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Abstract 

Distributed generation (DG) is a continuously developing trend for interconnecting 

renewable sources of energy like solar and wind to the utility grid (UG), in addition to the 

traditional sources of energy. The intensive integration of these renewable sources, with a 

large increase in power switching electronics devices at the industrial and domestic level 

creates significant issues with power quality (PQ).  Due to the strict standards imposed on 

DG systems and consumer demand for higher PQ, flexible AC transmission systems 

(FACTS) were developed. 

This thesis is focused on one of these FACTS devices, the nine-switch unified power 

quality conditioner (UPQC). It is presented as a flexible and effective solution for current 

and voltage related problems of the DG system by enhancing PQ. Maintaining similar 

power rating compared to the conventional UPQC, the nine-switch UPQC functions 

during normal, sag and swell operation while utilizing three less semiconductor switching 

devices. The equivalent power rating of its semiconductor switching devices, with respect 

to the conventional counterpart, results in reduced losses and cost of the entire system. A 

variable-band hysteresis control method that is applied to the shunt and series terminals 

performs independent control of the nine-switch UPQC currents and voltages. The shunt 

and series terminal controllers are accurate and fully utilize the nine-switch UPQC dc-

link voltage. By avoiding a multi-loop structure and cascaded resonant blocks, controllers 

provide with fast, robust and stable control, while maintaining switching frequency close 

to the selected value. As a result, the nine-switch UPQC simultaneously mitigates current 

and voltage harmonics, provides power factor correction and compensates sag and swell 

voltage variations. All design procedures are described in details. 
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Chapter 1 

Introduction 

1.1 Problem Definition 

 

In general, distributed generation (DG) can be defined as electric power generation 

within distribution networks or on the customer side of the network [1]. The more precise 

definition was suggested by the same author. DG is an electrical power source connected 

directly to the distribution network or on the customer side of the meter. Different power 

ratings of DG can be classified based on the voltage level of the local distribution 

network: Micro DG = ~1𝑊𝑎𝑊𝑊 < 5𝑘𝑊, Small DG = 5𝑘𝑊 < 5𝑀𝑊, Medium DG 

= 5𝑀𝑊 < 50𝑀𝑊 and Large DG = 50𝑀𝑊 < 300𝑀𝑊. 

For the last decade, in addition to the traditional energy sources, the renewable 

energy sources and the energy sources with near zero emissions have drawn significant 

attention. They can provide with solutions to the power demand, environmental pollution 

by lowering use of fossil fuels and being cost effective alternative towards power plant 

construction. Therefore, DG systems were developed such as: photovoltaics, wind farms, 

fuel cells, and micro-turbines that can be connected to and disconnected from the utility 

grid (UG) in combination with storage devices [2]-[4]. The overall system structure of the 

utility grid with distributed generators is shown in Fig. 1.1. 

The main two objectives of DG are its existence as a reliable power supply and to 

provide power with high quality to consumers. Large increase of devices at the industrial 

and domestic level, which use power switching electronics and known by power 
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engineers as the non-linear loads, as well as intensive integration of the renewable energy 

sources have led to power quality (PQ) degradation. The non-linear loads inject harmonic 

currents into the distribution networks which cause voltage waveform distortion and 

create additional losses. Also, these loads increase reactive power demand that leads to 

the voltage variations at the point of common coupling (PCC) known as sag and swell. 

All of these issues are the reasons for low power factor, low efficiency of the distribution 

networks, work interruption of sensitive equipment that require the ideal sinusoidal 

voltage, and transformers and lines overheating [5]. As a result, PQ problems attracted 

more awareness from the consumers as well as regulatory organizations that control and 

specify PQ standards. One of the widely accepted standards is IEEE-519 [6]. 

 

Distributed 
Generators

(DGs)

Energy Storage 
System

OptimizationUtility Grid 
(UG)

Power Demend

Weather 
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forcasting

Economic 
load

dispatch

Import/export
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Demand
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supply power

Supply/store 
power

Charging/
discharging
operation

 

Figure 1.1 Overall system structure with distributed generation. 

 

The conventional solution for PQ improvement, which has been used for many 

decades, is installation of passive harmonic filters [7]. They are able to provide harmonic 
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mitigation for the DG systems as well as power factor correction of the inductive loads. 

Although, a number of limitations like pre-tuned compensation frequencies, creation of 

harmonic series and/or parallel resonances between the passive filter and the power 

system, sinking harmonics from other non-linear loads, their component bulkiness and 

tolerance might make passive filters ineffective [8]. 

The active power filters were developed as an alternative and more flexible solution 

for PQ improvement. They are referred to the Flexible AC transmission systems 

(FACTS) technologies. They include a distribution static compensator (DSTATCOM) 

[9], [10], a dynamic voltage restorer (DVR) [11], [12] and a unified power quality 

conditioner (UPQC) [13]. The DSTATCOM is generally connected in shunt with the 

distribution network and solves current-based quality problems where the DVR is 

connected in series and solves voltage-based quality problems. The combination of both 

previously mentioned power electronic devices within a one unit, as the UPQC, 

compensates current and voltage imperfections simultaneously as well as independently. 

A general structure of the UPQC connected to the DG system is shown in Fig. 1.2. 

The utility gird or renewable power source is connected to the local load and supplies 

required active and reactive power through the distribution network. An ac-dc-ac power 

conversion unit supplies reactive, by means of the shunt connection and exchanges active 

power among the supply source, the shunt and/or series terminals and a dc-link with 

respect to operating conditions [14]. If a power storage unit is connected to the dc-link, it 

is responsible for bi-directional active power exchange among these units [15]. Another 

important part is an overall system control. It maintains the dc-link voltage at the desired 
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level. Also, it provides with grid synchronization, reference waveform generation and its 

tracking. 
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Figure 1.2 General structure of UPQC connected to DG system. 

 

The power conversion unit consists of the semiconductor switching devices and a  

dc-link capacitor. Its topology varies with respect to the type of the DG system where the 

UPQC is installed. The DG system can be classified as a single-phase two-wire (1P2W), 

a three-phase three-wire (3P3W) and a three-phase four-wire (3P4W), where the fourth 

wire provides a pass for the neutral current. The main two requirements for the topology 

of the power conversion unit can be listed as: 
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• The dc-link power rating should be selected in the way that it closely utilizes the 

shunt and series terminals of the power conversion unit without loss of their 

abilities to achieve satisfactory compensation. The over-rating of the dc-link 

leads to its increased size and necessary selection of the semiconductor switching 

devices for a higher value of the voltage and the current. As a result, this 

increases the entire cost and the size of the power conversion unit [16]. 

• The power conversion unit must be simple, small in size, possess minimum 

component count and losses. Most of these features can be achieved by using the 

power conversion unit where the total number of semiconductor switching 

devices is small, however, sufficient for not affecting ability of the UPQC to 

generate the required three-phase voltages and currents. 

The overall system control combines reference waveform generation and tracking. 

Due to combination of the DSTATCOM and the DVR within the UPQC, the overall 

system control requirements can be described in the way applicable to the shunt and 

series terminals as well as separately, relating to their unique functional features. 

Different reference generation techniques are used for the shunt and series terminals 

of the UPQC. Ideally, a reference generation method should avoid complicated 

mathematical calculations and addition of extra time delays to the main control. The 

reference current of the shunt terminal can be obtained by using the instantaneous 

reactive power (IRP) or 𝑝 − 𝑞 theory, the 𝑝 − 𝑞 − 𝑟 theory, the synchronous reference 

frame (SRF) or 𝑑 − 𝑞 theory, the theory of instantaneous symmetrical components, the 

vectorial theory. Most of them employ Clark’s and Park’s transformations [17]-[19]. For 
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the series terminal, the 𝑑 − 𝑞 theory and the phase lock loop (PLL) are the most common 

reference voltage extraction methods [11], [20]. 

A variety of control methods can be applied for the shunt and series terminal 

controllers [39], [41], [44]-[52]. They are reviewed in Chapter 2. Control methods can be 

selected in a way common for both the shunt and series terminals or independently. 

Requirements that are placed on the control system methods can be listed as: 

• Generally, a good control system must [21]: i) control an instantaneous reference 

waveform, whether it is the current or voltage, without amplitude and phase 

errors; ii) provide high dynamic response of the UPQC system; iii) have limited 

or constant switching frequency to guaranty safe operation of the semiconductor 

switching devices; iv) have good dc-link voltage utilization; v) be independent 

from load parameter variations; vi) experience simplicity in implementation and 

vii) low cost. 

• In addition to the general requirements, the shunt terminal controller must: i) 

provide power source current harmonic mitigation with the desired total 

harmonic distortion (THD) level of not more than 5% [6]; ii) provide power 

factor correction by injecting the reactive power to the load; iii) compensate for 

any dc-link voltage variations, if it is not connected to the power storage unit, and 

iv) load parameter changes. 

• The series terminal controller must include: i) load voltage harmonic mitigation 

with the desired THD level of not more than 5% [6]; ii) compensation of sag and 

swell source voltage variations up to 30% which allows eliminating 95% of 

known cases [22] and iii) synchronization with the utility grid. 



 

7 

 

1.2 Thesis Objectives 

 

The most commonly designed and analyzed UPQC, that is interconnected with the 

3P3W DG system, is the conventional or back-to-back UPQC [13], [23]-[29]. Its power 

conversion unit consists of two voltage source converters (VSCs) and contains twelve 

semiconductor switching devices in total. Moreover, a variety of reference generation and 

control methods, mentioned in section 1.1, have been analyzed and applied. The 

conventional UPQC enhances PQ of the DG system by providing current and voltage 

harmonic mitigation, power factor correction and source voltage sag and swell 

compensation. 

The recently proposed nine-switch converter [33] has attracted attention due to its 

reduced number of semiconductor switching devices. Hence, the nine-switch UPQC with 

liner control methods was designed [41]. Nevertheless, its compensation abilities have 

included only normal and sag operation. In addition, alternative control techniques can be 

applied to improve the performance of the nine-switch UPQC. 

This thesis is focused on the development of a nine-switch UPQC. In particular, this 

work expends the operation and improves the performance of the nine-switch UPQC 

compared to the design in [41]. Considering known control techniques, a new control is 

applied to the shunt and series terminals of the nine-switch UPQC instead of the linear 

control methods. The nine-switch UPQC must fulfill most of the requirements placed on 

the UPQC in Fig. 1.2 in order to present itself as a successful candidate for replacement 

of its conventional counterpart. 
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The main objectives of this thesis are: 

1. To propose operation and modifications of a nine-switch UPQC with a new 

control method which: i) effectively mitigates current and voltage harmonics; ii) 

provides power factor correction; ii) compensates the source voltage sag and 

swell; iv) fully utilizes the dc-link voltage; and v) maintains its power rating the 

same or even lower as the conventional UPQC. 

2. To identify and develop a control method that: i) is applicable for the shunt and 

series terminals of the nine-switch UPQC; ii) is accurate, robust and stable iii) 

can instantaneously perform the main functions of the nine-switch UPQC; iv) 

maintains switching frequency close to a selected value and v) is in the 𝑎𝑏𝑐 

natural frame. 

 

1.3 Contributions 

 

The major contribution of this thesis is the development of a new control which 

provides effective operation of the nine-switch UPQC. Moreover, the main advantage of 

the nine-switch UPQC for enhancing PQ of the 3P3W DG system by using three less 

semiconductor switching devices, compared to the conventional UPQC, is achieved. This 

results in a reduction in losses and cost of the entire system. 

Also, the proposed nine-switch UPQC: i) effectively mitigates current and voltage 

harmonics with their THD levels less than 3%; ii) provides with power factor correction; 

iii) compensates sag and swell up to 30% with the duration of 10 fundamental cycles 

eliminating 95% of the source voltage variations. Its power rating is lower than of the 



 

9 

 

conventional UPQC by 15% and the power rating of its semiconductor switching devices 

can thus be selected the same as in its counterpart. The nine-switch UPQC overall system 

control is in the 𝑎𝑏𝑐 natural frame avoiding use of complicated Park’s transformation. 

The variable-band hysteresis control that is derived and applied for the shunt and 

series terminals: i) does not require multi-loop structure in the series terminal and has not 

been implemented in the conventional UPQC or nine-switch UPQC; ii) is accurate, fast, 

robust and stable; iii) avoids use of cascaded resonant blocks for current and voltage 

harmonic mitigation; iii) fully utilizes the dc-link voltage; iv) maintains the dc-link 

voltage at the desired level of 600𝑉 with a variation of less than ±10%; v) requires the 

minimum number of sensors. 

 

1.4 Thesis Outline 

 

This thesis is outlined as follows: 

Chapter 1 briefly introduced DG and the role of the renewable energy sources. 

Degradation of PQ, its reasons and standards were discussed as well. Further, the 

solutions for PQ improvement which led towards development of the UPQC were 

mentioned. Finally, the UPQC general structure, the requirements placed on its power 

conversion unit and the overall system control were listed. The motivation for the 

research presented in this thesis and its contributions were defined. 

Chapter 2 introduces the conventional or back-to-back UPQC interconnected with 

the 3P3W DG system. The brief overview of the recently proposed nine-switch converter 

with its advantages and drawbacks in comparison to the back-to-back topology is 
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presented. Also, the nine-switch UPQC that was previously designed including its control 

methods and its related issues are revealed. Finally, control techniques which are 

considered for replacing linear control methods are discussed. 

Chapter 3 presents the proposed nine-switch UPQC interconnected with the 3P3W 

DG system. For the purpose of understanding behavior of the nine-switch UPQC during 

different operating conditions, a general and numerical steady-state power flow models 

are analyzed and calculated. The operating issues of the nine-switch UPQC with the 

shunt inductive filter, as a structure analogical to the previously designed nine-switch 

UPQC, are identified and their solutions are proposed. Operation of the proposed nine-

switch UPQC, where a shunt series second-order filter is selected, is analyzed. 

Advantages and disadvantages of using the shunt series second-order filter are identified. 

Such disadvantages as existence of parallel and series resonances between the proposed 

nine-switch UPQC and 3P3W DG system are examined. 

Chapter 4 reveals design and application of the variable-band hysteresis control 

method for the proposed nine-switch UPQC. First, the variable-band hysteresis control is 

derived and applied for the shunt terminal including its reference generation and the dc-

link voltage control. Next, the variable-band hysteresis control is developed and 

implemented for the series terminal. Series reference generation including a three-phase 

synchronization method for the proposed nine-switch UPQC is revealed. Simulation 

results verify the effectiveness of the proposed nine-switch UPQC with variable-band 

hysteresis control during normal, sag and swell operation. 

Chapter 5 concludes the thesis, defines contributions and suggests possible future 

work. 
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Chapter 2 

Literature Review 

This Chapter describes the conventional and the nine-switch UPQC. In addition, 

individual performance characteristics of the nine-switch converter are outlined. Finally, 

the most commonly used control methods that might be applicable for the nine-switch 

UPQC are discussed. 

 

2.1 Conventional UPQC 

 

The UPQC can be classified in many different ways based on: a power inverter 

topology that is used as the power conversion unit; on the UPQC configuration and on 

the supply/DG system. The more detailed description of different classification methods 

is summarized in [13]. In this section, the conventional or back-to-back UPQC with the 

right shunt connected to the 3P3W DG system is described. Its single-line representation 

is shown in Fig. 2.1. 

The system configuration of the conventional UPQC consists of the shunt active 

power filter (ShAPF) that is placed on the right side with respect to the series active 

power filter (SAPF). Both the shunt and series APFs are based on the six-switch VSC 

topology. Both the shunt and series VSCs are connected to a common dc-link. In the 

3P3W DG system, only the three-phase balanced sensitive and non-linear load can be 

connected due to inexistence of a neutral wire. Thus, the three-phase source currents 
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which flow through the distribution network are balanced and (3𝑛 + 3) harmonic free, 

where 𝑛 = 0,1, …∞. 
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Figure 2.1 Single-line representation of conventional UPQC [13]. 

 

The ShAPF is connected in parallel with respect to the distribution network. It is 

controlled in the current control mode and solves current PQ problems, listed in section 

1.1. Thus, it operates as a controlled current source. Another key component of the 

ShAPF is its interfacing passive filter. Its configuration typically varies among two types 

such as a coupling inductor and a parallel LC filter. The main function of all of these 

types is to mitigate high-frequency current switching harmonics. Moreover, the choice of 

the passive filter type generally depends on a selected control method for the ShAPF. 

Different control methods are reviewed in section 2.4. The coupling inductor is typically 
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used with linear controllers [23], [24]. Non-linear control techniques might be 

implemented in combination with the parallel LC filter [25], [26]. 

The SAPF is connected in series with the distribution network using three single-

phase transformers. It operates as a controlled voltage source and handles voltage related 

PQ problems, listed in section 1.1. In contrast to the ShAPF, only one type as the parallel 

LC filter is employed in the SAPF [27], [28]. Similarly, it compensates high-frequency 

voltage switching harmonics. 

The dc-link in the conventional UPQC is usually formed as a single capacitor. It 

interconnects two VSCs, which create well known back-to-back topology, and maintains 

constant dc-bus voltage, if the power storage unit is not connected. Thus, different dc-bus 

voltage control techniques are developed such as: the proportional-integral (PI)-

controller-based approach, fuzzy-PI controller, optimized controller, PIλDμ controller and 

unified dc voltage compensator to name a few [28]-[32]. The PI-controller-based 

approach is the most commonly used. 

 

2.2 Nine-Switch Converter 

 

Recent research has been focused on converter topologies with a reduced number of 

switches. One of them is the nine-switch converter that was first proposed in [33]. Due to 

its advantage with respect to the back-to-back topology, it has attracted attention towards 

its applications and its performance comparison with the conventional ones [34]-[39]. In 

this section, the brief overview of the nine-switch converter is presented including its 

topology characteristics and modes of operation. 
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2.2.1 Topology Characteristics and Switching Logic 

 

The nine-switch converter can be considered as a combination of two parallel 

connected three-phase three-leg VSCs as well-known as the back-to-back topology. As a 

result of this new arrangement, the total number of switches was reduced from twelve to 

nine with respect to its counterpart. Moreover, both the back-to-back topology and the 

nine-switch converter are able to generate and control two sets of three-phase signals 

with different amplitude, frequency and phase shift whether they are currents, voltages or 

combination of both. Although, the nine-switch converter experiences its own structural 

limitations that is usually the case for converters with a reduced number of 

semiconductor switching devices. The structures of both the back-to-back topology and 

the nine-switch converter are shown in Fig. 2.2 (a) and Fig. 2.2 (b) respectively. 
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Figure 2.2 (a) Back-to-back topology, (b) nine-switch converter [38]. 

 

A switching logic of the nine-switch converter and its modes of operation based on 

the carrier-based pulse width modulation (CBPWM) technique, reported in [38], are 
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briefly described. Looking at Fig. 2.2 (b), it can be noticed that the nine-switch converter 

has three switches per each leg that are denoted as an upper switch (𝑆𝑈), a middle switch 

(𝑆𝑀) and a lower switch (𝑆𝐿), where 𝑈 = 𝐴,𝐵,𝐶; 𝑀 = 𝐴𝑋,𝐵𝐵,𝐶𝐶 and 𝐿 = 𝑋,𝐵,𝐶. By 

sending proper gate signals to each switch, two independent sets of the three-phase 

voltages (𝐴𝐵𝐶 and 𝑋𝐵𝐶) can be generated. In order to perform this task, a few steps 

must be taken. 

The first step is to define acceptable states of the three switches in a one leg. The 

three-switch leg can have eight possible combinations in total. For the purpose of 

avoiding the dc-bus short circuit and floating of the load, the only three states are 

acceptable. The XOR logic function is able to accomplish all of these states by 

connecting it to the middle switch 𝑆𝑀. The second step is to denote acceptable switching 

states in the one leg. The states are named such as: State {1} → 𝑆𝑈 = 𝑆𝑀 = 𝑂𝑂, State 

{0} → 𝑆𝑈 = 𝑆𝐿 = 𝑂𝑂 and State {−1} → 𝑆𝑀 = 𝑆𝐿 = 𝑂𝑂, as it was defined in [38]. 

Different combinations of these states create switching vectors. Some of them were 

determined and used in the space vector modulation SVM [36]. Both, the XOR logic 

function and the switching states are summarized in Table 2.1. 

 

Table 2.1 XOR logic function and switching states. 

XOR Switching states 

𝑆𝑈 𝑆𝑀 𝑆𝐿 States 𝑆𝑈 𝑆𝑀 𝑆𝐿 

1 1 0 1 𝑂𝑂 𝑂𝑂 𝑂𝐹𝐹 

1 0 1 0 𝑂𝑂 𝑂𝐹𝐹 𝑂𝑂 

0 1 1 −1 𝑂𝐹𝐹 𝑂𝑂 𝑂𝑂 

0 0 0 Not used 
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2.2.2 Modes of Operation in Continuous and Discontinuous Modulations 

 

Another important aspect to indicate is modulation techniques with their modes of 

operation that can be used in the nine-switch converter. Both the CBPWM and the SVM 

can be implemented in this topology and they were described by different authors      

[33]-[38]. The CBPWM was selected due to its evaluation simplicity and identity of the 

obtained results with respect to its counterpart [38]. 

In the continuous modulation, modes of operation of the nine-switch converter can 

be divided into a common frequency mode (CF) and a different frequency mode (DF). 

However, due to the reduced amount of switches and as a result, forbidden switching 

states that have to be avoided, both of these modes experience their unique limitations. In 

order to prevent these undesirable switching states, two modulation references per phase 

leg are arranged such that the phase 𝐴 reference (𝑅𝑒𝑓 𝐴) is always higher than the phase 

𝑋 reference (𝑅𝑒𝑓 𝑋). In this case only a single common carrier can be used and it is 

shown in Fig. 2.3. 
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Figure 2.3 Single carrier with two references in-phase [38]. 
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In the CF mode of operation, the nine-switch converter can generate two sets of 

three-phase voltages with the same frequency but with the different amplitude and phase. 

The maximum modulation index that can be obtained for both upper and lower reference 

voltages is 𝑚 = 𝑚1= 𝑚2 = 1.154, if proper triplen voltage offsets are added to each of 

them and phase difference between them is equal zero. This is so called in-phase case. 

Nevertheless, if phase difference between two references is present, the achievable 

maximum modulation index of the upper and lower reference waveforms in the carrier 

range will be less than 𝑚 = 1.154. The concept of phase difference among two reference 

waveforms is shown in Fig. 2.4. 

 

Carrier
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Ref X

1
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Figure 2.4 Single carrier with two phase shifted references [38]. 

 

In the DF mode of operation, the nine-switch converter can generate two sets of the 

three-phase voltages with different amplitude, frequency and phase. In contrast to the CF 

mode, amplitudes of the upper and lower reference signals have to satisfy the equality 

𝑚1 + 𝑚2 ≤ 1.154. This means that in order to generate two identical reference signals as 

in the CF mode, the dc-link voltage has to be twice larger. 
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As it is well known, the different discontinues modulation schemes exist in the six-

switch VSC that are simply applicable in the back-to-back topology. They all focus on 

the reduction of switching losses and as the result the total losses of the system. Looking 

at the nine-switch converter, it can be noticed that the discontinuous modulation schemes 

exist in this topology as well due to its similarities with the aforementioned one. 

However, not all of them are applicable. 

The three discontinuous modulation techniques were discussed for the CF mode in 

[38]. It was revealed that the most commonly used 300 − and 600 −discontinuous are 

not applicable because 𝑅𝑒𝑓 𝐴 occasionally falls below 𝑅𝑒𝑓 𝑋, if the required modulation 

index of both waveforms is not identical. This is an unacceptable case for the nine-switch 

converter. As a result, only the 1200 −discontinuous scheme was reported as a suitable 

technique for this mode of operation that provides with 50% in commutation saving per 

phase leg or 33% when the full converter is considered. 

For the DF mode of operation, it was recommended to focus on the modulation 

techniques that provide with switching loss reduction rather than an improvement in 

waveform quality due to the drop in switching quality by non-centered reference 

placement. Thus, the 1200 modulation scheme was implemented in the DF mode as well 

[38]. The sum of reference amplitudes in this method still lesser than or equal to 1.154 

but it will lead to the significant reduction in switching losses. 
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2.3 Nine-Switch UPQC 

 

Most of the applications reported in [34]-[39] for the nine-switch converter introduce 

the replacement of the two shunt VSCs connected back-to-back. Despite, this connection 

limits the full utilization of this new topology, as it was discussed in [40], [41]. 

Therefore, it was proposed to use the nine-switch converter in the UPQC application 

where it replaces the shunt and series APFs [40], [41]. This design concept is show in 

Fig. 2.5. 
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Figure 2.5 Nine-switch UPQC [41]. 

 

From Fig. 2.5, it can be noticed that the nine-switch UPQC configuration with the 

left shunt was selected. The dc-link was implemented as a one capacitor. Connection of 

𝐿𝑁𝑆 and parallel 𝐿𝑁𝑆𝐶𝑁𝑆 correspond to the selected passive filters of the shunt and series 

terminals respectively. The switching logic of the nine-switch converter was discussed in      
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section 2.2.1. The main functionalities of the shunt and series terminals in the nine-switch 

UPQC are the same as it is listed in section 1.1 for the conventional UPQC. Nevertheless, 

new operating principles of the shunt and series terminals which are critical for the 

replacement of the back-to-back topology with the nine-switch converter were introduced 

under normal and 20% sag conditions [41]. 

Under the normal operating condition, the modulation reference of the shunt terminal 

is much larger than the series one if the source voltage harmonics are present in the 

power supply. Thus, it was proposed in [41] to divide the carrier range with a much wider 

vertical range ℎ1 for controlling the upper shunt terminal and a narrower ℎ2 for 

controlling the lower series terminal ℎ1 ≫ ℎ2. Moreover, it was explained that this 

approach will lead to slight increase of the dc-link voltage but it will depend on the 

harmonics strength. This carrier range division can be related to the DF mode and it is 

shown in Fig. 2.6 (a). 
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Figure 2.6 Shunt and series reference placement during: (a) normal, (b) sag 

operation [41]. 
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In [41], the carrier range division among the shunt and series terminals during sag 

operation was discussed as well. It is repeated in Fig. 2.6 (b), where the upper and lower 

reference placements are related to the shunt and series terminals respectively. Looking at 

this figure, the use of the CF mode can be associated in this scenario. The main reason 

behind it was stated that the dipped source voltage at the PCC in Fig. 2.5 subjects the 

higher shunt terminal to a reduced voltage level. In addition, it was mentioned that the 

large injected series voltage with a demanding phase shift is usually accompanied by a 

sever sag at the PCC and hence a much reduced shunt modulation reference is required. 

