current consists of balanced sinusoidal positive waveform. Under 

unbalanced operating conditions, the instantaneous active and reactive power 
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delivered into the grid will contain two parts: average power term and oscillatory 

power term, i.e 

𝑝 = 𝑖𝑝
∗ ∙ 𝑣 = 𝑣+𝑖𝑝

∗ + 𝑣−𝑖𝑝
∗ = 𝑃 + �̃�             (2-38) 

𝑞 = 𝑣⊥ ∙ 𝑖𝑞
∗ = 𝑣⊥

+ ∙ 𝑖𝑞
∗ + 𝑣⊥

− ∙ 𝑖𝑞
∗ = 𝑄 + �̃�         (2-39) 

where �̃� and �̃� are power oscillation at twice the fundamental frequency. 

In the BPSC strategy, both the instantaneous active and reactive power will 

consist of oscillatory term under unbalanced grid, which is different from the 

previous control strategies.  

2.3 Simulation results 

In order to validate the aforementioned reviewed control strategies, unbalanced 

voltage is the simulation is implemented in Matlab/Simulink environment. TABLE 

2.1 shows the parameter for the simulation and active power reference is set to be 

2.5KW, reactive power is set to be zero.  

TABLE 2. 1Simulated System Parameters. 

 Symbol Value 

DC link voltage 𝑣𝑑𝑐 700V 

Nominal active power 𝑃 ∗  2.5KW 

Nominal reactive power 𝑄 ∗  0Var 

Grid inductor 𝐿𝑔 5mH 

Grid voltage(phase to phase) 𝑣𝑔 380V 

Inverter Inductor 𝐿𝑐 2mH 

A. IARC Control Strategy 

The current waveforms and output active and reactive power for this control 

strategy are illustrated in Fig.2.2 (a) and (b). As is mentioned, from t=0.2s to t=0.3s, 

the IARC strategy is applied, the current waveforms become very distorted (shown 



Chapter 2 

23 

 

in Fig.2.2 (a)) in order to fulfill the unity power factor control in the situation of 

unbalanced voltage in the PCC. 

 

(a) 

 

(b) 

Fig.2. 2 IARC Strategy (a) grid current and (b) active and reactive powers that delivered to the 

grid. 

B. PNSC Control Strategy 

Fig.2.3 (a) and (b) shows the grid currents and active and reactive power that are 

delivered to the utility grid when PNSC is used (from t=0.2s to t=0.3s). As this 

control strategy injects negative sequence current in order to cancel the oscillations 

in active power, in this case, the reference currents consists of a set of unbalanced 

three phase signals, but without harmonics. Measured current is in accordance with 

reference current (Fig.2.3a), no oscillations can be observed (Fig.2.3b) in active 

power waveforms as well.. Large oscillations on the reactive power waveform 

(Fig.2.3b) could be noticed in this situation due to the interaction between the 

negative-sequence active current with positive-sequence voltage and positive-

sequence active current with negative-sequence voltage. 
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(a) 

 

(b) 

Fig.2. 3 PNSC Strategy (a) grid current and (b) active and reactive powers delivered to the 

grid. 

C. AARC Control Strategy 

From t=0.2s to t=0.3s, the current reference generator implements AARC 

control strategy. As is seen from Fig.2.4a, the measured grid current is sinusoidal 

but .unbalanced the reactive power registers no oscillation, but the active power 

exhibits large oscillations at double the fundamental frequency due to the 

oscillation in |𝑉2| (Fig.2.4b). 
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(a) 

 

(b) 

Fig.2. 4 AARC Strategy (a) grid current and (b) active and reactive powers delivered to the 

grid. 

D. BPSC Control Strategy  

Fig.2.5 (a) and (b) shows the current and power waveforms in the case of BPSC 

control (from t=0.2s to t=0.3s). As only the positive sequence component of the 

grid voltage is used for calculating the grid current reference, the currents are 

sinusoidal and balanced (Fig.2.5a). In this case the oscillations are at double the 

fundamental frequency in both active and reactive powers (Fig.2.5b) 
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(a) 

 

 

(b) 

Fig.2. 5BPSC Strategy (a) grid current and (b) active and reactive powers delivered to the grid. 

2.4 Summary 

The unbalanced grid voltage may affect the normal operation of DG’s power 

electronic converters. As presented in this chapter, four methods dealing with 

control of distributed generation system have been reviewed when unbalance 

voltage happened in the grid. The results shows that the design of flexible active 

power controller is capable to adapt to unbalance situation in case of grid 

requirement change. Particularly, it has been proven that it is possible to obtain zero 

active and reactive power oscillation at the DG output. This is done by injecting 
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negative current to cancel the power oscillation such as PNSC and AARC. This 

chapter mainly focus on review and study of DG control scheme under voltage 

unbalance, some control ideas are adopted in the next chapter when developing DG 

control strategies for voltage unbalance compensation.  
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Chapter 3 DG Control Strategies for Voltage 

Unbalance Compensation 

3.1 Introduction 

Inverter based DG can provide extra functions, such as unbalanced voltage 

compensation, harmonic compensation and voltage support beyond power delivery. 

This chapter proposes to ease grid voltage unbalance with minimization of active 

power in distributed generation systems. Specifically, the functions to decrease 

negative sequence voltage and minimize active power at the PCC are realized in 

the control of distributed generation inverters. The purpose of minimizing active 

power is to smooth the dc link voltage oscillation, resulting in the benefits of better 

harmonic suppression and smaller dc link capacitor. To reduce the effects of active 

power oscillations, two control strategies are proposed for DG to compensate the 

grid voltage unbalance using instantaneous power theory. In the first method, active 

power oscillatory cancellation strategy is adopted. In this method, the active power 

oscillation is controlled to be zero. However, the level of the negative sequence 

voltage reduction is not controllable. The second control strategy is proposed to 

alleviate negative sequence voltage and minimize the active power oscillation at 

PCC by optimizing the phase angle of the DG injected negative sequence current 

using an on-line Lagrange optimization method. With this method, adjustable level 

of unbalance compensation can be achieved with minimized active power 

oscillation. The validity of these two control strategies are verified by simulation 

results using Matlab/Simulink.  
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3.2 Principle of Unbalanced Voltage Compensation  

Fig.3.1 shows the DG connected to the grid through a voltage source inverter 

(VSI). The VSI incorporates a two level three phase voltage source converter with 

L filter. Finally, the DG inverter is connected to the utility at PCC, where 

unbalanced loads are also connected. It is noted that 𝑅𝐿  and 𝐿𝐿  are equivalent 

resistance and inductance of inverter side, and 𝑅𝑔  and 𝐿𝑔  represent feeder 

resistance and inductance up to the PCC, respectively. 

DG

Source

Cdc VSI

R L

PCC

Utility

RL Lg
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Fig.3. 1: Grid connected DG inverter with unbalanced load. 

According to instantaneous power theory that has been stated, power injected 

into the grid is described as: 

𝑝 = 𝑣 ∙ 𝑖                              (3-1) 

where 𝑣 = [ 𝑣𝑎, 𝑣𝑏, 𝑣𝑐], 𝑖 = [𝑖𝑎, 𝑖𝑏, 𝑖𝑐]
𝑇 . Considering the sequence component in 

the voltage and current, (3-1) is described as [40] : 

𝑝 = (𝑣+ + 𝑣−) ∙ (𝑖+ + 𝑖−)                       (3-2) 

When expanding the equation (3-2), the following equation is derived [40]: 

𝑝 = 𝑣+ ∙ 𝑖+ + 𝑣− ∙ 𝑖− + 𝑣+ ∙ 𝑖− + 𝑣− ∙ 𝑖+ =
~

P p               (3-3) 

where  𝑃 = 𝑣+ ∙ 𝑖+ + 𝑣− ∙ 𝑖−  and �̃� = 𝑣+ ∙ 𝑖− + 𝑣− ∙ 𝑖+ , and  𝑣+, 𝑣−, 𝑖+, 𝑖−  are 

positive and negative sequence component of voltage and current vector, 𝑃  is 

average value of active power and �̃� is oscillatory term of active power. 

