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ABSTRACT 

CASCADED MULTILEVEL INVERTER AND ITS FACTS APPLICATIONS 

By 

Yang Liu 

The conventional unified power flow controller (UPFC) that consists of two back-to-back 

multipulse inverters requires bulky and complicated zigzag transformers for isolation and 

reaching high voltage/high power. However, the zigzag transformers are usually very expensive, 

lossy, bulky and prone to failure. Moreover, they are slow (up to minutes to steady state after 

energizing) in dynamic response due to magnetizing current, and are thus not suited for fast-

changing power flow control of intermittent and sporadic wind and solar power application. 

A completely transformer-less UPFC based on an innovative configuration of two cascaded 

multilevel inverters (CMIs) has been recently invented. The unique configuration and control of 

the two CMIs as a power flow controller make it possible to independently control active and 

reactive power over a transmission line. The new UPFC represents a technological breakthrough 

and offers several enabling advantages that the traditional technology cannot provide, such as 

being completely transformer-less, light weight, high efficiency, high reliability, low cost, and 

possessing a fast dynamic response. 

This dissertation reveals detailed modeling, control and analysis of the innovative structure 

of transformer-less UPFC: 1) UPFC power flow control, such as voltage regulation, line 

impedance compensation, phase shifting or simultaneous control of voltage, impedance, and 

phase angle, thus achieving independently control both the active and reactive power flow in the 

line; 2) dc capacitor voltage balance control for H-bridges of both series and shunt CMIs; 3) 

modulation of the CMI for low total harmonic distortion (THD) of output voltage and low 



switching loss; 4) fast system dynamic response. The UPFC functionality with proposed control 

method is verified at 4,160 V. 

Furthermore, applications of transformer-less UPFC to solve real-world problems are 

analyzed and experimental verified based on 13.8-kV/ 2-MVA setup. One demonstration is to 

use transformer-less UPFC for interconnecting two synchronous grids with large phase 

difference. The proposed transformer-less UPFC can realize grid interconnection control, 

independent active and reactive power control, dc-link voltage balance control, etc. Furthermore, 

1-pu equipment can effectively compensate system with phase difference as large as 30°. 

Another example is to install the transformer-less UPFC into a congested grid to release the 

transmission grid congestion. The transformer-less UPFC is able to control bidirectional power 

flow and make parallel operation possible for two different feeders. Both detailed theoretical 

analysis and functionality test with proposed control strategy are addressed in the dissertation. 

The innovative transformer-less UPFC has enormous technological and economic impacts on 

controlling the routing of energy over the existing power grid. The enabling technology of 

modularity, scalability makes it easy installation anywhere in the existing grid. Furthermore, the 

transformer-less UPFC helps maximize/ optimize energy transmission over the existing grids to 

minimize the need for new transmission lines. As a result, this will increase the transfer 

capability of the grid, combined with the controllability and speed of operation of the devices, 

thus will enable increased penetration of renewables and demand response programs. Finally, it 

will reduce transmission congestion and increase dynamic rating of transmission assets. 
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CHAPTER 1 Introduction 

1.1. Background 

The mesh ac grid network presents more benefits than the radial system because of its higher 

reliability, especially under contingency conditions. However, due to lack of control devices 

(hardware limitation), the complicated meshed ac network has to be over-built with lots of 

excessive capability, still calling for new lines or all infrastructure, all because of lack of control 

devices. Unfortunately, excessive capacity and new lines do not increase total loadability 

proportionally. Even worse, sometimes switching off certain lines would be better off. In light of 

this, some technologies based on power electronics devices have been put in use and more 

breakthrough technologies are called for. The family of Flexible AC Transmission System 

(FACTS) has been adopted in generation, transmission and distribution systems. These power 

flow control solutions include, but not limited to, series reactor, phase shifting transformer, static 

synchronous compensator (STATCOM), static series synchronous compensator (SSSC), unified 

power flow controller (UPFC) and so forth. In general, FACTS has the principal role to enhance 

controllability and power transfer capability in ac systems. It involves conversion and/or 

switching power electronics in the range of a few tens to a few hundred megawatts. 

The problems with today’s FACTS devices or some other high-voltage high-power devices 

are they require bulky and complicated zigzag transformer in order to meet the grid requirements. 

However, these zigzag transformers are usually very expensive, bulky, lossy and prone to failure. 

Moreover, they are very slow (up to minutes to steady state after energizing) in dynamic 
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response due to magnetizing current, and thus are not suited for fast-changing power flow 

control of intermittent and sporadic wind and solar power system. Therefore, it would be 

interesting to develop some technologies that can be used in transmission level and distribution 

level to eliminate transformers which utilize power electronics based device and provide higher 

efficiency, less cost and faster dynamic response. 

Utilization of multilevel inverters is becoming more and more popular in recent years for 

high power applications [1-3]. Various topologies and modulation strategies have been 

investigated for utility and drive applications [4-7]. The commercially available Isolated Gate 

Bipolar Transistor (IGBT) are rated at 1200, 1700 Volts and100 Amperes, 200 Amperes or even 

higher. Multilevel inverter structure makes these market-available devices an enabling 

technology for power system and drive application possible.   

1.2. Flexible AC Transmission Systems 

The purpose of the transmission network is to pool power plants and load centers in order to 

minimize the total power generation capacity and fuel cost. The attractive part for transmission 

or generation planners is that FACTS technology opens up new opportunity for controlling 

power and enhancing the usable capacity of present, as well as possible updated lines [8-10]. By 

providing added flexibility, FACTS controllers can enable a line to carry power closer to its 

thermal limit rating [11]. Figure 1-1 shows a diagram for a typical two-bus power system. 
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From this expression, there are three basic variables that can be used to control the active and 

reactive power flow along a transmission line, which are: (1). Voltage (Vs0 and VR are sending 

and receiving end, separately); (2). Angle (δ0) and (3). Impedance (XL). 

From the topological perspective, the FACTS controllers can be divided into three large 

categories [11]:  

1. Series controllers: the series controllers inject voltage in series with the transmission line 

and as long as the voltage is in quadrature with the line current, it only supplies or 

consumes variable reactive power, thus makes possible to use capacitor for dc link. 

Figure 1-2 (a) shows a typical connection of series controllers with the transmission line; 

2. Shunt controllers: the shunt controllers inject current into the system at the point of 

connection. Similarly, as long as the injected current is in quadrature with the line voltage, 

it only supplies or consumes variable reactive power into system. Figure 1-2 (b) shows a 

typical configuration of shunt controllers with transmission line; 

3. Combined series-shunt controllers: the combined series and shunt controllers inject 

current into the system with the shunt part and voltage with the series part. Usually, a 
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common dc link is connected in between series and shunt part. Figure 1-2 (c) shows a 

typical configuration of combined series-shunt controllers with transmission line.  
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Figure 1-2 (a). Series controller; (b) shunt controller; (c). combined series and shunt controllers. 

1.3. Custom Power 

The technology of the application of power electronics to power distribution for the benefit 

of a customer or group of customers is called custom power (CP) [12]. Since through this 

technology, the utilities can supply value-added power to these specific customers. In broader 

definition, CP can also be viewed as a member of FACTS controllers. Furthermore, their 

topologies are similar to their FACTS controllers counterpart.  
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The compensating devices of CP are used for active filtering, load balancing, power factor 

correction and voltage regulation. The family of compensating devices has the following 

members [12]: 

1. Distributed STATCOM (DSTATCOM): shunt connected device that can perform load 

compensation at load bus terminals or voltage compensation to a distributed bus. Figure 

1-3 (a) shows a typical configuration of DSTATCOM with distribution level system; 

2. Dynamic Voltage Restorer (DVR): series connected device, the main purpose of which is 

to protect sensitive load from sag/swell, interruptions in the supply side. Figure 1-3 (b) 

shows a typical configuration of DVR with distribution level system; 

3. Unified Power Quality Controller (UPQC): This is a very versatile device that can inject 

current in shunt and voltage in series simultaneously in a dual control mode. Figure 1-3 (c) 

shows a typical configuration of UPQC with distribution level system. 
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Figure 1-3 Circuit configuration for Circuit configuration for (a) DSTATCOM; (b) DVR (c). 

UPQC. 
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Figure 1-3 (cont’d) 
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1.4. Multilevel Inverters 

The first multilevel inverter was introduced in 1981 by Dr. Nabae [13]. Researchers have 

been working on developing different kinds of topologies for multilevel inverters, but the most 

frequently used topologies for multilevel inverter applications include three major types, 

cascaded multilevel inverter (CMI) , diode clamped inverter (DCI), and flying capacitor inverter 

(FCI) [1]. Their topological configurations are shown in Figure 1-4 (a), (b) and (c). 

The benefits of using multilevel based inverter structure are: 

1. Very low voltage shoot dv/dt and low distortion in the output voltage waveform; 

2. Low distortion in input current waveform; 

3. Enable utilization of commercial low voltage devices in medium/high voltage 

applications; 

4. Low switching frequency thus low switching losses; 

5. Low common mode voltage. 
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Figure 1-4 Single phase 5-level (a). cascaded multilevel inverter; (b). diode clamped inverter; (c). 

flying capacitor inverter. 

Although the benefits shared by the multilevel structure, there exist different merits and 

demerits of different topologies [14]. Among which, the diode clamped inverter has bunch of 

clamping diodes. These clamping diodes not only raise costs but also cause packaging problems 

and exhibit parasitic inductances. Its counterpart, flying capacitor inverter requires large 

capacitance, and complicated to control. Also, it needs high switching frequency to balance each 

capacitor voltage. Comparatively, cascaded multilevel inverter is most suitable for modular 

design and is able to generate multistep staircase voltage waveform approaching a pure 

sinusoidal output voltage by increasing the number of levels. Furthermore, it needs no extra 

voltage balance circuits for dc link. Moreover, because of its modular structure, the packaging 

and layout is much easier. This makes it most suitable for high-voltage/high-power application. 
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1.5. Modulation Strategy for Cascaded Multilevel Inverter 

Generally, two broad categories for multilevel inverter modulation are used, one is based on 

fundamental frequency modulation (FFM) [14-17] and the other is based on pulse width 

modulation (PWM) strategies [18-28]. For the PWM strategies, several approached have been 

investigated, proposed and documented in the literature including carrier-based PWM (CB-PWM) 

[20-22], multilevel space vector modulation (SVM) [23-25], and selective harmonics elimination 

PWM (SHE-PWM) [26-28]. These PWM based methods can be viewed as the extension of 

modulation strategy of traditional inverter in a multilevel inverter.  

1.5.1 Fundamental Frequency Modulation (FFM) 

In FFM, each device only switches once per line cycle and generates a multistep staircase 

voltage waveform approaching a pure sinusoidal output voltage by increasing the number of 

levels. Figure 1-5 shows an example of 11-level cascaded multilevel inverter with FFM. Detailed 

discussion regarding the FFM and its implementation will be shown in later chapter. 
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Figure 1-5 Operation principle of FFM. 
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1.5.2 Carried-based PWM (CB-PWM) 

Take seven-level CMI based inverter for an example. Figure 1-6 shows phase shifted CB-

PWM strategy. For an m-level inverter, the number of carriers is (m-1). The phase shift is 

360°/(m-1). With this SPWM strategy, the dominant lower order harmonics are pushed to around 

(m-1)*fsw, where fsw is the switching frequency of semiconductor devices. Or paraphrase, the 

equivalent switching frequency of the inverter is (m-1)*fsw.  Figure 1-7 shows another method 

addressed as level shifted CB-PWM, the number of carriers is also (m-1). 
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Figure 1-6 Carried based phase shifted PWM for multilevel inverter [29]. 
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Figure 1-7 Carrier based level shifted PWM for multilevel inverter [29]. 

1.5.3 Multilevel Space Vector PWM (SVM) 

The basic principle for SVM modulation is for a given length and position in space, Vref  can 

be approximated by three nearby stationary vectors, and based on these chosen vectors, 

switching states are selected and gate signals are generated. Note that the switching sequence is 

not unique, but two general requirements need to be satisfied: 

1. The transition from one switching state to the next involves only two switches in the 

same inverter leg, one being turned on and the other turned off; 

2. The transition for Vref moving from one sector to the next requires no or minimum 

number of switches. 

The method used in traditional two-level inverter can be easily extended to use in multilevel 

inverters. The adjacent three vectors can synthesize a desired voltage vector by computing the 

duty cycles (Tj, Tj+1, Tj+2) for each vector.  
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Figure 1-8 Space vector diagram for three-level and five-level inverters [29]. 

1.5.4 Selective Harmonic Elimination PWM (SHE-PWM) 

In order to achieve a wide range of modulation indexes with minimum THD for the 

synthesized waveforms, SHE-PWM has been introduced. SHE-PWM is utilized to get rid of 

low-order harmonic components in the waveform. The selective harmonic elimination (SHE) 

PWM was first introduced in 1973 for two-level high-power inverter [30]. As shown in Figure 

1-9, since not all the switching are independent from each other, it is possible to eliminate some 

unexpected harmonic components. Furthermore, the amount of eliminated lower order harmonics 

is determined by the number of switching angles instead of voltage levels. However, the 

equations for solving these switching angles are also non-linear, thus it is time-consuming for 

on-line calculation.  



12 



3



3

2 2
1 2

6



2
3





dI

t

wi

1
3





0

 

Figure 1-9 Example of switching angle for an inverter [29]. 

1.6. Multilevel Inverter in FACTS Application 

The aforementioned FACTS controllers, no matter in distribution level or transmission level, 

have to reply on the bulky and complicated zigzag transformers for isolation and output voltage 

waveform requirement. The problems with the zigzag transformers are: 1) very expensive (30-40% 

of total system cost); 2) lossy (50% of the total power losses); 3) bulky (40% of system real 

estate area and 90% of the system weight); and 4) prone to failure [31].  

The enabling technologies of multilevel inverter, especially the cascaded multilevel inverter 

has made it possible to use multilevel structure in FACTS application. The CMI-based 

STATCOMs (up to ±200 Mvar) have been installed in Europe and Asia [15, 32, 33]. Moreover, 

it has also been demonstrated that CMI-based SSSC can be directly coupled to the transmission 

line without coupling transformer [34]. However, the CMI could not be directly used in the 

conventional UPFC, because the conventional UPFC requires two inverters connected back-to-

back to deal with active power exchange. To address this problem, a UPFC with two face-to-face 

connected CMIs was developed in [16] to eliminate the zigzag transformers that are needed in 

the conventional multi-pulse inverter-based UPFC. However, it still required an isolation 

transformer. The circuit diagram is shown in Figure 1-10. 
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Figure 1-10. Circuit configuration of UPFC proposed in [16]. 

To eliminate the transformer completely, a new transformer-less UPFC based on an 

innovative configuration of two CMIs has been proposed in [35]. The system configuration is 

shown in Figure 1-11. As shown in Figure 1-11 (a), the transformer-less UPFC consists of two 

CMIs, one is series CMI, which is directly connected in series with the transmission line; while 

the other is shunt CMI, which is connected in parallel to the sending end after series CMI. Each 

CMI is composed of a series of cascaded H-bridge modules as shown in Figure 1-11 (b). The 

transformer-less UPFC has significant advantages over the traditional UPFC such as highly 

modular structure, light weight, high efficiency, high reliability, low cost, and a fast dynamic 

response.  
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Figure 1-11 New transformer-less UFPC, (a) System configuration of transformer-less UPFC; b) 

One phase of the cascaded multilevel inverter. 
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Figure 1-11 (cont’d) 
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1.7. Outline of the Dissertation 

This dissertation will present detailed modeling, modulation strategy, control and application 

examples of the proposed transformer-less UPFC. The feasible applications of cascaded 

multilevel inverter (CMI) in FACTS application are well addressed.  

Chapter 2 first talks about an extended application of CMI based STATCOM with the virtual 

inertia control and its comparison with some existing methods.         

Chapter 3 introduces the totally transformer-less unified power flow controller (UPFC) 

configuration for the transmission level system application. Modeling, control and experimental 

results with the proposed novel topology are included. 

Chapter 4 demonstrates an application of transformer-less UPFC for interconnecting two 

synchronous grids with large phase difference. The circuit configuration is same as mentioned in 

previous chapter but at a higher voltage and higher power rating. 

Chapter 5 presents another application example of transformer-less UPFC in a highly 

congested grid. The UPFC is able to control bidirectional power flow and make parallel 

operation possible for two different feeders.  

Chapter 6 proposes an extended study of transformer-less UPFC. Another topology with 

CMI based UPFC is introduced and compared with the already beneficial structure of 
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transformer-less UPFC. Their converter rating, implementation and analytical results are 

presented. 

Chapter 7 summarizes the content and the contribution of this work. Some recommendations 

for future work are also presented.         
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CHAPTER 2 Virtual Inertia Control of 

CMI Based STATCOM 

This chapter shows a comparison between synchronous condenser (SC) and STATCOM in 

terms of inertia frequency response (IFR) with synchronous generator (SG). It has long been 

argued that, as a rotating-mass-based reactive power compensation device, SC will contribute to 

the total inertia of the network from its stored kinetic energy. Whereas, its counterpart, the 

voltage source converter (VSC) based STATCOM, will only supply reactive power and maintain 

voltage balance. However, the energy stored in the dc-link capacitor of the STATCOM, 

especially the cascaded inverter based STATCOM whose dc-link capacitance is relatively large, 

if properly controlled, can also contribute to the IFR. A Matlab/Simulink model of SG equipped 

with SC and STATCOM is presented in this chapter. It is demonstrated that STATCOM can 

provide competitive or even better IFR during disturbance condition. Both theoretical and 

simulated results are provided. 