The compressed shunt reference would then free up more carrier space below it for the 

series reference to vary within. In contrast, this concept describes power exchange 

between the shunt and series terminals of the nine-switch UPQC and the DG system 

inaccurately. Hence, the proposed carrier range division is shown inappropriately for the 

selected nine-switch UPQC structure during sag operation. This is analyzed in-depth in 

Chapter 3. In addition, swell operation of the nine-switch UPQC that was not considered 

in [41] analyzed as well. 

Also, suitable modulation and control schemes for controlling the nine-switch UPQC 

were developed in [41]. The 1200 −discontinuous modulation technique was 

implemented for both the shunt and series terminals. In addition, control schemes with 

linear controllers for both terminals were selected and described separately according to 

their main functions. The SRF was used for current and voltage reference generation. 

The design of the shunt terminal controller was focused on load current harmonic 

compensation, reactive power injection and maintenance of the dc-link voltage at the 

desired level. First, the sensed load current was transformed into 𝑑 and 𝑞 components by 
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Park’s transformation. After, using a high-pass filter, filtered signal of 𝑑-axis harmonics 

was added with a 𝑑-axis control reference of a dc-link PI regulator. This regulator acts on 

the dc-link voltage error compensating losses and hence, maintaining the dc-link voltage 

constant. The generated 𝑑 and 𝑞 reference components transformed back to the 𝑎𝑏𝑐 

natural frame. Finally, the error between the shunt reference and measured currents was 

sent into a proportional-resonant (PR) controller that generated switching pulses. A block 

diagram of this control technique is shown in Fig. 2.7. 
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Figure 2.7 Shunt terminal control circuit [41]. 

 

The series terminal control scheme is shown in Fig. 2.8. It is based on the multi-loop 

control method. The main functions of this controller are to compensate voltage 

harmonics that originated at the utility grid/DG system and to maintain the load voltage at 

the desired level during the source voltage variations. Voltage harmonic compensation 

was designed in the subsystem where a method of selective harmonic compensation was 

used as in [42]. The second part of the series terminal controller, which can be observed 

in  Fig. 2.8 above resonant regulators, was developed with two degrees of freedom for 
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sag detection and uncounted voltage drops across the inductive elements as series 

transformers and inductors. 
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Figure 2.8 Series terminal control circuit [41]. 

 

Considering that the design of the shunt and series terminal controllers were based 

on the linear control methods, a few problems can be addressed. First, both the shunt and 

series reference waveforms were generated using the SRF theory with the use of the 

complicated Park’s transformation. Second, in order to mitigate current harmonics, the 

PR controller must include cascaded resonant blocks that have to be tuned for each 

desired harmonic frequency being mitigated [43]. Thus, the controller becomes involved 

and it is able to mitigate only the most prominent harmonics in the frequency spectrum. 

Third, the inability of the feed-forward pass to compensate voltage drops across reactive 



 

24 

 

elements forces the series terminal controller to be implemented in a multi-loop 

configuration. In addition, due to poor low-order harmonic mitigation capability of the PI 

controller, multiple resonant regulators were placed which experience slight transient 

sluggishness in order to maintain stability [41]. As a result, these increase complexity of 

the series terminal controller. Finally, the PI and PR controllers require careful tuning of 

their parameters to maintain system stability. With increase of the system order, tuning 

becomes more complicated. 

 

2.4 Control Methods Review 

 

All described drawbacks for the shunt and series control circuits in section 2.3 that 

were based on the linear controllers led to search for alternative control techniques. The 

most common control methods that have been designed and used in the DSTATCOM, 

DVR, and as a result, in the conventional UPQC, are reviewed in this section. Their 

design, including individual performance characteristics and potential applicability for 

the shunt and series terminals of the nine-switch UPQC are addressed. 

 

2.4.1 Hysteresis Control 

 

A hysteresis control is referred to the class of non-linear control techniques. The 

main principle of this controller is to force a measured signal to follow its reference by 

using a non-linear feedback loop. For this purpose, a defined error of the measured signal 

is added to its reference waveform. Thus, upper and lower boundaries are created. Their 



 

25 

 

combination is also called a hysteresis band. Switching actions of a converter keep the 

measured signal within this band [44]. This controller can be designed in the 𝑎𝑏𝑐 natural, 

stationary or synchronous reference frames [45] and control current as well as voltage 

[46], [47]. 

The main advantages of the hysteresis controller in comparison to the linear 

controllers are its simplicity in implementation, inherited robustness, luck of tracking 

errors, independence of load parameters changes and extremely good dynamics. 

Nevertheless, it experiences a few drawbacks. First, in systems without neutral 

connection, the instantaneous error of the measured signal can reach double. It is due to 

the interaction between three phases [21]. Thus, this effect has to be considered and three 

phases whether they are currents or voltages must be decoupled. Finally, the hysteresis 

control produces varying switching frequency during the fundamental period. This might 

cause increase in switching losses and difficulty in designing input filters. 

 

2.4.2 Constant Switching Frequency Hysteresis Controllers 

 

Different design solutions were developed in order to overcome the main drawback 

of variable switching frequency inherited by the hysteresis control method. In most of the 

cases, the functional principle of the hysteresis controllers with constant switching 

frequency is the same as for the conventional hysteresis technique. However, switching 

frequency is fixed. 

The first simple solution is a ramp controller without hysteresis [48]. In this 

controller, the measured signal is compared with a modulated reference. The modulated 
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reference is designed by adding a triangular carrier with fixed amplitude and frequency. 

Implementation of the three 1200 phase-shifted triangular carries is possible as well [44]. 

This method experiences over-crossing and under-crossing effects [48] and generates 

errors in amplitude and phase of the measured signal [44]. The second solution is 

addition of hysteresis to the ramp controller. It eliminates problems with measured signal 

errors and requires lower carrier frequency for overcoming crossing effects [48]. In 

systems without neutral connection, performance of all of these techniques significantly 

degrades especially, if dc-offset is required as in the case of the nine-switch UPQC. 

Hence, it is unacceptable control technique for replacing linear controllers. Finally, an 

adaptive hysteresis-band or a variable-band hysteresis controller is another solution for 

providing constant switching frequency. This controller changes the hysteresis bandwidth 

and as a result, it provides with optimal switching frequency and maintains it nearly 

constant [49]. Although, the advantage of simplicity in this hysteresis method is lost in 

comparison to the conventional hysteresis controller, it still provides with all other 

advantages. This control method was implemented as a fuzzy-logic controller in the 

conventional UPQC for controlling its current and voltage [29]. In addition, applicability 

of this method for controlling current was presented in the systems without neutral 

connection [50]. 

 

2.4.3 Sliding Mode Control 

 

A few control techniques were proposed based on a sliding mode concept. They were 

designed for controlling current as well as voltage. Controllers such as a sliding mode 
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control (SMC) [51], a sliding mode pulse width modulation (SMPWM) [52] and a 

hysteresis-modulation sliding mode pulse width modulation (HM-SMPWM) [39] are all 

designed in the 𝑎𝑏𝑐 natural frame. 

The main attractiveness of the sliding mode concept is that it provides with a coherent 

mathematical model for decoupling interactive three-phase signals of power systems 

without natural connection. This model was described for controlling current in the three-

phase system without neutral connection [52]. In [39], it was proposed to use this concept 

for controlling two sets of three-phase currents of the nine-switch converter. Also, some 

similarities might be observed with respect to the control method used in [50]. In 

contrast, the SMC in [51] was based on the SMC theory for controlling voltage in the 

3P3W system. However, the decoupling technique based on the sliding mode concept 

was not applied. Instead, the dc-link mid-point was connected to the neutral point of star 

connected series transformers. This connection nullifies the interaction between three-

phase voltages and also enables use of dc-offsets. Hence, this control method is 

unsuitable for providing proper operation of the nine-switch UPQC. 

 

2.5 Summary 

 

This Chapter starts with reviewing the general structure of the conventional UPQC 

that is able to solve PQ problems of the DG system. Operation of the nine-switch 

converter, its advantages and limitations compared to the back-to-back topology are also 

presented in this Chapter. Moreover, the nine-switch UPQC, which has been previously 

designed based on the nine-switch converter, is introduced. It was proposed to replace the 
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conventional UPQC with the nine-switch UPQC. Despite its advantage of having less 

semiconductor switching devices, its performance is highly influenced by accurately 

selecting its modes of operation during different working conditions as well as control 

methods for the shunt and series terminals. 

For the purpose of selecting appropriate modes of operation for the nine-switch 

UPQC, it is critical to understand power flow exchange procedure among the DG system, 

the nine-switch UPQC shunt and series terminals when the power storage unit is not 

connected. Previously proposed modes, which are repeated in this Chapter, appear as a 

favourable choice. Nevertheless, described reference placement of the shunt and series 

terminals presents the power flow exchange for sag operation inaccurately. Therefore, a 

numerical analysis of this process during sag and, as an extension, swell operation is 

examined in more detail in Chapter 3. Furthermore, it will be shown that a selected 

passive filter of the shunt terminal plays important role in the carrier range division 

process. 

Next, this Chapter provides with information on the control methods that have been 

already applied in the nine-switch UPQC. This control methods use linear controllers. 

Overall, they present satisfactory results. However, their drawbacks led to search for 

alternative solutions that might overcome some of the specified difficulties. Hence, 

control methods that are generally used in the APFs and the conventional UPQC were 

briefly reviewed including their advantages and disadvantages. Some of them have been 

already presented in the nine-switch converter but only for controlling two sets of three-

phase currents. In contrast, no potential replacement for the series terminal controller was 

found. Thus, an effective control method is proposed in Chapter 4.  
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Chapter 3 

Nine-Switch UPQC 

One of the issues addressed in Chapter 2 for the nine-switch UPQC designed in [41] 

was the inaccurate description of power exchange among the shunt and series terminals 

of the nine-switch UPQC and the DG system. As a consequence, this led to inappropriate 

carrier range division. Furthermore, sag operation was not considered. In this Chapter, a 

general and numerical analysis of a steady-state power flow model are presented for the 

nine-switch UPQC interconnected with the DG system during normal, sag and swell 

operation. Based on the steady-state power flow model, the valid carrier range division 

and modes of operation for the previously designed and a proposed nine-switch UPQC 

are introduced. It is shown that the power rating of the nine-switch UPQC with the shunt 

inductive filter designed in [41] must be increased for its proper operation. Thus, the 

shunt inductive filter is replaced with the shunt series second-order filter. This 

replacement reduces the power rating of the nine-switch UPQC which becomes slightly 

lower than for the conventional UPQC. System parameters of the proposed nine-switch 

UPQC interconnected with the DG system are given and issues related to the shunt series 

second-order filter are addressed. 

 

3.1 Proposed Nine-Switch UPQC 

 

The proposed nine-switch UPQC interconnected with the 3P3W DG system is shown 

in Fig. 3.1. All system parameters are listed in Appendix A. As the conventional UPQC, 
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the proposed nine-switch UPQC is focused on PQ enhancement of the DG system. The 

source inductance of the DG system is defined as 𝐿𝑠. A three-phase balanced 𝑅𝑙 − 𝐿𝑙 and 

a three-phase full bridge rectifier feeding 𝑅𝑟𝑟𝑟 − 𝐿𝑟𝑟𝑟 express connection of the sensitive 

and non-linear load, respectively. In addition, the three-phase full bridge rectifier faces 

the inductive passive filter 𝐿𝑓𝑟𝑟𝑟. The shunt terminal of the proposed nine-switch UPQC 

is connected on the right side of the DG system compared to the design in Fig. 2.5. 
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Figure 3.1 Proposed nine-switch UPQC. 

 

The proposed nine-switch UPQC generates two three-phase controlled outputs. 

Voltages 𝑉𝑠ℎ𝑀,𝑉𝑠ℎ𝐵,𝑉𝑠ℎ𝐶 and 𝑉𝑠𝑟𝑀,𝑉𝑠𝑟𝐵,𝑉𝑠𝑟𝐶 correspond to the generated shunt and series 

terminal voltages. The proposed nine-switch UPQC switches are labelled as 𝑆𝑈, 𝑆𝑀 and 

𝑆𝐿. The switching states of the upper switch (𝑆𝑈) and the lower switch (𝑆𝐿) can be 

referred to the shunt and series APFs in the conventional UPQC such as: 𝑆𝑈 = 𝑂𝑂, when 

the top switch 𝑆𝑠ℎ = 𝑂𝑂 and 𝑆𝐿 = 𝑂𝑂, when the top switch 𝑆𝑠𝑟 = 𝑂𝐹𝐹 of the two six-

switch VSCs. This approach is useful through the process of applying the variable-band 
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hysteresis control method to the shunt and series terminals as it will be discussed in 

Chapter 4. Furthermore, the XOR logic function that was used for the nine-switch UPQC 

in Fig. 2.5, where the linear control techniques were applied, is replaced with the NAND 

logic for the middle switch (𝑆𝑀) due to the same reasons discussed in [39],  where the 

nine-switch converter generated two sets of three-phase currents with HM-SMPWM. The 

NAND logic function is given in Table 3.1. 

Table 3.1 NAND logic function. 

NAND 

𝑆𝑈 𝑆𝑀 𝑆𝐿 

1 1 0 

0 1 1 

1 0 1 

0 1 0 
 

In contrast to the dc-link structure selected for the nine-switch UPQC in Fig. 2.5, the 

dc-link of the proposed nine-switch UPQC is formed using a split dc-link topology. It 

includes two capacitors in series with its grounded mid-point. The voltage drops across 

the first and second capacitor are labelled as 𝑉𝑑𝑟1 and 𝑉𝑑𝑟2, where 𝑉𝑑𝑟1 = 𝑉𝑑𝑟2 = 𝑉𝑑𝑟. 

This dc-link topology allows application of the hysteresis control methods, which were 

described in Chapter 2, for both terminals of the nine-switch UPQC. 

The shunt terminal of the proposed nine-switch UPQC solves the current-based 

quality problems as of the nine-switch UPQC in Fig. 2.5. Thus, it mitigates downstream 

load current harmonics, injects reactive power for power factor correction and maintains 

the dc-link voltage at the desired level. However, the shunt passive filter configuration is 

selected as the series 𝐿𝑠ℎ𝐶𝑠ℎ filter [16], where 𝑅𝑠ℎ represents its resistance compared to 
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the shunt inductive filter that was used in Fig. 2.5. The reasons for this filter choice are 

explained in section 3.2. The series terminal is connected to the distribution line using 

three single-phase transformers. It focuses on the voltage-based quality problems. 

Therefore, it mitigates voltage harmonics that originated at the power supply and 

maintains the load voltage at the desired level during source voltage sag and swell. The 

parallel 𝐿𝑠𝑟𝐶𝑠𝑟 filter of the series terminal is similar to the one in Fig. 2.5 but with 

addition of the switching band resistor 𝑅𝑠𝑠𝑠𝑟 at the capacitor branch. This passive filter 

design was proposed in [47] and its advantages are explained in Chapter 4. 

 

3.2 Steady-State Power Flow Model for Nine-Switch UPQC 

3.2.1 General Analysis of Steady-State Power Flow Model 

 

Considering main functions of the shunt and series terminals addressed in previous 

section, general operation of the nine-switch UPQC can be described based on the steady-

state power flow model during normal, sag and swell operating conditions. In [14], this 

power flow model was discussed for the conventional UPQC and it is identical for the 

nine-switch UPQC. The source voltage phase jump during sag and swell is not included. 

When the DG system will operate without the nine-switch UPQC, it will supply both 

active (𝑃𝑠) and reactive (𝑗𝑄𝑠) power required by the load. The amount of active and 

reactive power supplied will be equal to the amount of active and reactive power 

absorbed by the load (𝑃𝑠 + 𝑗𝑄𝑠 = 𝑃𝑙 + 𝑗𝑄𝑙). Thus, it can be stated that the source voltage 

(𝑣𝑠) and the load voltage (𝑣𝑙) will be identical. The same is true for the source and load 

currents (𝑖𝑠 = 𝑖𝑙). This is shown in Fig. 3.2. 
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Figure 3.2 DG system without nine-switch UPQC. 

 

Power factor correction and its combination with current and voltage harmonic 

mitigation can be referred to the nine-switch UPQC during normal operation. When the 

shunt terminal and only the sensitive 𝑅𝑙 − 𝐿𝑙 load is connected to the DG system, the 

shunt terminal will inject reactive power to the load (𝑗𝑄𝑠ℎ = 𝑗𝑄𝑙). As a result, the DG 

system will provide only with active power (𝑃𝑠 = 𝑃𝑙). This is called power factor 

correction, Fig. 3.3. The load current will be equal to 𝑖𝑙 = 𝑖𝑠 + 𝑖𝑠ℎ. 
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Figure 3.3 Shunt terminal and sensitive load connected to DG system. 
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When the linear and non-linear load are connected to the DG system, the nine-switch 

UPQC will function with power factor correction, current and voltage harmonic 

mitigation, Fig. 3.4. The series terminal will inject the series voltage �𝑣𝑠𝑟(ℎ)� equal to the 

sum of the source voltage harmonics but with the opposite sign. Thus, they will be 

cancelled out. At the same time, the shunt terminal current (𝑖𝑠ℎ) will include the load 

current harmonics generated by the non-linear load but with the opposite sign in addition 

to the fundamental reactive component required by the sensitive load. Hence, the source 

current (𝑖𝑠) will be harmonic free and in phase with the source voltage (𝑣𝑠). During 

normal operation, active power is not transferred among the shunt and series terminals. 

Thus, power factor correction, current and voltage harmonic mitigation will not be 

effected by sag and swell of the source voltage. 
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Figure 3.4 Nine-switch UPQC during normal operation. 

 

During sag operation Fig. 3.5, the source voltage (𝑣𝑠) will drop by some amount 

affecting the load voltage (𝑣𝑙). If the shunt and series terminals of the nine-switch UPQC 

are connected, the series terminal will inject the series voltage (𝑣𝑠𝑟) in phase with 𝑣𝑠 in 
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order to maintain 𝑣𝑙 at the desired level. This means that active power will be delivered 

by the series terminal. At the same time, the dc-link voltage will decrease and the shunt 

terminal will draw more current from the source (𝑖𝑠) in order to set it back to the nominal 

value. This current can be associated with the active power absorbed by the shunt 

terminal. Then, it is transferred from the shunt to the series terminal through the dc-link 

and finally from the series terminal it is delivered to the load. Thus, the load will obtain 

the desired active power during this operating condition. The active power absorbed by 

the shunt terminal will be equal to the active power delivered by the series terminal 

(𝑃𝑠ℎ + 𝑃𝑠𝑟 = 0). 

 

Supply
Voltage

PCC

ishis

vlvs
Sensitive

Load,
Non-linear 

Load 

Passive 
filter

Nine-switch
UPQC

il

P + jQl l

 jQl

LC filter

Ps' 

Psh

vsr

Psr

 

Figure 3.5 Nine-switch UPQC during sag operation. 

 

During source voltage swell Fig. 3.6, the series terminal will absorb an extra real 

power from the power source. Due to increase of 𝑣𝑠, the dc-link voltage will be increased. 

The shunt terminal will reduce 𝑖𝑠 in order to maintain the desired level of the dc-link 

voltage. Thus, it will feed back the extra power to the supply. The active power supplied 
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by the shunt terminal will be equal to the active power absorbed by the series terminal 

(𝑃𝑠ℎ + 𝑃𝑠𝑟 = 0). 

 

Supply
Voltage

PCC

ish

vlvs
Sensitive

Load,
Non-linear 

Load 

Passive 
filter

Nine-switch
UPQC

P + jQl l

 jQl

LC filter

Ps' 
vsr

Psr Psh

ilis

 

Figure 3.6 Nine-switch UPQC during swell operation. 

 

3.2.2 Numerical Analysis of Steady-State Power Flow Model 

 

It is essential to identify levels of the power system parameters based on the steady-

state power flow model in order to appropriately select modes of operation for the nine-

switch UPQC. Thus, the steady-state power flow model is numerically examined in-depth 

during normal, sag and swell operating conditions. Analytical steps presented for the 

conventional UPQC in [14] are applicable and are used for the nine-switch UPQC. The 

source voltage at the PCC, the voltage across the load, the source current and the load 

current were expressed as 𝑣𝑠, 𝑣𝑙 , 𝑖𝑠 and 𝑖𝑙 as it was shown in Fig. 3.1. All numerical 

analysis is performed based on the fundamental frequency component. Higher order load 

current and source voltage harmonics were neglected as in [14]. Phase jump of the source 

voltage during sag and swell operation is not considered. Hence, the load voltage (𝑣𝑙) 
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will be in phase with the source voltage (𝑣𝑠) which will only experience increase or 

decrease in its amplitude. 

Knowing that the series terminal will maintain the load voltage (𝑣𝑙) at the desired 

level in all operating conditions, it is expressed as a phasor and a complex number in 

(3.1). The same approach of expressing the load current (𝑖𝑙) and the source voltage (𝑣𝑠) 

is used in (3.2) and (3.3). 

𝑣𝑙 = 𝑉𝑙∠00 = 𝑉𝑙 

𝑖𝑙 = 𝐼𝑙∠−𝜑𝑙 = 𝐼𝑙𝑐𝑐𝑐𝜑𝑙 − 𝑗𝐼𝑙𝑐𝑖𝑛𝜑𝑙 

(3.1) 

(3.2) 

Relationship between 𝑣𝑠 and 𝑣𝑙 is shown in (3.3). 

𝑣𝑠 = 𝑉𝑙(1 + 𝑘)∠00 = 𝑉𝑙(1 + 𝑘) 

𝑘 =
𝑣𝑠 − 𝑣𝑙
𝑣𝑙

 

(3.3) 

(3.4) 

where: 𝑘 is the source voltage rate change during sag and swell. 

Thus, the voltage injected by the series terminal can be calculated using equation: 

𝑣𝑠𝑟 = 𝑣𝑙 − 𝑣𝑠 = 𝑉𝑙 − 𝑉𝑙(1 + 𝑘) = −𝑘 𝑉𝑙 (3.5) 

Looking at (3.5) and assuming sag of 𝑣𝑠, the series voltage (𝑣𝑠𝑟) will have a positive 

sign. If the secondary winding polarity of the single-phase transformer is the same as the 

polarity of the load, the source (𝑣𝑠) and the series (𝑣𝑠𝑟) voltage will be out of phase. 

Therefore, using the single-phase transformer with the inverse secondary winding, the 

source and the series voltage will be in phase during sag and out of phase during swell 

operation. 

If the nine-switch UPQC is assumed lossless, the active power demanded by the load 

(𝑃𝑙) will be equal to the active power input at the PCC (𝑃𝑠). Considering that the shunt 
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terminal will always provide with power factor correction, the source current (𝑖𝑠) will 

include only its real component in the complex representation. Thus, it can be written as: 

𝑃1𝜙𝑠 = 𝑃1𝜙𝑙 →
1
2
𝑣𝑠𝑖𝑠 =

1
2
𝑣𝑙𝑖𝑙   →   𝑉𝑙(1 + 𝑘)𝑖𝑠 =  𝑉𝑙𝐼𝑙𝑐𝑐𝑐𝜑𝑙 (3.6) 

Hence, 

𝑖𝑠 = 𝐼𝑠∠00 =
𝐼𝑙

(1 + 𝑘) 𝑐𝑐𝑐𝜑𝑙 (3.7) 

where: 𝜑𝑙 is a phase angle of the load current. 

Using Kirchhoff's current law (KCL) at the point of connecting the shunt terminal for 

one phase, the shunt current (𝑖𝑠ℎ) can be expressed as: 

𝑖𝑠ℎ = 𝐼𝑠ℎ∠𝜑𝑠ℎ = 𝑖𝑙 − 𝑖𝑠 = 𝐼𝑙∠−𝜑𝑙 − 𝐼𝑠∠00 = (𝐼𝑙𝑐𝑐𝑐𝜑𝑙 − 𝐼𝑠) − 𝑗𝐼𝑙𝑐𝑖𝑛𝜑𝑙 (3.8) 

During normal operation when the shunt terminal is connected to the distribution line 

𝐼𝑙𝑐𝑐𝑐𝜑𝑙 = 𝐼𝑠. Looking at the equation (3.8), it is verified that 𝑖𝑠ℎ will only include the 

reactive component and hence, it will inject reactive power to the load providing power 

factor correction. 

Complex power of the shunt (S𝑠ℎ) and series (𝑆𝑠𝑟) terminals can be obtained by the 

equations (3.9) and (3.10), respectively. 

S𝑠ℎ =
3
2
𝑣𝑙 𝑖𝑠ℎ∗ = 𝑃𝑠ℎ + 𝑗𝑄𝑠ℎ =

3
2
𝑉𝑙(𝐼𝑙𝑐𝑐𝑐𝜑𝑙 − 𝐼𝑠) + 𝑗

3
2
𝑉𝑙𝐼𝑙𝑐𝑖𝑛𝜑𝑙 

𝑆𝑠𝑟 =
3
2
𝑣𝑠𝑟 𝑖𝑠∗ = 𝑃𝑠𝑟 + 𝑗𝑄𝑠𝑟 =

3
2

(−𝑘 𝑉𝑙)𝐼𝑠 + 𝑗0 

(3.9) 

 

(3.10) 

After defining analytical steps (3.1) – (3.10), the steady-state results for the shunt 

current and the amount of power that will be exchanged among the shunt and series 

terminals during normal, sag and swell operating conditions can be calculated and 

analyzed. In Appendix A, the power rating of the DG system (𝑆𝑏𝑏𝑠𝑟) is equal to 5𝑘𝑉𝐴. 
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Power factor is selected as 𝑝.𝑓. = 0.9 lagging. The nine-switch UPQC and the DG 

system are considered lossless. Due to the fact that the three-phase three-wire system 

voltages and currents are balanced, all calculations are completed using only one-phase 

for the shunt and series terminals. The maximum level of sag and swell do not exceed 

30%. This selection was justified in Chapter 1 as the requirement for the nine-switch 

UPQC design. 

First, the load current (𝑖𝑙) is calculated considering 𝑆𝑏𝑏𝑠𝑟 = |𝑆𝑙|. 