Likewise, reactive power at the PCC could be expressed as [41]: 

𝑞 = 𝑣⊥ ∙ 𝑖                             (3-4) 

where 𝑣⊥is the 90 degree lagging the measured voltage, and could be referred as: 
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𝑣⊥ =
1

√3
[
0 1 −1
−1 0 1
1 −1 0

] 𝑣                       (3-5) 

The expression in equation could be described as sequence component function 

[41]: 

𝑞 = (𝑣⊥
+ + 𝑣⊥

−) ∙ (𝑖+ + 𝑖−)                   (3-6) 

𝑞 = 𝑣⊥
+ ∙ 𝑖+ + 𝑣⊥

− ∙ 𝑖− + 𝑣⊥
+ ∙ 𝑖− + 𝑣⊥

− ∙ 𝑖+ = 𝑄 + �̃�                (3-7) 

where 𝑄 = 𝑣⊥
+ ∙ 𝑖+ + 𝑣⊥

− ∙ 𝑖−  and �̃� = 𝑣⊥
+ ∙ 𝑖− + 𝑣⊥

− ∙ 𝑖+ . The 𝑄 𝑎𝑛𝑑  �̃� are 

average and oscillatory values of reactive power, respectively. According to (3-1) 

and (3-4), current which is in the same direction with voltage will generate active 

power, meanwhile, current which is aligned with 𝑣⊥  will give rise to reactive 

power [41]. Therefore, current reference could be expressed as [40]: 

{
𝑖𝑝
∗ = 𝑔𝑣

𝑖𝑞
∗ = 𝑏𝑣⊥

                             (3-8) 

where 𝑔 =
𝑃

|𝑣|2
, 𝑏 =

𝑄

|𝑣|2
. Total reference current could be obtained as follows: 

𝑖∗ = 𝑖𝑝
∗ + 𝑖𝑞

∗                           (3-9) 

Expanding (3-9), instantaneous conductance 𝑔 could be separated into positive 

sequence and negative sequence: 𝑔+ and 𝑔−. So, reference current generated by 

active power could be described as [42]: 

𝑖𝑝
∗ = 𝑔+𝑣+ + 𝑔−𝑣−                    (3-10) 

where 𝑔+ =
𝑃

|𝑣+|2
, 𝑔− =

𝑃

|𝑣−|2
 . If it needs to inject both positive and negative 

sequence current into the grid, it is necessary to regulate both of them to keep 

reference active power constant. Based on this point, we could define a parameter 

𝑘1 to regulate the proportion of each sequence current delivered into the grid [42]: 

𝑖𝑝
∗ = 𝑘1

𝑃

|𝑣+|2
𝑣+ + (1 − 𝑘1)

𝑃

|𝑣−|2
𝑣−                 (3-11) 

Meanwhile, another parameter could be set as 𝑘2  to regulate positive and 

negative sequence of reactive power reference current. The expression could be 

referred as [42]: 
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𝑖𝑞
∗ = 𝑘2

𝑄

|𝑣+|2
𝑣⊥
+ + (1 − 𝑘2)

𝑄

|𝑣−|2
𝑣⊥
−              (3-12) 

Finally, considering (3-9), the total reference current could be expressed as [42]: 

𝑖∗ = 𝑃 (
𝑘1

|𝑣+|2
𝑣+ +

(1−𝑘1)

|𝑣−|2
𝑣−) + 𝑄 (

𝑘2

|𝑣+|2
𝑣⊥
+ +

(1−𝑘2)

|𝑣−|2
𝑣⊥
−)      (3-13) 

Therefore, instantaneous active power at PCC is calculated as: 

𝑝 = (𝑣+ + 𝑣−) ∙ 𝑖∗ = 𝑃 + �̃�                     (3-14) 

In (3-14), 𝑃 and �̃� can be defined as:  

𝑃 =
𝑃𝑘1

|𝑣+|2
∙ 𝑣+ ∙ 𝑣+ +

𝑃(1−𝑘1)

|𝑣−|2
∙ 𝑣− ∙ 𝑣−                (3-15) 

�̃� = (
𝑃𝑘1

|𝑣+|2
+
𝑃(1−𝑘1)

|𝑣−|2
) 𝑣+ ∙ 𝑣− + (

𝑄𝑘2

|𝑣+|2
−
𝑄(1−𝑘2)

|𝑣−|2
) ∙ 𝑣⊥

+ ∙ 𝑣−      (3-16) 

Considering (3-16), it is observed that active power oscillation problems will 

occur at PCC when DG sends both active power and reactive power to the grid 

under voltage unbalance conditions. However, properly designed 𝑘1 and 𝑘2 could 

possibly alleviate active power oscillation while compensating the unbalance 

voltage.  

3.3 Negative Sequence equivalent circuit analysis 

In grid-connected DG systems, the injection of negative sequence active and 

reactive powers can help voltage unbalance compensation and reduce active power 

oscillation. The negative sequence equivalent circuit of grid-connected DG is 

shown in Fig.3. 2 In this figure, 𝑍𝑅 indicates equivalent impedance when active 

power is injected into the grid (𝑍𝑅 =
𝑉𝑃𝐶𝐶
−

𝑖𝑃
− ), and 𝑍𝐿 indicates equivalent impedance 

when reactive power is injected into the grid (𝑍𝐿 =
𝑉𝑃𝐶𝐶
−

𝑖𝑞
− ). Moreover, the unbalanced 

load connected to PCC behaves as a constant current source 𝐼𝑙𝑜𝑎𝑑
− . 
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Fig.3. 2 Negative sequence equivalent circuit. 

In this analysis, two scenarios are explained as following: 

3.3.1 Without injection of negative sequence active and reactive powers 

This is the case when 𝑘1 = 1 and 𝑘2 = 1, where just positive sequences of 

active and reactive powers are injected to the grid. Considering Fig.3. 2, both 𝑍𝑅 

and 𝑍𝐿 are open circuit, and 𝑉𝑃𝐶𝐶
−  can be expressed as: 

|𝑉𝑃𝐶𝐶
− | = |𝐼𝑙𝑜𝑎𝑑

− | × |𝑍𝑙𝑖𝑛𝑒|               (3-17) 

3.3.2 Injection of negative sequence active and reactive Powers 

In the case that both active and reactive power’s negative sequences are injected 

to the grid, 𝑘1 and 𝑘2 should be 𝑘1 ≠ 1 and 𝑘2 ≠ 1. Considering Fig.3. 2, 𝑉𝑃𝐶𝐶
−  

can be expressed as: 

|𝑉𝑃𝐶𝐶
− | = |𝐼𝑙𝑜𝑎𝑑

− | × |𝑍𝑙𝑖𝑛𝑒 ∥ 𝑍𝑅 ∥ 𝑍𝐿|              (3-18) 

For negative sequence voltage reduction at PCC, |𝑉𝑃𝐶𝐶
− | in (3-19) should be 

smaller than |𝑉𝑃𝐶𝐶
− | in (3-18). Considering the same load (the same current source 

𝐼𝑙𝑜𝑎𝑑
− ), |𝑍𝑙𝑖𝑛𝑒 ∥ 𝑍𝑅 ∥ 𝑍𝐿|  should be smaller than |𝑍𝑙𝑖𝑛𝑒| . Therefore, the chosen 

values of 𝑘1 and 𝑘2 should satisfy the following expression: 

|
1

1

𝑍𝑅
+
1

𝑍𝐿
+

1

𝑍𝐿𝑖𝑛𝑒

| = ||
1

1

|𝑉𝑃𝐶𝐶
− |

2

𝑃(1−𝑘1)

+
1

|𝑉𝑃𝐶𝐶
− |

2

𝑄(1−𝑘2)
𝑒
𝑗
𝜋
2

+
1

𝑍𝐿𝑖𝑛𝑒

|| < |𝑍𝑙𝑖𝑛𝑒|      (3-19) 

From Fig.3.2, in the case that 𝑘1 ≠ 1 and 𝑘2 = 1, just the negative sequence of 

active power is injected to the grid (𝑍𝐿 is open circuit in Fig.3.2), and 
1

𝑍𝐿
 become 
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zero in . Moreover, 𝑘1 = 1 and 𝑘2 ≠ 1 lead to the injection of negative sequence 

reactive power to the grid (𝑍𝑅 is open circuit in Fig.3.2), and 
1

𝑍𝑅
 become zero in 

(3-19).  