2.1 Introduction  

Synchronous generator (SG) has been in service in US power system from long back. The 

operation and control of a SG is mature in practice and it helps to maintain the power system 

reliability and stability. However, with the advancement of modern power system and increasing 

types of load, the requirement for the transient stability has become more rigid. Various reactive 

compensation devices have been called for to support power system stability. These devices can 
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be roughly classified into three major categories: synchronous condenser (SC), static Var 

compensator (SVC), and static synchronous compensators (STATCOM). 

A synchronous condenser, by its nature, is a synchronous generator operating without a 

prime mover. It supports network voltage by providing reactive power compensation and 

additional short circuit power capacity. Furthermore, it can also support system frequency 

stability by increasing network inertia. 

STATCOM, arising from the family of FACTS device, has been utilized widely in recent 

years. A STATCOM is a controlled reactive power source, which typically includes a voltage 

source converter (VSC) and a DC link capacitor connected in shunt through coupling 

transformer, capable of generating and/or absorbing reactive power. Alternatively, cascaded 

multilevel inverter (CMI) based STATCOM eliminates the bulky transformers and will respond 

much faster. It is well suited for Var compensation/generation applications [31].   

Since there is no mechanical part in VSC based STATCOM, it has long been admitted that 

STATCOM makes no contribution to the frequency stability of the SG during load disturbance. 

However, STATCOM can be properly controlled to make virtual inertia response. The stored 

energy in dc-link capacitor can be utilized by varying the dc-link voltage during disturbance 

condition. This proposed methodology focuses on short-term oscillations and incorporates no 

long-term power regulation, thus it needs no mass storage device. Moreover, since SC and SG 

are synchronized with the transmission network, the largest allowable frequency deviation is 

limited and locked by the system. In some scenario, the STATCOM will demonstrate even better 

performance in terms of inertia frequency support than SC. This is very attractive in power 

system applications since bidirectional VSCs can work in generative and motoring modes similar 

to SMs. 
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The rest of the chapter is organized as follows. Section 2.2 shows the frequency response of a 

SG and wind turbine. Section 2.3 describes operation principle of SC and its integration with SG. 

Section 2.4 addresses nominal operation of the CMI-based STATCOM and modified virtual 

inertia control (VIC). Simulation results and discussions are presented in Section 2.5. Conclusion 

and future work are included in Section 2.6. 

2.2 Frequency Response of Generator 

2.2.1 Frequency Response of Synchronous Generator 

The transient frequency response of the synchronous generator, according to its time frame 

range, can be roughly divided as inertial frequency response (IFR), primary frequency response 

(PFR) and secondary frequency response (SFR) [36]. 

In the first few milliseconds or seconds following the loss of a large power generator or the 

increase of load command, the grid frequency starts to drop. These initial frequency dynamics 

are regulated by the inertial response of the generators that still remain online. The synchronous 

generators release their stored kinetic energy into the grid, reducing the initial rate of change of 

frequency (ROCOF) and allowing governor to catch up and contribute to frequency stabilization 

[37]. It is the first step and the natural response of a SG under load disturbance. 

The step following the IFR is the Primary Frequency Response (PFR). PFR can be 

understood as the instantaneous proportional increase or decrease in real power output in 

response to system frequency deviations. This response is in the direction that stabilizes 

frequency. It is attained due to governor action to instantly act relative to the frequency deviation. 

This usually takes place within seconds to tens of seconds.  
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Finally, it is the secondary frequency response (SFR). SFR is executed by automatic 

generation controller (AGC) and often referred to as load frequency controller (LFC). The AGC 

utilizes reserves to restore the frequency closer to scheduled frequency. Generally, the SFR can 

take place from seconds to minutes. These three steps happen sequentially so that frequency is 

recovered back to 60 Hz [38]. Figure 2-1 shows a diagram of governor power frequency control. 

The analysis of this chapter is focused on the inertial frequency response. 
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Figure 2-1 Governor power frequency control. 

During the period of IFR, the frequency variation, directly after a significant generation-load 

imbalance, is determined by the equation  
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where Pm is the generated power, Pe is the demanded power. The right side of the equation is the 

derivative of the kinetic energy stored in the generator.  

Another constant called H constant (also known as inertia constant) is defined as [38]  
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The inertia constant is measured in seconds and it falls typically in the range of 2-9 s for 

large power plants [39]. Figure 2-2 shows a typical waveform of a SG subjected to a loss of 

generation unit or a sudden increase in load. If the inertia available in the grid is large, the drop 

in frequency is not that much. The nadir drops down to 59.65 Hz in this case. When the 

frequency drops, the inertia energy from SG is automatically released.  

 

Figure 2-2 Typical system frequency response for a generation outage. 

The energy generated by the generator is relatively large. However, the available energy 

during the initial transient of the system is not that much since the SG needs to be in 

synchronism with the system. The grid code has set up the minimum frequency drop it can be, 

and it is typically within the range of 0.1-1 Hz [36]. Thus, the actual available inertia energy is 

proportional to its inertia constant H, 
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(2.3). 

Only this limited amount of energy will be utilized for IFR. Here inertial constant H is 

adopted to describe the different ratings of the SG. As can be seen from Figure 2-3, the actual 

available inertia energy is in the time frame of 7-300 ms. 
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Figure 2-3 Available inertial energy from SG with different minimum frequency. 

Given this very limited value of available inertia constant of SG, it is worthy studying the 

possible methods of improving IFR. Like mentioned previously, SC, SVC and STATCOM are 

the most three frequently used reactive power compensators, and among which, only SC have 

been claimed to contribute to the total inertia of the system. However, it is not the obvious truth. 

The following section will address the possible contribution from STATCOM for IFR and a 

comparison between SC and STATCOM have been made.  

2.2.2 Frequency Response of Synchronous Condenser  

SC has been used since 1930 as a source of dynamic VARs (both inductive and capacitive) to 

improve system stability and support voltage under varying load conditions and contingencies. 

Its field is controlled by a voltage regulator to either generate or absorb reactive power as needed 

to control the voltage of the power system. The synchronous condenser is a rotating machine 

without a prime mover. Because of this, they can provide a lower inertia from the kinetic energy 

stored in the rotating mass. The typical H value of SC is 1-1.25 s [39], thus the available inertial 
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energy from the SC can be estimated similarly using equation in (2.3). As can be seen from 

Figure 2-4, the actual available inertia energy of SC is in the time frame of 3-41 ms. 

 

Figure 2-4 Available inertial energy from SC with different minimum frequency. 

Figure 2-5 shows a typical connection of a SC with SG. As have been discussed in [40], SC 

shows a good dynamic performance for reactive power compensation. Furthermore, SC will 

contribute to the total inertia of the system as well and the ROCOF is reduced. 
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Figure 2-5 SG with SC connected to load bus. 

Although the benefit of SC, the drawback of synchronous condenser is that it calls for high 

demand of cooling for thermal consideration and it cannot be controlled fast enough to 

compensate for rapid load changes.  
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For the above two perspectives, STATCOM shows a better performance since VSC based 

FACTS device has a much quicker response time and very low thermal design requirement. 

2.2.3 Synthetic Inertial Control of Wind Turbine 

Similar to the inertia energy in the SG’s rotating mass, significant amount of kinetic energy is 

stored in the rotating turbine blades with typical inertia constants in the range of 2-6 s [41]. 

However, unlike the inherent response of conventional synchronous machines, inertial wind 

turbine generator (WTG) response is dependent on active controls. Since the rotating mass of 

variable-speed wind turbines is decoupled from the grid frequency and does not provide an 

inertial response unless controlled for the purpose. Figure 2-6 shows a typical response of the 

wind turbine under load disturbance. As can be seen from Figure 2-6, the WTG power 

generation reminds unchanged since it is driven by its own maximum power point tracking 

(MPPT) control [41]. 

 

Figure 2-6 Typical system frequency response for a wind-turbine generator. 
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A literature survey shows that researchers have proposed a wind-turbine synthetic inertial 

control (SIC) to deal with inertial frequency response problem [42-44]. The principle of wind-

turbine SIC is well known and involves modification of the demanded torque in response to a 

change in system frequency by adding an extra torque term [42]. Figure 2-7 shows the rotating-

mass-based virtual inertia implementation of wind turbine. 
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Figure 2-7 Wind synthetic inertia control diagram. 

It seems that this rotating mass based virtual inertia does not need any new component or de-

rating, its performance is highly dependent on DFIG rotating speed during disturbance. This 

rotating speed is a function of wind speed which is unpredictable. When wind speed is too slow 

or the frequency drop is too high, this supplementary control has to be deactivated. Furthermore, 

the maximum wind power extraction was sacrificed to enhance the system stability. This 

changing torque operating point will lead to non-optimal operation of wind generator or 

unnecessary reserve. 

Wind turbine, especially the offshore WP generator, has been equipped with STATCOM at 

the load bus for the reactive power compensation purpose. It has been shown in [45] that 
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STATCOM can perform inertial response for the frequency regulation purpose. The following 

section will address the possible contribution from STATCOM for IFR in WP.  

2.3 Modeling and Analysis of STATCOM for Frequency 

Support 

It has been witnessed that VSC based STATCOMs are built all over the world. However, the 

benefit of STATCOM is not fully potential. As a VSC based reactive compensator, STATCOM 

has been penalized for not being able to help with frequency regulation. The reason is that it has 

no rotating mass thus has no stored kinetic energy. However, it will be shown in this section that 

electric energy stored in the dc-link capacitor of STATCOM, especially for the CMI-based 

STATCOM, has large electric energy stored, will significantly help the inertial response if 

properly controlled. 

2.3.1 Normal Operation of STATCOM 

Basically, the STATCOM system is connected to the weak grid bus at PCC. The CMI-based 

system is composed of three main parts: a multilevel-cascaded VSC with separate DC sources, a 

coupling inductor and a controller, as shown in Figure 2-8 [46]. 

 

Figure 2-8 Single line diagram of the cascaded multilevel inverter based STATCOM. 

The exchange of real and reactive power between cascaded inverter and the power system 

can be controlled by adjusting the amplitude and phase angle of the converter output voltage. 
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Usually, it can be divided into capacitive mode and inductive mode, as shown in Figure 2-9. Two 

important control laws of cascaded-multilevel VSC for STATCOM application: 

1. The amount of transferred reactive power (Q) can be controlled by adjusting the 

magnitude of converter output voltage; 

2. The amount of transferred real power (P) can be controlled by adjusting the phase angle 

of the converter output voltage with respect to the voltage at PCC. 

2.3.2 Inertia Energy from STATCOM 

As a VSC based reactive power compensator, STATCOM have no real “inertia”. However, 

we use a term of virtual inertia constant in this chapter, similar as defined in [31], associated with 

the inertia constant in synchronous rotary condensers, 

2 2
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2
dc dc
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The voltage rating of the dc link is determined by the connected network. A detailed analysis 

can be referred to [14]. Figure 2-10 shows a schematic for CMI-based STATCOM for the utility 

connected application. 

 

Figure 2-10 SG with STATCOM connected to load bus. 

Figure 2-11 shows a schematic for cascaded inverter based STATCOM for the WT generator 

connected application. The wind power generator can be ranged from double fed induction 

generation (DFIG), fixed-speed induction generator (FSIG) or permanent magnet synchronous 

generator (PMSG). 
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Figure 2-11 Wind power plant with CMI-based STATCOM. 

Dc-link voltage has limited variation range. For the design of CMI-based STATCOM, some 

redundancy has been considered and in this analysis, 10% redundancy is used so the minimum 

voltage rating is taken to be 0.9 pu. Besides, the maximum voltage Vdcmax cannot exceed the 

G1 vS Pload

C
as

ca
d

e 
M

u
lt

il
ev

el

In
v

er
te

r(
C

M
I)

C1

C2

C22

ip

vp

Ls

Xs0 Xs

Synchronous 

generator



28 

voltage ratings of the power semiconductor devices and dc-link capacitors. In this analysis, 1.4 

pu is taken as the upper limit. 

Another important parameter that determines the energy capacity is the dc link capacitor. For 

the proposed cascade inverter, since each phase has its own separate dc capacitors, calculation of 

the required capacitance of each H-bridge dc capacitor needs to cover both positive-sequence 

and negative-sequence reactive power [14]. The required capacitance, Ci, can be formulated as 

/4

( )
2 cos 2 (1 sin )

2 2

i

T

ti i
i

dc dc dc

I tdtQ I
C

V V V


 

 

 
  



              (2.5). 

Therefore, the total capacitance for a three-phase M-level inverter is, 

( 1)/2

1

3
M

i

i

C C




             (2.6). 

Table 2.1 shows the parameters used for the theoretical analysis and simulation. 

Table 2.1 System Parameters for Virtual Inertia Control of STATCOM. 

Parameter Value 

S (rated power) 1 MVA 

Vs0 (ph-ph rms) 13.8 kV∠0, 60 Hz 

Vdc 600 V 

Vdcmin 540 V 

Vdcmax 840 V 

Number of CMI per phase 22 (10% redundancy) 

H-bridge capacitance 4700 μF  
 

Therefore, the relationship between initial dc link voltage (Vdc0), dc-link capacitance (Cdc) 

and inertia constant from STATCOM (HSTATCOM) is shown in Figure 2-12. 
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Figure 2-12 Relationship between Vdc, Cdc and HSTATCOM. 

A comparison between SC and STATCOM for possible available inertial energy using 

parameters from Table 2.1 is shown in Figure 2-13. As can be obtained from Figure 2-13, 

STATCOM can provide possible competitive inertia energy compared to SC, and under some 

conditions, it will provide even more inertia energy. This is largely because that although the 

inertia response from SG and SC is natural and automatic, it obviously limited by the frequency 

deviation due to the grid code. However, as a voltage controlled device, the STATCOM is 

independent of that requirements and can provide large inertia energy given enough short term 

energy storage. 

 

Figure 2-13 Theoretical inertial energy comparison between STATCOM and SC. 
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2.3.3 Virtual Inertia Control for STATCOM 

In order for the STATCOM to generate desired active current (id
*) and reactive current (iq

*). 

The decoupling feedforward and feedback control has been used as the controller [17]. The 

relationship is given as in 

* * *

*

*

* * *

Sd pq pd pd

pd

pq

Sq pd pq pq

d
V LI L I RI

V dt

V d
V LI L I RI

dt





  
         

         
  

               (2.7) 

And 
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V

V
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  

   
  

           (2.8). 

 

The typical control of CMI-based STATCOM is known as balancing control and individual 

control. The traditional control principle is to maintain the DC link voltage stable and balanced 

between different modules. In this study, since it is desired to utilize the energy stored in the DC 

link capacitor during load disturbance or frequency variation, a modified control strategy is 

utilized. Similar deviation has been adopted in [47]. The equation of the machine angular motion 

is given in  

1

0

2
( )M E

H df
P P P pu

f dt
               (2.9). 

machine, the capacitor dynamics (in terms of dc link voltage and output power) are presented in 

(2.10): 
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 2
DC DC

in out

STATCOM

NCV dV
P P P pu

S dt
           (2.10). 

The virtual inertia constant HSTATCOM can be obtained by equating the SG power variation in 

(2.9) with capacitor power in (2.10) yields, 

0 0

2 2STATCOM STATCOM
STATCOM
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W W
H H

W W NCV dV W Wdf df

f dt S dt f dt
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The new dc link voltage reference is obtained through the relationship between frequency 

variation and inertial energy can be used from dc link, 

2 2
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2 2

STATCOM DC DC
STATCOM

STATCOM STATCOM

H f NCV NCV
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f S S


          (2.12). 

Then the new dc-link voltage reference can be obtained as, 

*

2

0

4 STATCOM STATCOM
DC

S H
V f K

NCf
          (2.13), 

where, 
2

02 )/()4( DCVSCVSC VNCHSK   

Based on the above analysis, the virtual inertia control (VIC) strategy of the STATCOM is 

presented in Figure 2-14. It is modified from traditional control. 

To verify the working principle of the proposed VIC controller, a simulation has been carried 

out. The simulated waveform is shown in Figure 2-15. The active current reference is 

commanded from frequency variation and reactive current reference stays constant. It can be 

seen that Ipd rapidly tracks the step-changing reference while the reactive current Ipq remains 

unchanged. Complete decoupled control is achieved. Next section will show simulation results of 

the STATCOM with the proposed VIC control in system study. 
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Figure 2-14 Virtual inertia control for CMI-based STATCOM. 

 
Figure 2-15 Simulated waveforms showing virtual inertia based decoupling feedback control for 

CMI-based STATCOM. 
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STATCOM and SC are connected to load bus at L7 and L9 for system dynamic performance 

comparison. 

  

Figure 2-16 Two-area-four-machine system. 

2.4.1 Case I. Variation in DC-link Capacitance 

The first simulation study was carried out for variation of dc-link capacitance of CMI-based 

STATCOM. By changing the dc-link short-term energy storage of the STATCOM, a series of 

IFR from VIC based system can be obtained. ΔVdc=0.3 pu. The rest of the parameters are in 

accordance with Table 2.1. This is compared with SC with H=1.25 s. The disturbances include 

load increase and load decrease, respectively. Simulation results are shown in Figure 2-17 and 

Figure 2-18.  