𝑆𝑙 = 𝑃𝑙 + 𝑗𝑄𝑙 = |𝑆𝑙|(cos 𝜑𝑙 + 𝑗sin 𝜑𝑙) = 4.5𝑘𝑊 + 𝑗2.18𝑘𝑉𝑎𝑟 

where: 𝜑𝑙 = 𝑐𝑐𝑐−1(𝑝. 𝑓. ). 

𝑖𝑙∠−𝜑𝑙 =
2 𝑆𝑙
3 𝑣𝑙 

=
2 𝑆𝑙

3 𝑉𝑙∠00
=

2 5𝑘𝑉𝐴
3 325

= 10.25∠−25.850𝐴 

Knowing 𝑖𝑙 and assuming normal operation of the nine-switch UPQC (𝑣𝑠 = 𝑣𝑙), the 

series voltage (𝑣𝑠𝑟), the source (𝑖𝑠) and shunt (𝑖𝑠ℎ) currents are calculated using 

equations (3.4), (3.5), (3.7), (3.8). 

𝑘 =
𝑣𝑠 − 𝑣𝑙
𝑣𝑙

=
𝑉𝑠∠00 − 𝑉𝑙∠00

𝑉𝑙∠00
=

325 − 325
325

= 0 

𝑣𝑠𝑟 = −𝑘 𝑉𝑙 = 0𝑉 

𝑖𝑠 =
𝐼𝑙

(1 + 𝑘) 𝑐𝑐𝑐𝜑𝑙 = 10.25𝑐𝑐𝑐(25.850)𝐴 = 9.22𝐴 

𝑖𝑠ℎ = 𝐼𝑠ℎ∠𝜑𝑠ℎ = 𝑖𝑙 − 𝑖𝑠 = (9.22 − 9.22) − j4.47 = 4.47∠−900𝐴 

Complex power of the shunt and series terminals is determined by the equations (3.9) 

and (3.10). Looking at the obtained results, it is verified that during normal operation, the 

shunt terminal will inject only reactive power 𝑗𝑄𝑠ℎ = 𝑗2.18𝑘𝑉𝑎𝑟, Fig. 3.3. 
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S𝑠ℎ =
3
2
𝑣𝑙 𝑖𝑠ℎ∗ = 𝑃𝑠ℎ + 𝑗𝑄𝑠ℎ = 0 + 𝑗

3
2

· 325 · 4.47 = 0W + 𝑗2.18𝑘𝑉𝑎𝑟 

𝑆𝑠𝑟 =
3
2
𝑣𝑠𝑟 𝑖𝑠∗ = 𝑃𝑠𝑟 + 𝑗𝑄𝑠𝑟 =

3
2

· 0 · 325 · (9.22) + 𝑗0 = 0𝑊 + 𝑗0𝑉𝑎𝑟 

 

The same steps are used for calculating system parameters during sag and swell. 

Table 3.2 and Table 3.3 summarize obtained results for normal to sag and normal to swell 

operation. From these tables, it is visible that the source current (𝑖𝑠) will 

increase/decrease proportionally to strength of the source voltage sag/swell. At the same 

time, 𝑖𝑠ℎ will experience rise in its amplitude and its phase angle will shift from −900 in 

both cases. The reactive power injected by the shunt terminal will be constant during all 

conditions. Nevertheless, the active power will be absorbed/supplied by the shunt 

terminal during sag/swell and its level will change with respect to variation of 𝑖𝑠 and 

hence, 𝑖𝑠ℎ. The active power absorbed/supplied by the shunt terminal (𝑃𝑠ℎ) will be equal 

to the active power supplied/absorbed by the series terminal (𝑃𝑠𝑟), (𝑃𝑠ℎ + 𝑃𝑠𝑟 = 0). 

 

Table 3.2 System currents, active and reactive power levels during normal to sag 

operation. 

Sag, 

(𝑘) 

𝐼𝑙∠−𝜑𝑙, 

𝐴 

𝐼𝑠∠00, 

𝐴 

𝐼𝑠ℎ∠𝜑𝑠ℎ, 

𝐴 

𝑃𝑠ℎ , 

𝑘𝑊 

𝑗𝑄𝑠ℎ, 

𝑘𝑉𝑎𝑟 

𝑃𝑠𝑟 , 

𝑘𝑊 

0 10.25∠−25.850 9.22 4.47∠−900 0 𝑗2.18 0 

−0.1 10.25∠−25.850 10.25 4.59∠−1030 −0.5 𝑗2.18 0.5 

−0.2 10.25∠−25.850 11.53 5.03∠−1170 −1.13 𝑗2.18 1.13 

−0.3 10.25∠−25.850 13.18 5.97∠−1320 −1.93 𝑗2.18 1.93 

“−” means that the shunt terminal absorbs 𝑃𝑠ℎ. 
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Table 3.3 System currents, active and reactive power levels during normal to swell 

operation. 

Swell, 

(𝑘) 

𝐼𝑙∠−𝜑𝑙, 

𝐴 

𝐼𝑠∠00, 

𝐴 

𝐼𝑠ℎ∠𝜑𝑠ℎ, 

𝐴 

𝑃𝑠ℎ, 

𝑘𝑊 

𝑗𝑄𝑠ℎ, 

𝑘𝑉𝑎𝑟 

𝑃𝑠𝑟 , 

𝑘𝑊 

0 10.25∠−25.850 9.22 4.47∠−900 0 𝑗2.18 0 

0.1 10.25∠−25.850 8.4 4.55∠−79.40 0.41 𝑗2.18 −0.41 

0.2 10.25∠−25.850 7.7 4.73∠−710 0.75 𝑗2.18 −0.75 

0.3 10.25∠−25.850 7.1 4.95∠−64.50 1.04 𝑗2.18 −1.04 

 “−” means that the series terminal absorbs 𝑃𝑠𝑟. 

 

 

 

3.3 Nine-Switch UPQC with Shunt Passive Filter 

 

In Chapter 2, the carrier range division of the nine-switch UPQC designed in [41] 

was discussed for normal and sag operation, Fig. 2.6 (a) and Fig. 2.6 (b). Despite 

suitability of the carrier range division during normal operation that can be referred to the 

DF mode, the reference placement during sag operation was presented inaccurately. 

Moreover, swell operation was not considered. Therefore, this section shows problems of 

the carrier range division in [41], where the nine-switch UPQC was designed with the 

shunt inductive filter and suggests its model during normal, sag and swell operation. 

Furthermore, it reveals replacement of the shunt inductive filter with the shunt series 

second-order filter, identifies advantages of this replacement and resultant carrier range 

division for effective operation of the nine-switch UPQC. Finally, it presents analysis of 

possible parallel and series resonance of the source inductance with the shunt series 

second-order filter. 
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3.3.1 Nine-Switch UPQC with Shunt Inductive Filter 

 

In order to correctly divide the carrier range and appropriately select modes of 

operation for the nine-switch UPQC with the shunt inductive filter, the shunt and series 

terminal voltages during normal, sag and swell operation must be calculated. This is 

achieved using results of the shunt current (𝑖𝑠ℎ) obtained in the numerical analysis of the 

steady-state power flow model. Furthermore, it is shown how selected inductive passive 

filter for the shunt terminal can influence its voltage level and hence, the carrier range 

division. Therefore, the shunt terminal that faces the inductive filter (𝐿𝑠ℎ) with selected 

inductance 𝐿𝑠ℎ = 26𝑚𝐻 is considered. It will be explained that the large inductor 

increases some of the results but the general idea is maintained. The parallel 𝐿𝑠𝑟𝐶𝑠𝑟 filter 

of the series terminal is selected with the small inductance 𝐿𝑠𝑟 = 6𝑚𝐻. Thus, the voltage 

drop across the inductor can be neglected and the series terminal voltage (𝑉𝑠𝑟) is 

considered the same as the injected series voltage (𝑣𝑠𝑟),  (𝑉𝑠𝑟 = 𝑣𝑠𝑟). 

The shunt terminal voltage level at the fundamental frequency can be expressed as: 

𝑉𝑠ℎ = 𝑣𝐿𝑠ℎ + 𝑣𝑙 = 𝑗𝑋𝐿𝑠ℎ𝑖𝑠ℎ + 𝑣𝑙  (3.11) 

where: 𝑗𝑋𝐿𝑠ℎ = 𝑗𝜔1𝐿𝑠ℎ = 𝑗2𝜋𝑓1𝐿𝑠ℎ is the shunt inductive filter impedance. 

The equation (3.11) shows that the shunt terminal voltage (𝑉𝑠ℎ) depends on three 

parameters such as: the shunt filter impedance (𝑗𝑋𝐿𝑠ℎ), the shunt current (𝑖𝑠ℎ) and the 

load voltage (𝑣𝑙 ). If the series terminal of the nine-switch UPQC is connected to the DG 

system, the load voltage maintains constant. Thus, the shunt filter impedance and the 

shunt current will influence the shunt terminal voltage level. 
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Using results of the shunt current for the nine-switch UPQC during normal, sag and 

swell operating conditions (Table 3.2 and Table 3.3) and the shunt filter impedance, the 

shunt terminal voltage level can be calculated using equation (3.11). As an example, its 

calculation is shown during normal operation. 

𝑗𝑋𝐿𝑠ℎ = 𝑗𝜔1𝐿𝑠ℎ = 𝑗2𝜋50𝐻𝐻 · 26𝑚𝐻 = j8.17𝑂ℎ𝑚 = 8.17∠900𝑂ℎ𝑚 

𝑉𝑠ℎ = 𝑗𝑋𝐿𝑠ℎ𝑖𝑠ℎ + 𝑣𝑙 = 8.17∠900 · 4.47∠−900 + 325∠00 = 361.5∠00𝑉 

 

 

Looking at calculations above it can be stated that the minimum shunt terminal 

voltage level will be 𝑉𝑠ℎ = 325∠00, when the shunt filter impedance will equal zero 

𝑗𝑋𝐿𝑠ℎ = 0. Thus, larger inductance of the shunt inductive filter will increase the shunt 

terminal voltage. 

The shunt and series terminal voltages during normal to sag and normal to swell 

operation are summarized in Table 3.4 and Table 3.5. From obtained results, it is evident 

that the shunt terminal voltage amplitude (𝑉𝑠ℎ′ ) slightly increases during sag and swell. 

However, its phase angle (𝜑𝑉𝑠ℎ) experiences small shift and becomes negative during 

sag and positive during swell operation. 

 

Table 3.4 Shunt and series terminal voltages for nine-switch UPQC with shunt 

inductive filter during normal to sag operation. 

Sag, % 𝑘 𝑉𝑠∠𝜑𝑙𝑠,𝑉 𝑉𝑙∠𝜑𝑙𝑙,𝑉 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ,𝑉 𝑉𝑠𝑟′ ∠𝜑𝑉𝑠𝑟 ,𝑉 

0 0 325∠00 325∠00 361.5∠00 0∠00 

10 −0.1 292.5∠00 325∠00 361.6∠ − 1.40 32.5∠00 

20 −0.2 260∠00 325∠00 362∠−30 65∠00 

30 −0.3 227.5∠00 325∠00 363∠−50 97.5∠00 
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Table 3.5 Shunt and series terminal voltages for nine-switch UPQC with shunt 

inductive filter during normal to swell operation. 

Swell, % 𝑘 𝑉𝑠∠𝜑𝑙𝑠,𝑉 𝑉𝑙∠𝜑𝑙𝑙,𝑉 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ,𝑉 𝑉𝑠𝑟′ ∠𝜑𝑉𝑠𝑟 ,𝑉 

0 0 325∠00 325∠00 361.5∠00 0∠00 

10 0.1 357.5∠00 325∠00 361.6∠1.10 −32.5∠00 

20 0.2 390∠00 325∠00 361.7∠20 −65∠00 

30 0.3 422.5∠00 325∠00 361.9∠2.80 −97.5∠00 

 

Also, obtained results can be presented in the complex plane, Fig. 3.7 (a) and Fig. 3.7 

(b). It can be noticed that the vector of the voltage drop across the shunt inductive filter 

(𝑉𝐿𝑠ℎ∠𝜑𝑙𝐿𝑠ℎ) is in phase with the load voltage vector (𝑉𝑙∠00)  during normal operation. 

Therefore, the vector 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ is increased and its phase angle is equal 00. Addition of 

vectors 𝑉𝐿𝑠ℎ∠𝜑𝑙𝐿𝑠ℎ and 𝑉𝑙∠00 shows further increase of the resultant vector 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ 

and shift of its phase angle from 00 during sag and swell operation. 
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 (b) 

Figure 3.7 Complex plane representation of shunt terminal voltage with shunt 

inductive filter: (a) normal to sag, (b) normal to swell operation. 
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The carrier range division for the nine-switch UPQC with the shunt inductive filter 

based on the obtained results during normal, sag and swell operation are revealed in     

Fig. 3.8 (a), Fig. 3.8 (b) and Fig. 3.8 (c). During normal operation, the shunt terminal 

modulation voltage (𝑚𝑠ℎ) in Fig. 3.8 (a) corresponds to the required shunt terminal 

voltage for proper controlling of the shunt current, which provides current harmonic 

mitigation and power factor correction, as it was discussed in subsection 3.2.1, Fig. 3.4. 

At the same time, the series terminal modulation voltage (𝑚𝑠𝑟) refers to the required 

series terminal voltage for voltage harmonic mitigation. Fig. 3.8 (a) repeats the carrier 

range division for normal operation proposed in [41]. During sag and swell operation, the 

series voltage generated at the series terminal compensates the source voltage sag and 

swell maintaining the load voltage unaffected, as it was discussed in subsection 3.2.1, 

Fig. 3.5 and Fig. 3.6. Therefore, the series modulation voltage (𝑚𝑠𝑟) is increased, Fig 3.8 

(b) and Fig. 3.8 (c). Meanwhile, the shunt current amplitude is increased and its phase 

angle is shifted in order to maintain the dc-link voltage at the desired level during both 

operating conditions, Table 3.2 and Table 3.3. Hence, the shunt terminal modulation 

voltage (𝑚𝑠ℎ) is slightly increased and its phase angle is slightly shifted. This is visible 

from Fig. 3.8 (b) and Fig. 3.8 (c). It can be noticed that the carrier range division during 

sag in Fig 3.8 (b) contradicts the results in [41]. Furthermore, looking at Fig. 3.8 (b) and 

Fig. 3.8 (c), it is understood that the CF mode is only applicable for the nine-switch 

UPQC during sag operation. During swell, the series terminal modulation voltage (𝑚𝑠𝑟) 

overlaps the shunt one (𝑚𝑠ℎ) and as a result, the functioning of the nine-switch UPQC 

will be incorrect. 
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Figure 3.8 Carrier range division for nine-switch UPQC with shunt inductive filter: 

(a) normal, (b) sag, (c) swell operation. 
 

In addition to the carrier range division, it is useful to analyze the power rating of the 

nine-switch UPQC compared to the conventional UPQC with the same selected size of 

the shunt inductive filter. It can be expressed according to the minimum dc-link voltage 

required by the nine-switch UPQC. It is equal to 𝑉𝑑𝑟(𝑁𝑁) = 1.15𝑉𝑑𝑟(𝐶𝑡𝑛), where 

𝑉𝑑𝑟(𝑁𝑁) = 2𝑉𝑑𝑟 and subscripts NS and Con are used to represent “nine-switch” and 

“conventional” respectively. 

In order to overcome the problem with overcrossing of the shunt and series 

modulation voltages during swell operation, the dc-link voltage of the nine-switch UPQC 

must be increased and hence, the carrier range will be widened. It is shown in Fig. 3.9 (a), 

Fig. 3.9 (b) and Fig. 3.9 (c) for normal, sag and swell operation, respectively. However, 
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this is undesirable due to further increase of the nine-switch UPQC power rating 

compared to the conventional UPQC which can be defined as 𝑉𝑑𝑟(𝑁𝑁) = 1.28𝑉𝑑𝑟(𝐶𝑡𝑛). 
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Figure 3.9 Widened carrier range for nine-switch UPQC with shunt inductive filter: 

(a) normal, (b) sag, (c) swell operation. 

 

 

3.3.2 Nine-Switch UPQC with Shunt Series Second-Order Filter 

 

In [16], it was mentioned that most of the electrical loads are combination of the 

linear inductive and non-linear load. Considering that condition, it was proposed to use 

the series 𝐿𝑠ℎ𝐶𝑠ℎ filter for the conventional UPQC connected to the 3P4W DG system. It 

was revealed that the shunt terminal voltage and hence, the system power rating can be 
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significantly reduced with this passive filter topology. Looking at similarities of the nine-

switch UPQC and the conventional UPQC discussed in Chapter 2, implementation of the 

series 𝐿𝑠ℎ𝐶𝑠ℎ filter for the shunt terminal of the nine-switch UPQC can provide with a 

significant advantage compared to the design presented in [41]. 

Evaluation of the carrier range division for the nine-switch UPQC with the series 

𝐿𝑠ℎ𝐶𝑠ℎ filter requires knowledge of the shunt and series terminal voltages during normal, 

sag and swell operating conditions, as in the case of the shunt inductive filter. Moreover, 

parallel connection of the series 𝐿𝑠ℎ𝐶𝑠ℎ filter with the source inductance (𝐿𝑠) that is 

visible from the load side, creates a parallel resonant circuit. At the same time, the series 

𝐿𝑠ℎ𝐶𝑠ℎ filter and the source inductance (𝐿𝑠) from the power supply side represents the 

series resonant circuit [53]. Therefore, the shunt and series terminal voltages are 

calculated and the effective carrier range division is shown. In addition, a systematic 

method for selection the series 𝐿𝑠ℎ𝐶𝑠ℎ filter parameters is discussed and effects of the 

parallel and series resonance on the power system is analyzed. 

The change of the shunt terminal filter topology does not influence numerical results 

obtained from the steady-state power flow model of the nine-switch UPQC in subsection 

3.2.2. Thus, results of the shunt current (𝑖𝑠ℎ) for normal, sag and swell operation 

presented in Table 3.2 and Table 3.3 are used in these calculations as well. In Appendix 

A, the inductance and capacitance of the series 𝐿𝑠ℎ𝐶𝑠ℎ filter are provided. Therefore, 

those values are employed throughout the calculations. Also, the choice of those 

parameters will be explained. Active losses of the series 𝐿𝑠ℎ𝐶𝑠ℎ filter are small and 

hence, they are neglected (𝑅𝑠ℎ = 0). For the same reasons mentioned in subsection 3.3.1, 

the series terminal voltage (𝑉𝑠𝑟) is taken equal to the series voltage (𝑣𝑠𝑟), (𝑉𝑠𝑟 = 𝑣𝑠𝑟). 
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An equation (3.12) is derived for calculating the shunt terminal voltage level at the 

fundamental frequency, where an impedance of the series 𝐿𝑠ℎ𝐶𝑠ℎ filter is considered. 

𝑉𝑠ℎ = 𝑣𝑓𝑠ℎ + 𝑣𝑙 = 𝑗𝑋𝑓𝑠ℎ𝑖𝑠ℎ + 𝑣𝑙  (3.12) 

where: 𝑗𝑋𝑓𝑠ℎ = 𝑗𝑋𝐿𝑠ℎ − 𝑗𝑋𝐶𝑠ℎ = 𝑗 �𝜔1𝐿𝑠ℎ −
1

𝜔1𝐶𝑠ℎ
� = 𝑗 �2𝜋𝑓1𝐿𝑠ℎ −

1
2𝜋𝑓1𝐶𝑠ℎ

�.  

Using equation (3.12) and placing selected 𝐿𝑠ℎ = 26𝑚𝐻, 𝐶𝑠ℎ = 70𝜇𝐹 and 𝑓1 =

50𝐻𝐻, the shunt terminal voltage (𝑉𝑠ℎ) during nominal operation is calculated. 

𝑗𝑋𝑓𝑠ℎ = 𝑗𝑋𝐿𝑠ℎ − 𝑗𝑋𝐶𝑠ℎ = j8.17 − j45.5 = −𝑗37.3 = 37.3∠−900𝑂ℎ𝑚 

𝑉𝑠ℎ = 𝑗𝑋𝑓𝑠ℎ𝑖𝑠ℎ + 𝑣𝑙 = 37.3∠−900 · 4.47∠−900 + 325∠00 = 158∠00𝑉 

 

 

From the obtained results, it can be observed that the shunt terminal voltage will be 

significantly reduced in comparison to the results obtained for the nine-switch UPQC 

with the shunt inductive filter in subsection 3.3.1. This is true due to the capacitive nature 

of the series 𝐿𝑠ℎ𝐶𝑠ℎ filter total impedance �𝑗𝑋𝑓𝑠ℎ�. The reactive component of the shunt 

current (𝑖𝑠ℎ) flowing though the filter creates the shunt passive filter voltage �𝑣𝑓𝑠ℎ� 

which is out of phase with respect to the load voltage (𝑣𝑙 ). Thus, it compensates the filter 

and some part of the load inductance. If the impedance of the capacitor (−𝑗𝑋𝐶𝑠ℎ) is 

equivalent to the impedance of the inductor (𝑗𝑋𝐿𝑠ℎ), the series 𝐿𝑠ℎ𝐶𝑠ℎ filter impedance 

will be zero �𝑗𝑋𝑓𝑠ℎ = 0�. Hence, the total voltage drop across it will be zero �𝑣𝑓𝑠ℎ = 0�. 

Thus, the shunt terminal voltage will be the same as the load voltage (𝑉𝑠ℎ = 𝑣𝑙 ) during 

all operating conditions. However, in that case, the capacitor size will be large and the 

series 𝐿𝑠ℎ𝐶𝑠ℎ filter will not provide reduction of the nine-switch UPQC power rating. 

During sag and swell operation, the shunt current (𝑖𝑠ℎ) includes the active and 

reactive component. The reactive component is constant for all operating conditions, 
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which was defined as reactive power injection, Fig. 3.3. However, the active component 

changes its flow direction according to absorption or injection of active power Fig. 3.5 

and Fig. 3.6. In Table 3.2 and Table 3.3, it is expressed as increase in the current 

amplitude and variation of its phase angle from −900 in the phasor representation. 

Therefore, it is observed that increasing the capacitive impedance of 𝑗𝑋𝑓𝑠ℎ (−𝑗𝑋𝐶𝑠ℎ >

𝑗𝑋𝐿𝑠ℎ) in (3.12) with the shunt current selected for 30% sag and swell, the shunt terminal 

voltage level will vary. This dependency is presented in Fig. 3.10, where 𝑉𝑠ℎ′  defines its 

amplitude. 

From Fig. 3.10, it is clear that when the series 𝐿𝑠ℎ𝐶𝑠ℎ filter total impedance is around 

𝑗𝑋𝑓𝑠ℎ = −𝑗40𝑂ℎ𝑚, the shunt terminal voltage amplitude (𝑉𝑠ℎ′ ) that must be generated by 

the nine-switch UPQC during 30% sag is at its minimum. It is even smaller during 30% 

swell. It is important to emphasize that different values of inductance and capacitance of 

the series 𝐿𝑠ℎ𝐶𝑠ℎ filter can provide with the total impedance close to −𝑗40𝑂ℎ𝑚. Thus, 

considering the series 𝐿𝑠ℎ𝐶𝑠ℎ filter impedance around −𝑗40𝑂ℎ𝑚 and acceptable level of 

THD that must be less than 5% after source current harmonic mitigation by the shunt 

terminal, the inductance and capacitance was selected as: 𝐿𝑠ℎ = 26𝑚𝐻 and 𝐶𝑠ℎ = 70𝜇𝐹. 

These filter parameters provide with the series 𝐿𝑠ℎ𝐶𝑠ℎ filter impedance of 𝑗𝑋𝑓𝑠ℎ =

−𝑗37.3𝑂ℎ𝑚 and the THD level of around 3% after applying the variable-band hysteresis 

control (Chapter 4). Further increase of the inductance and as a result, decrease of the 

capacitance is possible and it lowers THD level even more but the size of the inductor 

significantly increases. 
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Figure 3.10 Variation of shunt terminal voltage with respect to capacitive 

impedance of series LshCsh filter. 

 

The numerical results for the shunt terminal voltages calculated using (3.12) during 

normal to sag and normal to swell operation are summarized in Table 3.6 and Table 3.7. 

It can be noticed that the shunt terminal voltage amplitude (𝑉𝑠ℎ′ ) increases with respect to 

the strength of the source voltage (𝑣𝑠) sag and swell. Moreover, its phase angle (𝜑𝑉𝑠ℎ) 

shifts from 00 and becomes positive during sag and negative during swell operation. 
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Table 3.6 Shunt and series terminal voltages for nine-switch UPQC with shunt 

series LshCsh filter during normal to sag operation. 

Sag, % 𝑘 𝑉𝑠∠𝜑𝑙𝑠,𝑉 𝑉𝑙∠𝜑𝑙𝑙,𝑉 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ,𝑉 𝑉𝑠𝑟′ ∠𝜑𝑉𝑠𝑟 ,𝑉 

0 0 325∠00 325∠00 158∠00 0∠00 

10 −0.1 292.5∠00 325∠00 163∠13.50 32.5∠00 

20 −0.2 260∠00 325∠00 180∠28.50 65∠00 

30 −0.3 227.5∠00 325∠00 216∠430 97.5∠00 

 

 

Table 3.7 Shunt and series terminal voltages for nine-switch UPQC with shunt 

series LshCsh filter during normal to swell operation. 

Swell, % 𝑘 𝑉𝑠∠𝜑𝑙𝑠,𝑉 𝑉𝑙∠𝜑𝑙𝑙,𝑉 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ,𝑉 𝑉𝑠𝑟′ ∠𝜑𝑉𝑠𝑟,𝑉 

0 0 325∠00 325∠00 158∠00 0∠00 

10 0.1 357.5∠00 325∠00 161∠−110 −32.5∠00 

20 0.2 390∠00 325∠00 168∠−200 −65∠00 

30 0.3 422.5∠00 325∠00 177∠−26.60 −97.5∠00 

 

Results from Table 3.6 and Table 3.7 can be shown in the complex plane,  Fig. 3.11 

(a) and Fig. 3.11 (b). It can be noticed that the vector of the voltage drop across the series 

𝐿𝑠ℎ𝐶𝑠ℎ filter �𝑉𝑓𝑠ℎ∠𝜑𝑙𝑓𝑠ℎ� is out of phase with respect to the load voltage vector (𝑉𝑙∠00) 

during normal operation. Therefore, the vector 𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ is decreased and its phase angle 

is equal 00. Addition of vectors 𝑉𝑓𝑠ℎ∠𝜑𝑙𝑓𝑠ℎ and 𝑉𝑙∠00 reveals increase of the resultant 

𝑉𝑠ℎ′ ∠𝜑𝑉𝑠ℎ and shift of its phase angle from 00 during sag and swell operation. 
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Figure 3.11 Complex plane representation of shunt terminal voltage with series 

LshCsh filter: (a) normal to sag, (b) normal to swell operation. 