3.4 Control Strategies for Voltage Unbalance Compensation 

In this section, the proposed control strategies will be explained in details. There 

will be two unbalanced voltage compensation strategies in the following including 

strategy for cancellation of active power oscillation with uncontrollability of 

unbalanced voltage compensation and strategy for minimizing active power 

oscillation with adjustable level of unbalanced voltage compensation. 

3.4.1 Strategy for cancellation of active power oscillation  

This strategy is designed for completely eliminating active power oscillation. In 

this control strategy, cancelling the active power oscillation leads to unbalance 

voltage reduction, too. From (3-16), it could be observed that in order to meet the 

requirement of power oscillation to be zero, following (3-20)-(3-21) equations need 

to be satisfied.  

𝑃𝑘1

|𝑣+|2
+
𝑃(1−𝑘1)

|𝑣−|2
= 0 ⇒ 𝑘1 =

|𝑣+|
2

|𝑣+|2−|𝑣−|2
               (3-20) 

𝑄𝑘2

|𝑣+|2
−
𝑄(1−𝑘2)

|𝑣−|2
= 0 ⇒ 𝑘2 =

|𝑣+|
2

|𝑣+|2+|𝑣−|2
               (3-21) 

This method is similar with PNSC method in the previous chapter. Details for 

this control strategy are shown in Fig.3.3. First, unbalanced voltage is detected and 

separated into positive and negative sequence using Frequency-Locked Loop(FLL) 

[43]. Then, 𝑘1 and 𝑘2  are calculated according to equation (3-20) and (3-21). 

Using calculated 𝑘1  and 𝑘2  with the supplied average active power 𝑃  and 

average reactive power 𝑄 , the reference currents are generated on account of 

equation (3-13). 
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Fig.3. 3 DG control scheme in active power oscillation cancellation strategy. 

Although this method could fully cancel out the active power oscillation, its 

capability of reducing negative sequence voltage is limited. In order to largely 

reduce the negative sequence voltage at PCC, a new optimized method is proposed 

to overcome the disadvantage of the first method. Detailed description of this 

method is in the next section.  

3.4.2 Minimization of active power oscillation with adjustable unbalance 

compensation  

This method is proposed for adjustable unbalance voltage compensation 

(according to DG available power rating) while at the same time minimizing the 

active power oscillation (instead of completely cancel it). In this method, the 

negative sequence virtual impedance presented by DG (see Fig.3. 2) can be 

controlled to be much smaller than the grid impedance, and therefore the unbalance 

current from the load flows to the DG side, leading to an improved PCC voltage. 

Based on this idea, we define |𝑖𝑟𝑒𝑓
− | as the magnitude of desired negative sequence 

current generated by DG in(3-22). 

|𝑖𝑟𝑒𝑓
− | = √(

𝑃(1−𝑘1)

|𝑣−|
)
2
+ (

𝑄(1−𝑘2)

|𝑣−|
)
2
                (3-22) 

This desired current generated by DG could be controlled as 𝑖𝑟𝑒𝑓
− =

𝑉−

|𝑍𝐷𝐺|
. It is 

clear to see that 𝑘1 and 𝑘2 are in the following boundary: 
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1 −
|𝑣−||𝑖𝑟𝑒𝑓|

𝑃
≤ 𝑘1 ≤ 1 +

|𝑣−||𝑖𝑟𝑒𝑓|

𝑃
                (3-23) 

1 −
|𝑣−||𝑖𝑟𝑒𝑓|

𝑄
≤ 𝑘2 ≤ 1 +

|𝑣−||𝑖𝑟𝑒𝑓|

𝑄
                (3-24) 

Meanwhile, based on (3-16), active power oscillation at PCC could be described 

as: 

�̃� = (
𝑃𝑘1

|𝑣+|2
+
𝑃(1−𝑘1)

|𝑣−|2
) |𝑣+||𝑣−|𝑐𝑜𝑠2𝑤𝑡 + (

𝑄𝑘2

|𝑣+|2
−
𝑄(1−𝑘2)

|𝑣−|2
) |𝑣+||𝑣−|𝑠𝑖𝑛2𝑤𝑡  

 (3-25) 

In order to minimize active power oscillation represented in(3-25), following 

objective function can be considered: 

Objective function: 

 [(
𝑃𝑘1

|𝑣+|2
+
𝑃(1−𝑘1)

|𝑣−|2
) |𝑣+||𝑣−|]

2

+ [(
𝑄𝑘2

|𝑣+|2
−
𝑄(1−𝑘2)

|𝑣−|2
) |𝑣+||𝑣−|]

2

 (3-26) 

This equation should be minimized considering (3-22) as a constraint (negative 

sequence of current constraint). If we assume that: 

𝑘1 − 1 = 𝑙1                          (3-27) 

𝑘2 − 1 = 𝑙2                          (3-28) 

The objective function and constraint function could be expressed as 

following. 

Objective function:      𝐽 = 𝐴2𝑙1
2 + 𝐵2𝑙2

2 + 𝐶𝑙1 + 𝐸𝑙2 + 𝐹      (3-29) 

Constraint is expressed as: 

𝑃2𝑙1
2 + 𝑄𝑙2

2 = 𝐷2                    (3-30) 

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−|4(𝑃2+𝑄2)

|𝑣+|2|𝑣−|2
.  

Various optimization methods can be used to minimize the objective function 

considering its constraints. In this paper, Lagrange method is used for minimization 

purpose as following [44]: 
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𝐻 = 𝐽 + 𝜆(𝑃2𝑙1
2 + 𝑄𝑙2

2 − 𝐷2)                   (3-31) 

The conditional extreme for the equation is as following: 

𝜕𝐻

𝜕𝑙1
= 0 ⇒ 𝑙1 =

−𝐶

2𝐴2+2𝜆𝑃2
                    (3-32) 

𝜕𝐻

𝜕𝑙2
= 0 ⇒ 𝑙2 =

−𝐸

2𝐵2+2𝜆𝑄2
                    (3-33) 

𝜕𝐻

𝜕𝜆
= 0 ⇒ 𝑃2𝑙1

2 + 𝑄2𝑙1
2 − 𝐷2 = 0             (3-34) 

From (3-32)-(3-34), the value of 𝑙1, 𝑙2 and 𝜆 are calculated, then 𝑘1  and 𝑘2 

are calculated from (3-27) and (3-28).  

Fig.3.4 shows the block diagram of the control strategy with Lagrange 

optimization scheme. Voltage at PCC is first detected and separated into positive 

sequence and negative sequence using FLL [43]. Magnitude of negative sequence 

voltage is calculated, and then divided by virtual impedance |𝑍| to generate a 

certain negative sequence current value 𝑖𝑟𝑒𝑓. Then 𝑘1 and 𝑘2 are calculated using 

optimized method. Finally, reference current could be derived according to 

equation (3-13).   

