
ABSTRACT 

YOUSEFPOOR, NIMA. Control of Advanced Power Converter Topologies for 

Transmission Grid Management. (Under the direction of Dr. Subhashish Bhattacharya). 

 

Currently, there is common agreement that the power grid needs to be upgraded and 

modernized. The transmission grid assets are getting aged, especially in the US, and growing 

number of variable renewable energy sources has made the situation even worse. This 

requires a huge upfront investment to renew the current transmission infrastructure and 

further increase its capacity. The most valuable assets in the transmission grid are high power 

transformers. Transformers have the single highest cost value of the equipment installed in 

high voltage substations; therefore, utilities and system operators are most interested to 

extend the utilization time of this expensive component of the transmission grid. This 

dissertation seeks to integrate flexible active solutions to existing transmission assets to 

control power flow and increase power transmission capacity. 

First, the concept of Convertible Static Transmission Controller (CSTC) using Modular 

Transformer Converter (MTC) as the building block is investigated. The MTC is a 

bidirectional back-to-back AC/AC power conversion unit and the CSTC is a versatile 

transmission controller asset in case of transmission system contingencies and normal 

conditions for dynamic power flow control and contingency management of the transmission 

grid. The proposed CSTC with new functions has several advantages compared to existing 

FACTS controllers. System modularity for manufacturers and utilities/system operators using 

standard high power electronic systems is one of the advantages of this structure. In this 

thesis, algebraic models of the CSTC are derived in three main operation modes (series-



shunt, series-series, and shunt-shunt connecting configurations). The proposed algebraic 

models are used to define the reference values for active and reactive power flow of the 

CSTC converters based on the desired operating points for the meshed power system, the 

power transformers in particular. The dynamic performance of the CSTC with the proposed 

control structures and algebraic models will be investigated based on the PSCAD simulation.  

The vulnerability of electric power grid to man-made and natural disasters, such as 

hurricanes, tsunami, earthquake, geomagnetic storms etc. has become crucially important. In 

this dissertation, the concept of transmission-level Active Mobile Substations (AMS) is 

introduced for disaster management. The AMS is a mobile substation enabled by integrated 

power electronics. In this thesis, a detailed comparative analysis of different power converter 

topologies for AMS is presented. Also, a modular topology with high frequency isolation is 

proposed for AMS application. In this configuration, several single-phase AC/DC power 

conversion building blocks are connected in series. The isolation in each building block is 

provided through a high frequency transformer within a DC/DC converter. In the high 

frequency isolated modular converter configuration, several floating DC capacitors in all 

three phases are connected in series, and  voltage balancing control of these floating dc 

capacitors is required. In this dissertation, an appropriate control structure with the capacitor 

voltage balancing controller is proposed. 

Also, the concept of embedded multi-terminal dc grid in meshed ac power system is 

explored. The proposed technology can provide back-up in case of transmission line failure, 

and it can enhance power transmission capacity and flexibility in existing ac grids. In this 

thesis, the algebraic model of multi-terminal DC grid is derived and validated in a meshed ac 



power system. Algebraic model will present the behavior of ac grid with respect to various 

operating points of dc grid. The control structure of dc grid based on master/slave and droop 

control scheme is explored. Also, a droop control structure with dead-band controller is 

proposed for multi-terminal DC grid control. To verify the model and the control structure, 

dynamic performance of the integrated multi-terminal DC grid in a reduced order three-bus 

AC equivalent NYPA power system is investigated through PSCAD and real time digital 

simulation. 

Furthermore, the dynamic performance of the proposed solutions under fault operating 

conditions is explored. The AMS must be designed to operate satisfactorily under fault 

operating conditions. In this dissertation, component design considerations in development of 

the AMS under AC fault operating condition will be provided, and a new control strategy is 

proposed to control AMS under AC fault when component design is not sufficient to prevent 

overcurrent and trips. The appropriate control algorithm of AMS and multi-terminal DC grid 

for DC fault operation and recovery after DC fault is also proposed. The dynamic 

performance of multi-terminal DC grid with master/slave control scheme and droop control 

with dead-band controller is also explored and compared under loss of terminal station. 

Finally, to prove the MTC and high frequency isolated modular converter based AMS as 

transmission assets and to verify the control structure and algorithm, ultra-high fidelity 

Controller Hardware-in-the-Loop (CHIL) testing has been conducted and comparative results 

will be presented. Lab-scale experimental results for both configurations are also reported to 

verify the proposed control schemes. 
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 INTRODUCTION Chapter 1.

Currently, there is common consensus that the power grid needs to be upgraded and 

modernized to accommodate more renewable sources of generation. One hurdle that impedes 

the investment in grid infrastructure and transmission capacity especially in the US is 

intermittency nature of these sources. There are reports that show high penetration of 

renewables can cause overloading conditions in the power grid that necessitates either 

network upgrade or curtailment in the generation while there is unutilized capacity in the 

transmission network, i.e. >138kV [1]-[2]. Therefore, power flow control or as recently 

termed power router solutions have been gaining more attractions. From the conventional 

Unified Power Flow Controller (UPFC) for AC systems to advanced multi-terminal High 

Voltage Direct Current (HVDC) systems using Modular Multilevel Converter (MMC) 

technologies, researchers have proposed several power electronic solutions in this field to 

improve and increase reliability, efficiency, cost-benefit factors, functions and many more.  