 

In the carrier range division view, placement of the modulation voltages for the shunt 

and series terminals (𝑚𝑠ℎ, 𝑚𝑠𝑟) during normal, sag and swell operation are shown in    

Fig. 3.12 (a), Fig. 3.12 (b) and Fig. 3.12 (c), respectively. From Fig. 3.12 (a), it is clear 

that the shunt terminal modulation voltage (𝑚𝑠ℎ) is significantly reduced. Both of the 

waveforms have a lot of space to vary within the carrier range that is equivalent to the 

carrier range presented in subsection 3.3.1. Furthermore, Fig. 3.12 (b) and Fig. 3.12 (c) 

show that the series terminal modulation voltage (𝑚𝑠𝑟) does not overlap the shunt one 

(𝑚𝑠ℎ) during sag and swell, if proper dc-offsets are added to both of them. As a result, 

the nine-switch UPQC will function satisfactory in the CF mode during sag and the DF 

during swell operation. Furthermore, its power rating can be maintained even slightly 

lower compared to the conventional UPQC with the same size of the shunt inductive 

filter and it is equal to 𝑉𝑑𝑟(𝑁𝑁) = 0.85𝑉𝑑𝑟(𝐶𝑡𝑛). 
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Figure 3.12 Carrier range division for nine-switch UPQC with series Lsh Csh filter: 

(a) normal, (b) sag, (c) swell operation. 

 

Since the shunt inductive filter is replaced with the series 𝐿𝑠ℎ𝐶𝑠ℎ filter, the parallel 

and series resonance that might experience the series 𝐿𝑠ℎ𝐶𝑠ℎ filter in combination with 

the source inductance (𝐿𝑠) must be analyzed. For this reason, a single-phase equivalent 

circuit and equivalent circuits for harmonic components of the nine-switch UPQC 

connected with the DG system are used and shown in Fig. 3.13 (a), Fig. 3.13 (b) and      

Fig. 3.13 (c). The shunt terminal current and the non-linear load are replaced with a 

controlled and an ideal current source, respectively. The series terminal is replaced with a 

voltage source. The series 𝐿𝑠ℎ𝐶𝑠ℎ filter elements are considered ideal. 
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Figure 3.13 Equivalent circuits: (a) single-phase, (b) harmonic components for 

parallel resonance, (c) harmonic components for series resonance. 

 

Looking at Fig. 3.13 (b), it is understood that the series 𝐿𝑠ℎ𝐶𝑠ℎ filter creates the 

parallel resonant circuit together with the short circuit supply impedance. Therefore, 

current harmonics drawn by the non-linear load might be amplified in the range of its 

resonant frequency to critical values and highly distort the source current [53]. Using 

KCL at the point of connecting the shunt terminal and deriving a transfer function 

between source �𝑖𝑠(ℎ)� and load �𝑖𝑙(ℎ)� current harmonics, equations (3.13) and (3.14) are 

obtained for the analysis. 



 

56 

 

𝑖𝑠(ℎ) + 𝑖𝑠ℎ(ℎ) − 𝑖𝑙(ℎ) = 0 

𝐻𝑟𝑟𝑠(𝑝𝑟)(𝑐) =
𝑖𝑠(ℎ)

𝑖𝑙(ℎ)
=

𝑐2𝐿𝑠ℎ𝐶𝑠ℎ + 1
𝑐2(𝐿𝑠 + 𝐿𝑠ℎ)𝐶𝑠ℎ + 1

 

(3.13) 

 

(3.14) 

 

Placing selected values of the power supply impedance 𝐿𝑠 = 35𝜇𝐻 and the series 

𝐿𝑠ℎ𝐶𝑠ℎ filter parameters 𝐿𝑠ℎ = 26𝑚𝐻, 𝐶𝑠ℎ = 70𝜇𝐹 in (3.14), the frequency response plot 

for the parallel resonance circuit is received, Fig. 3.14. 

 

 

Figure 3.14 Frequency response plot for parallel resonance. 

  

Looking at (3.13) and rewriting it for the source current harmonics                    

𝑖𝑠(ℎ) = 𝑖𝑙(ℎ) − 𝑖𝑠ℎ(ℎ), it can be stated that harmonic-amplification will appear around 

118𝐻𝐻, if the shunt terminal does not provide with required current harmonic mitigation 

�𝑖𝑠ℎ(ℎ) ≠ 𝑖𝑙(ℎ)�, Fig 3.14. Nevertheless, excitation at that resonant frequency is not 
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expected in the 3P3W system. In addition, the actual filter elements are non-ideal and the 

filter includes its total resistance (𝑅𝑠ℎ), Fig 3.1. This resistance damps the parallel 

resonance strength. Moreover, when the shunt terminal preforms current harmonic 

mitigation �𝑖𝑠ℎ(ℎ) = 𝑖𝑙(ℎ)�, the source current harmonics �𝑖𝑠(ℎ)� will equal zero and the 

source current (𝑖𝑠) will be harmonic free. Thus, parallel resonance will be ineffective. 

Considering open circuits at placements of the current sources in Fig. 3.13 (a),      

Fig. 3.13 (c) is obtained. It can be noticed that the series 𝐿𝑠ℎ𝐶𝑠ℎ filter creates the series 

resonant circuit together with the source impedance. The series resonant circuit might 

amplify the source current harmonics �𝑖𝑠(ℎ)�, if the source voltage injects harmonics 

�𝑣𝑠(ℎ)�. The equation (3.15) provides with relationship between the source current 

harmonics and the total voltage harmonics across the line. Moreover, setting the series 

terminal voltage harmonics to zero �𝑣𝑠𝑟(ℎ) = 0�, a transfer function between the source 

current harmonics and the source voltage harmonics (3.16) is derived. 

𝑣𝑠(ℎ) − 𝑣𝑠𝑟(ℎ) = 𝑖𝑠(ℎ) �
𝑐2(𝐿𝑠 + 𝐿𝑠ℎ)𝐶𝑠ℎ + 1

𝑐𝐶𝑠ℎ
� 

𝐻𝑟𝑟𝑠(𝑠𝑟)(𝑐) =
𝑖𝑠(ℎ)

𝑣𝑠(ℎ)
=

𝑐𝐶𝑠ℎ
𝑐2(𝐿𝑠 + 𝐿𝑠ℎ)𝐶𝑠ℎ + 1

 

(3.15) 

 

(3.16) 

Placing 𝐿𝑠 = 35𝜇𝐻, 𝐿𝑠ℎ = 26𝑚𝐻 and 𝐶𝑠ℎ = 70𝜇𝐹 in (3.16), the frequency response 

plot for the series resonance circuit is obtained, Fig. 3.15. 
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Figure 3.15 Frequency response plot for series resonance. 

 

Analyzing Fig. 3.15, it is visible that the series resonant frequency will be allocated 

around 118𝐻𝐻. Nevertheless, looking at (3.15) and assuming that the series terminal 

mitigates all harmonics originated within the source voltage �𝑣𝑠(ℎ) = 𝑣𝑠𝑟(ℎ)�, 

amplification of the source current harmonics will be zero. In addition, the filter 

resistance (𝑅𝑠ℎ) damps series resonance as in the case of parallel resonance. As a result, 

series resonance will not affect PQ of the DG system. 

 

3.4 Summary 

 

In this Chapter, the power exchange among the shunt and series terminals of the 

nine-switch UPQC and the DG system was presented. It was based on the general and 

numerical analysis of the steady-state power flow model for normal, sag and swell 
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operating conditions. The obtained results of the analysis justified the inaccuracy of the 

carrier range division for the previously designed nine-switch UPQC. Furthermore, it was 

revealed that the previously designed nine-switch UPQC, where the shunt inductive filter 

was used, can operate during normal, sag and swell operating conditions. However, its 

power rating must be increased compared to the conventional UPQC. Hence, replacement 

of the conventional UPQC on the nine-switch UPQC becomes unattractive. The 

semiconductor switches must be selected for the higher power rating and the advantage 

of saving three semiconductor switches in total is negligible. 

In order to overcome the problem with increased power rating of the nine-switch 

UPQC, the shunt series second-order filter was proposed as the replacement for the shunt 

inductive filter. It was shown that this shunt passive filter configuration can provide a 

significant decrease in the power rating of the nine-switch UPQC. The power rating can 

be even slightly lower than for the conventional UPQC, if the filter parameters are 

selected appropriately. The power rating of the semiconductor switches can thus be the 

same as in the conventional UPQC. Presented carrier range division verifies this fact. 

Furthermore, it was revealed that parallel and series resonance, which are usually implied 

with the series second order filter, do not degrade PQ of the DG system. Therefore, the 

nine-switch UPQC will function effectively during normal, sag and swell operation. 

Thus, this proposed design presents itself as a good replacement of the conventional 

UPQC, where the advantage of saving three semiconductor switches is maintained. 
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Chapter 4 

Variable-Band Hysteresis Control 

In Chapter 2, the problems related to the previously designed control methods for the 

shunt and series terminals of the nine-switch UPQC [41] were discussed. In this Chapter, 

the variable-band hysteresis control method is presented as an alternative control 

technique for controlling the shunt currents and series voltages simultaneously and 

without the use of cascaded resonant blocks. This method is applied for the shunt and 

series terminals of the proposed nine-switch UPQC, where the parallel second-order 

passive filter of the series terminal is replaced with an improved structure. 

The shunt and series terminals are analyzed independently. Using a coherent 

mathematical model based on the sliding mode concept, the control variables of the shunt 

and the series controller are decoupled and the variable band hysteresis is calculated. 

Switching frequency correction on a cycle-by-cycle basis is introduced in order to keep 

the switching frequency of the system close to the selected value. Moreover, the dc-link 

voltage range is divided and utilized by injecting the shunt and the series dc-offsets and 

their corresponding third harmonic voltages. Both, the shunt reference currents and the 

series reference voltages are generated in the 𝑎𝑏𝑐 natural frame. Finally, the overall 

system control of the nine-switch UPQC is implemented in PSIM and the simulation 

results confirm the expected system performance. 
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4.1 Shunt Terminal Variable-Band Hysteresis Control 

4.1.1 Shunt Terminal System Equations 

 

In order to implement the variable-band hysteresis control for controlling the shunt 

current in each phase, it is important to derive a shunt terminal set of equations for three 

phases. For this purpose, the shunt terminal connection is analyzed independently from 

the series terminal. Therefore, the shunt terminal equivalent circuit was developed from 

Fig. 3.1 and it is shown in Fig. 4.1.  

 

VshA

VshB

VshC

shR shL shC

shR shL shC

shR shL shC

+ –

+ –

+ –

+–

+–

+–

vla

vlb

vlc

nsh

isha

ishc

ishb

 
Figure 4.1 Shunt terminal equivalent circuit. 

 

From Fig. 4.1, using Kirchhoff’s voltage law (KVL) and considering the isolated 

neutral connection between the three-phase load and the dc-link mid-point of the nine-

switch UPQC in Fig. 3.1, the three phases of the shunt terminal can be described by the 

set of equations (4.1). 



 

62 

 

𝑅𝑠ℎ𝑖𝑠ℎ𝑏 + 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

+
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 + 𝑣𝑙𝑏 = 𝑉𝑠ℎ𝑀 − 𝑉𝑠ℎ𝑛 

𝑅𝑠ℎ𝑖𝑠ℎ𝑏 + 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

+
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 + 𝑣𝑙𝑏 = 𝑉𝑠ℎ𝐵 − 𝑉𝑠ℎ𝑛 

𝑅𝑠ℎ𝑖𝑠ℎ𝑟 + 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ𝑟
𝑑𝑊

+
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑟𝑑𝑊 + 𝑣𝑙𝑟 = 𝑉𝑠ℎ𝐶 − 𝑉𝑠ℎ𝑛 

(4.1) 

where: 𝑉𝑠ℎ𝑀 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑏, 𝑉𝑠ℎ𝐵 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑏, 𝑉𝑠ℎ𝐶 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑟 and 𝐻𝑠ℎ𝑖 = {1;−1}, 

𝑖 = 𝑎, 𝑏, 𝑐. 

The shunt terminal voltages 𝑉𝑠ℎ𝑀, 𝑉𝑠ℎ𝐵 and 𝑉𝑠ℎ𝐶 are step-like and include all 

harmonic spectrum. The control variables (𝐻𝑠ℎ𝑖) result from the switching states of the 

power switches in each leg of the nine-switch UPQC. The correlation between the control 

variables and the switching states of the power switches is determined later. 

Due to the connection of the three-phase balanced sensitive load and the non-linear 

load to the 3P3W DG system, the shunt terminal currents and the load voltages on the left 

side of (4.1) must be balanced. Hence, their sums equal zero (𝑖𝑠ℎ𝑏 + 𝑖𝑠ℎ𝑏 + 𝑖𝑠ℎ𝑟 = 0; 

𝑣𝑙𝑏 + 𝑣𝑙𝑏 + 𝑣𝑙𝑟 = 0). Adding equations in (4.1), the shunt neutral voltage (𝑉𝑠ℎ𝑛) is 

expressed in (4.2). 

𝑉𝑠ℎ𝑛 =
1
3

(𝑉𝑠ℎ𝑀 + 𝑉𝑠ℎ𝐵 + 𝑉𝑠ℎ𝐶) =
𝑉𝑑𝑟
3

(𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑟) (4.2.) 

It is convenient to rewrite (4.1) with respect to the change of the shunt current in each 

phase. Thus, the set of equations (4.1) is shown in (4.3). 
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𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

=
1
𝐿𝑠ℎ

�𝑉𝑠ℎ𝑀−𝑅𝑠ℎ𝑖𝑠ℎ𝑏 −
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 − 𝑣𝑙𝑏 − 𝑉𝑠ℎ𝑛� 

𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

=
1
𝐿𝑠ℎ

�𝑉𝑠ℎ𝐵−𝑅𝑠ℎ𝑖𝑠ℎ𝑏 −
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 − 𝑣𝑙𝑏 − 𝑉𝑠ℎ𝑛� 

𝑑𝑖𝑠ℎ𝑟
𝑑𝑊

=
1
𝐿𝑠ℎ

�𝑉𝑠ℎ𝐶 − 𝑅𝑠ℎ𝑖𝑠ℎ𝑟 −
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑟𝑑𝑊 − 𝑣𝑙𝑟 − 𝑉𝑠ℎ𝑛� 

(4.3) 

 

4.1.2 Shunt Decoupling Technique and Variable Hysteresis Band Calculation 

 

As it was discussed in Chapter 2 section 2.4, the instantaneous error of the measured 

signal can reach double, if the hysteresis control technique is implemented for the 3P3W 

systems. This is due to the interaction between the three phases. Thus, they must be 

decoupled. In [52], a coherent mathematical model based on the sliding mode concept for 

the decoupling of the three phases was introduced. It was developed for controlling the 

three-phase currents of the six-switch VSC. Thus, the controller was named SMPWM. 

Also, the same sliding mode concept was used for the nine-switch converter with the 

hysteresis controller in [39]. It was designed and named as the HM-SMPWM for 

controlling two sets of the three-phase currents. The variable-band hysteresis control 

method, presented in [50], for controlling the three-phase currents of the six-switch VSC 

resolved the problem with the three-phase interaction in the similar way as in [39]. 

However, nothing was mentioned about the sliding mode concept. Therefore, applying 

the sliding mode concept for the shunt terminal of the nine-switch UPQC, the decoupling 

of the three phases for their independent control can be achieved in a coherent manner. 

Moreover, the name of the shunt controller is selected as the variable-band hysteresis 
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control due to the use of the variable hysteresis band as in [50]. The main difference 

among the shunt variable-band hysteresis controller and the HM-SMPWM is that the 

shunt controller will maintain the switching frequency closer to the selected value. 

A sliding manifold for the shunt terminal is derived with the objective of controlling 

the shunt currents in the three phases. Using equation (4.3) and replacing the shunt 

neutral voltage (𝑉𝑠ℎ𝑛) with (4.2), the change of the shunt current in each phase is 

expressed in (4.4). The equation (4.4) has the first-order dynamics. 

𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

= 𝐾𝑠ℎ𝑏 +
𝑉𝑑𝑟

3𝐿𝑠ℎ
(2𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑟) 

𝑑𝑖𝑠ℎ𝑏
𝑑𝑊

= 𝐾𝑠ℎ𝑏 +
𝑉𝑑𝑟

3𝐿𝑠ℎ
(−𝐻𝑠ℎ𝑏 + 2𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑟) 

𝑑𝑖𝑠ℎ𝑟
𝑑𝑊

= 𝐾𝑠ℎ𝑟 +
𝑉𝑑𝑟

3𝐿𝑠ℎ
(−𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑏 + 2𝐻𝑠ℎ𝑟) 

(4.4) 

where: 𝐾𝑠ℎ𝑖 = 1
𝐿𝑠ℎ

�−𝑅𝑠ℎ𝑖𝑠ℎ𝑖 −
1
𝐶𝑠ℎ

∫ 𝑖𝑠ℎ𝑖𝑑𝑊 − 𝑣𝑙𝑖� and 𝑖 = 𝑎, 𝑏, 𝑐. 

The set of equations in (4.4) is rewritten in the matrix form (4.5), (4.6). 

�
𝚤̇̇𝑠ℎ𝑏
𝚤̇̇𝑠ℎ𝑏
𝚤̇̇𝑠ℎ𝑟

� = �
𝐾𝑠ℎ𝑏
𝐾𝑠ℎ𝑏
𝐾𝑠ℎ𝑟

� +
𝑉𝑑𝑟

3𝐿𝑠ℎ
�

2 −1 −1
−1 2 −1
−1 −1 2

� �
𝐻𝑠ℎ𝑏
𝐻𝑠ℎ𝑏
𝐻𝑠ℎ𝑟

� 

𝚤̇̇𝑠ℎ = 𝐾𝑠ℎ +
𝑉𝑑𝑟

3𝐿𝑠ℎ
𝑀𝑠ℎ𝐻𝑠ℎ 

(4.5) 

 

(4.6) 

where: 𝑀𝑠ℎ = �
2 −1 −1
−1 2 −1
−1 −1 2

� and 𝐻𝑠ℎ = [𝐻𝑠ℎ𝑏 𝐻𝑠ℎ𝑏 𝐻𝑠ℎ𝑟]𝑇 is a control vector. 

In [21], it was mentioned that the three phases are dependent and interact with each 

other in the 3P3W systems. Thus, only two of the shunt currents (𝑖𝑠ℎ𝑏, 𝑖𝑠ℎ𝑏 , 𝑖𝑠ℎ𝑟) can be 

controlled independently. This is also verified by the obtained singular matrix 𝑀𝑠ℎ. If 
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sum of the reference shunt currents equal zero ∑ 𝑖𝑠ℎ𝑖∗ = 0, only two of them can be given 

independently. However, control algorithm should be developed to control the shunt 

currents in three phases. Thus, the extra one degree of freedom for controlling one more 

variable is utilized as in [52] and it is shown in (4.7). 

�̇�𝑠ℎ𝑛 = 𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛 = 𝑉𝑠ℎ𝑛∗ −
𝑉𝑑𝑟
3

(𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑟) (4.7) 

The sliding manifold for the shunt terminal (𝑒𝑠ℎ) and its first derivative (�̇�𝑠ℎ), 

including their three components, are revealed in (4.8) and (4.9). The tracking problem 

can be solved when 𝑒𝑠ℎ = 0 and hence, 𝑒𝑠ℎ𝑏 = 𝑒𝑠ℎ𝑏 = 𝑒𝑠ℎ𝑛 = 0. 

𝑒𝑠ℎ = �
𝑒𝑠ℎ𝑏
𝑒𝑠ℎ𝑏
𝑒𝑠ℎ𝑛

� = �
𝑖𝑠ℎ𝑏∗ − 𝑖𝑠ℎ𝑏
𝑖𝑠ℎ𝑏∗ − 𝑖𝑠ℎ𝑏

∫(𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛)𝑑𝑊
� = 0        

�̇�𝑠ℎ = �
�̇�𝑠ℎ𝑏
�̇�𝑠ℎ𝑏
�̇�𝑠ℎ𝑛

� = �
𝚤̇�̇�ℎ𝑏∗ − 𝚤̇̇𝑠ℎ𝑏
𝚤̇̇𝑠ℎ𝑏∗ − 𝚤̇̇𝑠ℎ𝑏
𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛

� = 0 

(4.8) 

 

(4.9) 

where: 𝑖𝑠ℎ𝑏∗ , 𝑖𝑠ℎ𝑏∗  and 𝑉𝑠ℎ𝑛∗  are reference signals for the shunt terminal. 

Substituting the change of the shunt current in the phase a and b from (4.4) and the 

equation (4.7) into (4.9), the first derivative for each sliding manifold component of the 

shunt terminal is written in (4.10). 

𝑑𝑒𝑠ℎ𝑏
𝑑𝑊

=
𝑑𝑖𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠ℎ𝑏 −

𝑉𝑑𝑟
3𝐿𝑠ℎ

(2𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑟) 

𝑑𝑒𝑠ℎ𝑏
𝑑𝑊

=
𝑑𝑖𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠ℎ𝑏 −

𝑉𝑑𝑟
3𝐿𝑠ℎ

(−𝐻𝑠ℎ𝑏 + 2𝐻𝑠ℎ𝑏 − 𝐻𝑠ℎ𝑟) 

𝑑𝑒𝑠ℎ𝑛
𝑑𝑊

= 𝑉𝑠ℎ𝑛∗ −
𝑉𝑑𝑟
3

(𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑏 + 𝐻𝑠ℎ𝑟) 

(4.10) 
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In order to decouple control variables 𝐻𝑠ℎ𝑏, 𝐻𝑠ℎ𝑏, and 𝐻𝑠ℎ𝑟 from the set of equations 

in (4.10), similar steps are performed as in [52]. However, the actual components of the 

sliding manifold are used rather than their first derivatives. Integrating both sides of 

(4.10) and expressing the result in the vector form, (4.11) is derived. 

𝑒𝑠ℎ = 𝑓𝑠ℎ − 𝑀𝑠ℎ1 ∙ 𝑉𝑑𝑟 �𝐻𝑠ℎ 𝑑𝑊 (4.11) 

where: 

𝑓𝑠ℎ = �
𝑖𝑠ℎ𝑏∗ − ∫𝐾𝑠ℎ𝑏 𝑑𝑊
𝑖𝑠ℎ𝑏∗ − ∫𝐾𝑠ℎ𝑏 𝑑𝑊

∫𝑉𝑠ℎ𝑛∗ 𝑑𝑊
� = 0, 𝑀𝑠ℎ1 = 1

3𝐿𝑠ℎ
�

2 −1 −1
−1 2 −1
𝐿𝑠ℎ 𝐿𝑠ℎ 𝐿𝑠ℎ

� = 0, 𝐻𝑠ℎ = �
𝐻𝑠ℎ𝑏
𝐻𝑠ℎ𝑏
𝐻𝑠ℎ𝑟

�. 

It is understood that the matrix 𝑀𝑠ℎ1 is non-singular and its inverse matrix 𝑀𝑠ℎ1
−1  can 

be found. Multiplying both sides of the equation (4.11) by this inverse matrix and calling 

the right side as a new sliding manifold �̅�𝑠ℎ = 𝑀𝑠ℎ1
−1 ∙ 𝑒𝑠ℎ = 0, the control variables 𝐻𝑠ℎ𝑏, 

𝐻𝑠ℎ𝑏, and 𝐻𝑠ℎ𝑟 can be decoupled for each sliding surface. It is important to mention that 

the equality �̅�𝑠ℎ = 0 will be true when the elements of the sliding vector 𝑒𝑠ℎ will be zero 

due to the fact that 𝑀𝑠ℎ1
−1  is non-zero matrix. 

�̅�𝑠ℎ = �
�̅�𝑠ℎ𝑏
�̅�𝑠ℎ𝑏
�̅�𝑠ℎ𝑟

� = �
𝐿𝑠ℎ 0 1
0 𝐿𝑠ℎ 1

−𝐿𝑠ℎ −𝐿𝑠ℎ 1
� �
𝑒𝑠ℎ𝑏
𝑒𝑠ℎ𝑏
𝑒𝑠ℎ𝑛

� = �
𝐿𝑠ℎ ∙ 𝑒𝑠ℎ𝑏 + 𝑒𝑠ℎ𝑛
𝐿𝑠ℎ ∙ 𝑒𝑠ℎ𝑏 + 𝑒𝑠ℎ𝑛

−𝐿𝑠ℎ ∙ 𝑒𝑠ℎ𝑏 − 𝐿𝑠ℎ ∙ 𝑒𝑠ℎ𝑏 + 𝑒𝑠ℎ𝑛
� (4.12) 

Differentiating (4.12), �̇̅�𝑠ℎ = 𝑀𝑠ℎ1
−1 ∙ �̇�𝑠ℎ = 0 can be found and it is expressed in 

(4.13). 

�̇̅�𝑠ℎ = �
�̇̅�𝑠ℎ𝑏
�̇̅�𝑠ℎ𝑏
�̇̅�𝑠ℎ𝑟

� = �
𝐿𝑠ℎ ∙ �̇�𝑠ℎ𝑏 + �̇�𝑠ℎ𝑛
𝐿𝑠ℎ ∙ �̇�𝑠ℎ𝑏 + �̇�𝑠ℎ𝑛

−𝐿𝑠ℎ ∙ �̇�𝑠ℎ𝑏 − 𝐿𝑠ℎ ∙ �̇�𝑠ℎ𝑏 + �̇�𝑠ℎ𝑛
� (4.13) 
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Substituting (4.10) into (4.13), dividing both sides by 𝐿𝑠ℎ, naming 1
𝐿𝑠ℎ

�̇̅�𝑠ℎ = �̇̅�𝑠ℎ′  and 

hence, �̅�𝑠ℎ = �̅�𝑠ℎ′  and performing a few mathematical manipulations, the decoupling of 

the control variables is verified and presented in (4.14) for three phases. 