, ,a b cv
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Fig.3. 4DG Control scheme in reduction of voltage unbalance and minimization of active power 

oscillation strategy 

3.4.3 Current control scheme 

The block diagram of current control scheme is shown in Fig.3.5. Based on the 

current command 𝑖∗ , the measured current 𝑖 , and the voltage at PCC, current 

regulator produces voltage reference for the interfacing VSI. In this control system, 

the transfer function of proportional plus resonant controller is defined as: 
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𝐻(𝑠) = 𝑘𝑝 +
2𝐾𝑖𝜉𝑤𝑓𝑠

𝑠2+2𝜉𝑤𝑓𝑠+𝑤𝑓
2                  (3-35) 

where 𝑘𝑝 represent the proportional gain, 𝐾𝑖 is the integral gain, 𝑤𝑓  is the 

fundamental frequency. In (3-35), the 𝜉 is the damping ratio to generate a narrow 

gain peak at the fundamental frequency of current. In this control scheme, feed-

forward control is used to decouple voltage disturbance from the current control 

loop. 
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eP
1

Ls R

Current 

controller

Computation

Delay
PWM Output

Filter

Feed-forward

Filter

( )ffG s
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Fig.3. 5Current control loop diagram. 

3.5 DC link voltage control under unbalanced voltage  

As the active power oscillation can have great influence on the DC link voltage, 

control of DC link needs to be investigated.  When PCC is subject to unbalanced 

load or asymmetrical fault, DC link voltage will suffer a sinusoidal voltage 

oscillation with frequency of 2𝑤0, Proper operation of VSC requires its dc-side 

voltage is tightly controlled during steady-state and dynamic periods. This section 

describes an accurate non-linear model for dc-side voltage control, considering the 

ac-side inductor. The non-linear model is then linearized at operating point to assist 

the design of DC link voltage controller.  
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Fig.3. 6 Power delivery through DC link 

3.5.1 Mathematical model.  

Fig.3.6 shows a schematic diagram of power flow through DC link. The power 

source typically represents PV array, variable speed wind turbine, or fuel-cell unit 

[36]. Here we consider it as a black box and represent as 𝑃𝑒𝑥𝑡. In this figure, the 

power balance is formulated as [45]: 

(
𝑐

2
)
𝑑𝑉𝑑𝑐

2

𝑑𝑡
= 𝑃𝑒𝑥𝑡 − 𝑃𝑡 − 𝑃𝑙𝑜𝑠𝑠                (3-36) 

where 𝑃𝑙𝑜𝑠𝑠 = 𝑉𝐷𝐶𝑖𝑙𝑜𝑠𝑠, 𝑃𝑡 is the VSC AC side terminal power. In this equation, it 

could be observed that 𝑉𝐷𝐶
2  is the state variable and output, 𝑃𝑡 is the control input, 

and 𝑃𝑒𝑥𝑡 and 𝑃𝑙𝑜𝑠𝑠 is the disturbance input.  

Since VSC system of Fig.3.6 enables to control DG output power 𝑃𝑠 and 𝑄𝑠, so 

𝑃𝑡 is expressed in terms of 𝑃𝑠 and 𝑄𝑠 

𝐿
𝑑𝑖

𝑑𝑡
= −𝑅𝑖 + 𝑉𝑡 − 𝑉𝑝𝑐𝑐                   (3-37) 

By multiplying both sides of (3-37) with (3/2) 𝑖, we could get 

𝑃𝑡 = 𝑃𝑠 +
3

2
𝑅𝑖2 +

3

4
𝐿
𝑑𝑖2

𝑑𝑡
                  (3-38) 

Based on the following equation 

𝑃𝑆 + 𝑗𝑄𝑆 =
3

2
𝑉𝑝𝑐𝑐 × 𝑖

∗                    (3-39) 

We could deduce  

𝑃𝑠
2 + 𝑄𝑠

2 =
9

4
𝑉𝑝𝑐𝑐
2 × 𝑖2                    (3-40) 
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Substitute for 𝑖2 from (3-40) in (3-38)and assume 𝑉𝑝𝑐𝑐 is constant, we obtain: 

𝑃𝑡 = 𝑃𝑠 + (
2𝐿

3𝑉𝑝𝑐𝑐
2 )𝑃𝑠

𝑑𝑃𝑠

𝑑𝑡
+ (

2𝐿

3𝑉𝑝𝑐𝑐
2 )𝑄𝑠

𝑑𝑄𝑠

𝑑𝑡
            (3-41) 

Substituting for 𝑃𝑡 from (3-41) in (3-36), we have  

(
𝑐

2
)
𝑑𝑉𝑑𝑐

2

𝑑𝑡
= 𝑃𝑒𝑥𝑡 − 𝑃𝑠 − (

2𝐿

3𝑉𝑝𝑐𝑐
2 )𝑃𝑠

𝑑𝑃𝑠

𝑑𝑡
− (

2𝐿

3𝑉𝑝𝑐𝑐
2 )𝑄𝑠

𝑑𝑄𝑠

𝑑𝑡
      (3-42) 

Due to the presence of terms 𝑃𝑠
𝑑𝑃𝑠

𝑑𝑡
 and 𝑄𝑠

𝑑𝑄𝑠

𝑑𝑡
, the control plant is non-linear, 

so first, we need to linearize about a steady-state operating point, which is computed 

by replacing all the derivatives by zero.  

𝑃𝑠0 = 𝑃𝑒𝑥𝑡0 − 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑒𝑥𝑡0 

After linearization 

(
𝑐

2
)
𝑑𝑉𝑑𝑐

2

𝑑𝑡
=
2

𝑐
�̃�𝑒𝑥𝑡 −

2

𝑐
[�̃�𝑠 + (

2𝐿𝑃𝑠0

3�̃�𝑆
2 )]

𝑑�̃�𝑠

𝑑𝑡
+
2

𝑐
(
2𝐿𝑄𝑠0

3�̃�𝑆
2 )

𝑑�̃�𝑠

𝑑𝑡
     (3-43) 

where the symbol ∼ denotes small perturbations.  

So, the transfer function from �̃�𝑠(𝑠) to �̃�𝐷𝐶
2  is described as: 

𝐺𝑣 =
�̃�𝐷𝐶
2

�̃�𝑠(𝑠)
= −(

2

𝐶
)
𝜏𝑠+1

𝑠
                 (3-44) 

where 𝜏 =
2𝐿𝑃𝑒𝑥𝑡0

3𝑉𝑆
2̂
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Fig.3. 7Control block diagram of DC bus voltage regulator 

3.5.2Controller design 

Fig.3.7 shows the control block diagram of DC-bus voltage control loop based 

on the model of plant. Under unbalanced load condition, there exists double 

frequency ripple component of 𝑉𝑑𝑐
2 . Therefore, 𝐾𝑉(𝑠) must exhibit a low gain at 

2w0 to attenuate the ripple component of 𝑉𝑑𝑐
2 . Meanwhile to achieve zero steady-
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state error, 𝐾𝑉(𝑠) must include at least one pole at s=0. Due to the existing pole in 

the model 𝐺𝑉(𝑠), the open loop transfer function consists of double pole at origin. 

Hence the design is chosen by using symmetrical optimum design criteria. The 

advantage for this method is to maximize the phase margin at cross-over frequency. 

So the system can withstand more delays.  