As can be seen from Figure 2-17 and Figure 2-18, with the VIC based STATCOM, the 

ROCOF of SG is damped, this will largely improve the system stability. Since very limited 

frequency deviation, SC released very limited energy for the IFR and STATCOM perform better 

during this period of time. 
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Figure 2-17 System response for 10% loadshed. 

 
Figure 2-18 System response for 10% load increase. 
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based system is illustrated. Cdc=4700 μF. The rest of the parameters are in accordance to Table 

2.1. This is compared with SC with H=1.25 s. Simulation result is shown in Figure 2-19.  

 

Figure 2-19 Simulation results for different conditions as of inertial energy response. 

Like mentioned previously, the different inertia values of STATCOM can be obtained by 

varying capacitance value and dc-link voltage. From a practical point of view, once the 

STATCOM is installed there, its capacitance cannot be varied easily. So variation of dc-link 

voltage makes more practical sense. As can be seen from the simulation results, the generator 

without STATCOM or SC will suffer from a high oscillation and the lowest frequency can be 

59.7 Hz. With the help of inertial energy from SC, the system operation will be better, although 

not as good as the STATCOM inertial control. Since it is locked by the system frequency to 

make synchronized with the system. For the STATCOM to provide this inertial energy, as we 

allow more deviation for DC link voltage, the frequency deviation will become smaller thus will 

benefit the system stability and reliability. 
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2.4.3 Wind Turbine Frequency Response 

The system illustration is the same as shown in Figure 2-16. Two DFIGs with an inertial 

constant of 3.5 s is implemented, replacing the conventional SG in the system setup. The tested 

CMI-based STATCOM is connected to load bus at L7 and L9 for system dynamic performance. 

The comparison is made between virtual inertia control (VIC) and synthetic inertial control (SIC). 

 
Figure 2-20 System response without VIC and SIC control. 

 
Figure 2-21 System response with SIC control. 
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Figure 2-22 System response with VIC control. 

As can be seen from the simulation results, system response without any control, with SIC 

control and VIC control have been demonstrated in Figure 2-20 to Figure 2-22. When there is 
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maintain the connected load bus, where only the reactive power exchange with the grid. Finally, 

while the system driven by the VIC control, the WP generator will still operate under its MPPT 

algorithm and STATACOM will be driven by the VIC strategy. Their comparative frequency 

variation has been demonstrated in Figure 2-23. The generator without any supplementary 
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operation will be improved, and STATCOM’s VIC control has similar impact.  
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Furthermore, Figure 2-24 shows system frequency response under different wind speed. As 

can be seen from the simulated waveform, when the wind speed reduces, the synthetic inertia 

control is weakened or even deactivated. 

Like mentioned previously, the different inertia values of STATCOM can be obtained by 

varying capacitance value and dc-link voltage. From a practical point of view, once the 

STATCOM is installed there, its capacitance cannot be varied easily. So variation of dc-link 

voltage makes more practical sense. As can be seen from the simulation results in Figure 2-25, 

the wind-turbine generator without VIC or SIC control will suffer from a high oscillation and the 

nadir point can be 59.7 Hz. With the help of inertial energy from SIC control, the system 

operation will be better, although not as good as the STATCOM based VIC control, since it is 

restricted by the wind speed in real application. For the STATCOM to provide this inertial 

energy, as we allow more deviation for dc link voltage or allow a larger dc link capacitance, the 

frequency deviation will become smaller thus will benefit the system stability and reliability. 

 
Figure 2-23 Network frequency response with different control. 
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Figure 2-24 Network frequency response with different wind speed. 

 
Figure 2-25 Network frequency response with different voltage variation. 
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virtual inertia control of the DC link voltage, STATCOM can provide competitive inertial energy 

response as SC or provide even better response. Since this electric inertia is not limited by the 

system frequency rather its own dc link capacitance (short term energy storage) and dc link 

voltage variation, it is attractive to system study of STATCOM.  

A virtual inertial control for the CMI-based STATCOM in wind-power generator application 

is introduced in this chapter. Its contribution to inertial frequency response has been compared 

with the SIC based rotating mass inertia control. With modifying the dc link voltage control 

strategy, STATCOM can provide competitive inertial energy response as SIC control. Since this 

electric inertia is not limited by the system frequency or generator atmosphere conditions (wind 

speed for wind application or irradiance in PV application) rather its own dc link capacitance 

(short term energy storage) and dc link voltage variation. 
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CHAPTER 3 Modulation and Control of 

Transformer-less UPFC 

In this chapter, a modulation and control method for the new transformer-less unified power 

flow controller (UPFC) is presented. As is well known, the conventional UPFC that consists of 

two back-to-back inverters requires bulky and often complicated zigzag transformers for 

isolation and reaching high power rating with desired voltage waveforms. To overcome this 

problem, a completely transformer-less UPFC based on an innovative configuration of two 

cascade multilevel inverters (CMIs) has been proposed. The new UPFC offers several 

advantages over the traditional technology, such as transformer-less, light weight, high efficiency, 

low cost and fast dynamic response. This chapter focuses on the modulation and control for this 

new transformer-less UPFC, including optimized fundamental frequency modulation (FFM) for 

low total harmonic distortion (THD) and high efficiency,  independent active and reactive power 

control over the transmission line, dc-link voltage balance control, etc. The new UPFC with 

proposed control method is verified by experiments based on 4160-V test setup. Both the steady-

state and dynamic-response results will be shown in this chapter. 

3.1 Introduction  

The unified power flow controller (UPFC) is able to control, simultaneously or selectively, 

all the parameters affecting power flow in the transmission line (i.e., voltage magnitude, 

impedance, and phase angle) [11, 48, 49]. The conventional UPFC consists of two back-to-back 
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connected voltage source inverters (VSIs) that share a common dc link, as shown in Figure 3-1. 

The injected series voltage from Inverter-2 can be at any angle with respect to the line current, 

which provides complete flexibility and controllability to control both active and reactive power 

flows over the transmission line. The resultant real power at the terminals of Inverter-2 is 

provided or absorbed by Inverter-1 through the common dc link. As a result, UPFC is the most 

versatile and powerful flexible ac transmission systems (FACTS) device. It can effectively 

reduce congestions and increase the capacity of existing transmission lines. This allows the 

overall system to operate at its theoretical maximum capacity. The basic control methods, 

transient analysis, and practical operation considerations for UPFC have been investigated in 

[50-56].  

The conventional UPFC has been put into several practical applications [57-59], which has 

the following features: 1) both inverters share the same dc link; 2) both inverters need to 

exchange real power with each other and the transmission line; 3) a transformer must be used as 

an interface between the transmission line and each inverter. In addition, any utility-scale UPFC 

requires two high-voltage, high-power (from several MVA to hundreds of MVA) inverters. This 

high-voltage, high-power inverters have to use bulky and complicated zigzag transformers to 

reach their required VA ratings and desired voltage waveforms. The zigzag transformers are: 1) 

very expensive (30-40% of total system cost); 2) lossy (50% of the total power losses); 3) bulky 

(40% of system real estate area and 90% of the system weight); and 4) prone to failure [60]. 

Moreover, the zigzag transformer-based UPFCs are still too slow in dynamic response due to 

large time constant of magnetizing inductance over resistance and pose control challenges 

because of transformer saturation, magnetizing current, and voltage surge [61].  
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Recently, there are two new UPFC structures under investigation: 1) the matrix converter-

based UPFC [62-64] and 2) distributed power-flow controller (DPFC) [65] derived from the 

conventional UPFC. The first one uses the matrix converter replacing the back-to-back inverter 

to eliminate the dc capacitor with ac capacitor on one side of the matrix converter. The DPFC 

employs many distributed series inverters coupled to the transmission line through single-turn 

transformers, and the common dc link between the shunt and series inverters is eliminated. The 

single-turn transformers lose one design freedom, thus making them even bulkier than a 

conventional transformer given a same VA rating. In summary, both UPFCs still have to use the 

transformers, which inevitably cause the same aforementioned problems associated with 

transformers (such as bulky, lossy, high cost, and slow in response). 

The cascade multilevel inverter (CMI) is the only practical inverter technology to reach high-

voltage levels without the use of transformers, a large number of semiconductor devices (diodes), 

or a large number of capacitors [14, 17, 60, 66]. The CMI-based STATCOMs (up to ±200 Mvar) 

have been installed in Europe and Asia [19, 32, 67, 68]. However, the CMI could not be directly 

used in the conventional UPFC, because the conventional UPFC requires two inverters 

connected back-to-back to deal with active power exchange. To address this problem, a UPFC 

with two face-to-face connected CMIs was developed in [16] to eliminate the zigzag 

transformers that are needed in the conventional multi-pulse inverter-based UPFC. However, it 

still required an isolation transformer. 

To eliminate the transformer completely, a new transformer-less UPFC based on an 

innovative configuration of two CMIs has been proposed in [35]. The system configuration is 

shown in Figure 3-2 (a). As shown in Figure 3-2 (a), the transformer-less UPFC consists of two 

CMIs, one is series CMI, which is directly connected in series with the transmission line; while 
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the other is shunt CMI, which is connected in parallel to the sending end after series CMI. Each 

CMI is composed of a series of cascaded H-bridge modules as shown in Figure 3-2 (b). The 

transformer-less UPFC has significant advantages over the traditional UPFC such as highly 

modular structure, light weight, high efficiency, high reliability, low cost, and a fast dynamic 

response. The basic operation principle, operation range, and required VA rating for series and 

shunt CMIs have been studied in [35]. Nevertheless, there are still challenges for the modulation 

and control of this new UPFC: 1) UPFC power flow control, such as voltage regulation, line 

impedance compensation, phase shifting or simultaneous control of voltage, impedance, and 

phase angle, thus achieving independently control both the active and reactive power flow in the 

line; 2) dc capacitor voltage balance control for H-bridges of both series and shunt CMIs; 3) 

modulation of the CMI for low total harmonic distortion (THD) of output voltage and low 

switching loss; 4) fast system dynamic response. This chapter presents the modulation and 

control for the new transformer-less UPFC to address aforementioned challenges. The UPFC 

functionality with proposed control method is verified at low voltage level (4,160 V), and both 

the steady-state and dynamic responses results will be shown in this chapter.  

 

Figure 3-1 The conventional unified power flow controller. 
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Figure 3-2 New transformer-less UFPC, (a) System Configuration of Transformer-less UPFC , (b) 

One phase of the cascaded multilevel inverter. 

3.2 Operation Principle of the Transformer-less UPFC  

With the unique configuration of the series and shunt CMIs, the transformer-less UPFC has 

some new features:  

1) Unlike the conventional back-to-back dc link coupling, the transformer-less UPFC 

requires no transformer, thus it can achieve low cost, light weight, small size, high efficiency, 

high reliability, and fast dynamic response; 

2) The shunt inverter is connected after the series inverter, which is distinctively different 

from the traditional UPFC. Each CMI has its own dc capacitor to support dc voltage; 

3) There is no active power exchange between the two CMIs and all dc capacitors are 

floating; 

4) The new UPFC uses modular CMIs and their inherent redundancy provides greater 

flexibility and higher reliability. 

 

C1 C2 Cn

- +

Module-1 Module-2 Module-n
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Due to the unique system configuration, the basic operation principle of the transformer-less 

UPFC is quite different from conventional UPFC. Figure 3-3 shows the phasor diagram of the 

transformer-less UPFC, where 0SV  and RV are the original sending-end and receiving-end 

voltage, respectively. Here, 0SV is aligned with real axis, which means phase angle of 0SV is zero. 

The series CMI is controlled to generate a desired voltage CV  for obtaining the new sending-end 

voltage SV , which in turn, controls active and reactive power flows over the transmission line. 

Meanwhile, the shunt CMI injects a current PI  to the new sending-end bus to make zero active 

power into both CMIs, i.e., to make the series CMI current CI  and the shunt CMI current PI  be 

perpendicular to their voltages CV and SV , respectively. As a result, both series and shunt CMIs 

only need to provide the reactive power. In such a way, it is possible to apply the CMIs to the 

transformer-less UPFC with floating dc capacitors for H-bridge modules. 

0SV
r

0

S



LI

SV

CV

RV

 LLjX I

i

0

PICI



 

Figure 3-3 Phasor diagram of the transformer-less UPFC. 

The detailed operating principle of the transformer-less UPFC can be formulated as follows. 

With referring to Figure 3-2 and Figure 3-3, the transmitted active power P and reactive power Q 

over the line with the transformer-less UPFC can be expressed as 
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(3.1), 

where symbol * represents the conjugate of a complex number; δ0 is the phase angle of the 

receiving-end voltage RV ; δ is the phase angle of the series CMI injected voltage CV ; XL is the 

equivalent transmission line impedance. The original active and reactive powers, P0 and Q0 with 

the uncompensated system (without the UPFC, or VC=0) are 
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(3.2). 

The net differences between the original (without the UPFC) powers expressed in equation 

(3.2) and the new (with the UPFC) powers in equation (3.1) are the controllable active and 

reactive powers, PC and QC by the transformer-less UPFC, which can be expressed as 
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(3.3). 

Therefore, we can rewrite equation (3.1) as 
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          (3.4).  

Because both amplitude VC and phase angle δ of the UPFC injected voltage CV can be any 

values as commanded, the new UPFC provides a full controllable range of   C R LV V X  to 
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  C R LV V X for both active and reactive powers, PC and QC, which are advantageously 

independent of the original sending-end voltage and phase angle δ0. In summary, equations (3.1) 

to (3.4) indicate that the new transformer-less UPFC has the same functionality as the 

conventional UPFC. 

Firstly, the series CMI voltage CV is injected according to transmission line active/reactive 

power command, which can be calculated from (3.3) 

2 2

0( arctan( ))CL
C C C C

R C

PX
V V P Q

V Q
      

        

(3.5). 

Once the series CMI injected voltage CV is decided by (3.5), the new sending-end voltage 

SV and the transmission line current will be decided accordingly.  
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and  L LI I , where 
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    (3.8). 

Next, the shunt CMI injects current PI  to decouple the series CMI current CI  from the line 

current LI . In such a way, zero active power exchange to both series and shunt CMIs can be 

achieved, making it possible to apply the CMI with floating capacitors to the proposed 

transformer-less UPFC. Therefore, we have 
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(3.9). 

It means the series CMI current CI and the shunt CMI current PI  need to be perpendicular to 

their voltages CV and SV , respectively, as illustrated in Figure 3-3. With the geometrical 

relationship of the voltages and currents in Figure 3-3, the shunt CMI output current can be 

calculated as  

=P P IpI I  
                     

(3.10), 
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 (3.11). 

In summary, there are two critical steps for the operation of UPFC: a) calculation of injected 

voltage CV  for series CMI according to active/reactive power command over the transmission 

line expressed in (3.5), and b) calculation of injected current PI  for shunt CMI from (3.10) and 

(3.11) to guarantee zero active power into both series and shunt CMIs.  

3.3 Fundamental Frequency Modulation for CMIs 

Before embarking on development of UPFC control, the modulation strategy for CMIs is 

introduced first. In general, the modulation for CMIs can be classed into two main categories: 1) 

fundamental frequency modulation (FFM) [14, 16, 17, 66, 67, 69] and 2) high-frequency pulse 

width modulation (PWM) [18, 19, 70-73]. Compared to the high-frequency PWM, the FFM has 

much lower switching loss, making it attractive for the transmission-level UPFC and other high-
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voltage high-power applications. Furthermore, it will also demonstrate that CMIs with FFM can 

also achieve fast dynamic response, e.g. 8 ms. Compared to carrier based high-frequency PWM 

scheme, the CMIs with FFM have the following features: 

1. FFM has much lower switching loss, thus higher efficiency; 

2. With high number of H-bridge modules, output voltage could be very close to sinusoidal, 

and extremely low THD (e.g. 0.85%) could be achieved without any extra filters; 

3. It is notable that FFM does not actually mean slow dynamic response. With high-

frequency sampling, FFM can also achieve fast dynamic response, e.g. < 10 ms, which 

will be discussed and experimentally verified in next section. 

3.4 Power Flow and Dc-link Voltage Control of 

Transformer-less UPFC  

3.4.1 Dynamic Models of UPFC System 

The equations derived from the phasor diagram in section II are limited to steady-state 

operation analysis. In order to design the vector oriented control (VOC) for the proposed 

transformer-less UPFC with considering both steady-state and dynamic performance, the 

dynamic modules are necessary. The models are based on synchronous (dq) reference frame. The 

phase angle of original sending-end voltage Vs0 is obtained from a digital phase-locked loop 

(PLL), which is used for abc to dq transformation. 

The dynamic models for the whole system shown in Figure 3-2 (a) will be divided into 

several parts. Firstly, we can get the dynamic model from the new sending-end bus to sending-

end bus 
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Since the new sending-end voltage Vs is equal to original sending-end voltage Vs0 minus 

series CMI injected voltage Vc, thus we have 
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Furthermore, the model from the new sending-end to shunt CMI is 
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3.4.2 Power Flow and DC-link Voltage Control 

It’s desired to design a control system, which can independently regulate the active power P 

and reactive power Q in the line, at the same time, maintain the capacitor voltages of both CMIs 

at the given value. Figure 3-4 (a) shows the overall control system, which is divided into three 

stages, i.e. stage I to stage III. 