𝑑�̅�𝑠ℎ𝑏′

𝑑𝑊
=
𝑑𝑖𝑠ℎ𝑏∗

𝑑𝑊
+

1
𝐿𝑠ℎ

�𝑅𝑠ℎ𝑖𝑠ℎ𝑏 +
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 + 𝑣𝑙𝑏 + 𝑉𝑠ℎ𝑛∗ − 𝑉𝑑𝑟𝐻𝑠ℎ𝑏� 

𝑑�̅�𝑠ℎ𝑏′

𝑑𝑊
=
𝑑𝑖𝑠ℎ𝑏∗

𝑑𝑊
+

1
𝐿𝑠ℎ

�𝑅𝑠ℎ𝑖𝑠ℎ𝑏 +
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑏𝑑𝑊 + 𝑣𝑙𝑏 + 𝑉𝑠ℎ𝑛∗ − 𝑉𝑑𝑟𝐻𝑠ℎ𝑏� 

𝑑�̅�𝑠ℎ𝑟′

𝑑𝑊
=
𝑑𝑖𝑠ℎ𝑟∗

𝑑𝑊
+

1
𝐿𝑠ℎ

�𝑅𝑠ℎ𝑖𝑠ℎ𝑟 +
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑟𝑑𝑊 + 𝑣𝑙𝑟 + 𝑉𝑠ℎ𝑛∗ − 𝑉𝑑𝑟𝐻𝑠ℎ𝑟� 

(4.14) 

where: 𝑑𝑖𝑠ℎ𝑐
∗

𝑑𝑡
= −𝑑𝑖𝑠ℎ𝑎

∗

𝑑𝑡
− 𝑑𝑖𝑠ℎ𝑏

∗

𝑑𝑡
, 𝑖𝑠ℎ𝑟 = −𝑖𝑠ℎ𝑏 − 𝑖𝑠ℎ𝑏, 𝑣𝑙𝑟 = −𝑣𝑙𝑏 − 𝑣𝑙𝑏. 

Looking at (4.14), it can be noticed that the load voltage, the shunt reference and 

sensed currents of the phase c can be obtained by using the load voltages, the shunt 

reference and sensed currents of two other phases. Furthermore, replacing 𝑉𝑑𝑟𝐻𝑠ℎ𝑖 with 

𝑉𝑠ℎ𝑋, where 𝑖 = 𝑎, 𝑏, 𝑐 and 𝑋 = 𝐴,𝐵,𝐶, adding 𝑉𝑠ℎ𝑛 to and subtracting it from the right 

side, this equation is rearranged into (4.15). 

𝑑�̅�𝑠ℎ𝑖′

𝑑𝑊
=
𝑑𝑖𝑠ℎ𝑖∗

𝑑𝑊
−

1
𝐿𝑠ℎ

�𝑉𝑠ℎ𝑋−𝑅𝑠ℎ𝑖𝑠ℎ𝑖 −
1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑖𝑑𝑊 − 𝑣𝑙𝑖 − 𝑉𝑠ℎ𝑛� + 

+
1
𝐿𝑠ℎ

(𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛) 

(4.15) 

The expression within the brackets in (4.15) is equal to the change of the shunt 

sensed current for each phase in (4.3). Thus, using (4.3) and integrating both sides of 

(4.15), the elements of the shunt sliding trajectory (4.16) are identified. 
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�̅�𝑠ℎ𝑖′ = 𝑖𝑠ℎ𝑖∗ − 𝑖𝑠ℎ𝑖 +
1
𝐿𝑠ℎ

�(𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛)𝑑𝑊 

�̅�𝑠ℎ𝑖′ = 𝑖𝑠ℎ𝑖∗ − 𝑖𝑠ℎ𝑖 +
1
𝐿𝑠ℎ

��𝑉𝑠ℎ𝑛∗ 𝑑𝑊 − �𝑉𝑠ℎ𝑛𝑑𝑊� 

(4.16) 

The equation (4.16) reveals that the shunt sliding trajectory (�̅�𝑠ℎ𝑖′ ) for each phase is a 

sum of the errors between the shunt reference and sensed currents (𝑖𝑠ℎ𝑖∗ − 𝑖𝑠ℎ𝑖) in each 

phase and the shunt reference neutral voltage with its instantaneous value (𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛). 

Also, the obtained sliding trajectory equations correspond to those presented for HM-

SMPWM in [39]. The only difference is that this representation of (4.16) is already 

linked with the hysteresis control method reviewed in Chapter 2. Also, the alternative 

expression of (4.16) improves tracking performance of the controller by reducing the 

error between 𝑉𝑠ℎ𝑛∗  and 𝑉𝑠ℎ𝑛, as it will be discussed in subsection 4.1.3. 

To ensure that the shunt sensed currents track their corresponding references, which 

means that the errors are directed towards zero, the rule of sliding surface has to be met. 

Based on the geometrical nature of a signal and its first derivative, its apparent value 

�̅�𝑠ℎ′ (𝑊) has to have opposite sign with respect to an apparent value of its first derivative 

�̇̅�𝑠ℎ′ (𝑊) at that time. This can be expressed as �̅�𝑠ℎ𝑖′ ∙ �̇̅�𝑠ℎ𝑖′ < 0, 𝑖 = 𝑎, 𝑏, 𝑐. Looking at 

equation (4.14) and (4.16), switching rules can be formulated with respect to the control 

variables 𝐻𝑠ℎ𝑖. Moreover, in order to avoid excessive switching frequency, upper (ℎ𝑠ℎ𝑖) 

and lower (−ℎ𝑠ℎ𝑖) boundaries are added as in the hysteresis control method [44], [46]. 
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�̅�𝑠ℎ𝑖′ > ℎ𝑠ℎ𝑖 

�̅�𝑠ℎ𝑖′ < −ℎ𝑠ℎ𝑖 

�̇̅�𝑠ℎ𝑖′ < 0 

�̇̅�𝑠ℎ𝑖′ > 0 

𝐻𝑠ℎ𝑖 = 1 
 
𝐻𝑠ℎ𝑖 = −1 
 

(4.17) 

Thus: 

𝑖𝑠ℎ𝑖∗ − 𝑖𝑠ℎ𝑖 +
1
𝐿𝑠ℎ

�(𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛)𝑑𝑊 > ℎ𝑠ℎ𝑖 

𝑖𝑠ℎ𝑖∗ − 𝑖𝑠ℎ𝑖 +
1
𝐿𝑠ℎ

�(𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛)𝑑𝑊 < −ℎ𝑠ℎ𝑖 

𝐻𝑠ℎ𝑖 = 1 
 
 
𝐻𝑠ℎ𝑖 = −1 
 

𝑉𝑑𝑟𝐻𝑠ℎ𝑖 = 𝑉𝑑𝑟 
 
 
𝑉𝑑𝑟𝐻𝑠ℎ𝑖 = −𝑉𝑑𝑟 
 

(4.18) 

where: 𝑉𝑠ℎ𝑋 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑖,  𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 

By setting �̇̅�𝑠ℎ′ = 0 in (4.14), it is noticed that the proper work performance of the 

shunt terminal controller can be achieved only if the sum on the left side of the 𝑉𝑑𝑟𝐻𝑠ℎ𝑖 is 

lower than 𝑉𝑑𝑟. The derived equation (4.19) confirms the previous statement. 

Furthermore, it reveals the relationship of the shunt terminal voltages according to the 

voltage drops across the elements in each phase. 

𝑉𝑠ℎ𝑋 > 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ𝑖∗

𝑑𝑊
+ 𝑅𝑠ℎ𝑖𝑠ℎ𝑖 +

1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑖𝑑𝑊 + 𝑣𝑙𝑖 + 𝑉𝑠ℎ𝑛∗  (4.19) 

where: 𝑉𝑠ℎ𝑋 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑖, 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 

Looking at (4.18), if the shunt reference neutral voltage is set to zero (𝑉𝑠ℎ𝑛∗ = 0) and 

the neutral point 𝑛𝑠ℎ is connected to the ground node (𝑉𝑠ℎ𝑛 = 0) in Fig. 4.1, (4.18) 

becomes exact the same as the hysteresis control method of the six-switch VSC presented 

in [44], [46]. The only difference is that it is expressed with respect to the error signal. 

This approach is well known as the three-phase decoupling, when the split dc-link VSC 

with the clamped neutral mid-point is used in 3P4W systems. If 𝑉𝑠ℎ𝑛 ≠ 0 and thus, 

− 1
𝐿𝑠ℎ

∫𝑉𝑠ℎ𝑛𝑑𝑊 ≠ 0, this term was called a common-mode interacting current in [50], 

where the six-switch VSC is used in 3P3W system. Considering all of these similarities, 
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it can be stated that indeed, the mathematical model based on the sliding mode concept 

provides with coherent introduction of the extra control variable (𝑉𝑠ℎ𝑛∗ ) for the shunt 

neutral voltage (𝑉𝑠ℎ𝑛) that allows avoiding interaction between three phases. In addition, 

it reveals that in order to overcome the main problem of varying switching frequency 

associated with the hysteresis control method, its modifications, discussed in Chapter 2, 

can be applied for the shunt terminal controller as well. Thus, instead of using fixed 

upper (ℎ𝑠ℎ𝑖) and lower (−ℎ𝑠ℎ𝑖) boundaries, they are further expressed according to the 

variable-band hysteresis control method presented in [50] and are called the upper and 

the lower variable hysteresis band. 

First, the variable hysteresis band is expressed in the general view and then, it is 

applied for the three phases. For this purpose, the basic hysteresis switching for the shunt 

terminal with respect to the error signal is considered. It is shown in Fig. 4.2. 
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Figure 4.2 Shunt terminal basic hysteresis switching model. 
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Form Fig. 4.2, (4.14) and (4.18), the change of the error �̇̅�𝑠ℎ′ (𝑊) on the time interval 

from 𝑊1 to 𝑊2 and 𝑊2 to 𝑊3 can be defined as: 

ℎ𝑠ℎ − (−ℎ𝑠ℎ)
𝑊2 − 𝑊1

=
1
𝐿𝑠ℎ

�𝑉𝑑𝑟 + 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ∗

𝑑𝑊
+ 𝑅𝑠ℎ𝑖𝑠ℎ +

1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑑𝑊 + 𝑣𝑙 + 𝑉𝑠ℎ𝑛∗ � 

−ℎ𝑠ℎ − ℎ𝑠ℎ
𝑊3 − 𝑊2

=
1
𝐿𝑠ℎ

�−𝑉𝑑𝑟 + 𝐿𝑠ℎ
𝑑𝑖𝑠ℎ∗

𝑑𝑊
+ 𝑅𝑠ℎ𝑖𝑠ℎ +

1
𝐶𝑠ℎ

� 𝑖𝑠ℎ𝑑𝑊 + 𝑣𝑙 + 𝑉𝑠ℎ𝑛∗ � 

(4.20) 

 

(4.21) 

Knowing that 𝑇𝑠𝑠 = 𝑇𝑠𝑠
2

+ 𝑇𝑠𝑠
2

 and considering 𝑊2 − 𝑊1 = 𝑇𝑠𝑠
2

, 𝑊3 − 𝑊2 = 𝑇𝑠𝑠
2

 from Fig. 

4.2, the time interval of the one switching cycle is expressed as: 

𝑇𝑠𝑠 =
4ℎ𝑠ℎ𝐿𝑠ℎ𝑉𝑑𝑟

𝑉𝑑𝑟2 − �𝐿𝑠ℎ
𝑑𝑖𝑠ℎ∗
𝑑𝑊 + 𝑅𝑠ℎ𝑖𝑠ℎ + 1

𝐶𝑠ℎ ∫
𝑖𝑠ℎ𝑑𝑊 + 𝑣𝑙 + 𝑉𝑠ℎ𝑛∗ �

2 (4.22) 

Rewriting 𝑇𝑠𝑠 = 1
𝑓𝑠𝑠

 and simplifying the equation (4.22) according to the band value, 

the variable hysteresis band expression is obtained (4.23). 

ℎ𝑠ℎ =
𝑉𝑑𝑟

4𝑓𝑠𝑠𝐿𝑠ℎ
⎝

⎛1 −�
𝐿𝑠ℎ

𝑑𝑖𝑠ℎ∗
𝑑𝑊 + 𝑅𝑠ℎ𝑖𝑠ℎ + 1

𝐶𝑠ℎ ∫
𝑖𝑠ℎ𝑑𝑊 + 𝑣𝑙 + 𝑉𝑠ℎ𝑛∗

𝑉𝑑𝑟
�

2

⎠

⎞ (4.23) 

Looking at (4.19), the sum of voltage drops across the shunt terminal elements in 

(4.23) can be replaced with the shunt terminal voltage. Also, it can be expressed for the 

three phases. Thus, (4.23) is rewritten in (4.24). The equation (4.24) defines the required 

variation of the hysteresis band in each phase in order to maintain switching frequency 

close to the selected value. 

ℎ𝑠ℎ𝑖 =
𝑉𝑑𝑟

4𝑓𝑠𝑠𝐿𝑠ℎ
�1 − �

𝑉𝑠ℎ𝑋
𝑉𝑑𝑟

�
2

� (4.24) 

where: 𝑉𝑠ℎ𝑋 = 𝑉𝑑𝑟𝐻𝑠ℎ𝑖, 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 
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Considering the equation (4.24), it is understood that the shunt terminal voltages 

(𝑉𝑠ℎ𝑋) must be known. Form Fig. 4.1, it can be noticed that they can be obtained by 

measuring them at each phase output of the shunt terminal. However, this approach is 

undesirable due to an increased number of sensors that must be used in the nine-switch 

UPQC.  

In [50], the terminal voltages of the six-switch VSC, which were called the average 

inverter phase-leg voltages, were directly obtained by measuring them using 

capture/timer input ports on the Digital Signal Processor (DSP). Due to the fact that the 

control variables (𝐻𝑠ℎ𝑖) in the six-switch VSC correspond to the switching states such as: 

when 𝐻𝑠ℎ𝑖 = 1, 𝑆𝑠ℎ𝑖 = 𝑂𝑂 = 1 and when 𝐻𝑠ℎ𝑖 = −1, 𝑆𝑠ℎ𝑖 = 𝑂𝐹𝐹 = 0, by recording 

rising and falling phase-leg switching transition on the cycle-by-cycle basis and 

multiplying them by measured 𝑉𝑑𝑟, these voltages were calculated. After that, they were 

displayed using a spare DAC channel. It was added that the DAC channel is able to 

accurately estimate the per-cycle average voltage without the errors caused by bandwidth 

limits of a conventional low-pass filter. 

In contrast, the correlation of the control variables (𝐻𝑠ℎ𝑖) and the switching states of 

the power switches (𝑆𝑈𝑖 , 𝑆𝑀𝑖 , 𝑆𝐿𝑖) in the nine-switch UPQC is different in comparison to 

the six-switch VSC. Thus, it must be identified for the purpose of calculating the shunt 

terminal voltages (𝑉𝑠ℎ𝑋) for each phase. Assuming that the variable-band hysteresis 

control method is applied for the shunt and series terminals and the middle switch (𝑆𝑀𝑖) 

is driven by the logic function NAND, as it was mentioned in Chapter 3, this correlation 

will be similar to the control logic presented in [39]. It is summarized in Table 4.1, 

including indirect modulation cases and possible the shunt and series terminal voltages. 
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In Table 4.1, it can be noticed that the indirect modulation case with switching states 

(0, 1, 0) can generate the shunt terminal voltages equal to 𝑉𝑠ℎ𝑋 = ±𝑉𝑑𝑟. These voltages 

depend on the direction of the sum for the shunt and series errors. This sum is hard to 

detect precisely and hence, predict the shunt terminal voltage during indirect case. 

However, simulation analysis revealed that the terminal voltages 𝑉𝑠ℎ𝑋 generated by the 

switching states (0, 1, 0) experience consistency. For example, for phase 𝑎, when the 

phase angle {𝜃𝑙𝑠𝑏1 = (𝜔1𝑊 + 𝜑𝑙𝑠𝑏1)} of the source voltage fundamental component is 

lower or equal 𝜋 {𝜃𝑙𝑠𝑏1 ≤ 𝜋}, the switching state (0, 1, 0) generates 𝑉𝑠ℎ𝑀 = −𝑉𝑑𝑟 and 

when it is large than 𝜋 {𝜃𝑙𝑠𝑏1 > 𝜋},  𝑉𝑠ℎ𝑀 = 𝑉𝑑𝑟 in each fundamental cycle. 

 

Table 4.1 Control logic and terminal voltages. 

Situation 
NAND 

𝑉𝑠ℎ𝑋 𝑉𝑠𝑟𝑋 
𝑆𝑈𝑖 𝑆𝑀𝑖, 𝑆𝐿𝑖, 

�̅�𝑠ℎ𝑖′ > ℎ𝑠ℎ               𝐻𝑠ℎ𝑖 = 1 

�̅�𝑠𝑟𝑖′ > ℎ𝑠𝑟               𝐻𝑠𝑟𝑖 = 1 1 1 0 𝑉𝑑𝑟 𝑉𝑑𝑟 

�̅�𝑠ℎ𝑖′ < −ℎ𝑠ℎ            𝐻𝑠ℎ𝑖 = −1 

�̅�𝑠𝑟𝑖′ < −ℎ𝑠𝑟            𝐻𝑠𝑟𝑖 = −1 0 1 1 −𝑉𝑑𝑟 −𝑉𝑑𝑟 

�̅�𝑠ℎ𝑖′ > ℎ𝑠ℎ               𝐻𝑠ℎ𝑖 = 1 

�̅�𝑠𝑟𝑖′ < −ℎ𝑠𝑟            𝐻𝑠𝑟𝑖 = −1 1 0 1 𝑉𝑑𝑟 −𝑉𝑑𝑟 

�̅�𝑠ℎ𝑖′ < −ℎ𝑠ℎ            𝐻𝑠ℎ𝑖 = ±1 

�̅�𝑠𝑟𝑖′ > ℎ𝑠𝑟               𝐻𝑠𝑟𝑖 = ±1 0 1 0 ±𝑉𝑑𝑟 ±𝑉𝑑𝑟 
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Thus, taking the correlation for 𝐻𝑠ℎ𝑖 = 1 as: 𝑆𝑈𝑖′ = 𝑆𝑈𝑖 = 𝑂𝑂 = 1 → {𝜃𝑙𝑠𝑖1 ≤ 𝜋} 

and 𝑆𝑈𝑖′ = 𝑆𝑈𝑖 + (𝑆𝑈𝑈 +  𝑆𝐿𝑈 �������������) = 𝑂𝑂 = 1 → {𝜃𝑙𝑠𝑖1 > 𝜋}; and for 𝐻𝑠ℎ𝑖 = −1 as: 𝑆𝑈𝑖′ =

𝑂𝐹𝐹 = 0, the shunt terminal voltages (𝑉𝑠ℎ𝑋) can be obtained directly from the switching 

signals of the upper and lower switches in each leg (𝑆𝑈𝑖 , 𝑆𝐿𝑖 ) without measuring their 

rising and falling transitions (4.25). Moreover, they will be approximately the same as the 

voltages at the terminal outputs. 

𝑉𝑠ℎ𝑋 = 2𝑉𝑑𝑟(𝑆𝑈𝑖′ − 0.5) (4.25) 

The shunt terminal voltages in the equation (4.25) are step-like in nature. This means 

that they include whole harmonic spectrum. If these voltages are used in (4.24), the shunt 

variable-band of each phase (ℎ𝑠ℎ𝑖) will include whole harmonic spectrum as well. Thus, 

the shunt terminal voltages must be filtered before applying in (4.24). For the purpose of 

selecting a suitable filter, it is important to specify harmonics that might be present in the 

terminal voltages after their filtering which will not affect the shunt variable hysteresis 

band calculation. Also, considering that these voltages are planned to be used for 

generating the third harmonic voltage, as it will be shown later, they must include only 

their fundamental components. It is determined by the simulations that even if the third 

harmonic voltage is present in the terminal voltages after one switching cycle of its 

generation, it will degrade itself in the next switching cycle. Therefore, the low-pass filter 

might be thought as the simplest solution. However, the shunt terminal voltages will 

experience shift of their phase angles and addition of a dc-offset to each of these voltages 

will be present by using this filter. As a result, the second-order band-pass filter is 

selected as a more effective solution. Its transfer function is shown in (4.26). Considering 

the fundamental frequency 𝑓1 = 𝑓0 = 50𝐻𝐻 of the overall system and setting the filter 
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parameters in (4.26) as 𝜔𝑏 = 2𝜋10𝐻𝐻 and 𝜔0 = 2𝜋50𝐻𝐻, the frequency response plot, 

including magnitude and phase, is obtained and presented in Fig. 4.3. 

𝐻𝑏𝑝𝑓(𝑐) =
𝜔𝑏𝑐

𝑐2 + 𝜔𝑏𝑐 + 𝜔02
 (4.26) 

where: 𝜔𝑏 = 2𝜋𝑓𝑏 – radial frequency of passing band and 𝜔0 = 2𝜋𝑓0 – radial center 

frequency. 

 

 

Figure 4.3 Frequency response of second-order band pass filter. 

 

From Fig. 4.3, it is visible that the second-order band-pass filter passes only the 

selected fundamental frequency 𝑓1 = 𝑓0 = 50𝐻𝐻 and it provides with zero phase shift at 

that frequency. Thus, the shunt terminal voltages will maintain their original amplitudes 

and phase angles after their filtering. Widening the passing band frequency (𝑓𝑏), this 
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filter might be able to work effectively even during fundamental frequency variations. In 

addition, its step response delay does not affect the shunt variable-band hysteresis 

controller dynamics. For the digital implementation, this filter can be simply transform 

into the 𝐻-domain and expressed as the infinite impulse response (IIR) filter. If the spear 

DAC channel of the DSP is able to provide with similar filtering characteristics [50], it 

can be used instead. 

Knowing that the 3P3W system is balanced, only two filters can be used for 

example, for the phase 𝑎 and 𝑏. Then, the shunt terminal fundamental voltage for the 

phase 𝑐 (𝑉𝑠ℎ𝐶1) can be obtained from the equality (4.27). This approach slightly 

simplifies the shunt terminal controller. The shunt terminal voltage in phase 𝑐 cannot be 

calculated directly from the shunt terminal voltages 𝑉𝑠ℎ𝑀 and 𝑉𝑠ℎ𝐵 due to their step-like 

nature. 

𝑉𝑠ℎ𝐶1 = −𝑉𝑠ℎ𝑀1 − 𝑉𝑠ℎ𝐵1 (4.27) 

Adding the shunt third harmonic voltage (𝑉𝑠ℎ3𝑟𝑑∗ ) after its generation to the shunt 

terminal fundamental voltages (𝑉𝑠ℎ𝑋1) and using (4.24), the variable hysteresis band can 

be calculated. Even though, the hysteresis band will vary with respect to the equation 

(4.24), the switching frequency variation of the controller with the large error from its 

selected value will be still observed. In order to reduce this error, the switching correction 

scheme is added to the variable hysteresis band calculation process. 

In [50], recorded rising and falling phase-leg switching transitions of the six-switch 

VSC were used for calculating actual zero-crossing times that were compared with the 

reference clock. Further, the obtained error was converted into a hysteresis band 

adjustment that was added to the variable hysteresis band. As a result, the switching 
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frequency was maintained close to the selected value. The switching improvement is 

proposed for the shunt terminal variable hysteresis band in this thesis as well. It is based 

on correction of switching frequency 𝑓𝑠𝑠𝑠ℎ on a cycle-by-cycle basis. 

Knowing the correlation between the control variables and the power switches, 

instantaneous switching frequency in each phase (𝑓𝑠𝑠𝑠ℎ𝑖, 𝑖 = 𝑎, 𝑏, 𝑐) can be calculated. 

From Fig. 4.2, the time of the switching cycle, in phase 𝑖, where 𝑖 = 𝑎, 𝑏, 𝑐, can be 

detected by measuring rising times 𝑊1𝑠ℎ𝑖 and 𝑊3𝑠ℎ𝑖 of the upper switch 𝑆𝑈𝑖. Using equation 

(4.28), the instantaneous value of the switching frequency is identified. 

𝑓𝑠𝑠𝑠ℎ𝑖 =
1

𝑇𝑠𝑠𝑠ℎ𝑖
=

1
𝑊3𝑠ℎ𝑖 − 𝑊1𝑠ℎ𝑖

 (4.28) 

Comparing instantaneous switching frequency with the selected one, its error value is 

determined (4.29). 

∆𝑓𝑠𝑠𝑠ℎ𝑖 = 𝑓𝑠𝑠 − 𝑓𝑠𝑠𝑠ℎ𝑖 (4.29) 

Adding obtained result in (4.29) to the selected value of switching frequency and 

placing their sum into (4.24), switching frequency correction on the cycle-by-cycle basis 

for each phase is developed. The variable hysteresis band in (4.24) for each phase will be 

increased and reduced every switching cycle in order to maintain switching frequency 

close to the selected value. 

Considering all previously explained modifications, the equation for the variable 

hysteresis band (4.24) is rewritten and it is shown in (4.30). 

ℎ𝑠ℎ𝑖 =
𝑉𝑑𝑟

4(𝑓𝑠𝑠 + ∆𝑓𝑠𝑠𝑠ℎ𝑖)𝐿𝑠ℎ
�1 − �

𝑉𝑠ℎ𝑋1 + 𝑉𝑠ℎ3𝑟𝑑∗

𝑉𝑑𝑟
�
2

� (4.30) 

where: 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 
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The variable-band hysteresis controller of the shunt terminal is developed in PSIM. 

Its main circuit, including its variable hysteresis band calculation based on (4.30) and 

switching frequency correction, where the limiter is added in order to prevent division by 

zero during transient is presented in Appendix B. 

 

4.1.3 Shunt Reference Neutral Voltage Selection 

 

As it was revealed in Chapter 3, for the purpose of providing effective functioning of 

the nine-switch UPQC, the shunt terminal voltage must be always higher than the series 

terminal voltage. This can be achieved by adding an appropriate shunt dc-offset �𝑉𝑠ℎ_𝑑𝑟
∗ �. 

Moreover, generating and injecting the shunt third harmonic voltage into the shunt 

terminal voltages (𝑉𝑠ℎ𝑋), the maximum modulation index of the shunt terminal can be 

increased and equal to 𝑚𝑠ℎ = 1.154. These two features can be utilized by properly 

selecting the extra control variable (𝑉𝑠ℎ𝑛∗ ) in (4.16) that is named the shunt reference 

neutral voltage. 