First assume the PI compensator is  

𝐾𝑉(𝑠) = 𝑘
𝑠+𝑧

𝑠
                     (3-45) 

Then the loop gain is: 

𝑙(s) =
𝑘

𝜏𝑖𝐶
(
𝑠+𝑧

𝑠+𝜏𝑖
−1)

𝜏𝑠+1

𝑠2
                 (3-46) 

At low frequency ∠𝑙(𝑗𝑤) = −180 due to the double pole at s=0, if 𝑧 < 𝜏𝑖
−1, 

∠𝑙(𝑗𝑤) first increase until it reach a maximum δ𝑚 at a certain frequency 𝑤𝑚, then 

for 𝑤 > 𝑤𝑚, ∠𝑙(𝑗𝑤) drops , δ𝑚 and 𝑤𝑚 are calculated by  

δ𝑚 = 𝑠𝑖𝑛
−1(

1−𝜏𝑖𝑧

1+𝜏𝑖𝑧
)                (3-47) 

And 𝑤𝑚 = √𝑧𝜏𝑖
−1，so crossover frequency 𝑤𝑐 is chosen as 𝑤𝑚 

Here we choose phase margin at 53, and 𝜏𝑖 = 2 × 10
−3, so, according to the 

symmetrical optimum design criteria and notch filter addition. We have the 

controller: 

𝐾𝑉(𝑠) = 0.4
𝑠+50

𝑠
∙                 (3- 48) 

Fig.3. 8 shows the loop gain magnitude and phase plot of the load voltage 

regulator using the compensator. From the figure, it can be observed that the 

phase margin is 53 and 𝑤𝑐 = 256𝑟𝑎𝑑/𝑠 at the cross over frequency, 

effectiveness of this controller will be simulated in the Section 3.7. 
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Fig.3. 8 Open loop frequency response 

3.6 Detection of positive and negative sequence components 

3.6.1 Principle of separation for unbalanced voltage 

Precise detection of unbalanced grid voltage is crucial in order to fully control 

the power electronic devices that deliver power from DG into grid. Various types 

of unbalanced voltage detection methods have been presented [46], such as Fourier-

transformation-based detection [47], the delayed signal cancellation-based 

detection [48], and second-order generalized integrator (SOGI) [43], etc. 

In this work, a detection method by means of a positive-negative sequence 

voltage detector based on second-order generalized integrator is adopted and briefly 

reviewed [49].  

The core part of the detector-SOGI diagram is shown in Fig.3.9 and its transfer 

function is  

𝑆(𝑠) =
𝑦

𝑥
(𝑠) =

𝑤0𝑠

𝑠2+𝑤0
2                (3-49) 
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Fig.3. 9 Structure of SOGI [49] 

where 𝑤0 is the SOGI resonance frequency. If 𝑥 = 𝑋𝑠𝑖𝑛(𝑤𝑡 + θ) and SOGI is 

considered as an ideal integrator when 𝑤 = 𝑤0, the closed loop diagram that is 

shown in Figure 3.10 gives rise to a second band pass filter(BPF) whose transfer 

function is (3-50) and (3-51). Both (3-50) and (3-51) shows the SOGI-QSG scheme 

transfer function. 

𝐷(𝑠) =
𝑣′

𝑣
(𝑠) =

𝑘𝑤′

𝑠2+𝑘𝑤′𝑠+𝑤′2
            (3-50) 

𝑄(𝑠) =
𝑞𝑣′

𝑣
(𝑠) =

𝑘𝑤′

𝑠2+𝑘𝑤′𝑠+𝑤′2
            (3-51) 

 

Fig.3. 10structure of SOGI and a band pass filter based on SOGI implementation [49] 

The damping factor is related with parameter of k, the characteristic of SOGI in 

Fig 3.11and Fig.3.12 is suitable for separation of unbalanced voltage 

First, if 𝑤0  and 𝑘 are properly chosen, 𝑣𝑎
′  will be almost sinusoidal and will 

match the fundamental component of 𝑣𝑎. Second, signal 𝑞𝑣𝑎
′  is in quadrature of 

𝑣𝑎, which is quite useful  for detecting symmetrical voltage component in three 

phase system. Finally, the SOGI resonance frequency can be adjusted through 

phase-lock loop, making the system adaptive. 
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As is shown in Fig.3.11, different value of 𝑘 will have great influence on the 

filtering frequency. With a lower value of 𝑘, the filtering is more tight around the 

resonant frequency, however, the system becomes less stable. Meanwhile, a high 

value of 𝑘 allows other frequencies to pass through the filter. Therefore, there is a 

tradeoff for the proper parameter of k selection.   

 

Fig.3. 11Bode plot of SOGI-BPF for different values of gain k 

 

Fig.3. 12Bode plot of Q(s) 

The instantaneous positive and negative sequence component is expressed as: 

v𝑎𝑏𝑐
+ = [𝑣𝑎

+, 𝑣𝑏
+, 𝑣𝑐

+]𝑇 = [𝑇+]v𝑎𝑏𝑐        (3-52) 

v𝑎𝑏𝑐
− = [𝑣𝑎

−, 𝑣𝑏
−, 𝑣𝑐

−]𝑇 = [𝑇−]v𝑎𝑏𝑐        (3-53) 

where [𝑇+] and [𝑇−] are defined as: 
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[𝑇+] =
1

3
[
1 𝑎 𝑎2

𝑎2 1 𝑎
𝑎 𝑎2 1

]                  (3-54) 

[𝑇−] =
1

3
[
1 𝑎2 𝑎
𝑎 1 𝑎2

𝑎2 𝑎 1

]                  (3-55) 

with 𝑎 = 𝑒𝑗
2𝜋

3  

Meanwhile, after Clark transformation being applied, voltage vector is 

transformed from 𝑎𝑏𝑐 to 𝛼𝛽 reference frame as follows: 

v𝛼𝛽 = [𝑣𝛼 , 𝑣𝛽] = [𝑇𝛼𝛽]v𝑎𝑏𝑐                (3-56) 

where [𝑇𝛼𝛽] = √
2

3
[
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] 

Therefore, the instantaneous positive and negative sequence component on 𝛼𝛽 

frame is expressed as: 

v𝛼𝛽
+ = [𝑇𝛼𝛽]v𝑎𝑏𝑐

+ = [𝑇𝛼𝛽][𝑇+][𝑇𝛼𝛽]
𝑇
v𝛼𝛽 =

1

2
[
1 −𝑞
𝑞 1

] v𝛼𝛽    (3-57) 

v𝛼𝛽
− = [𝑇𝛼𝛽]v𝑎𝑏𝑐

− = [𝑇𝛼𝛽][𝑇−][𝑇𝛼𝛽]
𝑇
v𝛼𝛽 =

1

2
[
1 𝑞
−𝑞 1

] v𝛼𝛽    (3-58) 

with 𝑞 = 𝑒−𝑗
𝜋

2 , q is a phase shift operator, which is quadrature-phase waveform of 

original waveform. 

Hence, the phase locked loop system is present in Fig.3.13 for detection of 

positive and negative sequence on 𝛼𝛽  frame, and the SOGI component is to 

generate in-phase and quadrature-phase waveform of v𝛼𝛽. 
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Fig.3. 13 Structure for extracting the positive and negative sequences of the grid voltages 

based on SOGI-BPF [49]. 

3.7 Simulation Results  

In order to verify the proposed control strategies, two sets of simulation has been 

carried out in Matlab/Simulink. In the first part, cancellation of active power 

oscillation control strategy is investigated. In the second part, control strategy for 

adjustable negative sequence of voltage reduction is evaluated. In following, these 

two simulation parts are explained in details.  

3.7.1 Test 1: Cancellation of active power oscillation  

In this part of simulation, single load with 18Ω resistance is connected to the grid 

at PCC, and 20000𝑊  average active power and 5000𝑉𝑎𝑟  average reactive 

power are injected into the grid. The control scheme of active power oscillation is 

adopted in this simulation. TABLE 3.1 shows the system parameters simulated in 

this part, and TABLE3.2 depicts the control system parameters. The results are 

shown from Fig.3.14 to Fig.3.21. 

At the beginning of simulation (𝑡 = 0𝑠), 𝑘1 = 1 and 𝑘2 = 1 (Figs.3.14 and 

3.15), the negative sequence of voltage of PCC is 9.8V (Fig.3.19), and active power 

oscillation is around 800W (Fig.3.16). In this state, all the negative sequence current 
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(Fig.3.17) generated by single load goes through line impedance and the DG 

current negative sequence is equal to zero (Fig.3.18). At 𝑡 = 0.2𝑠, the active power 

oscillation cancellation method is applied, which forces active power oscillation to 

be zero (Fig.3.16). The values of 𝑘1 and 𝑘2 resulted from this method is shown in 

Fig.3.14 and 3.15. Considering this figures, 𝑘1  and 𝑘2  are not equal to 1 as 

expected (Eq. (3-17) and (3-18)). Since in this method DG injects the negative 

sequence of current to the load (Figs.3.17, and3.18), PCC voltage negative 

sequence is decreased (although the amount of reduction is not very high; Fig.3.19). 