Stage I: the calculation from 
* *P Q to *

0CV and *

0pI . As mentioned before, the *

0CV is the 

voltage reference for series CMI, which is generated according to the transmission line power 

command as given in (3.5), while *

0pI  is current reference for shunt CMI, which is used to keep 

zero active power for both CMIs as given in (3.10), (3.11). Note that instead of calculating *

0CV  

directly from (3.5), an alternative way is shown in Figure 3-4 (b). Here, the line current reference 
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* *

Ld LqI I is calculated out of the
* *P Q reference, then 

* *

0 0C d C qV V is calculated according to (3.15), 

where the dynamic model of (3.12) is included. The line current is controlled in a way of 

decoupling feedforward control, thus better line current dynamic response could be achieved. 

Stage II: overall dc-link voltage regulation. With the *

0CV and *

0pI given in stage I, the dc-link 

voltage can’t be maintained due to the following three main reasons: (a) the CMIs always have a 

power loss, (b) the calculation error caused by the parameter deviations, (c) the error between 

reference and actual output. In order to control dc-link voltage with better robustness, two 

variables  CV and  PI were introduced for the independent dc-link voltage regulation of series 

CMI and shunt CMI, respectively, as shown in Figure 3-4 (a). In this figure, Vdc_sh
*and Vdc_se

* are 

dc voltage references for shunt and series CMIs, respectively; Vdc_sh and Vdc_se are the averaged 

dc feedback of series and shunt CMIs, respectively. For the series CMI, Pse is the output of 

overall dc-link voltage regulation loop, Rse is then calculated by dividing Pse by Ic
2 (square of rms 

value of series CMI current), finally  CV is the product of Rse and series CMI current CI . 

Obviously, the introduced  CV is always in phase with series CMI CI , which can be regarded as 

active voltage component. Basically, Rse is the equivalent resistance of series CMI, and the dc-

link can be balanced when Pse is equal to Ploss (total power loss of series CMI). For the shunt 

CMI,  PI is introduced for the dc-link voltage control in a similar way.  

The mathematical model and detailed parameters design for the overall dc voltage control 

can be found in reference. Usually, the cascade multilevel inverter should be considered as three 

single-phase inverters, therefore, the dc capacitor voltage will contain the 2ω (2 times of the 

fundamental frequency) component. To keep the average dc track the command without being 

affected by the 2ω ripple, the bandwidth of current control loop and dc voltage control loop is 

designed to be differential. For example, the current control loop has been designed to have fast 
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dynamic response (e.g. half cycle, 8 ms), while dc voltage control loop has been designed to 

have much slower dynamic response (e.g. 10 cycles). In this way, the 2ω ripple can be 

suppressed in the voltage control loop. 

Stage III: voltage and current generation for series and shunt CMI, respectively. For series 

CMI, output voltage could be directly generated from the reference *

CV  by FFM. While for shunt 

CMI, decoupling feedback current control is used to control output current to follow the 

reference current *

PI , as shown in Figure 3-4 (c) [17]. 
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(b) 

Figure 3-4 Control system for transformer-less UPFC, (a) overall control diagram for both power 

flow and dc capacitor voltage control, (b) detailed calculation from P*/Q* to Vc0
* and Ip0

*, (c) 

decoupling feedback current control for shunt CMI. 
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Figure 3-4 (cont’d) 
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(3.15). 

3.5 Experimental Results   

To validate the functionality of the transformer-less UPFC system with proposed modulation 

and control algorithm, a 4160 V test setup has been developed as shown in Figure 3-5 (a), and 

the main system parameters for this test setup are given in Table 3.1. Figure 3-5 (b) shows the 

corresponding equivalent circuit of this test setup, which is consistent with the circuit 

configuration shown in Figure 3-2 (a). In Figure 3-5 (b), the equivalent receiving-end voltage 

RV has same amplitude as original sending-end voltage 0SV , but 30° phase lagging. This 30° 

phase lagging is introduced by Transformer 2 with Y/Δ configuration (Y/Δ, 480 V/ 4160 V). The 

basic functions of the UPFC (i.e. voltage regulation, line impedance compensation, phase 
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shifting and simultaneous control of voltage, impedance and angle) have been tested based on 

this setup. Some experimental results are given in this section.  

Table 3.1. System Parameters for 4160 V Test Setup 

Parameter Value Parameter Value 

Grid voltage (low voltage 

side) Vg 

480 V Dc capacitance of each 

H-bridge 

2350 μF 

Rated frequency 60 Hz Rated line current 10 A 

Sampling frequency 2.5 kHz Reactor X1 2.5 mH 

Vdc command of each 

shunt H-bridge 
600 V Reactor X2 3.2 mH 

Vdc command of each 

series H-bridge 
600 V 

Leakage inductance of 

Transformer 1 (Δ/Δ) 

35 mH (6% 

pu) 

No. of H-bridges per 

phase (Shunt) 
6 

Leakage inductance of 

Transformer 2 (Y/Δ) 

35 mH (6% 

pu) 

No. of H-bridges per 

phase (Series) 
3 

Equivalent line 

inductance XL 

0.31 H (50% 

pu) 

Transformer 1 (Δ/Δ) 480 V/ 4160 V, 75 

kVA 

Equivalent shunt filter 

inductance XS 

0.22 H (36% 

pu) 

Transformer 2 (Y/Δ) 480 V/ 4160 V, 75 

kVA, 30⁰ lagging 
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Figure 3-5 4160-V Transformer-less UPFC Test setup, (a) circuit configuration and (b) 

corresponding equivalent circuit. 

3.5.1 UPFC Operation - Phase Shifting 

The UPFC can function as a perfect phase angle regulator, which achieves the desired phase 

shift (leading or lagging) of the original sending-end voltage without any change in magnitude. 

Three operating points with different shifted phases are considered as shown in Figure 3-6, (a) 

case A1: 30°, (b) case A2: 15°, and (c) case A3: 0°. All three phase shifting cases (case A1 to 

case A3) have been tested and corresponding test results are shown in Figure 3-7-Figure 3-10. 

Some discussions about the test results are given as follows: 

1) Figure 3-7 shows the experimental waveforms of UPFC operating from case A1 to case 

A2 (Phase shifting 30° to 15°). As mentioned before, in the test setup, there is already 30° phase 

difference between the original sending-end voltage 0SV  and the receiving-end voltage RV . For 

case A1, series CMI voltage CV  is injected to shift 0SV by 30° lagging, as a result, S RV V . In 
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this case, UPFC is used to compensate voltage difference caused by transformer 30° phase shift. 

Therefore, the resulting line current in this case is almost zero. While for case A2, new sending-

end voltage SV is shifted from 0SV by 15°, therefore, there is 15° phase difference between SV

and RV . This will result in about 7 A (peak value) line current. Figure 3-7 (a) and (b) show the 

experimental waveforms of shunt current Ipa, line current ILa, and shunt CMI output phase 

voltage Vpa, Vpb. The Vpa and Vpb are stair-case waveforms, which are generated by the FFM with 

optimized switching angles for low THD. Figure 3-7 (c) and (d) show the line voltage, which is 

very close to sinusoidal due to absence of the triplen harmonics in a balanced three-phase system. 

Furthermore, Figure 3-7 also shows that the current smoothly and quickly raised from zero to 7 

A, when the operating point is changed from case A1 to A2.  

2) Similarly, Figure 3-8 shows the experimental waveforms of UPFC operating from case 

A2 to case A3 (Phase shifting 15° to 0°). For case A3, phase shifting is zero degree, indicating a 

system without compensation. Therefore, 0S SV V , and the phase angle between SV and RV is 

30°. The resulting current amplitude in this case is 14 A.  

3) Figure 3-9 shows the measured dynamic response with operating point changing from 

case A2 to case A3, where the current amplitude would change from 7 A to 14 A. Since the 

system dynamic model has been included in the control algorithm as shown in Figure 3-4, the 

UPFC system has achieved fast dynamic response, with response time < 10 ms. This dynamic 

performance is good enough for transmission-level power flow control.  

4) Figure 3-10 shows the experimental results of dc capacitor voltage of both series and 

shunt CMIs when operating from case A2 to case A3, where top three waveforms correspond to 

average dc voltage of each phase, and bottom one corresponds to average dc voltage of all three 
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phases. During the transition, the dc link voltage almost kept constant, which means the dc link 

voltage can be controlled to follow the reference faithfully regardless of operating points.  
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Figure 3-6 UPFC operating points with different phase shifting, (a) case A1: 30°, (b) case A2: 

15°, and (c) case A3: 0°. 
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Figure 3-7 Experimental waveforms of UPFC operating from case A1 to case A2 (Phase shifting 

30° to 15°), (a) and (b) shunt CMI phase voltage VPa and VPb, shunt CMI phase current IPa, and 

line current ILa, (c) and (d) shunt CMI line voltage VPab, shunt CMI phase c 
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Figure 3-8 Experimental waveforms of UPFC operating from case A2 to case A3 (Phase shifting 

15° to 0°), (a) and (b) shunt CMI VPa, VPb and ILa, ILb, ILc, (c) line current ILa and shunt CMI VPa, 

and (d) line current ILa and line voltage Vpab. 
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Figure 3-9 Measured dynamic response with operating point changing from case A2 to case A3 

(Phase shifting 15° to 0°). 

Transition point Transition point

 

                                                            (a)                                                                                                            (b) 

Figure 3-10 Experimental results of dc capacitor voltage of series and shunt CMIs, from case A2 

to case A3 (Phase shifting 15° to 0°), (a) dc capacitor voltage of series CMI, and (b) dc capacitor 

voltage of shunt CMI. 

3.5.2 UPFC Operation - Line Impedance Compensation 

UPFC function of line impedance compensation is different from phase shifting, where the 

series CMI voltage CV  is injected in quadrature with the line current. Functionally it’s similar to 
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series capacitive or inductive line compensation attained by static synchronous series 

compensator (SSSC). Figure 3-11 shows three operation points with line impedance 

compensation, (a) case B1: Original line impedance without compensation = 0.5 pu, (b) case B2: 

Equivalent line impedance after compensation = 1 pu, and (c) case B3: Equivalent line 

impedance after compensation = ∞. For case B1 (same as case A3), system without 

compensation has 0.5 pu voltage between SV and RV (corresponding to 30° voltage difference). 

With the line impedance= 0.31 H (0.5 pu) given in Table 3.1, the resulted line current is 1 pu 

(amplitude 14 A), which is the nominal current for transformer 1 and transformer 2 in the 4160 V 

test setup. Due to the current limitation of transformers, for case B2 and case B3, UPFC is 

purposely controlled to increase the line impedance. Nevertheless, the transformer-less UPFC is 

also able to reduce the line impedance for higher line current (or higher P/Q).   

Figure 3-12 shows the experimental results of UPFC operation from case B1 to case B2, 

where the line impedance changed from original 0.5 pu without compensation to 1 pu after 

compensation. Figure 3-12 (a) and (b) shows the waveforms of shunt CMI phase voltage VPa, VPb 

and line current ILa, ILb and ILc, where the line current smoothly changed from 14 A to 7 A (peak 

value) due to the doubled line impedance. Figure 3-12 (c) shows the line current ILa and shunt 

CMI line voltage VPab. Furthermore, Figure 3-12 (d) shows the waveforms of the series CMI 

injected voltage VCa and line current ILa. From this figure, we can see the line current ILa is 

lagging VCa by 90°, which means the series CMIs act as inductors. This is the reason that, after 

compensation, the line impedance is increased from 0.5 pu to 1 pu. Figure 3-13 shows the 

dynamic response with operating point changing from case B1 to case B2. The measured 

response time is about 8 ms.  
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Figure 3-11 UPFC operating points with line impedance compensation, (a) case B1: Original line 

impedance without compensation = 0.5 pu, (b) case B2: Equivalent line impedance after 

compensation = 1 pu, and (c) case B3: Equivalent line impedance after compensation = ∞ 
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Figure 3-12 Experimental waveforms of UPFC operating from case B1 to B2 ( line impedance 

from original 0.5 pu to 1 pu), (a) and (b) shunt CMI phase voltage VPa, VPb and line current ILa, 

ILb, ILc, and, (c) line current ILa and series voltage Vca. 
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Figure 3-13 Measured dynamic response with operating point changing from case B1 to case B2 

(line impedance from original 0.5 pu without compensation to 1 pu after compensation). 

3.5.3 UPFC Operation - Independent P/Q Control 

The functions of voltage regulation, phase shifting and line impedance compensation are 

from the standpoint of traditional power transmission control. Actually, the UPFC can simply 

control the magnitude and phase angle of the injected voltage in real time so as to maintain or 

vary the active and reactive power flow in the line to satisfy load demand and system operating 

conditions, i.e. independent P/Q control. 

The blue curve in Figure 3-14 (a) shows the transmittable active power P and receiving-end 

reactive power Q vs. receiving-end voltage phase angle δ0 in the uncompensated system, where 

original sending-end voltage is oriented to 0°. The circle in Figure 3-14 (a) shows the control 

region of the attainable active power P0 and receiving-end reactive power Q0 with series CMI 

voltage =0.517 pu and δ0 =-30°. In general, at any given δ0, the transmitted active power P as well 

as receiving-end reactive power Q within the circle can be controlled by the UPFC, of course, 

with the rating limitation of series and shunt CMIs [35]. Several operating points of independent 

P/Q control have been tested. Figure 3-14 (b) shows the phasor diagram for one of the test cases, 
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case C1: P =0.25, Q =0, in this case, line current LI  is in phase with receiving-end voltage RV due 

to zero receiving-end reactive power Q. In this case, the calculated line current amplitude is 7.5 A. 

Figure 3-15 shows the corresponding experimental waveforms, (a) line current ILa and shunt CMI 

line voltage VPab, and (b) line current ILa and series CMI phase voltage VCa. 

0.0-1.0

P

Q
-2.0 -0.5-1.5

0.5

1.0

0 0 

0 -180  

0 -90  

0 -30  

 0 517 
max

.
c

V pu

 

(a) 

RV

LI

0sV

sV

30° 

cV

*

0pI

 
 (b) 

Figure 3-14 Independent P/Q control, (a) control region of the attainable active power P and 

receiving-end reactive power Q with series CMI voltage =0.517 pu and , (b) case C1: P =0.25, Q 

=0. 
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Figure 3-15 Experimental waveforms of UPFC operation case C1: P=0.25, Q=0, (a) and (b) line 

current ILa and shunt CMI line voltage VPab (c) line current ILa and shunt CMI phase voltage VPa, 

(d) line current ILa and series CMI phase voltage VCa. 
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Figure 3-15 (cont’d) 
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3.6 Conclusion 

This chapter present a modulation and control method for the transformer-less UPFC, which 

has the following features: 1) Fundamental frequency modulation of the CMI for extremely low 

THD of output voltage, low switching loss and high efficiency; 2) All UPFC functions, such as 

voltage regulation, line impedance compensation, phase shifting or simultaneous control of 

voltage, impedance, and phase angle, thus achieving independent active and reactive power flow 

control over the transmission line; 3) Dc capacitor voltage balancing control for both series and 

shunt CMIs; 4) Fast dynamic response (< 10 ms). The transformer-less UPFC with proposed 

modulation and control can be installed anywhere in the grid to maximize/optimize energy 

transmission over the existing grids, reduce transmission congestion and enable high penetration 

of renewable energy sources.  

Next chapter will demonstrate an application of transformer-less UPFC for interconnecting 

two synchronous grids with large phase difference at a higher voltage higher power rating. 

Detailed analysis and experimental verification will be shown.  
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CHAPTER 4 Application of 

Transformer-less UPFC for Interconnecting 

Two Synchronous AC Grids with Large 

Phase Difference 

In this chapter, application of innovative transformer-less unified power flow controller 

(UPFC) for interconnecting two synchronous AC grids with large phase difference is presented. 

The proposed transformer-less UPFC is based on two cascaded multilevel inverters (CMIs). As 

is well known, the real power flow between two generators is mainly determined by their phase 

difference. If two grids with large phase difference are initially separate from each other, once 

connected, there will be huge current flowing through the transmission line and will thus damage 

the generators or other supplementary equipments. Therefore, to connect two synchronous AC 

grids with each other without using extra device is mission impossible. Researchers have been 

investigating different approaches for this problem but still difficult to conquer, especially for 

real hardware implementation. An effective solution using transformer-less UPFC is 

demonstrated in this chapter. The proposed transformer-less UPFC can realize grid 

interconnection control, independent active and reactive power control, dc-link voltage balance 

control, etc. Furthermore, 1-pu equipment can effectively compensate system with phase 

difference as large as 30°. Experimental results based on 13.8-kV/ 2-MVA transformer-less 

UPFC prototype are demonstrated to validate the theoretical analysis. 
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4.1 Introduction  

The modern power grid is a complicated mesh structure and sometimes suffered from severe 

congestions [74]. Furthermore, due to lack of effective control device (hardware), the grid 

network has to be/been over-built with lots of excessive capacity, still calling for new lines. 

However, excessive capacity and new lines do not increase total loadability proportionally. 

Sometimes, switching off line would even be better choice.   