It was mentioned before that the term (𝑉𝑠ℎ𝑛∗ − 𝑉𝑠ℎ𝑛) in the equation (4.16) expresses 

the error signal between the shunt reference and instantaneous neutral voltage. Thus,  

𝑉𝑠ℎ𝑛 can be controlled by setting 𝑉𝑠ℎ𝑛∗  to a desired value. This idea was presented in [52] 

and used in [39] as well. From Fig. 4.1, it can be noticed that the instantaneous neutral 

voltage 𝑉𝑠ℎ𝑛 that is step-like in nature can be detected by using a sensor between the node 

𝑛𝑠ℎ and the ground point of the split dc-link. However, looking at equations (4.2) and 

(4.25), the use of the sensor can be avoided by placing already calculated the shunt 

terminal voltages from (4.25) into (4.2). 
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For the purpose of injecting the shunt third harmonic voltage (𝑉𝑠ℎ3𝑟𝑑∗ ), its type must 

be selected and generated. In contrast to [41], where 1200- discontinuous scheme was 

used, the shunt third harmonic voltage (𝑉𝑠ℎ3𝑟𝑑∗ ) was chosen that is similar to SVM. Using 

well known carrier-based approach for its generation [50], the equation (4.31) is derived. 

𝑉𝑠ℎ3𝑟𝑑∗ = −
1
2

[𝑚𝑎𝑚(𝑉𝑠ℎ𝑀1,𝑉𝑠ℎ𝐵1,𝑉𝑠ℎ𝐶1) + 𝑚𝑖𝑛(𝑉𝑠ℎ𝑀1,𝑉𝑠ℎ𝐵1,𝑉𝑠ℎ𝐶1)] (4.31) 

where: 𝑉𝑠ℎ𝑀1,𝑉𝑠ℎ𝐵1,𝑉𝑠ℎ𝐶1 - are previously obtained the shunt terminal fundamental 

voltages. 

Thus, adding the shunt dc-offset and the third harmonic voltage, the shunt reference 

neutral voltage is expressed in (4.32). 

𝑉𝑠ℎ𝑛∗ = 𝑉𝑠ℎ_𝑑𝑟
∗ + 𝑉𝑠ℎ3𝑟𝑑∗  (4.32) 

Comparing the equations (4.2) and (4.32), it can be noticed that 𝑉𝑠ℎ𝑛∗  is continuous 

and 𝑉𝑠ℎ𝑛 is step-like in nature. Subtracting 𝑉𝑠ℎ𝑛 from 𝑉𝑠ℎ𝑛∗  in their original view will 

increase the resultant error. Thus, it is proposed to subtract their first integrals by using 

the alternative expression in (4.16). In this case, the tracking performance of the shunt 

instantaneous neutral voltage is more accurate and hence, of the shunt controller. 

Moreover, due to the dc-offset that is added to 𝑉𝑠ℎ𝑛∗ , the absolute value of |∫𝑉𝑠ℎ𝑛∗ 𝑑𝑊| and 

hence, of |∫𝑉𝑠ℎ𝑛𝑑𝑊| will proportionally increase with time. In order to prevent these 

values from reaching infinity at the infinite time, external resettable integrators are used. 

The shunt reference and instantaneous neutral voltage implemented in PSIM are shown in  

Appendix B. 
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4.1.4 Reference Current Generation for Shunt Terminal Controller 

 

The shunt reference currents can be obtained by using several methods [17]-[19], as 

it was discussed in Chapter 1. The shunt reference current generation method in [41] is 

not preferable due to the use of the complicated 𝑑 − 𝑞 transformation. In contrast, 

method based on the theory of instantaneous symmetrical components in [16], [18], [54] 

can generate the shunt reference currents directly in the 𝑎, 𝑏, 𝑐 natural frame. The main 

equation for the shunt reference current generation is shown in (4.33), where the load 

sensed current in each phase is denoted as (𝑖𝑙𝑖) and the source reference current in each 

phase (𝑖𝑠𝑖∗ ) represents the source currents after compensation. 

𝑖𝑠ℎ𝑖∗ = 𝑖𝑙𝑖 − 𝑖𝑠𝑖∗  (4.33) 

where: 𝑖 = 𝑎, 𝑏, 𝑐. 

In order to find the source reference currents, three conditions that were mentioned in 

[18] are considered. First, the source currents after compensation have to be balanced 

(4.34), which is always true for the 3P3W systems. 

𝑖𝑠𝑏∗ + 𝑖𝑠𝑏∗ + 𝑖𝑠𝑟∗ = 0 (4.34) 

Second, the reactive power delivered from the power source in the 3P3W system is 

controlled by the phase angle between the positive sequence voltage and current as: 

∠(𝑣𝑠+) = ∠(𝑖𝑠+) + 𝜙+ (4.35) 

This equation also can be rewritten with respect to the three-phase voltages and 

currents and it is shown in (4.36). 

∠(𝑣𝑠𝑏 + 𝑎𝑣𝑠𝑏 + 𝑎2𝑣𝑠𝑟) = ∠(𝑖𝑠𝑏∗ + 𝑎𝑖𝑠𝑏∗ + 𝑎2𝑖𝑠𝑟∗ ) + 𝜙+ (4.36) 
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where: 𝑎 = 𝑒𝑗1200. 

Substituting the value of 𝑎 and considering balanced source voltages, the above 

equation can be expressed as: 

tan−1(𝐾1/𝐾2) = tan−1(𝐾3/𝐾4) +𝜙+ (4.37) 

where: 

𝐾1 = √3/2(𝑣𝑠𝑏 − 𝑣𝑠𝑟), 𝐾2 = 3
2
𝑣𝑠𝑏, 𝐾3 = √3

2
(𝑖𝑠𝑏∗ − 𝑖𝑠𝑟∗ ) and 𝐾4 = 𝑖𝑠𝑏∗ − 1

2
𝑖𝑠𝑏∗ − 1

2
𝑖𝑠𝑟∗ . 

Using the formula of tan(α + β), the equation (4.38) is obtained. 

𝐾1
𝐾2

= tan �tan−1
𝐾3
𝐾4

+𝜙+� =

𝐾3
𝐾4

+ tan𝜙+

1 −𝐾3
𝐾4

tan𝜙+
 (4.38) 

Defining 𝛾 = tan𝜙+ /√3 and placing 𝐾1, 𝐾2, 𝐾3 and 𝐾4 into (4.38), the equality 

(4.39) is derived, where the angle 𝛾 characterizes power factor. 

(𝑣𝑐𝑏 − 𝑣𝑐𝑐 − 3𝛾𝑣𝑐𝑎)𝑖𝑐𝑎∗ + (𝑣𝑐𝑐 − 𝑣𝑐𝑎 − 3𝛾𝑣𝑐𝑏)𝑖𝑐𝑏∗ + (𝑣𝑐𝑎 − 𝑣𝑐𝑏 − 3𝛾𝑣𝑐𝑐)𝑖𝑐𝑐∗ = 0 (4.39) 

Setting 𝛾 = 0 means that the reactive power supplied by the power source through 

the positive sequence components equals zero. This corresponds to power factor 

correction and results in (4.40): 

(𝑣𝑐𝑏 − 𝑣𝑐𝑐)𝑖𝑐𝑎∗ + (𝑣𝑐𝑐 − 𝑣𝑐𝑎)𝑖𝑐𝑏∗ + (𝑣𝑐𝑎 − 𝑣𝑐𝑏)𝑖𝑐𝑐∗ = 0 (4.40) 

Third, the power source must supply the required average active power to the load 

and the active power losses of the nine-switch UPQC. 

𝑣𝑠𝑏𝑖𝑠𝑏∗ + 𝑣𝑠𝑏𝑖𝑠𝑏∗ + 𝑣𝑠𝑟𝑖𝑠𝑟∗ = 𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠 (4.41) 
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Combining three conditions from (4.34), (4.40) and (4.41) in the matrix form, (4.42) 

is obtained. 

�
1 1 1

𝑣𝑠𝑏 − 𝑣𝑠𝑟 𝑣𝑠𝑟 − 𝑣𝑠𝑏 𝑣𝑠𝑏 − 𝑣𝑠𝑏
𝑣𝑠𝑏 𝑣𝑠𝑏 𝑣𝑠𝑟

� �
𝑖𝑠𝑏∗
𝑖𝑠𝑏∗
𝑖𝑠𝑟∗
� = �

0
0

𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠
� (4.42) 

Solving matrix (4.42) with respect to the source reference currents and placing 

results into (4.33), the shunt reference currents are calculated. 

𝑖𝑠ℎ𝑏∗ = 𝑖𝑙𝑏 − 𝑖𝑠𝑏∗ = 𝑖𝑙𝑏 −
𝑣𝑠𝑏

𝑣𝑠𝑏2 + 𝑣𝑠𝑏2 + 𝑣𝑠𝑟2
�𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠� 

𝑖𝑠ℎ𝑏∗ = 𝑖𝑙𝑏 − 𝑖𝑠𝑏∗ = 𝑖𝑙𝑏 −
𝑣𝑠𝑏

𝑣𝑠𝑏2 + 𝑣𝑠𝑏2 + 𝑣𝑠𝑟2
�𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠� 

𝑖𝑠ℎ𝑟∗ = 𝑖𝑙𝑟 − 𝑖𝑠𝑟∗ = 𝑖𝑙𝑟 −
𝑣𝑠𝑟

𝑣𝑠𝑏2 + 𝑣𝑠𝑏2 + 𝑣𝑠𝑟2
�𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠� 

(4.43) 

Looking at (4.43), it is understood that the source voltages cannot be used due to 

their variation during sag and swell. Thus, they can be replaced with the load voltages 

(𝑣𝑙𝑏, 𝑣𝑙𝑏 , 𝑣𝑙𝑟) that are maintained at the desired level by the series terminal. In [16], it 

was proposed to extract and use fundamental positive sequence voltages 𝑣𝑙𝑏1+ , 𝑣𝑙𝑏1+  and 

𝑣𝑙𝑟1+  instead of the load voltages, which may contain switching frequency components 

and distortions after series terminal compensation. Although, knowing that the series 

terminal reference generation will include the load reference voltages (𝑣𝑙𝑏∗ , 𝑣𝑙𝑏∗ , 𝑣𝑙𝑟∗ ), they 

are used instead of 𝑣𝑙𝑏1+ , 𝑣𝑙𝑏1+ , 𝑣𝑙𝑟1+ . These load reference voltages are balanced and 

harmonic free. This approach allows eliminating sensors for detecting the load voltages 

and their extraction. Thus, (4.44) is received. 
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𝑖𝑠ℎ𝑖∗ = 𝑖𝑙𝑖 − 𝑖𝑠𝑖∗ = 𝑖𝑙𝑖 −
𝑣𝑙𝑖∗

(𝑣𝑙𝑏∗ )2 + (𝑣𝑙𝑏∗ )2 + (𝑣𝑙𝑟∗ )2 �𝑃𝑙𝑏𝑙𝑙 + 𝑃𝑙𝑡𝑠𝑠� (4.44) 

where: 𝑣𝑙𝑟∗ = −𝑣𝑙𝑏∗ − 𝑣𝑙𝑏∗ , 𝑖𝑙𝑟 = −𝑖𝑙𝑏 − 𝑖𝑙𝑏 and 𝑖 = 𝑎, 𝑏, 𝑐. 

The average active power �𝑃𝑙𝑏𝑙𝑙� can be calculated by summing multiplications of 

the load reference voltages and their corresponding load sensed currents 𝑃𝑙𝑏𝑙𝑙 = ∑𝑣𝑙𝑖∗ 𝑖𝑙𝑖 

and sending the obtained result to a moving average filter that is a digital FIR filter. The 

output of this filter provides with 𝑃𝑙𝑏𝑙𝑙 that is only a dc value. The filter is selected of the 

4𝑊ℎ-order with the sampling frequency of half the fundamental cycle (𝑓𝑠𝑀𝑀 = 2𝑓1 =

100𝐻𝐻). The transfer function of this filter is presented in (4.45). The active power losses 

(𝑃𝑙𝑡𝑠𝑠) of the nine-switch UPQC will be received from the output of the dc-link 

controller and added to 𝑃𝑙𝑏𝑙𝑙. 

𝐻𝑀𝑀(𝐻) =
1
5

+
1
5
𝐻−1 +

1
5
𝐻−2 +

1
5
𝐻−3 +

1
5
𝐻−4 (4.45) 

The resultant shunt reference current generation circuit is implemented in PSIM and 

it is presented Appendix B. 

 

4.1.5 Dc-Link Voltage Control 

 

Different methods for controlling the dc-link voltage were presented [23]-[26], [28]-

[32], [41]. Most of them were based on obtaining the dc-link current after using linear PI-

controller. Its value was further used for generating the shunt reference currents in the 

SRF. The selected dc-link voltage controller for the nine-switch UPQC is based on the 

method presented in [55] for the back-to-back converter. It is called a two-degrees-of-
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freedom internal model control (IMC). It includes calculation of the PI-controller 

coefficients, addition of active damping and also, integrator anti-windup, if the last one is 

required. The dc-link controller for the nine-switch UPQC is designed with respect to its 

active power losses (𝑃𝑙𝑡𝑠𝑠) that is further used for the shunt reference current generation 

(4.44), section 4.1.4. 

From Fig. 3.1, knowing that 𝐶𝑑𝑟1 = 𝐶𝑑𝑟2 = 𝐶𝑑𝑟 and 𝑉𝑑𝑟1 = 𝑉𝑑𝑟2 = 𝑉𝑑𝑟, the stored 

energy of the split dc-link is equal to: 

𝐸𝑑𝑟 =
1
2
𝐶𝑟𝑒𝑉𝑑𝑟_𝑡𝑡𝑡

2  (4.46) 

where: 𝐶𝑟𝑒 = 𝐶𝑑𝑐1𝐶𝑑𝑐2
𝐶𝑑𝑐1+𝐶𝑑𝑐2

= 1
2
𝐶𝑑𝑟 and 𝑉𝑑𝑟_𝑡𝑡𝑡 = 𝑉𝑑𝑟1 + 𝑉𝑑𝑟2 = 2𝑉𝑑𝑟. 

The amplitude of the source current can be divided into two dc-components denoted 

as 𝑖𝑠𝑑 and 𝑖𝑙𝑡𝑠𝑠𝑑. The first one 𝑖𝑠𝑑 corresponds to the dc-component that provides the 

active power to the load. The second one 𝑖𝑙𝑡𝑠𝑠𝑑 is drawn by the shunt terminal to the dc-

link due to the active power losses of the nine-switch UPQC and in order to maintain the 

dc-link voltage at the desired level during sag and swell. Considering the source current 

dc-components, the dc-link voltage dynamics can be expressed as: 

1
2
𝐶𝑟𝑒

𝑑𝑉𝑑𝑟_𝑡𝑡𝑡
2

𝑑𝑊
=

3
2
𝑣𝑠𝑑(𝑖𝑠𝑑 + 𝑖𝑙𝑡𝑠𝑠𝑑) − 𝑃𝑙𝑏𝑙𝑙 = 𝑃𝑠 + 𝑃𝑙𝑡𝑠𝑠 − 𝑃𝑙𝑏𝑙𝑙 (4.47) 

where: 1
2
𝐶𝑟𝑒

𝑑𝑉𝑑𝑐_𝑡𝑡𝑡
2

𝑑𝑡
 is the time derivative of the split dc-link stored energy and 𝑣𝑠𝑑 is 

the dc-component of the source voltage. 

The equation (4.47) is non-linear with respect to the dc-link voltage �𝑉𝑑𝑟_𝑡𝑡𝑡�. In 

order to use conventional linear control methods, a feedback linearization is applied [55] 

that transforms the non-linear dc-link voltage dynamics to an equivalent linear system. 
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By replacing the dc-link voltage dynamics in (4.47) with respect to the change of the dc-

link energy, the new linear system model is obtained (4.48). 

1
2
𝐶𝑟𝑒

𝑑𝑊
𝑑𝑊

= 𝑃𝑠 + 𝑃𝑙𝑡𝑠𝑠 − 𝑃𝑙𝑏𝑙𝑙 (4.48) 

where: 𝑊 = 𝑉𝑑𝑟_𝑡𝑡𝑡
2 . 

Using Laplace transformation and rewriting equation (4.48) with respect to 𝑊, the 

equation (4.49) is derived. 

𝑊 =
2𝑃𝑠
𝑐𝐶𝑟𝑒

+
2𝑃𝑙𝑡𝑠𝑠
𝑐𝐶𝑟𝑒

−
2𝑃𝑙𝑏𝑙𝑙
𝑐𝐶𝑟𝑒

 (4.49) 

The system transfer function from 𝑃𝑙𝑡𝑠𝑠 to 𝑊 is obtained by using superposition and 

setting terms 2𝑃𝑠
𝑠𝐶𝑒𝑒

 and 2𝑃𝑙𝑎𝑙𝑙
𝑠𝐶𝑒𝑒

 to zero, (4.50). 

𝐺𝑑𝑟(𝑐) =
𝑊
𝑃𝑙𝑡𝑠𝑠

=
2

𝑐𝐶𝑟𝑒
 (4.50) 

Looking at (4.50) and noticing a pole in the origin of 𝐺𝑑𝑟(𝑐), it was recommended in 

[55] to add active damping as an inner loop to the dc-link voltage control loop. This can 

be visible in Fig. 4.4, where the resultant block diagram of the dc-link voltage closed-

loop control is revealed. 

 

PI+– +– + +–+ 2

eqsC

aG

lossP

sP lavgP

‘*W

W

lossP

 

Figure 4.4 Diagram of dc-link voltage closed-loop control. 
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The inner loop can be introduced by selecting 𝑃𝑙𝑡𝑠𝑠 as: 

𝑃𝑙𝑡𝑠𝑠 = 𝑃𝑙𝑡𝑠𝑠′ − 𝐺𝑏𝑊 (4.51) 

where: 𝐺𝑏 is called the active conductance that provides active damping [55]. 

The system model that includes active damping is derived by substituting (4.51) into 

(4.48) and it is shown in (4.52). 

1
2
𝐶𝑟𝑒

𝑑𝑊
𝑑𝑊

= 𝑃𝑠 + 𝑃𝑙𝑡𝑠𝑠′ − 𝐺𝑏𝑊 − 𝑃𝑙𝑏𝑙𝑙 (4.52) 

From the equation (4.52), the system transfer function with active damping from 

𝑃𝑙𝑡𝑠𝑠′  to 𝑊 results in the equation (4.53). 

𝐺𝑑𝑟′ (𝑐) =
𝑊
𝑃𝑙𝑡𝑠𝑠′ =

2
𝑐𝐶𝑟𝑒 + 2𝐺𝑏

 (4.53) 

The system transfer function 𝐺𝑑𝑟′ (𝑐) has only one pole at the origin. Thus, placing 

the pole of 𝐺𝑑𝑟′ (𝑐) in (4.53) at 𝑐 = −𝜔𝑑𝑟, where 𝜔𝑑𝑟 (𝑟𝑎𝑑/𝑐) is the bandwidth of the dc-

link voltage controller [55], the expression for the active conductance 𝐺𝑏 is found (4.54). 

𝐺𝑏 =
𝜔𝑑𝑟𝐶𝑟𝑒

2
 (4.54) 

Considering the IMC method presented in [55] for the first-order system 𝐺𝑑𝑟′ (𝑐), the 

dc-link voltage controller is obtained as: 

𝐹𝑑𝑟(𝑐) =
𝜔𝑑𝑟

𝑐
𝐺�𝑑𝑟′−1(𝑐) =

𝜔𝑑𝑟�̂�𝑟𝑒
2

+
𝜔𝑑𝑟𝐺𝑏
𝑐

 (4.55) 

where: 𝐺�𝑑𝑟′ (𝑐) is the estimation of 𝐺𝑑𝑟′ (𝑐) and �̂�𝑟𝑒 is the estimation of 𝐶𝑟𝑒. 

Looking at the equation (4.55), it is understood that the dc-link voltage controller 

presents the PI-controller, where the integrator part includes the active damping term. As 

a result, placing the previously found expression for 𝐺𝑏 in (4.54) into the dc-link voltage 

controller, its coefficients 𝑘𝑝𝑑𝑟 and 𝑘𝑖𝑑𝑟 can be calculated and are summarized in (4.56). 
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𝑘𝑝𝑑𝑟 =
𝜔𝑑𝑟�̂�𝑟𝑒

2
 𝑘𝑖𝑑𝑟 =

𝜔𝑑𝑟
2 𝐶𝑟𝑒

2
 (4.56) 

where: 𝑘𝑝𝑑𝑟 is the proportional gain and 𝑘𝑖𝑑𝑟 is the integration gain. 

The choice of the bandwidth for the dc-link voltage controller plays significant role 

in the total performance of the nine-switch UPQC. Thus, it must be carefully selected. If 

it is too high, the controller will be fast but it will result in the significant overshoot and 

undershoot of the dc-link voltage during sag and swell operation. This might degrade 

performance of the shunt and the series variable-band hysteresis controller. Another 

important point to mention before selecting the dc-link controller coefficients is the size 

of the dc-link capacitors. They decide the equivalent capacitance of the dc-link �𝐶𝑟𝑒� 

which will define the ripple of the dc-link current and hence, the controlled active power 

losses variation. If variation is significant, the shunt reference currents in (4.44) will be 

inaccurate and this error will propagate through the nine-switch UPQC total control 

circuit. 

Considering previously mentioned concerns, the two capacitors are selected 

equivalently to the conventional UPQC with the split dc-link presented in [16] and their 

values are shown in Appendix A. Selecting the controller bandwidth as 𝜔𝑑𝑟 = 12 𝑟𝑎𝑑/𝑐 

and calculating the equivalent capacitance 𝐶𝑟𝑒 = �̂�𝑟𝑒 = 1
2
𝐶𝑑𝑟 = 1100𝜇𝐹, the controller 

coefficients and the active conductance are obtained using equations (4.54) and (4.56), 

where 𝑘𝑖𝑑𝑟 and 𝐺𝑏 are increased by the gain 2.25 for better controller performance. 

𝐺𝑏 = 2.25 ∙
12 ∙ 1100 

2
= 0.01485 

𝑘𝑝𝑑𝑟 =
12 ∙ 1100 

2
= 0.0066 𝑘𝑖𝑑𝑟 = 2.25 ∙

(12)2 ∙ 1100 
2

= 0.178 



 

88 

 

For further improvement of the dc-link voltage controller performance, the moving 

average filter is used at its output. It reduces variation of active power losses. Its transfer 

function is similar to the one in (4.45) but of the 10𝑊ℎ-order with the sampling frequency 

1𝑘𝐻𝐻 (𝑓𝑠𝑀𝑀𝑑𝑟 = 1𝑘𝐻𝐻). Using calculated coefficients, the dc-link voltage control circuit 

is implemented in PSIM and it is revealed in Appendix B. 

 

4.2 Series Terminal Variable-Band Hysteresis Control 

4.2.1 Series Terminal System Equations 

 

As in the case of the shunt terminal variable-band hysteresis control implementation, 

it is important to derive and analyze a series terminal set of equations for three phases. 

Thus, the series terminal equivalent circuit from Fig. 3.1 is created and shown in Fig. 4.5. 

Using KVL and considering isolated neutral connection between the common connection 

node 𝑛𝑠𝑟 of the three single-phase transformers and the dc-link mid-point of the nine-

switch UPQC, the three phases of the series terminal can be described by the set of 

equations (4.57). 

𝐿𝑠𝑟
𝑑𝑖𝐿𝑠𝑟𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 = 𝑉𝑠𝑟𝑀 − 𝑉𝑠𝑟𝑛 

𝐿𝑠𝑟
𝑑𝑖𝐿𝑠𝑟𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 = 𝑉𝑠𝑟𝐵 − 𝑉𝑠𝑟𝑛 

𝐿𝑠𝑟
𝑑𝑖𝐿𝑠𝑟𝑟
𝑑𝑊

+ 𝑣𝑠𝑟𝑟 = 𝑉𝑠𝑟𝐶 − 𝑉𝑠𝑟𝑛 

(4.57) 

where: 𝑉𝑠𝑟𝑀 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑏, 𝑉𝑠𝑟𝐵 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑏, 𝑉𝑠𝑟𝐶 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑟 and 𝐻𝑠𝑟𝑖 = {1;−1} are the 

series terminal control variables, where 𝑖 = 𝑎, 𝑏, 𝑐. 
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Figure 4.5 Series terminal equivalent circuit. 

 

Considering that the 3P3W system is balanced, the sum of the series inductor 

currents and the series voltage drops across the primary winding of the three single-phase 

transformers equals zero (𝑖𝐿𝑠𝑟𝑏 + 𝑖𝐿𝑠𝑟𝑏 + 𝑖𝐿𝑠𝑟𝑟 = 0; 𝑣𝑠𝑟𝑏 + 𝑣𝑠𝑟𝑏 + 𝑣𝑠𝑟𝑟 = 0). Thus, by 

adding equations in (4.57), the series neutral voltage is expressed in (4.58). 

𝑉𝑠𝑟𝑛 =
1
3

(𝑉𝑠𝑟𝑀 + 𝑉𝑠𝑟𝐵 + 𝑉𝑠𝑟𝐶) =
𝑉𝑑𝑟
3

(𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑟) (4.58) 

 

4.2.2 Improved Parallel LsrCsr Filter Design of Series Terminal 

 

It is well known that the 𝐿𝑠𝑟𝐶𝑠𝑟 filter has a second-order characteristic equation 

which led to issues of the hysteresis control discussed in [47]. Expecting similarities in 

the performance of the series terminal variable-band hysteresis controller, it can lead to 
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the same drawbacks. Furthermore, the nature of the second-order sliding manifold is not 

as straight forward for the analysis as the first-order. Thus, for reducing the order of the 

𝐿𝑠𝑟𝐶𝑠𝑟 filter characteristic equation, a switching band resistor 𝑅𝑠𝑠𝑠𝑟 was added in series 

with the capacitor in the capacitor branch Fig. 3.1, as it was proposed in [47]. All 

equations are presented for the general case and they can be applied for each phase by 

simply adding index 𝑖 = 𝑎, 𝑏, 𝑐. 

The series voltage (𝑣𝑠𝑟) in Fig. 4.5 can be expressed in terms of the current 𝑖𝐶𝑠𝑟 in 

the capacitor branch. 