During the simulation, the positive sequence of PCC voltage (Fig.3.20) remains 

constant as expected. Meanwhile, from Fig.3. 21 it can be observed that before 0.2s 

DC link voltage oscillation is around 1.1V and is free of oscillation after the control 

strategy is implemented. 

TABLE 3. 1: System parameters in test 1.  

 Symbol Value 

DC link voltage  𝑣𝑑𝑐 800V 

Inverter inductor 𝐿 2mH 

Inverter inductor resistance 𝑅 1mΩ 

Grid inductor 𝐿𝑔 2mH 

Grid inductor resistance 𝑅𝑔 1mΩ 

Single load  𝑅𝑠 18Ω 

Grid voltage 𝑣𝑔 230V 

Average active power  𝑃 20000W 

Average reactive power 𝑄 5000Var 
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TABLE 3. 2: Control system parameters. 

 Symbol Value 

Proportional gain  𝑘𝑝 2 

Resonant gain 𝑘𝑟 5 

Damping factor 𝜉 0.1 

Fundamental frequency 𝑤𝑓 60Hz 

 

Fig.3. 14 Parameter of k1 in test 1 

(X-axis: time (s), Y-axis: value of k1) 

 

Fig.3. 15 Parameter of k2 in test 1.  

(X-axis: time (s), Y-axis: value of k2) 
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Fig.3. 16 Active power oscillation in test 1.  

(X-axis: time (s), Y-axis: active power oscillation(W)) 

 

Fig.3. 17 Negative sequence of current going through single load in test 1.  

(X-axis: time (s), Y-axis: negative sequence current of sing load (A)) 

 

Fig.3. 18 Generated negative sequence of DG current in test 1. 

(X-axis: time (s), Y-axis: negative sequence current of DG (A)) 
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Fig.3. 19 Negative sequence of voltage at PCC in test 1.  

(X-axis: time (s), Y-axis: negative sequence voltage at PCC (V)) 

 

Fig.3. 20 Positive sequence of voltage at PCC in test 1.  

(X-axis: time (s), Y-axis: positive sequence of voltage (V)) 
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Fig.3. 21 DC link voltage in test 1  

(X-axis: time (s), Y-axis: DC link voltage oscillation (V)) 
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with minimization of active power oscillation is implemented.  Single load with 

18Ω resistance is connected to the grid at PCC, and 20000W average active power 

and 5000Var average reactive power are injected into the grid for DG. System 

parameter is the same with the first test (TABLE3.1), DC link voltage performance 

will also be illustrated by implementing the DC link voltage controller. TABLE 3.1 

shows the system parameters simulated in this part, and the control system 

parameters are the same with previous test (TABLE 3.2). The results are illustrated 

in Figs. 3.22 to 3.30. This simulation test is divided into four intervals. In following, 

these intervals are explained in detail.  

At the beginning of simulation (t=0.1). DC link capacitor is charged to 

800V,during 0.1 < 𝑡 < 0.2, external active power is not going through DC link 

(𝑖𝑒𝑥𝑡 = 0 ⇒ 𝑃𝑟𝑒𝑓 = 0). At 𝑡 = 0.2𝑠, 20𝑘𝑊 active power is injected to the DC 

link(Fig.3.26), DC link controller regulates DC voltage following the reference 

voltage at 800V(until now, grid voltage is balanced). From 0.3s, a single load is 

connected to PCC(𝑅 = 18Ω) , resulting in voltage unbalance at PCC. Meanwhile, 

the proposed controller is applied to control the grid-connected DG inverter.it 

should be noted in this simulation |𝑖𝑟𝑒𝑓
− | is fixed at 9𝐴. At 0.3s DG is sending 

active and reactive power with parameter of 𝑘1 and 𝑘2 both equal to 1 (Figs.3.22 

and 3.23). As seen from Fig.3.23, the negative sequence of DG output current is 

equal to zero as expected (Eq. (3.13)). In this interval, PCC voltage negative 

sequence is 10V (Fig.3.16) with peak active power oscillation of 2000W (Fig.3.27).  

During 0.5 < 𝑡 < 0.7, the injection of negative sequence current is initiated for 

PCC negative sequence voltage reduction using the proposed optimization method. 

However, during this interval, the maximum active power oscillation has been 

considered for evaluating the worth case scenario in optimization problem. Using 

this method, 𝑘1 and 𝑘2 are set on 0.994 and 1.006, respectively (Fig. 3.22 and 

3.23), and DG injects 9𝐴 negative sequence of current (Fig.3.24) to decrease the 
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PCC negative sequence of voltage from 10𝑉 to 9.5𝑉 (Fig.3.25). In this interval, 

peak active power oscillation rises to 4000𝑊 (Fig. 3.27) because of non-optimum 

operation condition.  

During 0.7 < 𝑡 < 0.9, optimum operation point is chosen to inject negative 

sequence of current for reducing PCC negative sequence voltage. Using this 

method, 𝑘1 and 𝑘2 are set on 1.0038 and 0.9965, respectively (Fig. 3.22 and 

3.23), and the PCC negative sequence of voltage is reduced from 9.5𝑉 to 5.7𝑉 

(Fig.3.25) by the same amount of DG negative sequence current (9𝐴) injection (Fig. 

3.24). Moreover, active power oscillation reduced to 2200W (Fig. 18). Considering 

Fig3.24 and Fig.3.25, the voltage unbalance factor drops from 9% to 6.5%, and the 

active power oscillation drops by 54% using optimization method. Considering 

these amount of reduction in voltage unbalance factor and active power oscillation, 

it can be concluded that if multiple DGs are connected to the grid, negative 

sequence voltage could drops to the range of 5%. Thanks to the notch filter function 

of DC link controller, DC link voltage(Fig.3.29) has some small ripples around 

800V during these conditions, which does not cause the active power reference to 

be oscillatory (Fig.3.30). 

 

Fig.3. 22 Parameter of 𝑘1 in test 2. 

(X-axis: time (s), Y-axis: value of k1) 
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Fig.3. 23Parameter of 𝑘2 in test 2. 

(X-axis: time (s), Y-axis: value of k2) 

 

Fig.3. 24Generated negative sequence of DG current in test 2.  

(X-axis: time (s), Y-axis: negative sequence current of DG (A)) 

 

Fig.3. 25Negative sequence of voltage at PCC in test 2.  

(X-axis: time (s), Y-axis: negative sequence voltage at PCC (V)) 
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Fig.3. 26Positive sequence of voltage at PCC in test 2.  

(X-axis: time (s), Y-axis: positive sequence voltage at PCC (V)) 

 

Fig.3. 27 Active power oscillation in test 2. 

(X-axis: time (s), Y-axis: active power oscillation(W)) 

 

Fig.3. 28 Negative sequence of current going through single load in test 2. 

(X-axis: time (s), Y-axis: negative sequence current of sing load (A)) 
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Fig.3. 29:DC link Voltage in test 2. 

(X-axis: time (s), Y-axis: DC link voltage oscillation (V)) 

 

Fig.3. 30Active power reference produced by DC link voltage control 

(X-axis: time (s), Y-axis: control ouput voltage (V)) 

3.7.3 Simulation results of sequence voltage detection 

A case of detecting positive and negative sequence components in an unbalanced 

grid situation is simulated using MATLAB. In this method the gain of DSOGI-QSG 

is set at 𝑘 = √2 , Fig.3.31-Fig.3.36 shows the response of voltage sequence 

detector under unbalanced voltage. Unbalanced load is connected at PCC between 

0.2s and 0.3s. Fig.3.31 shows the unbalanced voltage of Vabc, and estimated 

positive sequence voltage is shown in Fig.3.32 in αβ reference frame. Meanwhile, 

the negative sequence voltage is detected in Fig.3.33 in αβ reference frame as well. 