Another attempt to release the burdened transmission line is trying to connect two 

synchronous grids together or an islanded grid with a stronger grid [75-77]. Regarding the grid 

interconnection, researchers have emphasized more on system simulation and optimization [77-

86]. Several existing technologies have been considered for power flow control along two 

synchronous grids with phase difference, such as series reactor [87], phase shifting transformers 

(PST) [81, 88, 89], variable frequency transformers (VFT) [80, 83] and HVDC [77, 84-86, 90, 

91]. Furthermore, their benefits and drawbacks are analyzed as follows:  

1. For the series reactor, it has easy implementation and simple operation principle. 

However, it has inevitably introduced huge reactive losses when current flowing through 

the reactor and can only be used to either increase power flow or decrease power flow, 

which is lack of adjustability;  

2. For the PST, they can change the phase angle difference by changing the tap on the PST 

regulating winding. However, they suffered from single degree of adjustment, so in 

reality, it might need multiple PSTs in series. Moreover, it also consumes some Vars 

during operation;  
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3. The VFT is essentially a continuously variable PST that can operate at an adjustable 

phase angle. However, it does not have the ability to use Vars to regulate voltage, makes 

the system vulnerable to voltage fluctuation; 

4. HVDC is the technology that used most frequently in this application these years, no 

matter it is a line-commutated converter (LCC) HVDC, capacitor commutated converter 

(CCC) HVDC and voltage source converter (VSC) HVDC. It is an enabling and 

promising technology but suffered from larger converter rating. It has been discussed that 

back to back connected HVDC have requirement of two full-power rating converter to 

interconnect two grids, which is cost expensive and efficiency reduction [92]. 

Besides the aforementioned technologies, few have really paid attention to the possibility of 

utilizing unified power flow controller (UPFC). As have been addressed in Chapter 4, one of the 

main reason limiting the wide application of UPFC is owing to the high cost and size of the 

bulky zigzag transformers. This high-voltage, high-power inverters have to use bulky and 

complicated zigzag transformers to reach their required VA ratings and desired voltage 

waveforms. The zigzag transformers are: 1) very expensive (30-40% of total system cost); 2) 

lossy (50% of the total power losses); 3) bulky (40% of system real estate area and 90% of the 

system weight); and 4) prone to failure. 

To eliminate the transformer completely, a new transformer-less UPFC based on an 

innovative configuration of two CMIs has been proposed in [35], which is a modular 

transformer-less unified power flow controller (UPFC). The system configuration is as shown in 

Figure 3-2(a) and main system parameters for a 13.8-kV/ 2-MVA prototype (target system) is 

shown in Table 4.1.  
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Nevertheless, there are still challenges for the grid interconnection control of this new UPFC: 

1) UPFC grid-interconnection control thus achieving independently control both the active and 

reactive power flow in the line; 2) dc capacitor voltage balance control for H-bridges of both 

series and shunt CMIs; This chapter presents the detailed modulation and control for the new 

transformer-less UPFC to address aforementioned challenges. The analytical analysis shows that 

this transformer-less UPFC can be 7 times smaller than a back-to-back HVDC in the same 

application. The UPFC functionality with proposed control method is verified at voltage level of 

13.8 kV and both the steady-state and dynamic responses results will be shown in this chapter.  

Table 4.1 Main System Parameters for 13.8 kV Prototype. 

Parameters Value 

System power rating 2 MVA 

Vs0  rms 13.8 kV 

Max series CMI current, IC rms 84 A 

Max shunt CMI current, IP rms 42 A 

Vdc (Shunt) 600 V 

Vdc (Series) 600 V 

H-bridge capacitance 4700 μF 

No. of H-bridges per phase (Shunt) 20 

No. of H-bridges per phase (Series) 8 

4.2 Operation Principle of the Transformer-less UPFC 

for Grid Interconnection  

The basic operation principle for transformer-less UPFC has been addressed in section 4.2. 

This section will focus on the operation principle of the transformer-less UPFC for grid 

interconnection application. 

Figure 4-1 shows the application of the new transformer-less UPFC, which is used to 

interconnect two synchronous AC grids, where 0SV  and RV are the original sending-end and 
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receiving-end voltage, respectively. Usually, the phase angle difference θ between Vs0
⃗⃗ ⃗⃗  ⃗ and RV is 

small, in this circumstance, UPFC is used to increase phase difference θ for higher power flow 

through the transmission line. Here, a totally different scenario is considered, the original θ is 

assumed to be big, e.g. 30° exists between Vs0
⃗⃗ ⃗⃗  ⃗ and VR

⃗⃗⃗⃗ . In such a case, it is impossible to close 

this line directly; otherwise, huge current/power will go through the line to cause overload. For 

the system without UPFC compensation (VC=0), the phase angle difference θ between VS
⃗⃗  ⃗ and VR

⃗⃗⃗⃗  

is fixed at 15°. When the UPFC is installed in a position between two grids (here is in the 

middle-point of the line, where the line impedance Xs=XL) as shown in Figure 4-1, the series 

CMI is controlled to generate a desired voltage VC
⃗⃗⃗⃗ , in such a way, the amplitude and phase angle 

of middle-point voltage (shunt CMI voltage) VS
⃗⃗  ⃗ can be controlled according to active/reactive 

power command through the transmission line. For example, when the Vc is injected to adjust the 

phase angle θ from original 15° to a smaller value, the power flow through the line then is 

controlled in a limited value. 
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Figure 4-1 Interconnecting two synchronous grids with transformer-less UPFC. 

The control objective for transformer-less UPFC in this chapter is: 1) Active Power (i.e. 

power angle between VS and VR) regulation by the series CMI; 2) Reactive power compensation 

by shunt CMI. The shunt CMI will compensate the line reactive power and support the middle-

point voltage like a static synchronous compensator (STATCOM); 3) DC balance control for 

both CMIs (series CMI current IC⃗⃗  ⃗ and the shunt CMI current IP⃗⃗  ⃗ to be perpendicular to their 
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voltages CV and SV , respectively). Figure 4-2 shows the corresponding phasor diagram, where 

Vs1
⃗⃗ ⃗⃗  ⃗ = Vs0

⃗⃗ ⃗⃗  ⃗ − VC
⃗⃗⃗⃗ . The injected series voltage changes the original sending-end voltage from Vs0

⃗⃗ ⃗⃗  ⃗ to 

Vs1
⃗⃗ ⃗⃗  ⃗. As a result, the phase angle θ between Vs

⃗⃗  ⃗ and VR
⃗⃗⃗⃗  is reduced from original 15°, to a new 

value decided by the active power requirement over the transmission line. At the same time, the 

reactive power of the line is compensated by the shunt CMI, thus the active and reactive power 

flow out of Vs0
⃗⃗ ⃗⃗  ⃗ are exactly the same as active and reactive power flow into VR

⃗⃗ ⃗⃗  ⃗, respectively.  

0SV

RV

LLV
LI
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cI

PI

+LS CV V

1SV

 

Figure 4-2 Phasor diagram of transformer-less UPFC to compensate phase difference between 

two grids. 

Generally, the rating of the series CMI voltage is determined by its controllable region, or 

more specifically, the phase difference between sending and receiving end. Once the transmitted 

active power P and reactive power Q over the line with the transformer-less UPFC is given, the 

power angle θ can be calculated according to 

   
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jX
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 
    

  

(4.1), 

where symbol * represents the conjugate of a complex number, θ is the phase angle between new 

sending-end voltage SV  and receiving-end voltage RV , XL is the equivalent transmission line 

impedance. The new sending end SV  magnitude Vs, can be decided according to the geometrical 

relationship, 
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(4.2). 

Once the power angle θ is obtained, the series CMI injected voltage CV  can be calculated as  

2
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(4.3). 

As can be seen from (4.3), the rating of the series CMI is closely related to the power angle 

and their analytical relationship is shown in Figure 4-3. 
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Figure 4-3 Series and shunt voltage rating of transformer-less UPFC versus power angle θ. 

The current rating LI is determined by  
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
              (4.4). 

Next, the shunt CMI injects current PI  to decouple the series CMI current CI  from the line 

current LI . In such a way, zero active power exchange to both series and shunt CMIs can be 

achieved, making it possible to apply the CMI with floating capacitors to the proposed 

transformer-less UPFC. Therefore, we have 

=0

=0

CCse

PSsh

P V I

P V I

  


                        

 (4.5). 

It means the series CMI current CI  and the shunt CMI current PI  need to be perpendicular to 

their voltages CV and SV , respectively, as illustrated in Figure 4-2. With the geometrical 
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relationship of the voltages and currents in Figure 4-2, the shunt CMI output current can be 

calculated as  

 
 (180 ) 2sin( )

sin (180 ) 2

j

p LI I e








             (4.6). 

In summary, there are two critical steps for the operation of UPFC: a) calculation of injected 

voltage CV  for series CMI according to active/reactive power command over the transmission 

line expressed in (4.3), and b) calculation of injected current PI  for shunt CMI from (4.6) to 

guarantee zero active power into both series and shunt CMIs.  

An important thing to highlight here is with a given 30° phase angle difference between Vs0
⃗⃗ ⃗⃗  ⃗ 

and VR
⃗⃗⃗⃗ , from Figure 4-1 and Figure 4-2, we can calculate that the voltage rating of shunt CMI is 

about 1 pu, and current rating of shunt CMI is about 0.5 pu, while the voltage rating for series 

CMI is about 0.517 pu, and the current rating of series CMI is 1 pu. Therefore, the total UPFC 

rating is 1 pu. Consequently, the much reduced converter rating of transformer-less UPFC will 

minimize the system cost and initial capital investment. 

4.3 Fundamental Frequency Modulation for CMIs 

As discussed in chapter 4, there are basically two main categories for modulation strategy 

used for multilevel structure, which are fundamental frequency modulation (FFM) and high-

frequency pulse width modulation (PWM). Compared to the high-frequency PWM, the FFM has 

much lower switching loss, making it attractive for the transmission-level UPFC and other high-

voltage high-power applications. The FFM has been investigated for many years, however, most 

studies focused on the FFM optimization with low number of modules (e.g. 4 to 5) and the 
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steady-state THD minimization. In this work, FFM will be designed with high number of 

modules. Specifically, switching angles will be optimized for all 8 series H-bridge modules and 

20 shunt H-bridge modules to achieve extremely low THD. 

4.3.1 Optimization of Switching Angles for Minimum THD 

Figure 4-4 shows the operation principle of traditional FFM, where phase a output voltage of 

an 11-level CMI is shown as an example. A stair-case voltage waveform, Va could be 

synthesized when each of five H-bridge modules generates a quasi-square wave, VH1, VH2, …, 

VH5. Each H-bridge has the identical dc-link voltage Vdc for the modular design consideration. 

Different approaches have been studied to decide the switching angles of H-bridge modules for 

selected harmonic elimination (SHE) or minimum THD. However, these papers mostly focused 

on low number (less than 5) of H-bridge modules. In this work, switches angles will be 

optimized for minimum THD with the high number of H-bridge modules for the transformer-less 

UPFC (8 for series CMI and 20 for shunt CMI as given in Table 4.1). 

The Fourier series expansion of the CMI output voltage shown in Figure 4-4 is  
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4
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ka an
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
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
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   
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
      (4.7), 

where n is harmonic number, s is the total number of H-bridge modules, and αk represents the 

switching angle for the kth H-bridge module. For a three-phase system, the THD of line voltage 

instead of phase voltage is of interest. Therefore, all triplen harmonics will be ignored for voltage 

THD calculation, which then can be expressed as 

2

5, 7,11, ...1

1
an

na

THD V
V



   

 
          

(4.8). 
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Basically, equation (4.8) gives an objective function to be minimized, with the following two 

constraints: 

1 2 30 ....
2

s


                 (4.9) 

and 

1

1

4
cos( )

s

a dc k

k

V V 
 

 
       

(4.10). 

Equation (4.9) indicates that the switching angles from first H-bridge module to last H-bridge 

module gradually increase, while the corresponding duty cycles (pulse width) of output voltage 

would inversely decrease. In (4.10), Va1 is the desired fundamental voltage, which is equal to the 

reference voltage Va1=Va
*. With the Matlab optimization toolbox, we can get the minimum THD 

with above two constraints in (4.9) and (4.10). The corresponding results have been shown in 

Figure 4-5. For a comparison purpose, the line voltage THD with angles decided by nearest level 

is also given [93]. From Figure 4-5, it clearly shows that the THD is decreased with the increase 

of number of H-bridge modules s. When s ≥ 15, the minimum THD will be smaller than 1% even 

without any additional filters. 

In addition, an alternative optimization of FFM could be the “minimum weighted total 

harmonics distortion (WTHD)”. The WTHD achieves the minimum current THD for inductive 

loads (i.e., directly optimized for best power quality), which is preferred for application where 

current distortion is of interest. Then, the objective function in (4.8) should be changed to  

2

5, 7,11, ...1

1
( )an

na

WTHD V n
V



   

      (4.11). 

As shown in Table 4.1, for the 13.8 -kV/ 2 -MVA system, the number of H-bridges for shunt 

CMI is 8 and the number of H-bridges for series CMI is 20. Figure 4-6 shows FFM with total 20 



76 

H-bridges, (a) output voltage and current and (b) output voltage of each H-bridge, where 

modulation index MI=1 in this case. MI is defined as peak phase voltage divided by (s*Vdc). 

With total 20 H-bridges, the CMI output phase voltage can reach up to 41 levels. The output 

voltage is very close to sinusoidal waveform, achieving extremely low THD (= 0.85%). The 

corresponding optimized switching angles for this case are given in Table 4.2. 
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Figure 4-4 Operation principle of FFM. 
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Figure 4-6 FFM with total 20 H-bridges, (a) output voltage and current (41 levels) and (b) output 

voltage of each H-bridge. 

Table 4.2 Switching Angle for the Case MI=1. 

Switch

ing 

Angles 

α1 α2 α3 α4 α5 α6 α7 α8 α9 α10 

Value 

(rad) 
0.0276 0.0745 0.1244 0.1828 0.2194 0.2657 0.3380 0.3952 0.4438 0.4947 

Switch

ing 

Angles 

α11 α12 α13 α14 α15 α16 α17 α18 α19 α20 

Value 

(rad) 
0.5535 0.6213 0.6897 0.7373 0.7972 0.8900 0.9689 1.0649 1.1849 1.3550 

4.3.2 Analysis of Capacitor Charge of H-bridges 

Capacitor charge of H-bridges will be studied based on two layers: 1) first layer is overall 

capacitor charge, meaning the total capacitor charge of all H-bridges of any one of three phases; 

2) the other layer is individual capacitor charge, meaning the capacitor charge of each H-bridge.  
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In previous analysis, the CMI output voltage is expected to lead or lag the output current by 

90°, to achieve zero active power flow from ac side into dc capacitors. In practice, the dc 

capacitor voltage can’t be maintained due to the power loss of switching devices and capacitors. 

Still take phase a of a CMI as an example, the overall active power flow of this phase from ac 

side into dc capacitors can be expressed as 

cos( )a o oP V I          (4.12), 

where Vo and Io are rms values of CMI output phase voltage and current, respectively, and   is 

the phase angle between output voltage and current. As mentioned before, if θ is exact 90°, then 

Po = 0. No any active power will flow from ac side to dc side to charge dc capacitors. Obviously, 

in this case, no matter overall capacitor charge or individual capacitor charge is zero. However, if 

the phase angle θ is smaller than 90°, denoted as  90   , the overall dc capacitor voltage 

could be balanced if 

cos(90 ) sin( )a o o o o lossP V I V I P            (4.13), 

where Ploss is the total power loss of switching devices and capacitors of one phase. Therefore, 

the CMI should be controlled to absorb small amount of active power in order to maintain the 

desired dc-link voltage.  

On the other side, with the shifted phase angle ∆θ, the individual capacitor charge for kth H-

bridge, Ck over one fundamental period is: 

2 4
2 cos( ) 2 cos( ) sin( )

k

k
k dc o o kC i dt I d I

  

 
   

 

 


           (4.14), 

where k=1, 2, …, s. In (4.14), the entire modules in the same phase will have same load current 

Io and phase angle shift ∆θ. Equation (4.14) indicates the quite different individual capacitor 

charge due to the unequal duty cycles of H-bridge modules. Figure 4-7 illustrates the capacitor 
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charges of 20 shunt H bridges with corresponding switching angles given in Table 4.2. When the 

same load current go through all these 20 H bridges, dc capacitor of each H bridge will be 

charged differently. 

One important point here is, the smaller switching angle (corresponding to larger duty cycle) 

an H-bridge module has, the more capacitor charge it will get.  

 

Figure 4-7 Capacitor charge of 20 H-bridge modules with FFM. 

4.4 Power Flow and DC-link Voltage Control of 

Transformer-less UPFC 

4.4.1 Individual DC Control and Phase Balance Control  

The dynamic model and overall power flow and dc-link voltage control for transformer-less 

UPFC is addressed in Chapter 3. This section will focus on the analysis of phase balance and 

individual DC control of system.  

Usually, the dc capacitor voltage balance control for CMIs adopts hierarchical control 

structure, e.g. an outer control loop and an inner control loop. The outer loop regulates the 

overall active power flowing to all H-bridge modules of any one of three phases, while the inner 
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loop distributes power flowing equally to each individual H-bridge module [17]. As we 

discussed in section III, one fact is that the capacitor charge of individual H-bridge will be 

unequal due to the unequal duty cycles of each H-bridge by FFM. The smaller switching angle 

(corresponding to larger duty cycle) an H-bridge module has, the more capacitor charge it will 

get. Besides the overall dc capacitor voltage control present above, it’s necessary to have the 

individual dc capacitor voltage control for the charge balance between the modules in the same 

phase. This is implemented by pulse swapping every fundamental cycle [69]. Figure 4-8 

illustrates the pulse swapping from one fundamental cycle to the next fundamental cycle, taking 

8 H-bridge modules as an example. In the first fundamental cycle, the optimized 8 switching 

angles are distributed to 8 H-bridge modules in a special sequence. After one cycle, the 

switching angles for the H-bridge modules will be swapped as illustrated in Figure 4-8. If we 

take a look at the switching angles for each of the ten modules, it would be in an order of α1, α8, 

α2, α7, α3, α6, α4, α5, α1,… for the successive fundamental cycles. Since smaller switching angle 

(corresponding to larger duty cycle) of an H-bridge module results in more capacitor charge. 