𝑣𝑠𝑟 = 𝑣𝑠𝑠𝑠𝑟 + 𝑣𝐶𝑠𝑟 = 𝑅𝑠𝑠𝑠𝑟𝑖𝐶𝑠𝑟 +
1
𝐶𝑠𝑟

� 𝑖𝐶𝑠𝑟 𝑑𝑊 (4.59) 

Using (4.59), the change of the series voltage across that branch can be expressed as: 

𝑑𝑣𝑠𝑟 = 𝑑𝑣𝑠𝑠𝑠𝑟 + 𝑑𝑣𝐶𝑠𝑟 = 𝑅𝑠𝑠𝑠𝑟𝑑𝑖𝐶𝑠𝑟 +
1
𝐶𝑠𝑟

𝑖𝐶𝑠𝑟𝑑𝑊 (4.60) 

At high frequencies, the voltage drop 𝑣𝐶𝑠𝑟 is very small and its change can be 

neglected, 𝑑𝑣𝐶𝑠𝑟 = 1
𝐶𝑠𝑠
𝑖𝐶𝑠𝑟𝑑𝑊 ≈ 0. As a result, the change of the voltage will depend only 

on the size of the resistor (4.61). In addition, the change of the current, that will be used 

later, can be obtained and it is shown in (4.62). 

𝑑𝑣𝑠𝑟 = 𝑅𝑠𝑠𝑠𝑟𝑑𝑖𝐶𝑠𝑟                     𝑑𝑖𝐶𝑠𝑟 = 1
𝑅𝑠𝑠𝑠𝑠

𝑑𝑣𝑠𝑟 (4.61), (4.62) 

 

4.2.3 Series Decoupling Technique and Variable Hysteresis Band Calculation 

 

For the objective of controlling the series voltages of the series terminal, the set of 

equations in (4.57) can be rewritten with respect to the change of the series voltage in 
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each phase considering the improved 𝐿𝑠𝑟𝐶𝑠𝑟 filter structure. Thus, using KCL in Fig. 4.5, 

the series inductor current and its change can be expressed as: 

𝑖𝐿𝑠𝑟 = 𝑖𝐶𝑠𝑟 + 𝑖𝑠                     𝑑𝑖𝐿𝑠𝑟 = 𝑑𝑖𝐶𝑠𝑟 + 𝑑𝑖𝑠 (4.63), (4.64) 

Replacing the change of the series inductor current in (4.57) with (4.62), (4.64) and 

performing a few mathematical manipulations, the resultant set of equations is obtained 

(4.65) with respect to the change of the series voltage in each phase. It can be noticed that 

these equations have first-order dynamics. 

𝑑𝑣𝑠𝑟𝑏
𝑑𝑊

=
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝑉𝑠𝑟𝑀 − 𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

− 𝑣𝑠𝑟𝑏 − 𝑉𝑠𝑟𝑛� 

𝑑𝑣𝑠𝑟𝑏
𝑑𝑊

=
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝑉𝑠𝑟𝐵 − 𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

− 𝑣𝑠𝑟𝑏 − 𝑉𝑠𝑟𝑛� 

𝑑𝑣𝑠𝑟𝑟
𝑑𝑊

=
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝑉𝑠𝑟𝐶 − 𝐿𝑠𝑟
𝑑𝑖𝑠𝑟
𝑑𝑊

− 𝑣𝑠𝑟𝑟 − 𝑉𝑠𝑟𝑛� 

(4.65) 

Comparing the sets of equations for the shunt and series terminals in (4.3) and (4.65), 

it is obvious that both of them are of the first-order dynamics. Therefore, the 

mathematical model based on the sliding mode concept can be applied for the series 

terminal variable-band hysteresis control as well. It allows decoupling the control 

variables for controlling the series voltages of the three phases. Due to similarities in the 

approach, only the main results are revealed and more detailed steps can be found in 

Appendix C. 
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The first derivative for each sliding manifold component of the series terminal is 

expressed in (4.66), (Appendix C (C.7)). 

𝑑𝑒𝑠𝑟𝑏
𝑑𝑊

=
𝑑𝑣𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠𝑟𝑏 −

𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 
3𝐿𝑠𝑟

(2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑒𝑠𝑟𝑏
𝑑𝑊

=
𝑑𝑣𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠𝑟𝑏 −

𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 
3𝐿𝑠𝑟

(−𝐻𝑠𝑟𝑏 + 2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑒𝑠𝑟𝑛
𝑑𝑊

= 𝑉𝑠𝑟𝑛∗ −
𝑉𝑑𝑟
3

(𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑟) 

(4.66) 

where: 𝐾𝑠𝑟𝑖 = 𝑅𝑠𝑠𝑠𝑠
𝐿𝑠𝑠

�−𝐿𝑠𝑟
𝑑𝑖𝑠𝑠
𝑑𝑡
− 𝑣𝑠𝑟𝑖� and 𝑖 = 𝑎, 𝑏, 𝑐. 

The decoupled control variables are presented in (4.67), (Appendix C (C.11)). 

𝑑�̅�𝑠𝑟𝑏′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑏∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑏� 

𝑑�̅�𝑠𝑟𝑏′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑏∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑏� 

𝑑�̅�𝑠𝑟𝑟′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑟∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑟
𝑑𝑊

+ 𝑣𝑠𝑟𝑟 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑟� 

(4.67) 

where: 𝑑𝑙𝑠𝑠𝑐
∗

𝑑𝑡
= −𝑑𝑙𝑠𝑠𝑎∗

𝑑𝑡
− 𝑑𝑙𝑠𝑠𝑏

∗

𝑑𝑡
, 𝑑𝑖𝑠𝑐
𝑑𝑡

= −𝑑𝑖𝑠𝑎
𝑑𝑡

− 𝑑𝑖𝑠𝑏
𝑑𝑡

, 𝑣𝑠𝑟𝑟 = −𝑣𝑠𝑟𝑏 − 𝑣𝑠𝑟𝑏. 

Replacing 𝑉𝑑𝑟𝐻𝑠𝑟𝑖 with 𝑉𝑠𝑟𝑋, where 𝑖 = 𝑎, 𝑏, 𝑐 and 𝑋 = 𝐴,𝐵,𝐶, adding 𝑉𝑠𝑟𝑛 to and 

subtracting it from the right side of the equation (4.67), it is rearranged into (4.68). 

𝑑�̅�𝑠𝑟𝑖′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑖∗

𝑑𝑊
−
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝑉𝑠𝑟𝑋 − 𝐿𝑠𝑟
𝑑𝑖𝑠𝑖
𝑑𝑊

− 𝑣𝑠𝑟𝑖 − 𝑉𝑠𝑟𝑛� +
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

(𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛) (4.68) 

Comparing (4.65) with (4.68), it is noticed that the expression within the brackets in 

(4.68) is equal to the change of the series voltage in (4.65). Hence, placing (4.65) into 

(4.68) and integrating both sides, the elements of the series sliding trajectory in each 

phase are identified and shown in (4.69). 
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�̅�𝑠𝑟𝑖′ = 𝑣𝑠𝑟𝑖∗ − 𝑣𝑠𝑟𝑖 +
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�(𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛)𝑑𝑊 

�̅�𝑠𝑟𝑖′ = 𝑣𝑠𝑟𝑖∗ − 𝑣𝑠𝑟𝑖 +
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

��𝑉𝑠𝑟𝑛∗ 𝑑𝑊 − �𝑉𝑠𝑟𝑛𝑑𝑊� 

(4.69) 

The equation (4.69) reveals that the series sliding trajectory (�̅�𝑠𝑟𝑖′ ) for each phase is a 

sum of the errors between the series reference and sensed voltages (𝑣𝑠𝑟𝑖∗ − 𝑣𝑠𝑟𝑖) in each 

phase and the series reference neutral voltage with its instantaneous value (𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛). 

Looking at (4.16) and (4.69), it is evident that the series sliding trajectories are similar in 

their nature to the shunt sliding trajectories. The only difference is in the control signals. 

Therefore, the variable-band hysteresis control method can be implemented for the series 

terminal as well by defining the switching rules and calculating variable hysteresis band. 

As in the case of the shunt terminal controller, to ensure that the series sensed 

voltages track their corresponding references, which means that the errors are directed 

towards zero, the rule of sliding surface for the series terminal has to be met. Switching 

rules can be formulated with respect to 𝐻𝑠𝑟𝑖 by looking at (4.67), (4.69) and the sliding 

surface rule �̅�𝑠𝑟𝑖′ ∙ �̇̅�𝑠𝑟𝑖′ < 0, where 𝑖 = 𝑎, 𝑏, 𝑐. The upper and lower series boundaries are 

added in this case as well. 

�̅�𝑠𝑟𝑖′ > ℎ𝑠𝑟𝑖 

�̅�𝑠𝑟𝑖′ < −ℎ𝑠𝑟𝑖 

�̇̅�𝑠𝑟𝑖′ < 0 

�̇̅�𝑠𝑟𝑖′ > 0 

𝐻𝑠𝑟𝑖 = 1 
 
𝐻𝑠𝑟𝑖 = −1 
 

(4.70) 

Thus: 

𝑣𝑠𝑟𝑖∗ − 𝑣𝑠𝑟𝑖 +
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�(𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛)𝑑𝑊 > ℎ𝑠𝑟𝑖 

𝑣𝑠𝑟𝑖∗ − 𝑣𝑠𝑟𝑖 +
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�(𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛)𝑑𝑊 < −ℎ𝑠𝑟𝑖 

𝐻𝑠𝑟𝑖 = 1 
 
 
𝐻𝑠𝑟𝑖 = −1 
 

𝑉𝑑𝑟𝐻𝑠𝑟𝑖 = 𝑉𝑑𝑟 
 
 
𝑉𝑑𝑟𝐻𝑠𝑟𝑖 = −𝑉𝑑𝑟 
 

(4.71) 

where: 𝑉𝑠𝑟𝑋 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑖,  𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 
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Also, by setting �̇̅�𝑠𝑟𝑖′ = 0 in (4.67), it reveals that for the proper operation of the 

series controller the sum on the left side of the 𝑉𝑑𝑟𝐻𝑠𝑟𝑖 must be lower than 𝑉𝑑𝑟. Thus, the 

equation (4.72) presents this requirement and provides with expression for the series 

terminal voltages in each phase. 

𝑉𝑠𝑟𝑋 >
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑑𝑣𝑠𝑟𝑖∗

𝑑𝑊
+ 𝐿𝑠𝑟

𝑑𝑖𝑠𝑖
𝑑𝑊

+ 𝑣𝑠𝑟𝑖 + 𝑉𝑠𝑟𝑛∗  (4.72) 

where: 𝑉𝑠𝑟𝑋 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑖, 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 

The upper and lower boundaries (ℎ𝑠𝑟𝑖, −ℎ𝑠𝑟𝑖) for the series terminal controller can 

be expressed with respect to the variable-band hysteresis control method, as for the shunt 

terminal. The basic switching for the series terminal is revealed in Fig 4.6. After 

receiving the general equation for the series variable hysteresis band it is applied to the 

three phases. 
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Figure 4.6 Series terminal basic hysteresis switching model. 
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Form Fig. 4.6, (4.67) and (4.71), the change of the error �̇̅�𝑠𝑟′ (𝑊) on the time interval 

from 𝑊1 to 𝑊2 and 𝑊2 to 𝑊3 can be defined as: 

ℎ𝑠𝑟 − (−ℎ𝑠𝑟)
𝑊2 − 𝑊1

=
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝑉𝑑𝑟 +
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑑𝑣𝑠𝑟∗

𝑑𝑊
+ 𝐿𝑠𝑟

𝑑𝑖𝑠
𝑑𝑊

+ 𝑣𝑠𝑟 + 𝑉𝑠𝑟𝑛∗ � 

−ℎ𝑠𝑟 − ℎ𝑠𝑟
𝑊3 − 𝑊2

=
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�−𝑉𝑑𝑟 +
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑑𝑣𝑠𝑟∗

𝑑𝑊
+ 𝐿𝑠𝑟

𝑑𝑖𝑠
𝑑𝑊

+ 𝑣𝑠𝑟 + 𝑉𝑠𝑟𝑛∗ � 

(4.73) 

 

(4.74) 

Considering that 𝑊2 − 𝑊1 = 𝑇𝑠𝑠
2

, 𝑊3 − 𝑊2 = 𝑇𝑠𝑠
2

 and 𝑇𝑠𝑠 = 𝑇𝑠𝑠
2

+ 𝑇𝑠𝑠
2

 from Fig. 4.6, the 

time interval of the one switching cycle can be expressed as: 

𝑇𝑠𝑠 =
4ℎ𝑠𝑟𝐿𝑠𝑟𝑉𝑑𝑟

𝑅𝑠𝑠𝑠𝑟 �𝑉𝑑𝑟2 − � 𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑑𝑣𝑠𝑟∗
𝑑𝑊 + 𝐿𝑠𝑟

𝑑𝑖𝑠
𝑑𝑊 + 𝑣𝑠𝑟 + 𝑉𝑠𝑟𝑛∗ �

2
�

 
(4.75) 

Rewriting 𝑇𝑠𝑠 = 1
𝑓𝑠𝑠

 and simplifying the equation (4.75) according to the band value, 

the variable hysteresis band expression for the series terminal is obtained (4.76). 

ℎ𝑠𝑟 =
𝑅𝑠𝑠𝑠𝑟𝑉𝑑𝑟
4𝑓𝑠𝑠𝐿𝑠𝑟

⎝

⎛1 − �

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑑𝑣𝑠𝑟∗
𝑑𝑊 + 𝐿𝑠𝑟

𝑑𝑖𝑠
𝑑𝑊 + 𝑣𝑠𝑟 + 𝑉𝑠𝑟𝑛∗

𝑉𝑑𝑟
�

2

⎠

⎞ (4.76) 

Looking at (4.72), the sum of variables in (4.76) can be replaced with the series 

terminal voltage. Thus, (4.76) is rewritten in (4.77) that expresses variation of the 

variable hysteresis band in each phase. 

ℎ𝑠𝑟𝑖 =
𝑅𝑠𝑠𝑠𝑟𝑉𝑑𝑟
4𝑓𝑠𝑠𝐿𝑠ℎ

�1 − �
𝑉𝑠𝑟𝑋
𝑉𝑑𝑟

�
2

� (4.77) 

where: 𝑉𝑠𝑟𝑋 = 𝑉𝑑𝑟𝐻𝑠𝑟𝑖, 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 

As in the case of the shunt controller, the series terminal voltages can be measured 

by defining correlation between the series control variables and the switching states of 

the power switches, instead of using sensors. Looking at Table 4.1, the last switching 
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state of the nine-switch UPQC leg (0, 1, 0) is able to generate the series terminal voltage 

𝑉𝑠𝑟𝑋 = ±𝑉𝑑𝑟 with respect to the series terminal. However, for the same reason mentioned 

in the case of the shunt terminal controller, the correlation between the series control 

signals and the power switches is hard to obtained directly from the inverse switching 

pulses of the bottom switch (𝑆𝐿𝑖 ). Through the simulation analysis, it is noticed that if 

the correlation 𝐻𝑠𝑟𝑖 = 1 → 𝑆�̅�𝑖 = 𝑂𝑂 = 1, which would correspond to the 𝐻𝑠𝑟𝑖 = 1 →

𝑆𝑠𝑟𝑖 = 𝑂𝑂 = 1 in the six-switch VSC, is selected, the series terminal voltages 𝑉𝑠𝑟𝑋 will 

carry enlarged fundamental components 𝑉𝑠𝑟𝑋1 during sag. These enlarged fundamental 

components will be visible by the dc-link and hence, overcrossing of the modulation 

voltages might result within the carrier range. In order to avoid this situation, the dc-link 

voltage (𝑉𝑑𝑟) must be increased. However, this is undesirable. 

Thus, it is proposed to use the correlation that results from the phase angle change of 

the source voltage fundamental components (𝜃𝑙𝑠𝑖1) which are similar as in the case of the 

shunt terminal controller. For example, for phase 𝑎 of the series terminal, when the phase 

angle {𝜃𝑙𝑠𝑏1 = (𝜔1𝑊 + 𝜑𝑙𝑠𝑏1)} of the source voltage fundamental component is lower or 

equal {𝜃𝑙𝑠𝑏1 ≤ 𝜋}, the switching state (0, 1, 0) generates 𝑉𝑠𝑟𝑀 = −𝑉𝑑𝑟 and when it is 

large than 𝜋 {𝜃𝑙𝑠𝑏1 > 𝜋}, 𝑉𝑠𝑟𝑀 = 𝑉𝑑𝑟. This series terminal voltage generation repeats in 

each fundamental cycle. Therefore, considering previous example, the correlation for 

𝐻𝑠𝑟𝑖 = 1 is selected as: 𝑆�̅�𝑖′ = 𝑆𝑈𝑖 ∙ 𝑆�̅�𝑖 = 𝑂𝑂 = 1 → {𝜃𝑙𝑠𝑖1 ≤ 𝜋} and 𝑆�̅�𝑖′ = 𝑆�̅�𝑖 = 𝑂𝑂 =

1 → {𝜃𝑙𝑠𝑖1 > 𝜋}; and for 𝐻𝑠𝑟𝑖 = −1 as: 𝑆�̅�𝑖′ = 𝑂𝐹𝐹 = 0. As a result, the series terminal 

voltages are calculated from the switching signals of the upper (𝑆𝑈𝑖 ) and the NOT logic 

function of the lower (𝑆�̅�𝑖 ) switches using the equation (4.78). 
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𝑉𝑠𝑟𝑋 = 2𝑉𝑑𝑟(𝑆�̅�𝑖′ − 0.5) (4.78) 

Using the filter with the transfer function (4.26) presented in subsection 4.1.2, the 

series terminal fundamental voltages (𝑉𝑠𝑟𝑋1) for each phase are obtained. Furthermore, 

the series terminal fundamental voltage of the phase 𝑐 is received from the phase 𝑎 and 𝑏 

by placing them in the equation (4.79). 

𝑉𝑠𝑟𝐶1 = −𝑉𝑠𝑟𝑀1 − 𝑉𝑠𝑟𝐵1 (4.79) 

The series variable hysteresis band can be calculated using equation (4.77) after 

adding the series third harmonic voltage (𝑉𝑠𝑟3𝑟𝑑∗ ) to the series terminal fundamental 

voltages (𝑉𝑠𝑟𝑋1). However, for the same reasons discussed in subsection 4.1.2 for the 

shunt variable hysteresis band calculation, correction of the switching frequency 𝑓𝑠𝑠𝑠𝑟 on 

the cycle-by-cycle bases is implemented for the series variable hysteresis band as well. Its 

approach is similar to the method presented in subsection 4.1.2, after detecting the 

instantaneous switching frequency 𝑓𝑠𝑠𝑠𝑟𝑖 in each phase. Therefore, this frequency can be 

calculated by considering the previously determined correlation between the control 

variables and the power switches. The instantaneous switching frequency 𝑓𝑠𝑠𝑠𝑟𝑖 is 

detected by measuring rising times 𝑊1𝑠𝑟𝑖 and 𝑊3𝑠𝑟𝑖 of the switching signal 𝑆�̅�𝑖 . Then, the 

switching error ∆𝑓𝑠𝑠𝑠𝑟𝑖 is calculated and added to the selected switching frequency of the 

variable hysteresis band in (4.77). Therefore, the resultant equation for the series variable 

band calculation in each phase is rewritten in (4.78). 

ℎ𝑠𝑟𝑖 =
𝑅𝑠𝑠𝑠𝑟𝑉𝑑𝑟

4(𝑓𝑠𝑠 + ∆𝑓𝑠𝑠𝑠𝑟𝑖)𝐿𝑠ℎ
�1 − �

𝑉𝑠𝑟𝑋1 + 𝑉𝑠𝑟3𝑟𝑑∗

𝑉𝑑𝑟
�
2

� (4.78) 

where: 𝑋 = 𝐴,𝐵,𝐶 and 𝑖 = 𝑎, 𝑏, 𝑐. 
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The series variable-band hysteresis controller including its variable hysteresis band 

calculation (4.78) and switching frequency correction is designed in PSIM and shown in 

Appendix D. 

 

4.2.4 Series Reference Neutral Voltage Selection 

 

In subsection 4.1.3 for the shunt terminal controller, the shunt dc-offset was added in 

order to place the shunt terminal voltage above the series one within the carrier range. 

Moreover, the shunt third harmonic was generated and injected with the purpose of 

increasing the maximum modulation index of the shunt terminal. Their sum created the 

shunt reference neutral voltage. Although, leaving the series terminal voltage centered 

within the carrier range will cause overcrossing and distortions of the performance for the 

nine-switch UPQC. Thus, the series terminal voltage must be placed below the shunt 

terminal voltage as it was mentioned in Chapter 3. This can be achieved by properly 

selecting the series reference neutral voltage that is the extra degree of freedom for the 

series terminal controller. Furthermore, generating and injecting the series third harmonic 

voltage, the maximum modulation index of the series terminal (𝑚𝑠𝑟) can be increased 

and equal to 𝑚𝑠𝑟 = 1.154. 

The second term in (4.69) expresses the error signal between the series reference 

neutral voltage with its instantaneous value (𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛). Thus, as in the case of the 

shunt terminal, 𝑉𝑠𝑟𝑛 can be controlled by properly setting 𝑉𝑠𝑟𝑛∗ . Instead of using a sensor 

for measuring the series instantaneous voltage (𝑉𝑠𝑟𝑛) in Fig. 4.5, it is calculated by 

placing obtained series terminal voltages (𝑉𝑠𝑟𝑋) into (4.58). 
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The same type of the third harmonic is selected for the series terminal that is 

equivalent to the SVM. It is generated using the series terminal fundamental voltages that 

are placed in (4.79). 

𝑉𝑠𝑟3𝑟𝑑∗ = −
1
2

[𝑚𝑎𝑚(𝑉𝑠𝑟𝑀1,𝑉𝑠𝑟𝐵1,𝑉𝑠𝑟𝐶1) + 𝑚𝑖𝑛(𝑉𝑠𝑟𝑀1,𝑉𝑠𝑟𝐵1,𝑉𝑠𝑟𝐶1)] (4.79) 

The sum of the selected series dc-offset �𝑉𝑠𝑟_𝑑𝑟
∗ � and the series third harmonic 

voltage creates the required series reference neutral voltage (4.80). 

𝑉𝑠𝑟𝑛∗ = 𝑉𝑠𝑟_𝑑𝑟
∗ + 𝑉𝑠𝑟3𝑟𝑑∗  (4.80) 

The alternative expression of (4.69) with external resettable integrators is used for 

subtracting 𝑉𝑠𝑟𝑛 from 𝑉𝑠𝑟𝑛∗ . This approach is chosen due to the error reduction between the 

series reference and instantaneous neutral voltage as it was mentioned in subsection 

4.1.3. The series reference and instantaneous neutral voltage implemented in PSIM are 

presented in Appendix D. 

 

4.2.5 DG System Synchronization and Series Reference Voltage Generation 

 

One of the main requirements for the series terminal controller is its synchronization 

with the UG or the DG system. This means that the control signals of the nine-switch 

UPQC must have the same phase angle as the phase angle of the source voltage vector. 

For this purpose, the PLL is typically used [11], [20], [41]. It detects phase angle of the 

power system whether the system voltages are distorted and/or unbalanced. Then, the 

series reference voltages can be generated by applying the 𝑑 − 𝑞 theory. In addition, the 
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PLL is usually designed in 𝑑 − 𝑞 or 𝛼 − 𝛽 reference frames where the Park’s or the 

Clark’s transformation is present. 

In order to generate the series reference voltages in the 𝑎𝑏𝑐 natural frame, the three-

phase synchronization method based on the adaptive notch filter (ANF) can be used that 

was proposed in [56]. It outputs the information of the amplitude, 𝑐𝑖𝑛 and 𝑐𝑐𝑐 of the 

phase angle and frequency of the fundamental component. In addition, it is fast and 

provides accurate estimation of the signal’s information during frequency and amplitude 

variations. Therefore, considering the 3P3W system, sensing the source voltages in phase 

𝛼 and b (𝑣𝑠𝑏 ,   𝑣𝑠𝑏 ), calculating 𝑣𝑠𝑟 = −𝑣𝑠𝑏 − 𝑣𝑠𝑏 and sending them to the three-phase 

ANF, the fundamental positive sequence components of the source voltage can be 

obtained. Dividing each of them by the amplitude 𝑉𝑠𝑠 = 𝑉𝑠𝑏 = 𝑉𝑠𝑏 = 𝑉𝑠𝑟, which is 

provided by the ANF, and multiplying by the reference load amplitude (𝑉𝑙𝑠∗ = 𝑉𝑙𝑏∗ =

𝑉𝑙𝑏∗ = 𝑉𝑙𝑟∗ ), the reference load voltages (𝑣𝑙𝑏∗ , 𝑣𝑙𝑏∗ , 𝑣𝑙𝑟∗ ) can be generated. Using the 

equation (4.81), the series reference voltages are obtained. 

𝑣𝑠𝑟𝑖∗ = 𝑣𝑙𝑖∗ − 𝑣𝑠𝑖 (4.81) 

where: 𝑖 = 𝑎, 𝑏, 𝑐. 

In PSIM, the series reference voltage generation is implemented by using three 

voltage sources. They emulate the fundamental positive sequence components of the 

source voltage which can be obtained at the output of the three-phase ANF. Their 

amplitudes equal one.  Multiplying them by the reference load amplitude and using in 

(4.81), the series reference voltages are generated and are shown in Appendix D. This 

approach was selected in order to present only performance of the shunt and series 

variable-band hysteresis controllers. 
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4.3 Performance Evaluation 

 

The performance of the proposed nine-switch UPQC with the variable-band 

hysteresis control interconnected with 3P3W DG system during normal, sag and swell 

operation has been verified by conducting computer simulations. The proposed nine-

switch UPQC is designed and simulated in PSIM based on Fig. 3.1 and considering 

system parameters shown in Appendix A. The elements of the shunt and series control 

circuits are revealed in Appendix B and D. The balanced three-phase source voltages of 

the 3P3W DG system will experience contamination of 5𝑡ℎ, 7𝑡ℎ, 11𝑡ℎ and 13𝑡ℎ order 

voltage harmonics with 10%, 7%, 5% and 3% strength of the fundamental magnitude 

respectively. 

4.3.1 Normal Operation 

 

Fig. 4.7 and Fig. 4.8 present the system currents (𝑖𝑠𝑖, 𝑖𝑠ℎ𝑖, 𝑖𝑙𝑖) and voltages (𝑣𝑠𝑖, 𝑣𝑠𝑟𝑖, 

𝑣𝑙𝑖) during normal operation. The dc-link voltage, the average active power absorbed by 

the load and the active power losses of the nine-switch UPQC are shown in Fig. 4.9. 