Fig.3.34 and Fig.3.35 shows the estimated amplitude for positive and negative 

sequence voltage v+ and v−, finally, the positive seuqence phase angle is shown 

in Fig.3.36. these waveforms are calculated as follows: 
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|𝑣+| = √(𝑣𝛼
+)2 + (𝑣𝛽

+)
2
 , |𝑣−| = √(𝑣𝛼

−)2 + (𝑣𝛽
−)
2
, θ+ = 𝑡𝑎𝑛−1

𝑣𝛽
+

𝑣𝛼
+ 

(3-60) 

 

Fig.3. 31 Voltage at DG terminal in the situation of voltage unbalance 

 

Fig.3. 32Detection of sine wave positive sequence voltage 

 

Fig.3. 33Detection of sine wave negative sequence voltage 
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Fig.3. 34Amplitude of positive sequence voltage  

 

Fig.3. 35Amplitude of negative sequence voltage 

 

Fig.3. 36 Phase angle of positive sequence voltage  

3.8 Summary 

Two separate control schemes have been proposed for three phase DG inverter 
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under single load unbalance. Cancellation of active power oscillation strategy was 

first proposed Implementing this strategy, active power oscillation can be fully 

cancelled out with the negative sequence voltage dropping at PCC. Then the 

strategy for reduction of negative sequence voltage was proposed, where it can 

greatly reduce negative sequence voltage and ease active power oscillation. 

Simulation results have been used to verify the effectiveness of the proposed 

scheme, analysis was present to explain the phenomena in the simulation. Finally, 

effectiveness of extracting positive sequence and negative sequence voltage in PLL 

was illustrated in the chapter. 
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Chapter 4 Experiment Results 

The control strategies presented in Chapter2 and Chapter 3 are tested in 

laboratory prototype, where a three phase voltage source converter including LCL 

filter are used connecting to a weak grid though an inductance (L=5mH), the grid 

is replaced by a programmable three phase ac power source. The real time code for 

experiment is generated by dSpace1103 (Fig.4.1). In order to create the unbalanced 

voltage situation, three phase unbalanced loads are connected at PCC. 

 

Fig.4. 1 Photo of dSPACE experiemntal platform 

4. 1 Experimental results of flexible control strategies under voltage 

unbalance  

Details of the parameter is shown in TABLE 4.1. In the experiment, the DC link 

voltage is provided by a constant dc voltage source. But this does not affect 

observation of performance of different methods, as DG output real and reactive 

power are measured. In order to validate the aforementioned flexible control 

strategies, the balanced ac power source has been programmed to produce the 

voltage at the terminal of PCC. Three unbalanced load are connected at the PCC to 

generate unbalanced voltage shown in Fig.4.2 . In the following, the grid current 

and output power waveforms are illustrated for each control strategies. 
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TABLE 4. 1Experiment Parameter of flexible operation 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐 150V 

Inverter side inductor 𝐿𝑖 2.5mH 

Capacitor C 50𝜇𝐹 

Grid side inductor 𝐿𝑔 2.5mH 

Resistance in series with Capacitor 𝑅𝐶 1Ω 

Three phase unbalanced Load  𝑅1 − 𝑅2 − 𝑅3 3-5-9Ω 

Grid voltage(Phase to Ground) 𝑣𝑔(RMS) 30V 

Active power reference  𝑃∗ 100W 

Reactive power reference 𝑄∗ 0Var 

 

Fig.4. 2 Unbalanced Voltage at PCC(X-axis_time: 2ms/div, Y-axis_PCC Voltage 20V/div) 

4.1.1 Instantaneous Active Reactive Control (IARC) 

The current waveform and output active and reactive powers for this control 

strategy are depicted in Fig.4.3 and Fig.4.4, respectively. As noticed, current 

waveform is distorted in order to satisfy the demand of unity power factor control 

in the unbalanced voltage situation.  
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Fig.4. 3grid current using IARC strategy 

(X-axis_time: 2ms/div, Y-axis_current:1A/div) 

 

Fig.4. 4Instantaneous active and reactive power using IARC strategy 

(X-axis_time:1ms/div, Y-axis_power:20W/div) 

4.1.2 Positive-Negative Sequence Control (PNSC) 

Fig.4.5 and Fig.4.6 show the grid current and active and reactive power that 

delivered to the utility when this control strategy is used. This control strategy is to 

inject negative sequence current in order to cancel the oscillation in active power. 

As shown in Fig.4.5 no active power oscillation exists in the PCC.  

The grid current is unbalanced, exhibiting double the fundamental frequency 

harmonic. The disadvantage of this control strategy is large oscillation in the 

reactive power due to the interaction between negative sequence active current with 

the positive sequence voltage and the positive sequence active current with the 
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negative sequence voltage.  

 

Fig.4. 5 grid current using PNSC strategy 

(X-axis_time: 2ms/div, Y-axis_current:1A/div) 

 

Fig.4. 6Instantaneous active and reactive power using PNSC strategy 

(X-axis_time:1ms/div, Y-axis_power:20W/div) 

4.1.3 Average Active Reactive Control (AARC) 

In the AARC control strategy, reactive power has no oscillation, but active 

power exhibits large oscillation at double the fundamental frequency due to the 

oscillation in the voltage, which is shown in Fig.4.8. 
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Fig.4. 7 grid current using AARC strategy 

(X-axis_time: 2ms/div, Y-axis_current:1A/div) 

 

Fig.4. 8Instantaneous active and reactive power using AARC strategy  

(X-axis_time:1ms/div, Y-axis_power:20W/div) 

4.1.4 Balanced Positive-Sequence Control (BPSC) 

Fig.4.9 and Fig.4.10 show the current and power waveforms in the case of BPSC 

control. As only the positive-sequence component of the grid voltage is used for 

calculating the grid current references, the current are sinusoidal and balanced, it 

can be observed that the active power and reactive both exhibit oscillation at twice 

fundamental frequency due to the interaction between the positive sequence current 

and negative sequence voltage. 
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Fig.4. 9 grid current using BPSC strategy 

(X-axis_time: 2ms/div, Y-axis_current:1A/div) 

 

Fig.4. 10 Instantaneous active and reactive power using BPSC strategy 

(X-axis_time:1ms/div, Y-axis_power:20W/div) 

4.2 Experimental results of DG control strategies for voltage 

unbalance compensation 

4.2.1 Cancellation of active power oscillation 

In the experiment, the parameter of set-up is shown in TABLE 4.2. In this part 

of experiment, three phase Y-connected unbalanced load with 3-5-9Ω resistance is 

connected to the grid at PCC, and 330𝑊  average active power and 50𝑉𝑎𝑟 

average reactive power are delivered into the grid. The results are shown from 
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Fig.4.11 to Fig.4.18. 

Before enabling the active power oscillation strategy (k1=1, k2=1), active power 

oscillation is around 30W(Fig.4.11). In this state, all the negative sequence current 

generated by three phase unbalanced loads goes through the line impedance. After 

using the control strategy at t=0.3s, active power oscillation drops to zero. Fig.4.12 

shows the zoomed-in description of active power. Three phase unbalanced voltage 

at PCC is shown in Fig.4.13. Details of positive sequence voltage and negative 

sequence voltage are also illustrated in Fig.4.15 and Fig.4.16, from which it is easy 

to observe that negative sequence voltage drop from 4.7 to 3.8 and positive 

sequence voltage keep constant. Current before initializing the control strategy is 

fully sinusoidal due to only positive sequence current injecting, while is unbalanced 

after implementing new control strategy. Fig.4.16 and Fig. 4.17 show the change of 

k1 and k2 and zoomed one. 