Therefore, such an order for the H-bridge module would result in better charge/discharge balance, 

leading to lower dc-link voltage ripple. 

Even with both overall and individual dc capacitor voltage control described above, it is still 

possible to have the dc capacitor voltage unbalance between the three phases. Physically, the 

shunt CMI or series CMI may have different power loss between the three phases. If same Psh / 

Pse from overall dc voltage regulator is applied to all three phases of shunt/series CMI as shown 

in Figure 3-4(a), the mismatch between the absorbed active power and the power loss would 

cause the voltage unbalance. One simple solution to this problem is to change the overall dc 

voltage control in Figure 3-4(a) from one 3-phase integrated controller to three separated 
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controllers. Figure 4-9 shows the three-phase separated overall dc voltage control for series CMI, 

where Vdc_sea, Vdc_seb, and Vdc_sec are dc capacitor voltage feedback of phase a, b, and c, 

respectively; Pse_a, Pse_b, Pse_c are active power commands, which are used to compensate the 

power loss of each phase; ic_a, ic_b and ic_c are instantaneous currents of each phase of series 

CMIs; Δvc_a, Δvc_b, Δvc_c are generated as the active-voltage components, which are in phase 

with current ic_a, ic_b and ic_c, respectively. In a three-phase well balanced system, Pse_a, Pse_b, 

Pse_c will be close to each other, indicating the same active power is needed to compensate the 

power loss of each phase; while in a system with different power losses between three phases, 

the separated dc regulators will output different value of Pse_a, Pse_b and Pse_c  to guarantee the 

balanced dc capacitor voltage. It is notable that the value of Pse_a, Pse_b and Pse_c are relatively 

small when compared to the total UPFC system rating. Similarly, from Figure 3-4(a) we can 

derive the corresponding three-phase separated overall dc voltage control for shunt CMI.  
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Figure 4-8 Illustration of pulse swapping from one fundamental cycle to next fundamental cycle. 
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Figure 4-9 Three-phase separated overall dc voltage control for series CMI, considering 

capacitor-voltage unbalance between the three phases. 
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Figure 4-10 Individual DC voltage control for series/shunt CMI considering capacitor voltage 

unbalance between modules. 

4.4.2 Implementation and Architecture of Control System 

The control system for the CMIs based UPFC consists of a main control board for the system 

level control and local control boards for module level control as shown in Figure 4-11. The 

main control board has a state-of-the-art floating-point DSP and FPGA, which will be used for 

implementation of overall system control as shown in Figure 3-4(a), system level protection, as 

well as communications with local control board and Human machine interface (HMI). In the 

designed main control board, total 13*8 = 104 pairs of fiber-optic transmitters and receivers are 

available, which provides enough channels to communicate with total 84 H-bridge modules (24 
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series H-bridge modules, 60 shunt H-bridge modules). The main task of the local control board is 

to implement individual dc voltage feedback, fundamental switching signals generation, local 

protection and communication with main control board. The universal asynchronous receiver 

transmitter (UART) communication is used between the main control board and local control 

board. High communication speed with baud rate 500 k is used to support the high-frequency 

sampling ≥ 1 kHz. 
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 Gating signal generation;

 Status monitoring and protection

Main DSP board function:

 VOC for the series CMI;

 VOC for the shunt CMI;

 Overall voltage control;

 System protection.

Local DSP

Local DSP
 

Figure 4-11 The architecture of the control system. 

4.5 Experimental Results   

4.5.1 Test System Setup 

A 13.8 kV/ 2 MVA transformer-less UPFC prototype has been developed to validate the 

UPFC to interconnect two synchronous grids. The test setup is shown in Figure 4-1 and the main 

system parameters for the prototype are given in Table 4.3. The prototype of the whole system 

setup is shown in Figure 4-12. In Figure 4-1, the sending-end voltage 0SV has same amplitude as 

receiving-end voltage RV , but 30° phase leading. This 30° phase leading is introduced by the 
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Y/Δ transformer. As mentioned before, it is impossible to directly close this line without UPFC 

compensation, otherwise the huge current will flow through the line due to the voltage different 

caused by 30° phase angle difference. The line current/power can be controlled to any desired 

value when a transformer-less UPFC is installed between two grids. In Figure 4-1, the new 

UPFC is installed in the middle-point of two grids, and Xs=XL. The series CMI is controlled to 

generate a desired voltage VC
⃗⃗⃗⃗ , in such a way, the amplitude and phase angle of middle-point 

voltage (shunt CMI voltage ) VS
⃗⃗  ⃗ can be controlled according to active/reactive power command 

over the transmission line. Figure 4-13 shows the diagram for different operating points of the 

system compensated by UPFC. In Figure 4-13 (a), the phase angle θ between VS
⃗⃗  ⃗ and VR

⃗⃗⃗⃗  is 15°, 

which is the original phase angle without UPFC compensation (VC=0). This phase angle could 

be further increased for higher power flow or decreased for less power, as shown in Figure 4-13 

(b) with θ = 20°, and Figure 4-13 (c) with θ = 10°. Here the different operating points with 

different θ indicate different transmitted active power. It is notable that in all cases, shunt CMI is 

used to compensate the line reactive power, and provide the middle-point voltage support. 

 

Figure 4-12 UPFC installed to 15-KV Lab. 
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Figure 4-13 Phasor diagram for different operating points of independent P/Q control with (a) θ 

= 15°, (b) θ = 20°, (c) θ = 10° (In all cases, line reactive power compensated by shunt CMI). 

4.5.2 Startup Sequence and Grid Interconnection 

t
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Figure 4-14 UPFC start-up sequence. 

The whole operation of transformer-less UPFC is divided into four modes, which include 

pre-charge mode, inverter charge mode, grid interconnection mode and UPFC operation mode, 

which show in Figure 4-14. 

Before grid interconnection, MVS1 in Figure 4-1 is closed while MVS2 is open. Initially, dc 

link of each module is charge to about 300 V by variac. Then power supply board of each 

module and local DSP board will begin functioning, the communication between main DSP and 

local DSP is established. After that, a running signal will be given by the upper command, the 

system will run into inverter charge mode. In inverter charge mode, each of the dc link voltage of 

shunt and series CMIs will charge to 550V and 600 V, separately. 
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Table 4.3 System Parameters for 13.8-kV Test Setup. 

Parameters Value 

System power rating 2 MVA 

Vs0  rms 13.8 kV 

Max series CMI current, IC rms 84 A 

Max shunt CMI current, IP rms 42 A 

Nominal Vdc (Shunt) 600 V 

Nominal Vdc (Series) 450-600 V 

H-bridge dc capacitance 2350 μF 

No. of H-bridges per phase (Shunt) 20 

No. of H-bridges per phase (Series) 8 

XS 60 mH (0.24 pu) 

XL 60 mH (0.24 pu) 

 

 

After the inverter charge mode, the dc voltage maintains at its nominal value, the system is in 

standby status. Once the upper command of closing MVS2 is sent, the system will run into grid-

interconnection mode. Before this step, the series CMI output almost zero voltage. During grid 

interconnection, the series CMI will output voltage to compensate for the 30° phase angle 

difference, the experimental results are shown in Figure 4-15. As can be seen, almost zero 

current flowing through the transmission line and small surge into the grid. After the grid-

interconnection mode, the two previously separate grids are connected together and is ready to 

run at UPFC operation mode according to upper command. 
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Figure 4-15 Experimental waveforms of UPFC operation during grid interconnection (a). 

transition during recloser closes; (b). completion of grid interconnection. 

4.5.3 Independent Power Flow Control and DC Control 

After the grid interconnection, the system is now ready to run at UPFC operation mode. As 

mentioned previously, the control objective for transformer-less UPFC include active power 

regulation by the series CMI, reactive power compensation by shunt CMI and dc balance control 

for both CMIs. Some selected test results are shown to verify the effectiveness UPFC 

functionality and the control strategy.  

Figure 4-16 shows the experimental waveforms of UPFC running at operating point 1: phase 

angle difference θ is equal to 2°. Figure 4-16 (a) shows line current ILa going to receiving-end, 

and shunt CMI line voltage Vpab; (b) and (c) are average dc link voltage error for shunt and series 

CMIs; (d)-(g) show individual dc link voltage error for shunt and series CMIs. Here,

*

average error average average individual error individual averagev v v and v v v     . The average series Vdc reference 

( *

average sev 
) is 600 V and average shunt Vdc reference ( *

average shv 
) is 550 V. The dc voltage 

VPa
VPb

VC

ICa ILa 
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references are chosen to keep the modulation index (MI) of inverter near unity to achieve lowest 

THD. As can be seen from the voltage-error waveforms,  

30 50average error individual errorv V and v V   . All the dc link voltages are well controlled and 

maintained to track their reference. From these test results, after the interconnection of the two 

grids, transformer-less UPFC can realize independent power flow control along the transmission 

line as well as a balanced dc link voltage control. 

Figure 4-17 shows the experimental waveforms at operating point 2: phase angle difference 

is 7°. Figure 4-17(a) and (b) present line current ILa, series CMI current ICa and shunt current IPa, 

(c) and (d) are average dc link voltage error for shunt and series CMI; (e)-(h) show individual dc 

link voltage error for shunt and series CMI. The voltage-error definition is same as for operation 

point 1. With the phase angle θ controlled from 2° to 7°, the corresponding line current was 

increased from 10 A to 35 A, and the series CMI current was increase from 10 A to 40 A. In this 

operating point, the series CMI is unnecessary to output large voltage. Therefore, an adaptive dc 

link voltage control is utilized here in order to keep modulation index of series CMI to be unity 

where the FFM has best output waveform quality. Therefore, the average series Vdc reference is 

450 V and average shunt Vdc reference is still 550 V. With the increasing of the line current, the 

voltage ripple on dc link capacitor becomes larger. However, the average dc link voltage of each 

phase is still able to track its reference value and all the individual dc link voltage of each 

module is able to track its average value, 30 50average error individual errorv V and v V   . From these 

test results, the transformer-less UPFC can independently control real and reactive power over 

the transmission line, in heavy load and light load condition. All of the dc link voltage of CMI 

can be controlled around its reference value. 
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ILa = 10 A

VPab = 13.8 KV rms

 

(a) 

 

(b)                                                                (c) 

Figure 4-16． Experimental waveforms of UPFC running in operating point 1: Phase angle 

difference θ is controlled to 2°. (a). Transmission line current ILa and shunt CMI line voltage Vpab; 

(b). average series CMI dc link voltage error; (c). average shunt CMI dc link voltage error (d). 

series CMI individual module 1-4 dc link voltage error; (e). series CMI individual module 5-8 dc 

link voltage error; (f). selective shunt CMI individual module 1-4 dc link voltage error; (g). 

selective shunt CMI individual module 5-8 dc link voltage error. 
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Figure 4-16 (cont’d) 

 

(d)                                                               (e) 

 

(f)                                                                (g) 
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       (a)                                                                    (b) 

 

(c)                                                        (d) 

Figure 4-17 Experimental waveforms of UPFC running in operating point 2: phase angle 

difference θ is controlled to 7°. (a). Transmission line current ILa, sending-end current ICa and 

shunt current Ipa (b). Zoom in waveform for ILa, ICa and Ipa; (c). Average series CMI dc link 

voltage error; (d). Average shunt CMI dc link voltage error (e). Series CMI individual module 1-

4 dc link voltage error; (f). Series CMI individual module 5-8 dc link voltage error; (g). Selective 

shunt CMI individual module 1-4 dc link voltage error; (h). Selective shunt CMI individual 

module 5-8 dc link voltage error. 
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Figure 4-17 (cont’d) 

 

(e)                                                         (f) 

 

 (g)                                                          (h) 

4.6 Conclusion 

The innovative transformer-less UPFC demonstrated in this chapter have enormous 

technological and economic impacts on controlling the routing of energy over the existing power. 

The enabling technology of modularity, scalability makes it easy installation anywhere in the 

existing grid. The transformer-less UPFC helps maximize/optimize energy transmission over the 

existing grids to minimize the need for new transmission lines. Resulting increase in the transfer 
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capability of the grid, combined with the controllability and speed of operation of the devices, will 

enable increased penetration of renewables and demand response programs. Reducing 

transmission congestion and increasing dynamic rating of transmission assets. 

So far, modeling, control, analysis and one of the application of transformer-less UPFC have 

been demonstrated. Next chapter will present another application of transformer-less UPFC in 

congested grid.  
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CHAPTER 5 Application of 

Transformer-less UPFC for Power Flow 

Control of Congested Grid 

In this chapter, application of transformer-less UPFC for power flow control of congested 

grid is presented. The proposed transformer-less UPFC is based on two cascaded multilevel 

inverters (CMIs). As is well known, the real power flow between two generators is mainly 

determined by their phase difference. If the phase difference between the sending-end generator 

and receiving-end customer is small, the transmission line will suffer from the transmission 

congestion. Several strategies have been investigated to solve the problems, such as upgrading 

existing overhead lines, installation of underground cables, installation of FACTS and HVDC 

device, etc. However, their benefits and drawbacks vary from each other. In this chapter, 

application of transformer-less UPFC to release power flow congestion is presented. The 

transformer-less UPFC can be directly installed with the existing overhead line and offers several 

advantages over the aforementioned traditional technologies, such as transformer-less, light 

weight, high efficiency, high reliability, low cost, and extremely fast dynamic response. 

Furthermore, experimental results based on 13.8-kV/ 2-MVA transformer-less UPFC prototype 

are shown to validate the theoretical analysis. 
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5.1 Introduction 

The modern power grid is a complicated mesh structure and sometimes suffered from severe 

congestions [74]. Consequently, the need for transmission capacity is roaring and thus causes the 

transmission grid facing with serious challenges. Generally, two approaches have been 

considered for increasing power flow through existing assets: building new lines and installing 

hardware devices. Specifically, several technologies have been considered, installation of AC 

overhead lines [94], uprating of existing assets [8], installation of energy storage [95], 

installation of underground cables [96], installation of flexible alternating current transmission 

system (FACTS) devices [61, 97-100], installation of high-voltage direct current (HVDC) line 

[90, 101, 102], etc. Their benefits and drawbacks have been thoroughly investigated in [103].  

In practice, power transmission lines carry power from generating plants to local substations, 

where they are connected to neighborhood distribution lines. Transmission lines can be built 

overhead on towers, or they can be buried underground (similarly for submarine cables under 

bodies of water), this is known as hybrid transmission. Figure 5-1 shows a typical radial system 

with hybrid transmission. According to the report in [104], the overhead lines will be preferred 

whenever practical. However, overhead lines are sometimes impractical or infeasible, like in the 

vicinity of airports, sea or a national park and so forth, underground cables are usually installed. 

Furthermore, overhead lines also encounter technical difficulty, when the power angle between 

sending-end generation units and receiving-end local substations is small, the transmission 

overhead line will suffer from congestion and cannot carry enough power as expected. Power 

will take the path of least impedance, as in the system shown in Figure 5-1, more power will 

flow along the underground cable. This is because underground cables have less impedance to 

power flow.  
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SV

138-kV Underground Cable

Overhead Line

138 kV 13.2 kV

RV

SubstationSubstation  

Figure 5-1. Radial system from generation to distribution/load center by overhead line and 

underground cable. 

Although the benefits brought by underground cables, it is more costly to install than its 

counterparts, overhead lines. The largest cost component in underground cables is materials, such 

as cables and insulating fluid. Furthermore, underground cable needs large line charging current 

due to its large capacitance. The capacitance is far higher than the overhead line since the wires 

are closer to each other as well as closer to the earth. This limits the use of underground cable in 

long transmission line and in practice. Usually, the underground cable has a physical length 

limitation of 50 miles or so [105].  

One of the solutions to large capacitance of long transmission underground cable is moving 

from ac to dc transmission, since DC cables do not suffer from problems as AC cables. However, 

this will add additional cost to the already expensive underground transmission, primarily a DC 

converter station, mostly frequently used, a HVDC station. HVDC, since its first installation in 

1954 between Swedish mainland and Gotland island, it has drawn attention from industry and 

academic, and has been considered as one of the main hardware implementation in high-voltage 

transmission level application. The fundamental process that occurs in an HVDC is the 

conversion of electrical current from AC to DC (rectifier) at the transmitting end and from DC to 
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AC (inverter) at the receiving end. Among which, ABB’s HVDC light [101] and Siemens’s 

HVDC plus [102] have found its application in many fields and provided profound benefits.  

The transformer-less UPFC can simply control the magnitude and phase angle of the series 

injected voltage in real time to maintain or vary the active and reactive power flow in the 

transmission line to satisfy load demand and system operating conditions, i. e. independent P/Q 

control. This will provide a much flexible solution to power transmission and will be readily 

installed at the overhead line wherever suitable. By installing the transformer-less UPFC, this 

overhead line become totally controllable, thus no underground cable installation is necessary for 

the congestion issue consideration. A possible connection and schematic diagram is shown in 

Figure 5-2. This chapter presents the analysis for the new transformer-less UPFC to control 

bidirectional power flow along the existing assets to release transmission grid congestion. The 

transformer-less UPFC functionality with proposed control method is experimentally verified at 

13.8 kV/ 2 MVA prototype. 
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Figure 5-2 Radial system from generation to distribution with transformer-less UPFC. 
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5.2 Power Transfer Through Underground Cable 

The underground AC cables have certain benefits, since it provides lower visibility and less 

affected by bad weather. It also helps to reduce outages, transmission congestion and 

transmission losses. There are quite different types of cables, such as cross-linked polyethylene 

(XLPE) cable, gas insulated lines (GIL), high temperature superconducting (HTS) cable, etc. 