Placement of the shunt and series terminal fundamental voltages of the phase 𝑎 within the 

carrier range with addition of the injected third harmonic is shown in Fig. 4.10. The shunt 

terminal successfully mitigates source current harmonics and provides with power factor 

correction with the source currents THD levels of 2.2% at the time when the dc-link 

voltage reaches its reference, Fig. 4.7 and Fig. 4.9. The series terminal is connected to the 

DG system at time 𝑊 = 0.28𝑐, Fig. 4.8 and Fig. 4.10. The series voltages equal zero as 

long as the source voltages are harmonic free. At time 𝑊 = 0.36𝑐, the source voltages 
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start experiencing harmonic contamination. The series terminal immediately detects 

imposed source voltage harmonics and mitigates them by providing the load voltages free 

of harmonics with their THD levels of around 0.8%. 

  

Figure 4.7 Source, shunt and load currents during normal operation. 

 

Figure 4.8 Source, series and load voltages during normal operation. 



 

103 

 

 

Figure 4.9 Controlled dc-link voltage, load average active power, active power losses 

during normal operation. 

 

 

Figure 4.10 Shunt and series fundamental terminal voltages within carrier range 

during normal operation. 
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4.3.2 Normal to Sag Operation 

 

At time 𝑊 = 0.52𝑐, 30% sag of the source voltages has occurred and lasted for a 

period of 10 cycles �𝑊𝑠𝑏𝑙 = 0.52𝑐 − 0.72𝑐�. The system currents (𝑖𝑠𝑖, 𝑖𝑠ℎ𝑖, 𝑖𝑙𝑖) and 

voltages (𝑣𝑠𝑖, 𝑣𝑠𝑟𝑖, 𝑣𝑙𝑖) during transition from normal to sag operation are revealed in Fig. 

4.11 and  Fig. 4.12, accordingly. The shunt terminal starts absorbing real power required 

by the series terminal in order to provide sag compensation and also, to maintain the dc-

link voltage at the desired level, as it was discussed in Chapter 3. This is visible from the 

increased amplitudes of the source and shunt currents in Fig. 4.11. Also, the dc-link 

voltage drops by around 10% and slowly recovers. Increased active power losses with 

the positive sign express the sum of the absorbed active power by the shunt terminal and 

losses of the nine-switch UPQC. The average active power delivered to the load is 

unchanged. This is revealed in Fig. 4.13. The shunt current harmonic mitigation and 

power factor correction are unaffected and the source currents result in THD levels of 

around 3%, Fig 4.11. At the same time, the series terminal compensates 30% sag and 

maintains the load voltages free of harmonics with their THD levels of around 1.26%. 
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Figure 4.11 Source, shunt and load currents during normal to sag operation. 

 

 
Figure 4.12 Source, series and load voltages during normal to sag operation. 

 



 

106 

 

 

Figure 4.13 Controlled dc-link voltage, load average active power, active power 

losses during normal to sag operation.  

 

Placement of the shunt and series terminal fundamental voltages of the phase 𝑎 

within the carrier range with addition of the injected third harmonic in this case is 

presented in Fig. 4.14. It confirms the operation of the nine-switch UPQC in the CF 

mode. In addition, by performing the fast Fourier transform (FFT), switching frequency 

analysis of the shunt currents and series voltages is received and it is shown in Fig. 4.15. 

From this figure, it is visible that the instantaneous switching frequencies of the shunt 

currents and series voltages are centered around 9.38𝑘𝐻𝐻. These results verify 

effectiveness of using the variable hysteresis band with the frequency switching 

correction implemented for the shunt and series terminal controllers.  
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Figure 4.14 Shunt and series fundamental terminal voltages within carrier range 

during normal to sag operation. 

 

 

Figure 4.15 Fast Fourier transform of shunt currents and series voltages during 

normal to sag operation. 
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4.3.3 Normal to Swell Operation 

 

The 30% source voltage swell with the duration of 10 cycles has occurred at time 

𝑊 = 1.2𝑐, (𝑊𝑠𝑠𝑟𝑙𝑙 = 1.2𝑐 − 1.4𝑐). Fig. 4.16 and Fig. 4.17 show the system currents (𝑖𝑠𝑖, 

𝑖𝑠ℎ𝑖, 𝑖𝑙𝑖) and voltages (𝑣𝑠𝑖, 𝑣𝑠𝑟𝑖, 𝑣𝑙𝑖) during transition from normal to swell operation. In 

this case, the shunt terminal injects the extra active power to the DG system that is added 

to the losses of the nine-switch UPQC, Fig. 4.18. The source currents are free of 

harmonics with THD levels of around 2.2%. Their amplitudes are reduced, Fig. 4.16. The 

series terminal detects swell and compensates it. Therefore, the load voltages are 

maintained at their reference values with THD levels of around 0.85%, Fig. 4.17. 

 

 

Figure 4.16 Source, shunt and load currents during normal to swell operation. 
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Figure 4.17 Source, series and load voltages during normal to swell operation. 

 

 

Figure 4.18 Controlled dc-link voltage, load average active power, active power 

losses during normal to swell operation. 
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Fig. 4.19 verifies the DF mode of the nine-switch UPQC operation by presenting the 

carrier range placement of the shunt and series terminal fundamental voltages of the 

phase 𝑎 with third harmonic injection and without overcrossing. The switching frequency 

analysis by means of the FFT reveals that the instantaneous switching frequencies of the 

shunt currents and series voltages vary between 7 − 12𝑘𝐻𝐻 during swell operation     

Fig. 4.20. 

 

 

Figure 4.19 Shunt and series fundamental terminal voltages within carrier range 

during normal to swell operation.  
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Figure 4.20 Fast Fourier transform of shunt currents and series voltages during 

normal to swell operation. 

 

4.4 Summary 

 

This Chapter revealed the implementation of the variable-band hysteresis control 

method for the shunt and series terminals with the purpose of controlling the shunt 

currents and series voltages of the nine-switch UPQC interconnected with the 3P3W DG 

system. Analyzing and designing the shunt terminal controller independently, its main 

problem of the three-phase interaction was resolved by using the sliding mode concept. It 

decoupled control variables and introduced the extra degree of freedom visible by the 

controller. By appropriately defining the correlation between the control variables and 

switching states, the variable hysteresis band was successfully calculated. Also, the 

addition of switching frequency correction improved its ability of maintaining the 
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switching frequency of the system close to the selected value. By replacing the parallel 

second-order passive filter with its improved structure at the series terminal, the filter’s 

order was reduced by one. This allowed applying the variable-band hysteresis control 

method to the series terminal of the nine-switch UPQC in the form similar to the shunt 

controller. Also, the series controller in that form has not been previously introduced 

neither in the conventional UPQC not in the nine-switch UPQC. Therefore, all strategies 

that were used in the shunt terminal controller were applied to the series controller as 

well. By properly selecting the extra degree of freedom of the shunt and series 

controllers, the modes of operation for the nine-switch UPQC presented in Chapter 3 was 

successfully executed and the dc-link voltage was effectively utilized. The dc-link 

controller was chosen based on the conventional design with addition of active damping 

and the FIR filter at its output. The overall system control of the nine-switch UPQC 

including its related reference signals was purely implemented in the 𝑎𝑏𝑐 natural frame 

avoiding complicated Park’s transformation. 

The designed nine-switch UPQC with its shunt and series controllers in PSIM and 

the following simulation results verified its ability of providing power factor correction 

and mitigating current and voltage harmonics of the 3P3W DG system with acceptable 

THD levels. Also, its fast and robust capability of instantaneously compensate the source 

voltage variations up to 30% during sag and swell confirmed effectiveness of the 

proposed modes of operation and control strategies, where the total number of used 

sensors is at its minimum. Thus, the cost of the entire system is unaffected and 

comparable with the previously proposed design from this perspective. 

  



 

113 

 

Chapter 5 

Conclusion 

5.1 Summary 

 

The interconnection of renewable energy sources and the increased use of non-linear 

loads at the industrial and domestic level, which use power semiconductor switching 

devices, have degraded PQ within the UG and/or distribution networks. Symmetrical and 

asymmetrical faults, lightings and other environmental factors reduce reliability of the 

DG systems causing sag and swell voltage variations. Considering all of these factors, 

FACTS were introduced. One of such devices is the UPQC. Its conventional back-to-

back topology has become an effective solution for overcoming current and voltage 

related problems for PQ enhancement. Further focus on converters with reduced number 

of semiconductor switching devices has introduced the nine-switch UPQC where the 

back-to-back topology has been replaced with the nine-switch converter. 

The first part of this thesis introduces a complete analysis of the operation of the 

previously designed nine-switch UPQC. Its shunt terminal faced the inductive passive 

filter. Analysis of power exchange among the DG system and the nine-switch UPQC 

revealed that the previously designed nine-switch UPQC has to be overrated compared to 

the conventional UPQC. This is true when it is designed for normal, sag and swell 

operation. The nine-switch UPQC therefore uses semiconductor switching devices with 

higher power rating and hence, replacement of the conventional UPQC with this topology 

becomes unattractive. 



 

114 

 

The second part of this thesis proposes the nine-switch UPQC with variable-band 

hysteresis control. It successfully functions during normal, sag and swell operation. Also, 

its power rating is maintained similar to the conventional UPQC by properly 

implementing and selecting elements of its shunt series second-order filter. Therefore, 

semiconductor switching devices of the nine-switch UPQC are of the same power rating 

as its conventional counterpart. Combination of the sliding mode concept with the 

improved structure of the series parallel second-order filter allows the variable-band 

hysteresis control method to be used at its shunt and series terminals. The controlled 

three-phase shunt currents and series voltages of the nine-switch UPQC are decoupled. 

The shunt and series terminal controllers are accurate and fully utilize the dc-link voltage. 

In addition, the controllers are fast, robust, and stable, maintaining switching frequency 

close to the selected value. Therefore, the nine-switch UPQC simultaneously mitigates 

current and voltage harmonics, provides power factor correction and compensates sag 

and swell voltage variations. The obtained simulation results verify the effectiveness of 

the proposed design and control strategies. 

 

5.2 Contributions 

 

The major contribution of this thesis is the development of a new control which 

provides effective operation of the nine-switch UPQC. Moreover, the main advantage of 

the nine-switch UPQC for enhancing PQ of the 3P3W DG system by using three less 

semiconductor switching devices, compared to the conventional UPQC, is achieved. This 

results in a reduction in losses and cost of the entire system. 
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Also, the proposed nine-switch UPQC: i) effectively mitigates current and voltage 

harmonics with their THD levels less than 3%; ii) provides with power factor correction; 

iii) compensates sag and swell up to 30% with the duration of 10 fundamental cycles 

eliminating 95% of the source voltage variations. Its power rating is lower than of the 

conventional UPQC by 15% and the power rating of its semiconductor switching devices 

can thus be selected the same as in its counterpart. The nine-switch UPQC overall system 

control is in the 𝑎𝑏𝑐 natural frame avoiding use of complicated Park’s transformation. 

The variable-band hysteresis control that is derived and applied for the shunt and 

series terminals: i) does not require multi-loop structure in the series terminal and has not 

been implemented in the conventional UPQC or nine-switch UPQC; ii) is accurate, fast, 

robust and stable; iii) avoids use of cascaded resonant blocks for current and voltage 

harmonic mitigation; iii) fully utilizes the dc-link voltage; iv) maintains the dc-link 

voltage at the desired level of 600𝑉 with a variation of less than ±10%; v) requires the 

minimum number of sensors. 

 

5.3 Suggested Future Work 

 

Suggestions for future work related to the proposed nine-switch UPQC are listed as: 

1. Implementation and addition of the three-phase synchronization method based on 

the ANF to the series reference voltage generation. 

2. Investigation and more accurate representation of correlation between the 

switching states of the nine-switch UPQC and its shunt and series control 

variables. Selection and applicability consideration of discontinuous modulation 
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techniques for switching frequency and loss reduction. Design, analysis and 

comparison of the nine-switch UPQC loss model with respect to the conventional 

UPQC. 

3. Search for alternative switching frequency correction techniques of the shunt and 

series variable hysteresis band generation in order to further minimize switching 

frequency variation during different operating conditions. 

4. Experimental confirmation of the proposed nine-switch UPQC with the variable-

band hysteresis control by using DSP. 

5. Analysis and performance evaluation of the proposed nine-switch UPQC during 

load changes and phase jump of sag and swell source voltage variations.  
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Appendix A 

System Parameters 

Table A.1 Parameters of nine-switch UPQC interconnected with 3P3W DG system. 

System Parameters Values 

Power rating 𝑆𝑏𝑏𝑠𝑟 = 5𝑘𝑉𝐴, 𝑝.𝑓. = 0.9 lagging 

Source voltages 𝑣𝑠(𝑟𝑠𝑠) = 230𝑉 (line to neutral), 𝑓1 = 50𝐻𝐻 

Source impedance 𝐿𝑠 = 35𝜇𝐻 

Sensitive load 𝑅𝑙 = 37𝑂ℎ𝑚; 𝐿𝑙 = 120𝑚𝐻 

Non-linear load 𝐿𝑓𝑟𝑟𝑟 = 10𝑚𝐻; 𝑅𝑟𝑟𝑟 = 120𝑂ℎ𝑚; 𝐿𝑟𝑟𝑟 = 300𝑚𝐻 

Shunt terminal 𝑅𝑠ℎ = 1𝑂ℎ𝑚; 𝐿𝑠ℎ = 26𝑚𝐻; 𝐶𝑠ℎ = 70𝜇𝐹 

Series terminal 𝑅𝑠𝑠𝑠𝑟 = 2𝑂ℎ𝑚; 𝐿𝑠𝑟 = 6𝑚𝐻; 𝐶𝑠𝑟 = 50𝜇𝐹 

Series transformer 1:1 (ideal) 

Dc-link 𝐶 = 𝐶1 = 𝐶2 = 2200𝜇𝐹; 𝑉𝑑𝑟 = 𝑉𝑑𝑟1 = 𝑉𝑑𝑟2 = 300𝑉 

Total dc-link voltage 𝑉𝑑𝑟_𝑡𝑡𝑡 = 2𝑉𝑑𝑟 = 600𝑉 

Switching frequency 𝑓𝑠𝑠 = 10𝑘𝐻𝐻 

PI-controller gains 𝑘𝑝𝑑𝑟 = 0.0066; 𝑘𝑖𝑑𝑟 = 0.178; 𝐺𝑏 = 0.01485 

Selected dc-offsets 𝑉𝑠ℎ_𝑑𝑟
∗ = 75𝑉; 𝑉𝑠𝑟_𝑑𝑟

∗ = −170𝑉 
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Appendix B 

Shunt Terminal Variable-Band Hysteresis Control in PSIM 

 

Figure B.1 Shunt variable-band hysteresis control. 

 

 

Figure B.2 Shunt variable hysteresis band. 
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Figure B.3 Correlation of shunt control variables and switching states. 
 

 

Figure B.4 Shunt switching frequency correction on cycle-by-cycle basis. 
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Figure B.5 Shunt reference and instantaneous neutral voltage. 

 

Figure B.6 Shunt reference current generation. 

 

Figure B.7 Dc-link voltage control. 
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Appendix C 

Series Terminal Three-Phase Decoupling 

 

The sliding manifold for the series terminal is derived with the objective of 

controlling the series three-phase voltages. Using equation (4.65) and replacing the series 

neutral voltage (𝑉𝑠𝑟𝑛) with (4.58) the change of the series voltage in each phase is 

expressed in (C.1). 

𝑑𝑣𝑠𝑟𝑏
𝑑𝑊

= 𝐾𝑠𝑟𝑏 +
𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟  

3𝐿𝑠𝑟
(2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑣𝑠𝑟𝑏
𝑑𝑊

= 𝐾𝑠𝑟𝑏 +
𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 

3𝐿𝑠𝑟
(−𝐻𝑠𝑟𝑏 + 2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑣𝑠𝑟𝑟
𝑑𝑊

= 𝐾𝑠𝑟𝑟 +
𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 

3𝐿𝑠𝑟
(−𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑏 + 2𝐻𝑠𝑟𝑟) 

(C.1) 

where: 𝐾𝑠𝑟𝑖 = 𝑅𝑠𝑠𝑠𝑠
𝐿𝑠𝑠

�−𝐿𝑠𝑟
𝑑𝑖𝑠𝑠
𝑑𝑡
− 𝑣𝑠𝑟𝑖� and 𝑖 = 𝑎, 𝑏, 𝑐. 

The set of equations for three phases in (C.1) is rewritten in the matrix form (C.2), 

(C.3). 

�
�̇�𝑠𝑟𝑏
�̇�𝑠𝑟𝑏
�̇�𝑠𝑟𝑟

� = �
𝐾𝑠𝑟𝑏
𝐾𝑠𝑟𝑏
𝐾𝑠𝑟𝑟

� +
𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 

3𝐿𝑠𝑟
�

2 −1 −1
−1 2 −1
−1 −1 2

� �
𝐻𝑠𝑟𝑏
𝐻𝑠𝑟𝑏
𝐻𝑠𝑟𝑟

� 

�̇�𝑠𝑟 = 𝐾𝑠ℎ +
𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 

3𝐿𝑠𝑟
𝑀𝑠𝑟𝐻𝑠𝑟 

(C.2) 

 

(C.3) 

where: 𝑀𝑠𝑟 = �
2 −1 −1
−1 2 −1
−1 −1 2

� and 𝐻𝑠𝑟 = [𝐻𝑠𝑟𝑏 𝐻𝑠𝑟𝑏 𝐻𝑠𝑟𝑟]𝑇 is a control vector. 

As in the case of the shunt terminal controller, 𝑀𝑠𝑟 is the singular matrix and only 

two of the series voltages can be controlled independently, if sum of the series reference 
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voltages equal zero ∑𝑣𝑠𝑟𝑖∗ = 0. Hence, the extra one degree of freedom for controlling 

one more variable is utilized, (C.4). 

�̇�𝑠𝑟𝑛 = 𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛 = 𝑉𝑠𝑟𝑛∗ −
𝑉𝑑𝑟
3

(𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑟) (C.4) 

A sliding manifold for the series terminal (𝑒𝑠𝑟) and its first derivative (�̇�𝑠𝑟), 

including their three components, are revealed in (C.5) and (C.6). The tracking problem 

can be solved when 𝑒𝑠𝑟 = 0 and hence, 𝑒𝑠𝑟𝑏 = 𝑒𝑠𝑟𝑏 = 𝑒𝑠𝑟𝑛 = 0. 

𝑒𝑠𝑟 = �
𝑒𝑠𝑟𝑏
𝑒𝑠𝑟𝑏
𝑒𝑠𝑟𝑛

� = �
𝑣𝑠𝑟𝑏∗ − 𝑣𝑠𝑟𝑏
𝑣𝑠𝑟𝑏∗ − 𝑣𝑠𝑟𝑏

∫(𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛)𝑑𝑊
� = 0        

�̇�𝑠𝑟 = �
�̇�𝑠𝑟𝑏
�̇�𝑠𝑟𝑏
�̇�𝑠𝑟𝑛

� = �
�̇�𝑠𝑟𝑏∗ − �̇�𝑠𝑟𝑏
�̇�𝑠𝑟𝑏∗ − �̇�𝑠𝑟𝑏
𝑉𝑠𝑟𝑛∗ − 𝑉𝑠𝑟𝑛

� = 0 

(C.5)  

 

(C.6) 

where: 𝑣𝑠𝑟𝑏∗ , 𝑣𝑠𝑟𝑏∗  and 𝑉𝑠𝑟𝑛∗  are reference signals for the series terminal. 

Substituting the change of the series voltage in the phase a and b from (C.1) and the 

equation (C.4) into (C.6), the first derivative for each sliding manifold component of the 

series terminal is written in (C.7). 

𝑑𝑒𝑠𝑟𝑏
𝑑𝑊

=
𝑑𝑣𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠𝑟𝑏 −

𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 
3𝐿𝑠𝑟

(2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑒𝑠𝑟𝑏
𝑑𝑊

=
𝑑𝑣𝑠ℎ𝑏∗

𝑑𝑊
− 𝐾𝑠𝑟𝑏 −

𝑉𝑑𝑟𝑅𝑠𝑠𝑠𝑟 
3𝐿𝑠𝑟

(−𝐻𝑠𝑟𝑏 + 2𝐻𝑠𝑟𝑏 − 𝐻𝑠𝑟𝑟) 

𝑑𝑒𝑠𝑟𝑛
𝑑𝑊

= 𝑉𝑠𝑟𝑛∗ −
𝑉𝑑𝑟
3

(𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑏 + 𝐻𝑠𝑟𝑟) 

(C.7) 

As in the case of the shunt terminal controller, the control variables 𝐻𝑠𝑟𝑏, 𝐻𝑠𝑟𝑏, and 

𝐻𝑠𝑟𝑟 in the equation (C.7) can be decoupled. Integrating both sides of (C.7) and 

expressing the obtained result as a vector, (C.8) is derived. 
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𝑒𝑠𝑟 = 𝑓𝑠𝑟 − 𝑀𝑠𝑟1 ∙ 𝑉𝑑𝑟 �𝐻𝑠𝑟 𝑑𝑊 (C.8) 

where: 

𝑓𝑠𝑟 = �
𝑣𝑠ℎ𝑏∗ − ∫𝐾𝑠ℎ𝑏 𝑑𝑊
𝑣𝑠ℎ𝑏∗ − ∫𝐾𝑠ℎ𝑏 𝑑𝑊

∫𝑉𝑠ℎ𝑛∗ 𝑑𝑊
� = 0, 𝑀𝑠𝑟1 = 𝑅𝑠𝑠𝑠𝑠

3𝐿𝑠𝑠
�

2 −1 −1
−1 2 −1
𝐿𝑠𝑠
𝑅𝑠𝑠𝑠𝑠

𝐿𝑠𝑠
𝑅𝑠𝑠𝑠𝑠

𝐿𝑠𝑠
𝑅𝑠𝑠𝑠𝑠

� = 0, 𝐻𝑠𝑟 = �
𝐻𝑠𝑟𝑏
𝐻𝑠𝑟𝑏
𝐻𝑠𝑟𝑟

�. 

In (C.8), the matrix 𝑀𝑠𝑟1 is non-singular and its inverse matrix 𝑀𝑠𝑟1
−1  can be obtained. 

Multiplying both sides of the equation (C.8) by this inverse matrix and calling the right 

side as a new sliding manifold �̅�𝑠𝑟 = 𝑀𝑠𝑟1
−1 ∙ 𝑒𝑠𝑟 = 0, the control variables for the series 

controller 𝐻𝑠𝑟𝑏, 𝐻𝑠𝑟𝑏, and 𝐻𝑠𝑟𝑟 can be decoupled for each sliding surface. 

�̅�𝑠𝑟 = �
�̅�𝑠𝑟𝑏
�̅�𝑠𝑟𝑏
�̅�𝑠𝑟𝑟

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

0 1

0
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

1

−
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

−
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

1
⎦
⎥
⎥
⎥
⎥
⎥
⎤

�
𝑒𝑠𝑟𝑏
𝑒𝑠𝑟𝑏
𝑒𝑠𝑟𝑛

� 

�̅�𝑠𝑟 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑒𝑠𝑟𝑏 + 𝑒𝑠𝑟𝑛

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑒𝑠𝑟𝑏 + 𝑒𝑠𝑟𝑛

−
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑒𝑠𝑟𝑏 −
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

𝑒𝑠𝑟𝑏 + 𝑒𝑠𝑟𝑛⎦
⎥
⎥
⎥
⎥
⎥
⎤

 

(C.9) 

Differentiating (C.9), �̇̅�𝑠𝑟 = 𝑀𝑠𝑟1
−1 ∙ �̇�𝑠𝑟 = 0 is found and expressed in (C.10). 

�̇̅�𝑠𝑟 = �
�̇̅�𝑠𝑟𝑏
�̇̅�𝑠𝑟𝑏
�̇̅�𝑠𝑟𝑟

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

�̇�𝑠𝑟𝑏 + �̇�𝑠𝑟𝑛

𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

�̇�𝑠𝑟𝑏 + �̇�𝑠𝑟𝑛

−
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

�̇�𝑠𝑟𝑏 −
𝐿𝑠𝑟
𝑅𝑠𝑠𝑠𝑟

�̇�𝑠𝑟𝑏 + �̇�𝑠𝑟𝑛⎦
⎥
⎥
⎥
⎥
⎥
⎤

 (C.10) 
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Substituting (C.7) into (C.10), dividing both sides by 𝑅𝑠𝑠𝑠𝑠
𝐿𝑠𝑠

, naming �̇̅�𝑠𝑟′ = 𝑅𝑠𝑠𝑠𝑠
𝐿𝑠𝑠

�̇̅�𝑠𝑟 

and hence, �̅�𝑠𝑟′ = �̅�𝑠𝑟 and performing a few mathematical manipulations, the decoupling 

of the control variables for three phases is presented in (C.11). 

𝑑�̅�𝑠𝑟𝑏′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑏∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑏� 

𝑑�̅�𝑠𝑟𝑏′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑏∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑏
𝑑𝑊

+ 𝑣𝑠𝑟𝑏 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑏� 

𝑑�̅�𝑠𝑟𝑟′

𝑑𝑊
=
𝑑𝑣𝑠𝑟𝑟∗

𝑑𝑊
+
𝑅𝑠𝑠𝑠𝑟
𝐿𝑠𝑟

�𝐿𝑠𝑟
𝑑𝑖𝑠𝑟
𝑑𝑊

+ 𝑣𝑠𝑟𝑟 + 𝑉𝑠𝑟𝑛∗ − 𝑉𝑑𝑟𝐻𝑠𝑟𝑟� 

(C.11) 

where: 𝑑𝑙𝑠𝑠𝑐
∗

𝑑𝑡
= −𝑑𝑙𝑠𝑠𝑎∗

𝑑𝑡
− 𝑑𝑙𝑠𝑠𝑏

∗

𝑑𝑡
, 𝑑𝑖𝑠𝑐
𝑑𝑡

= −𝑑𝑖𝑠𝑎
𝑑𝑡

− 𝑑𝑖𝑠𝑏
𝑑𝑡

, 𝑣𝑠𝑟𝑟 = −𝑣𝑠𝑟𝑏 − 𝑣𝑠𝑟𝑏. 
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Appendix D 

Series Terminal Variable-Band Hysteresis Control in PSIM 

 

Figure D.1 Series variable-band hysteresis control. 

 

 

Figure D.2 Series variable hysteresis band. 
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Figure D.3 Correlation of series control variables and switching states. 

 

 

Figure D.4 Series switching frequency correction on cycle-by-cycle basis. 
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Figure D.5 Series reference and instantaneous neutral voltage. 

 

 

Figure D.6 Synchronization and series reference voltage generation. 
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