TABLE 4. 2 Experiment Parameter of active power oscillation cancellation 

 Symbol Value 

DC link voltage  𝑣𝑑𝑐 150V 

Inverter side inductor 𝐿𝑖 2.5mH 

Capacitor C 50𝜇𝐹 

Grid side inductor 𝐿𝑔 2.5mH 

Resistance in series with Capacitor 𝑅𝐶 1Ω 

Three phase unbalanced Load  𝑅1 − 𝑅2 − 𝑅3 3-5-9Ω 

Grid voltage(Phase to Ground) 𝑣𝑔(RMS) 30V 

Average active power  𝑃 330W 

Average reactive power Q 50 Var 
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Fig.4. 11Instantaneous active power (X-axis: 2s/div Y-axis:50W/div) 

 

(a)                       (b) 

Fig.4. 12Zoomed-in active power before and after using the active power cancellation strategy 

(Y-axis:50W/div) 

 

 

(a)                         (b) 

Fig.4. 13Voltage at PCC before and after using the strategy 

(X-axis: 4ms/div Y-axis:20V/div) 
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(a)                        (b) 

Fig.4. 14current injecting into PCC before and after using the strategy 

(X-axis: 4ms/div Y-axis:2A/div) 

 

 

Fig.4. 15Positive sequence voltage at PCC (X-axis: 1s/div Y-axis:10V/div) 

 

Fig.4. 16Negative sequence voltage at PCC (X-axis: 1s/div Y-axis:1V/div) 
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Fig.4. 17 k1 and k2 before and after using the control strategy 

 

Fig.4. 18 zoomed k1 and k2 

4.2.2 Negative sequence voltage reduction 

In the experiment, the parameter of set-up is the same and shown in TABLE.4.2. 

Only optimal control strategy is shown in the experiment, because in the real 

control strategy, the worst case will not be considered. Before initializing the 

optimal control strategy at 𝑘1 = 1 and 𝑘2 = 1, DG active power oscillation is 

around 30W (Fig.4.19). In this scenario, all the negative sequence current generated 

by three phase unbalanced loads goes through the line impedance. After using the 

optimal control strategy, DG active power oscillation increased a little bit due to 

injection of negative sequence current from DG. Fig.4.20 shows the zoomed-in 

description of active power. Three phase unbalanced voltage at PCC is shown in 
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Fig.4.21. Details of positive sequence voltage and negative sequence voltage are 

also illustrated in Fig.4.23 and Fig.4.24, from which it is easy to observe that 

negative sequence voltage drop from 4.7 to 3.2 and positive sequence voltage keep 

constant, making the voltage unbalance factor drops from 11% to 7%. DG output 

current before using the control strategy is fully sinusoidal as only positive 

sequence current is injected. While it is unbalanced after implementing the 

proposed control strategy(Fig.4.22). Fig.4.23 and Fig. 4.24 show the change of 𝑘1 

and 𝑘2 and zoomed one (from 𝑘1=1 and 𝑘2=1 to 𝑘1=1.012 and 𝑘2=0.9884).  

 

Fig.4. 19 Instantaneous active power at PCC (X-axis:1s/div Y-axis:50W/div) 

 

 

(a)                          (b) 

Fig.4. 20 Zoomed-in active power before and after using the strategy 

(Y-axis:50W/div) 
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(a)                          (b) 

Fig.4. 21 Voltage at PCC before and after using the strategy 

(X-axis: 4ms/div Y-axis:20V/div) 

 

 

(a)                          (b) 

Fig.4. 22 Current injecting into grid before and after using the strategy 

(X-axis: 4ms/div Y-axis:5A/div) 

 

Fig.4. 23 Positive sequence voltage at PCC(X-axis: 1s/div Y-axis:5V/div) 
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Fig.4. 24 Negative sequence voltage at PCC(X-axis: 1s/div Y-axis:1V/div) 

 

Fig.4. 25 k1 and k2 before and after using the control strategy 

 

Fig.4. 26 zoomed k1 and k2 
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4.3 Summary 

In this chapter, flexible DG control strategy under unbalanced voltage is 

reviewed in Chapter 2 and the two proposed control strategy for unbalanced voltage 

compensation in Chapter 3 have been verified in the laboratory prototype. 

Specifically, at the first part, different control strategies to generate current 

reference have been carried out in the experiment, in order to manage active power 

and reactive power oscillation. Experimental results is fully in agreement with the 

simulation results. In the second part, the two proposed methods to alleviate grid 

voltage unbalance and minimize active power are carried out in the prototype. 

Results of waveforms verified the effectiveness of the simulation results. 
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Chapter 5 Conclusion and Future work 

5.1 Conclusion 

In the past few years, renewable energy such as wind and solar, known as DGs, 

has been emerging as an alternative energy resource in the world, where power 

electronic converters are used as interfaces to convert their output voltages to the 

grid compatible AC voltages. Meanwhile, techniques for controlling power 

electronic interfaced DGs face a lot of challenges, especially when voltage 

unbalance problems occur. Since voltage unbalance issues result in various serious 

problems, such as electrical machine overheating, transformer overloading, and 

capacity limitation of power electronics devices, literatures have investigated how 

to ease the voltage unbalance issues.  

This thesis first reviewed the flexible control strategy of grid-interfacing 

converters in unbalanced voltage situation, the results of analysis was guideline for 

design of a flexible active power controller which was capable of adapting itself to 

unbalanced grid. Specifically, it was possible to transfer active and reactive power 

without oscillation at PCC at the expense of injecting highly distorted current using 

IARC control strategy. Moreover, constant active power transfer was achieved by 

implementing the PNSC control strategy at the expense of generating reactive 

power oscillation through decomposing current reference into positive and negative 

sequence ones. Furthermore, reactive power kept constant using AARC control 

strategy if DG operated as STATCOM. However, active power oscillation was the 

drawback of this control strategy. Finally, a tradeoff solution (BPSC) allowed for 

sinusoidal current injection with the active power and reactive power oscillation. 

Overall, it was proven that DG is able to work flexibly depending on grid regulator 

under unbalanced voltage. 
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Moreover, in Chapter 3 two control strategies for voltage unbalance 

compensation while minimization of active power in the presence of DGs under 

load unbalance conditions have been proposed. First, cancellation of active power 

oscillation strategy was proposed where the negative sequence of PCC voltage can 

be reduced as a by-product. However, this method cannot directly control the DG’s 

negative sequence current and therefore the negative sequence voltage 

compensation level cannot be adjusted. On the other hand, the second method could 

minimize the active power oscillation and compensate the negative sequence 

voltage at PCC with adjustable DG negative sequence reference current. By using 

this method, negative sequence voltage at PCC was alleviated and DC link voltage 

oscillation was smoothed, leading to enhancement of power quality in the grid and 

stabilization of grid-interfacing converter. 

Finally, all the studied method in Chapter 2 and Chapter 3 have been verified by 

experiment in the DG prototype. Compared to the simulation results in Chapter 2 

and Chapter 3, the experiment results were highly accordant with their counterparts 

in the simulation. 

 

5.2 Future Work 

There are some areas where future work can focus on. 

First, stability issue of the control strategy in optimized mode should be analyzed 

due to instability problem existing in the control system caused by high value of 

negative sequence current injection. Some researchers have studied the stability 

issues when converter is modeled by a positive and negative sequence impedance 

[50]. It is suggested that the stability issue existing in our system can be investigated 

by reviewing those reference first.   

Second, due to the capability limitation of injecting negative sequence current 
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of single DG, multiple DGs working coordinately to compensate the negative 

sequence voltage is the next step of study both in grid-interfacing mode and 

islanded mode. Hierarchical control methods to coordinate multiple DG have been 

developed in recent years. How to design each level controller greatly impact the 

overall performance of unbalanced voltage compensation.  

Third, reactive power oscillation and its effects on DG and PCC in the grid 

should be investigated as well. As reactive power can provide voltage support 

function at PCC, it is possible to flexibly regulate the reactive power by modifying 

the reference generation. 

Finally, this thesis only focuses on negative sequence voltage compensation of 

DG system. It is also possible to provide other power quality enhancement service 

such as harmonic compensation of distribution system and reactive power support 

function.  
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