However, costs of insulated cable and excavation are much higher than overhead construction. 

Besides, faults in buried underground cables take longer to locate and repair. Furthermore, 

underground cables are also strictly limited by their thermal capacity, which permits less 

overload or re-rating than overhead lines. 

Underground cable has high capacitance. This may reduce their ability to provide useful 

power to loads beyond 50 miles [105]. One thing is that the long underground cables produce 

large amounts of capacitive power to the grid. This may cause reactive energy penalties 

according to tight regulation in some countries [106]. Another technical issue is that the 

capacitance and inductance may cause system resonance [107]. Thus, the implementation of 

underground cable needs additional reactive power compensation and active damping strategy. A 

schematic diagram of HVAC underground cable is shown in Figure 5-3. 

inV
gV

LI

R L

/ 2C

R L R L

/ 2CCC

gI

cableZ
 

Figure 5-3 Schematic diagram of HVAC underground/submarine cable. 

In order to resolve the problems with the high voltage AC cables, high-voltage DC cables 

have been utilized and also known as HVDC cable. Long underground DC cables can run for 
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thousands of miles and free from resonance and capacitive power issues as their AC counterparts. 

However, as mentioned in the introduction of this chapter, the converter (HVDC rectifier and 

HVDC inverter) used in the HVDC station needs to withstand full voltage and current rating, 

makes it more expensive to solve the power transmission related problems. An important thing to 

highlight here is the reduced converter rating when using UPFC in the same application. In the 

same scenario, the back-to-back HVDC converter rating can be 7 times larger than the UPFC 

[108].  

This chapter presents an alternative for the HVAC or HVDC cable when overhead line 

suffers from congestion, adding totally transformer-less UPFC to the existing power transmission 

line, thus the related power transmission problems can be easily solved in a much more 

economical way.  

5.3 Operation Principle of the Transformer-less UPFC in 

Congested Grid 

The transmitted active power P and reactive power Q over the line with the transformer-less 

UPFC can be expressed as 
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(5.1). 

This can be considered as two parts, one is the original transmitted real power P0 and Q0, and 

the other part is introduced by the transformer-less UPFC, denoted as PC and QC, 
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     (5.2). 

Because both amplitude VC and phase angle δ of the UPFC injected voltage 
CV  can be any 

values as commanded, the new UPFC provides a full controllable range of (-VCVR/XL) to 

(+VCVR/XL) for both active and reactive powers, PC and QC, which are advantageously 

independent of the original sending-end voltage and phase angle δ0. An example of variation of 

injected voltage Vc for active power flow P with the relationship of phase angle is shown in 

Figure 5-4. 
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Figure 5-4 Range of transmittable real power P vs. transmission angle δ with different injected 

voltage VC. 

Figure 5-5 shows the schematic and experimental setup of using transformer-less UPFC in a 

congested power transmission grid, where 
0SV  and 

RV  have almost same magnitude and phase 

angle. This is an extreme case of power transmission grid, where the initial phase angle 

difference δ0 between 
0SV  and 

RV  is 0°. Consequently, in such a case, there is almost no active 

power flow between sending and receiving end. To deal with this dilemma, the transformer-less 

UPFC is used to increase phase difference δ0 for higher power flow through the transmission line.  
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Figure 5-5. System setup of transformer-less in congested grid. 

The control objective for transformer-less UPFC in this chapter is: 1) active power (i.e. 

power angle between VS and VR) regulation by the series CMI; 2) DC balance control for both 

CMIs (series CMI current 
CI  and the shunt CMI current 𝐼𝑃⃗⃗  ⃗ to be perpendicular to their voltages 

CV  and SV , respectively). Figure 5-6 shows the corresponding phasor diagram for the 

bidirectional power flow and the following analysis will take the positive power flow case for an 

example, whereas the negative power flow case can be analyzed similarly. 
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                                      (a)                                                                            (b) 

Figure 5-6. Phasor diagram of transformer-less UPFC for bidirectional power flow control (a). 

positive power flow and (b). negative power flow. 

Generally, the rating of the series CMI voltage is determined by its controllable region, or 

more specifically, the required power flow between sending and receiving end. Once the 

transmitted active power P and reactive power Q over the line with the transformer-less UPFC is 

given, the power angle δs can be calculated according to  
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            (5.3),

 

where symbol * represents the conjugate of a complex number, δs is the phase angle between 

new sending-end voltage SV  and receiving-end voltage RV , XL is the equivalent transmission line 

impedance.  

Once the power angle θ is obtained, the series CMI injected voltage 
CV  can be calculated as  

2
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                                (5.4). 

As can be seen from (5.4), the rating of the series CMI is closely related to the power angle δs. 

The current rating LI  is determined by  

 = , cos
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L
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                                           (5.5). 

Next, the shunt CMI in transformer-less UPFC injects current 
PI  to decouple the series CMI 

current 
CI  from the line current 

LI . In such a way, zero active power exchange to both series and 

shunt CMIs can be achieved, making it possible to apply the CMI with floating capacitors to the 

proposed transformer-less UPFC. Therefore, we have 

=0

=0

CCse

PSsh

P V I

P V I

  


 

                                                             (5.6). 

It means the series CMI current 
CI  and the shunt CMI current PI  need to be perpendicular to 

their voltages 
CV  and 

SV , respectively, as illustrated in Figure 5-6. It is interesting that in this 

configuration, since IC and IL are almost in line with each other, the shunt current IP is almost 

zero, only very small amount of IP is needed for the purpose of dc link voltage balancing for 

series and shunt CMI, which will be discussed in detail in later section. 
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In summary, there are two critical steps for the operation of UPFC: a) calculation of injected 

voltage 
CV  for series CMI according to active/reactive power command (power angle δs) over the 

transmission line expressed in (5.4), and b) calculation of injected current 
PI  for shunt CMI to 

guarantee zero active power into both series and shunt CMIs and compensation for power loss 

for their dc link voltage.  

5.4 Power Flow and Dc-link Voltage Control of 

Transformer-less UPFC  

5.4.1 Power Flow and Overall DC Voltage Control 

The overall control strategy of transformer-less UPFC can independently regulate the active 

power P and reactive Q in the line, at the same time, maintain the capacitor voltages of both 

CMIs at the given value. Figure 5-7 shows the overall control system. The dc link voltage control 

strategy is different from previous chapter due to the unique configuration in this test. 

First, the upper command P* and Q* will decide δs
* and Ip

* or say *

0CV  and *

0pI  for series and 

shunt CMI, respectively. As mentioned before, the *

0CV  is the voltage reference for series CMI, 

which is generated according to the transmission line power command (phase angle θ) as given 

in (5.4), while *

0pI  is current reference for shunt CMI, which is used to keep zero active power 

for both CMIs. In this case, since Ise and IL are almost in line with each other, very small amount 

of Ip (or Q*) is needed for the operation and its main contribution is for dc link voltage control 

for both shunt and series CMI. 
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In previous chapter, in order to control dc-link voltage with better robustness, two variables 

 CV  and  PI  were introduced for the independent dc-link voltage regulation of series CMI and 

shunt CMI, respectively. With the *

0CV  and *

0pI
 
calculated from upper P* and Q* command, the 

dc-link voltage can’t be maintained due to the following three main reasons: (a) the CMIs always 

have a power loss, (b) the calculation error caused by the parameter deviations, (c) the error 

between reference and actual output. However, in this in-phase circuit configuration, the active 

component  CV  will not help with the dc link voltage control. This is because Ise and IL will 

always be in line with each other and  CV  will always be in line with Vc thus has no contributes 

to the control and maintenance of series CMI dc link voltage. A modified control strategy which 

relies solely on active component  PI  is realized in this configuration. Specifically, Ipd is for 

shunt CMI dc link voltage control and Ipq is for series CMI dc link voltage control. As shown in 

Figure 5-7, *

_dc shV  and *

_dc seV  are dc voltage references for shunt and series CMIs, respectively; 

Vdc_sh and Vdc_se are the averaged dc feedback of shunt and series CMIs, respectively. For the 

series CMI, seP  is the output of overall dc-link voltage regulation loop, Gse is then calculated by 

dividing seP  by 
2

CV  (square of rms value of series CMI voltage), finally ∆Ipq is the product of Gse 

and series CMI voltage CV . The dc-link can be balanced when Pse is equal to Ploss (total power 

loss of series CMI). Similarly, ∆Ipd is introduced for the dc-link voltage control for shunt CMI.  

After getting the component of *

0CV  and *

0pI  from upper control layer and  PI  for shunt and 

series dc link voltage control, voltage and current generation for series and shunt CMI can be 

obtained accordingly. For series CMI, output voltage could be directly generated from the 

reference *

CV  by FFM. While for shunt CMI, decoupling feedback current control is used to 

control output current to follow the reference current *

PI , as shown in Figure 3-4(c) [17]. 
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5.4.2 Individual DC Voltage Control 

Besides the overall dc-link voltage control present above, it is necessary to have the 

individual dc-link voltage control for the charge balance between the modules in the same phase. 

This is implemented by pulse swapping every fundamental cycle and individual phase shift 

method [14]. The realization of the pulse swapping from one fundamental cycle to the next 

fundamental cycle in a special sequence and has been detailed discussed in previous chapter. 

Furthermore, individual phase shift method is also included to take care of the small difference 

between each module and this is shown in Figure 5-8. In order to decide which modules to be 

charged and discharged at a specific time, the value of each individual instantaneous dc-link 

capacitor voltage and direction of current (current and voltage relationship) should be measured. 

As can be observed from Figure 5-6, for series CMI, during bidirectional power flow, series CMI 

current 
CI is leading voltage 

CV ; while for the shunt CMI, during positive power flow, 
pI is 

lagging 
SV  and for the negative power flow, 

pI is leading 
SV . The shifted angle ∆αi is adjusted 

accordingly. Consequently, each dc link is able to be controlled by slightly shifting the switching 

pattern. Moreover, the magnitude of this shift ∆αi is usually much smaller than αi.  
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Figure 5-7. Overall control diagram for transformer-less UPFC for both power flow and dc 

capacitor voltage control. 
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Figure 5-8. Individual dc voltage control for series/shunt CMI considering capacitor voltage 

unbalance between modules. 

5.5 Experimental Results   

5.5.1 Test system setup 

A 13.8-kV/ 2-MVA transformer-less UPFC prototype has been developed to validate the 

UPFC to increase power flow between two grids with very limited phase difference. The test 

setup is the same as shown in Figure 5-5 and the main system parameter for the prototype is 
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same as in Table 4.3. In Figure 5-5, the sending-end voltage 0SV and receiving-end voltage RV are 

connected at same point, which means 0° phase difference. This is the worst case between 

generator and load center. The line current/power can be controlled to any desired value when a 

transformer-less UPFC is installed between two grids. Figure 5-9 shows the diagram for ± 1 

MVA of the system compensated by UPFC. As will be discussed later, the new sending end bus 

voltage sV will be varied due to the bidirectional power flow associated with transformer-less 

UPFC.  
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SVLI
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Figure 5-9. Phasor diagram for ±1 MVA power flow. 

5.5.2 Bidirection power flow of transformer-less UPFC 

The start-up sequence is same as shown in Figure 4-14. Initially, MVS1 in Figure 5-5 is 

closed while MVS2 is open. Dc link of each module is charge to about 300 V by variac. Then 

power supply board of each module and local DSP board will begin functioning, the 

communication between main DSP and local DSP is established. After that, a running signal will 

be given by the upper command, the system will run into inverter charge mode. In inverter 

charge mode, each of the dc link voltage of shunt and series CMIs will charge to 550V and 350 

V, separately. After the inverter charge mode, the dc voltage maintains at its nominal value, the 

system is in standby status. Once the upper command of closing MVS2 is sent, the system will 

run into UPFC mode.  
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The experimental results of whole operation of UPFC for the ±1-MVA bidirectional power 

flow control are shown in Figure 5-10. As can be seen, very small amount of reactive power and 

Ish is needed for the operation of transformer-less UPFC in this situation and power flow can be 

changed bidirectionally. 

Precharge 

& standby 
Positive power flow Negative power flow

 

Figure 5-10. Bidirectional power flow control with transformer-less UPFC and corresponding 

current magnitude. 

Figure 5-11 shows the steady-state experimental waveforms of UPFC running for ±1 MVA. 

Figure 5-11(a) shows line current ILa going to receiving-end, shunt CMI current IP and inverter 

output voltage Vsab. For +1 MVA power flow, the transmitted line current IL is 40 A and shunt 
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current IP is 4 A. The displayed line voltage Vsab is the voltage of series CMI VCab plus shunt 

CMI output voltage VPab. The shown voltage Vsab is fed into main DSP, measured at the 

secondary of the potential transformer (PT) with the turn ratio of 120*41: 1. The measured 

voltage is corresponding to the 13.8-kV line voltage. Similarly for the Figure 5-11(b), which 

demonstrated -1 MVA power flow. 

Figure 5-12(a) to (d) are average dc link voltage for shunt and series CMIs for ±1 MVA 

power flow. The average series Vdc reference is 350 V for both cases and average shunt Vdc 

reference is 480 V and 580 V. This is due to when Ip is regulating the dc-link voltage for shunt 

and series CMI, the intermediate bus voltage Vs will decrease for positive power flow and rise for 

negative power flow. All of the changes are within ±5% of voltage variation which will meets 

the grid code requirement. An adaptive shunt voltage reference is utilized so that modulation 

index (MI) of the inverter is near unity and total harmonic distortion (THD) is lowest. As can be 

seen from Figure 5-12(a) and (c), the average dc link voltage of series CMI in each phase is 

controlled to track its reference value for both case and in Figure 5-12(b) and (d), the shunt CMI 

dc link voltage in each phase is tracking its adaptive voltage reference very well. From these test 

results, transformer-less UPFC can realize independent bidirectional power flow control along 

the transmission line as well as a balanced dc link voltage control. 

Figure 5-13 shows a human machine interface (HMI) with the operating of transformer-less 

UPFC at 13.8 kV/±1 MVA. All of the parameters related to the system will be on-line 

demonstrated. Furthermore, phasor diagram and transmitted current will be shown dynamically 

and in real time. 
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        (a)                                                                 (b)    

Figure 5-11. Experimental waveforms of UPFC for ±1 MVA power flow (a).+ 1-MVA power 

flow (b).- 1-MVA power flow. 

           

                                        (a)                                                                     (b)    

Figure 5-12. Average dc link voltage for series and shunt CMI for ±1 MVA. (a) and (b) are 

average dc link voltage for series and shunt CMI during +1 MVA power flow (c) and (d) are 

average dc link voltage for series and shunt CMI during -1 MVA power flow. 
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Figure 5-12 (cont’d) 

       

                                          (c)                                                                    (d)    

 

(a). 

 

 (b). 

Figure 5-13. HMI for ±1 MVA positive and negative power flow with transformer-less UPFC. 

Figure 5-14 shows the steady-state experimental waveforms of UPFC running for ±100 kVA. 

For +100 kVA power flow, the transmitted line current IL is 5 A and shunt current IP is still 

around 4 A. Similarly for Figure 5-14(b), which demonstrated -100 kVA power flow. Figure 
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5-15(a) to (d) are average dc link voltage for shunt and series CMIs for ±100 kVA power flow. 

The average series Vdc reference is 350 V for both cases and average shunt Vdc reference is 500 V 

and 600 V. The shunt dc link voltage reference is chosen so that MI is near unity too in this case, 

minimum THD can be achieved. 

                      

                                  (a)                                                                   (b) 

Figure 5-14. Experimental waveforms of UPFC for ±100 kVA power flow (a). +100-kVA power 

flow (b).-100-kVA power flow. 

          

                                          (a)                                                                  (b) 

Figure 5-15. Average dc link voltage for series and shunt CMI for ±100 kVA. (a) and (b) are 

average dc link voltage for series and shunt CMI during +100 kVA power flow (c) and (d) are 

average dc link voltage for series and shunt CMI during -100 kVA power flow. 
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Figure 5-15 (cont’d) 

          

                                           (c)                                                                (d) 

In summary, the transformer-less UPFC is experimentally verified for bidirectional power 

flow with sending- and receiving-end bus with very limited phase angle difference (extreme case 

0° phase difference). The congested and burdened transmission can be released and fully 

controllable with transformer-less UPFC. In the meanwhile, dc link voltage of each module can 

be well controlled and maintained at its reference value using the proposed control strategy. With 

the innovative transformer-less UPFC and its control strategy, the transmission line can carry 

power at its theoretical thermal limit at lowest cost and minimum transmission line construction.  

5.6 CONCLUSION 

The innovative transformer-less UPFC demonstrated in this chapter can increase the power 

flow when the phase between sending and receiving end is limited and the benefits have been 

discussed with underground cable power transmission. Compared with the other existing 

technology, transformer-less UPFC can provide more routine to the power flow at the minimum 

cost and smallest line construction. The demonstrated technology has enormous technological and 
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economic impacts on controlling the routing of energy over the existing power. Furthermore, the 

enabling technology of modularity and scalability makes it easy installation anywhere in the 

existing grid. The transformer-less UPFC helps maximize/optimize energy transmission over the 

existing grids to minimize the need for new transmission lines. As a result, this will increase the 

transfer capability of the grid, combined with the controllability and speed of operation of the 

devices, thus will enable increased penetration of renewables and demand response programs. 

Finally, it will also help reduce transmission congestion and increase dynamic rating of 

transmission assets. 

So far, detailed modeling, control, analysis and application of transformer-less UPFC have 

been presented. Next chapter will address an extended study of transformer-less UPFC with 

same hardware requirement but reduced converter rating.  
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CHAPTER 6 Extended Study of an 

Improved Transformer-less UPFC 

In this chapter, an analytical analysis for an improved transformer-less unified power flow 

controller (UPFC) is presented. As is well known, the conventional UPFC that consists of two 

back-to-back inverters requires bulky and often complicated zigzag transformers for isolation 

and reaching high power rating with desired voltage waveforms. To overcome this problem, a 

completely transformer-less UPFC based on an innovative configuration of two cascade 

multilevel inverters (CMIs) has been proposed [35]. Although the new transformer-less UPFC 

offers several advantages over the traditional technology, such as transformer-less, light weight, 

high efficiency, low cost and fast dynamic response, its performance has been limited for some 

operation points and in some scenarios, the rating of the new transformer-less UPFC suffers a lot. 

In light of this, an improved transformer-less UPFC is proposed in this chapter. The benefits of 

the improved UPFC include, besides the advantages of transformer-less UPFC already possessed, 

same functionality of original structure, no more hardware needed, more flexible operation and 

less converter rating. This chapter focuses on rating analysis, modeling and control for this new 

transformer-less T-shape UPFC (TUPFC).  

6.1 Introduction  

The transformer-less UPFC has significant advantages over the traditional UPFC such as 

highly modular structure, light weight, high efficiency, high reliability, low cost, and a fast 
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dynamic response. Its modeling, control and application issues have been detailed discussed in 

previous chapters.    

However, as have been discussed in [35], the transformer-less UPFC exists some operation 

limits and in some scenarios, the shunt CMI will have huge injection current. One of the 

suggested solution, from control perspective, in [35] is releasing the reactive power restriction 

(allow Qc≠0), or paraphrase, the intermediate bus voltage restriction along the transmission line. 

The introduced controllable reactive power (Qc) will minimize the required shunt CMI current 

rating and series CMI voltage rating. 

This chapter presents another solution from topology point of view and even less converter 

rating is required. This is known in this chapter as transformer-less T-shape UPFC (TUPFC). 

The circuit configuration and phasor diagram is shown in Figure 6-1. The improved transformer-

less T-shape UPFC (TUPFC) consists of three CMIs. One is series CMI1, which is directly 

connected in series with transmission line near the sending-end bus; the shunt CMI is connected 

in parallel to the sending end after the series CMI1. Finally, the series CMI2 is series-connected 

with the transmission line near the receiving-end bus. Since the elimination of the common dc 

bus, the connection of the system is more flexible. If we assume series CMI’s rating in 

transformer-less UPFC as shown in Figure 3-2 is equal to the sum of series CMI1 plus CMI2 in 

Figure 6-1, the total converter hardware requirement of the new transformer-less TUPFC is the 

same as the conventional one. Therefore, no more hardware is needed for the new configuration. 

Furthermore, the new improved transformer-less TUPFC offers more control freedom and can 

thus reduce the total converter rating of the system.  

This chapter presents the analytical analysis and dynamic control for the new transformer-

less UPFC. Future work involves verification of the new improved transformer-less TUPFC 
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functionality with proposed control method at 13.8-kV/2-MVA setup, and both the steady-state 

and dynamic responses results is expected to demonstrate.  
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Figure 6-1 Improved transformer-less UFPC, (a) System Configuration of improved transformer-

less UPFC , (b) Phasor diagram of the transformer-less UPFC. 

Table 6.1 Main System Parameters for 13.8-kV T-shape UPFC Prototype. 

Parameters Value 

System power rating 2 MVA 

Vs0  rms 13.8 kV 

Max series CMI current, IC rms 84 A 

Max shunt CMI current, IP rms 42 A 

Vdc (Shunt) 600 V 

Vdc (Series) 600 V 

H-bridge capacitance 2350 μF 

No. of H-bridges per phase (Shunt) 20 

No. of H-bridges per phase (Series CMI-1) 4 

No. of H-bridges per phase (Series CMI-2) 4 
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6.2 Operation Principle of the Improved Transformer-

less TUPFC  

With the unique configuration of the series and shunt CMIs, the transformer-less TUPFC has 

some new features:  

1) Unlike the conventional back-to-back dc link coupling, the transformer-less TUPFC 

requires no transformer, thus it can achieve low cost, light weight, small size, high efficiency, 

high reliability, and fast dynamic response; 

2) The shunt inverter is connected parallel in between the two series inverters CMI1 and 

CMI2, forms a configuration like a T-shape, which is distinctively different from the traditional 

UPFC. Each CMI has its own dc capacitor to support dc voltage; 

3) There is no active power exchange between the three CMIs and all dc capacitors are 

floating; 

4) The new TUPFC uses modular CMIs and their inherent redundancy provides greater 

flexibility and higher reliability. 

6.2.1 Steady-State Models of TUPFC System 

Due to the unique system configuration, the basic operation principle of the transformer-less 

TUPFC is quite different from conventional UPFC. Figure 6-1 shows the phasor diagram of the 

improved transformer-less TUPFC, where 0SV  and RV are the original sending-end and 

receiving-end voltage, respectively. Here, 0SV is aligned with real axis, which means phase angle 

of 0SV is zero. The series CMI1 and CMI2 is controlled to corporately generate a desired voltage 
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CV  for obtaining the new sending-end voltage SV , which in turn, controls active and reactive 

power flows over the transmission line. Meanwhile, the shunt CMI injects a current PI  to the 

new sending-end bus to make zero active power into three CMIs, i.e., to make the series CMI1 

current CI , CMI2 current LI and the shunt CMI current PI  be perpendicular to their voltages 1CV , 

2CV and 12SV , respectively. As a result, both series and shunt CMIs only need to provide the 

reactive power. In such a way, it is possible to apply the CMIs to the transformer-less TUPFC 

with floating dc capacitors for H-bridge modules. 

With the above mentioned restrictions, we have to make 

        
12 0S PV I   

1 0C CV I   
2 0C LV I 

         
(6.1). 

The transmitted active power P and reactive power Q over the line with the transformer-less 

UPFC can be expressed as 
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symbol * 

represents the conjugate of a complex number; δ0 is the phase angle of the receiving-end voltage

RV ; CeqV is the equivalent injected voltage of series CMI1 plus series CMI2; δ’ is the phase 

angle of the equivalent series CMI injected voltage CeqV ; XL is the equivalent transmission line 
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impedance. The original active and reactive powers, P0 and Q0 with the uncompensated system 

(without the UPFC, or VCeq=0) are 

0
0 0
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(6.3). 

The net differences between the original (without the UPFC) powers expressed in equation 

(6.2) and the new (with the UPFC) powers in equation (6.1) are the controllable active and 

reactive powers, PC and QC by the transformer-less UPFC, which can be expressed as 
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(6.4). 

Because both amplitude CeqV  and phase angle '  of the UPFC injected voltage 1CV and 2CV  

can be any values as commanded, the new UPFC provides a full controllable range of 

 Ceq R LV V X  to  Ceq R LV V X for both active and reactive powers, PC and QC, which are 

advantageously independent of the original sending-end voltage and phase angle δ0. In summary, 

equations (6.2) to (6.4) indicate that the new transformer-less TUPFC has the same functionality 

as the conventional UPFC. 

6.2.2 Dynamic Models of UPFC System 

The models for the improved transformer-less UPFC are based on synchronous (dq) 

reference frame. The phase angle of original sending-end voltage Vs0 is obtained from a digital 

phase-locked loop (PLL), which is used for abc to dq transformation. 
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The dynamic models for the whole system shown in Figure 6-1 (a) will be divided into 

several parts. Firstly, we can get the dynamic model from the new sending-end bus to sending-

end bus 

Sd Rd Lq Ld
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dt
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(6.5). 

Since the new sending-end voltage vs is equal to original sending-end voltage vs0 minus series 

CMI1 and CMI2 injected voltage vc1 and vc2, thus we have 
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Furthermore, the model from the new sending-end to shunt CMI is 
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(6.8). 

The current relationship for the three CMIs is 
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(6.9). 

The restriction for the reactive power for the three CMIs can be expressed in dq reference 

frame as 
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2 2( ) ( ) 0Sd C d Pd Sq C q PqV V I V V I          (6.10). 

1 2 2 2( ) ( ) 0C d Ld Pd C q Lq Pqk V I I k V I I        (6.11). 

2 2 0C d Ld C q LqV I V I         (6.12). 

where, Vc1d=k1*Vc2d and Vc1q=k2*Vc2q. 

2 2 2

1 2 2 2 1 2

2

( )C q Sd C d

C d Ld C d Lq C d pd

Sq C q

k V V V
k V I k V I k V I

V V

 
    

  

   (6.13). 

2

2

Sd C d
Pq Pd

Sq C q

V V
I I

V V


  


       (6.14). 

From the above equations, all of the parameters in improved transformer-less UPFC can be 

obtained once the desired P* and Q* is given. 

In summary, there are two critical steps for the operation of UPFC: a) calculation of injected 

voltage 1CV and 2CV  for series CMIs according to active/reactive power command over the 

transmission line, and b) calculation of injected current PI  for shunt CMI to guarantee zero 

active power into both series and shunt CMIs.  
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6.3 Converter Rating Comparison Between Two 

Transformer-less UPFC 

The operation of two transformer-less UPFC will be given in this section. The main purpose 

of a UPFC is to control active power flow, while maintaining reactive power flow minimal over 

long distance lines. Thus, reactive power flow is usually compensated locally near the receiving 

end. If we restrict the voltage rating along the transmission line (example. 1 pu) for all the bus, 

the current rating could be huge according to analytical analysis in [35]. An example of this 

operation range is shown in Figure 6-2. 
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Figure 6-2 The relationship between shunt CMI Current Ip and the original power over the 

transmission line with equipment constraint (Ipmax=0.5 pu) and voltage constraint (Qc=0). 

As can be seen from Figure 6-2, the original transformer-less UPFC has limited operation 

especially the original active is already large (>0.6 pu). An effective way to get rid of this 

operation limitation is by changing the controllable reactive power operation range, in other 

words, make the intermediate voltage Vs and Vs12 varied within a certain limitation. Figure 6-3 
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shows the operation of the original transformer-less UPFC if the intermediate bus has a changing 

magnitude with ±10%. 

Whereas, if the new improved transformer-less UPFC is employed, an even lower shunt 

current can be obtained. Owing to the one more control freedom brings about by series CMI1 

and CMI2. An objective function is utilized to achieve minimum shunt current thus can get 

minimum total converter ratings. 
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Figure 6-3 The relationship between shunt CMI Current Ip and the original power over the 

transmission line with equipment constraint (Ipmax=0.5 pu) and (Qc=0.2 pu). 

As can be seen from Figure 6-4, the current rating for the shunt CMI is significantly reduced. 

Figure 6-5-Figure 6-9 shows the comparison between original transformer-less UPFC and 

improved T-shape transformer-less UPFC. The series converter rating is almost the same while 

the total converter rating is reduced. 

It should be noted that the new configuration will not influence the series CMI rating and it is 

advantageously small because it is mainly determined by the line impedance and original real 

power flow. For example, 0.1 pu impedance line requires only 0.1 pu series voltage even for a 1-

pu net power change. So, even for the worse case, P0 change from -1pu to 1pu, around 0.2 pu 
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series voltage compensation is enough. However, in order to support the operation of the 

transformer-less UPFC, for the reactive power limitation, the shunt CMI in some scenario is 

huge value but this can be well solved with the help of new configuration of T-shape 

transformer-less UPFC. 
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Figure 6-4 The relationship between shunt CMI Current Ip and the original power over the 

transmission line with T-shape transformer-less UPFC equipment constraint (Ipmax=0.5 pu) and 

(Qc=0 pu). 
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Figure 6-5 The relationship between series CMI Voltage VC and the original power over the 

transmission line with equipment constraint (VCmax=0.5 pu). 
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Figure 6-6 The relationship between series CMI Voltage VC1 and VC2 with the original power 

over the transmission line with equipment constraint (VCmax=0.5 pu). 
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Figure 6-7 The relationship between series converter rating and the original power over the 

transmission line with equipment constraint (ICmax=2 pu and VCmax=0.5 pu). 
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Figure 6-8 The relationship between shunt converter rating and the original power over the 

transmission line with equipment constraint (Ipmax=0.5 pu and Vpmax=1.2 pu). 
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Figure 6-9 The relationship between series converter rating and the original power over the 

transmission line with equipment constraint (ICmax=2 pu, VCmax=0.5 pu, Ipmax=0.5 pu and 

Vpmax=1.2 pu). 

6.4 Conclusion 

This chapter present a modulation and control method for an improved T-shape transformer-

less UPFC, which has the following features: 1) reduced shunt current rating and reduced total 
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converter rating compared to original transformer-less UPFC 2) All UPFC functions, such as 

voltage regulation, line impedance compensation, phase shifting or simultaneous control of 

voltage, impedance, and phase angle, thus achieving independent active and reactive power flow 

control over the transmission line. The transformer-less UPFC with proposed modulation and 

control can be installed anywhere in the grid to maximize/optimize energy transmission over the 

existing grids, reduce transmission congestion and enable high penetration of renewable energy 

sources.  
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CHAPTER 7 Conclusion  

Multilevel inverter is a promising next generation inverter especially for utility application. 

The proposed structure with its associated control strategy, can totally eliminate bulky transformer 

used in transmission level and distribution level systems. Power loss, size, and cost of the device 

will be tremendously reduced and efficiency, dynamic response will be improved. Furthermore, 

among the existing multilevel inverter topologies, cascaded multilevel inverter (CMI) is best 

suitable for power system application and easiest for large industry modularized design. All of the 

above mentioned benefits of CMI based structure will greatly increase the flexibility in the design, 

manufacture and maintenance. 

The major contribution of this dissertation is to bring a novel structure of totally transformer-

less UPFC and its application to solve real-world problems. Its modeling, digital control and 

converter rating analysis have been thoroughly checked and discussed.   

7.1 Contributions 

1. A virtual inertia control (VIC) of cascaded multilevel inverter (CMI) based STATACOM 

is introduced. The proposed method can provide competitive inertial energy response for 

frequency regulation. The provided energy is comparable to synchronous condenser (SC) 

in traditional synchronous generator (SG) application as well as synthetic inertia control 

(SIC) for renewable energy integration; 

2. A modulation and control method for the transformer-less UPFC is introduced. The 

innovative transformer-less UPFC with its effective control strategy can realize power 
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flow control, dc link voltage balancing, low THD and fast dynamics. Owing to the 

benefits of the innovative topology of transformer-less UPFC, it is able to be installed 

anywhere in the grid to maximize/optimize energy transmission over the existing grids, 

reduce transmission congestion and enable high penetration of renewable energy sources; 

3. Application of transformer-less UPFC to interconnect two synchronous grids is 

demonstrated. Theoretical analysis and its effective control strategy has been verified at 

13.8 kV system. It is notable that UPFC can be used in the grid interconnection control 

and independent real and reactive power flow control, and compared with its counterpart, 

VSC based HVDC, it needs less converter rating. This will greatly help with reducing 

transmission congestion and increasing dynamic rating of the transmission assets. 

4. Application of transformer-less UPFC to in congested grid and make parallel connection 

between two different feeders possible. The transformer-less UPFC can increase the 

power flow when the phase between sending and receiving end is limited and the benefits 

have been discussed with underground cable power transmission. Compared with the 

other existing technology, transformer-less UPFC can provide more routine to the power 

flow at the minimum cost and smallest line construction. 

5. An innovative T-shape UPFC with even reduced converter rating is presented. The 

proposed T-shape transformer-less UPFC has more control freedom and smaller converter 

rating, thus makes it also attractive for system integration of transformer-less UPFC. 
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7.2 Recommendations for Future Work 

1. Experimental verification for virtual inertia control of CMI based STATCOM. System 

level simulation has shown that CMI based STATCOM can be used for frequency 

regulation and it can provide competitive inertia response to the system. It is expected that 

STATCOM with the proposed VIC control can be tested in experimental setup for 

verification;  

2. Experimental verification of T-shape transformer-less UPFC. It has been analyzed in the 

dissertation that T-shape transformer-less UPFC can reduce total converter rating of UPFC 

and provide more control freedom. Also, its installation will be more flexible along the 

transmission line. It is expected that field test of transformer-less T-shape UPFC can be 

carried out. 

3. Operation of the transformer-less UPFC under power system abnormal conditions, such as 

sags, swells, power system oscillations, faults and etc. Since the potential application for 

the proposed transformer-less UPFC is for transmission level application, the system is 

usually three-phase balanced and pollution free. It will be an interesting topic to 

investigate control strategy of transformer-less UPFC against unbalanced system condition 

and carry out experimental verification. 

4. Topology and control method for totally transformer-less UPQC for distribution level 

application. How to reduce converter rating, cost and size to compensate voltage dips 

without any phase jump. Two main factors influence converter rating for UPQC 

application is voltage sag depth and load power factor. It will also be an interesting topic 

to investigate total transformer-less, less energy storage requirements for distribution 

system application. 
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