Among those, mainly for distribution network, hybrid transformer [3] or controllable 

network transformer [4]-[6] can be considered retrofitting approaches in which a fractionally-

rated power electronic system is integrated to conventional 50/60 Hz transformer and 

therefore it makes a controllable node. Unlike hybrid solutions for distribution system, 

recently completely solid-state approaches, with advances in semiconductor switches such as 

15kV IGBTs and magnetic materials have been practiced at the research level [7]-[11]. This 

solution is often called Solid-State Transformer (SST) [12]-[19]. 
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In case of transmission-level solutions due to the lack of sufficiently high-voltage 

semiconductor switches (i.e. 138 KV), different combinations of components have been 

mainly proposed for conventional forms of power router such as different MMC topologies 

[20]-[26]. Perhaps, the transformerless UPFC proposed by [27] is among the few examples 

of innovation at the transmission-level solutions where system configuration is also different 

from conventional UPFC. 

On the other hand, the transmission grid and its assets are getting aged especially in US. A 

very familiar example of such assets is the power transformer, a very robust component of 

every power system and the main node in the power transmission. It has been reported that 

the average age of the transformers in the US is about 40 years although most transformers 

are built for 30 years of operation [28]. Looking into available equipment failure data 

provided by US EIA, we can observe an increasing outage trend from 2008 to 2009 just due 

to transformer operational mechanism [29]. Specific attention to 300-399 kV class of 

transmission transformers reveals that 345 kV transformers need immediate attention and 

revised management [30]. To the best knowledge of authors, there is no practice or report of 

locally controlled device addressing this issue except more software-based asset management 

tools. 

Our society’s security and economic health depends critically on the availability and 

reliability of electric power. Anyone living in North America was certainly aware of, if not 

affected by, the 14 August 2003 blackout. The investigation into the blackout shows that the 

cause was an unfortunate chain of events that disrupted power flow to key areas of load and 

resulted in confusion over the status of the power delivery network. Electric power demand 
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continued, and without an effective way to move power into major metropolitan areas, the 

system became unstable [31]. The vulnerability of electric power grid to man-made and 

natural disasters, such as hurricanes, tsunami, earthquake, geomagnetic storms etc. has 

become crucially important. In this regard, geomagnetic storms due to unusual solar activity 

are unlike any other natural terrestrial threat to the power grid. These storms not only can 

develop rapidly but also have continental footprints that can result in widespread, 

simultaneous impact to many nodes in the bulk power system. A recent study carried out by 

NERC, and DOE has determined that a severe geomagnetic disturbance (GMD) has the 

potential to cause crippling and long-lasting damage to the North American electric power 

grid [32]. Perhaps the most well-known GMD event in North America is the March 13-14, 

1989 geomagnetic storm that caused the Hydro Québec Blackout. On March 13, 1989, an 

exceptionally intense geomagnetic storm caused the shutdown of seven static var 

compensators (SVCs), essential for control of Hydro Québec grid, and its loss caused voltage 

to drop, frequency to increase, and the resulting instability caused the tripping of La Grande 

transmission lines [33]. The chain of power system disturbances led to collapse of the Hydro 

Québec system within seconds of loss of about 9,500 MW of generation from La Grande 

network.  

At the heart of the power delivery network, where power flows from transmission lines to 

the distribution network, are large power transformers that step the transmission voltage 

down to that needed for distribution for final use. Large power transformers have the single 

highest cost value of the equipment installed in high voltage substations and are scarce and 

hard to replace.  However, these valuable assets are getting aged and are more vulnerable to 
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disturbances caused by abrupt operation changes in the power network. These operation 

changes are due to several reasons including overloading, harmonics other than 60Hz, 

weather conditions, and GMD. Figure 1-1 shows simulation results of geomagnetically-

induced current (GIC) flow in US power grid due to a severe GMD, almost 10 times bigger 

than the one in 89 [34]. The regions prone to unprecedented power system collapse are 

outlined. Figure 1-2 shows the areas of at-risk large power transformers in the US with high 

percentage regions experiencing severe black-outs due to GIC flow [35].  These disturbances 

constantly upsurge the risk and vulnerability of power grid operation because; for instance, 

severe-impact GMD events are not fully addressed in conventional bulk power system 

planning, design, and operating processes. 

 

 

 

 

Figure 1-1. Simulation results showing probable blackout in US grid due to severe geomagnetic storm. 
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Figure 1-2. Areas of at-risk large power transformers due to GMD and GIC flow. 

 

 

 

One of the main motivations of our research is ultimately to increase the security of 

electricity transmission and distribution. The approach is through the development of a 

modular, mobile and controllable utility asset which is referred to as Active Mobile 

Substation (AMS). The AMS provides the preventive measures as well as the corrective 

measures to ensure the security of the electricity delivery as shown in Figure 1-3. The AMS 

provides the flexibility of full or partial utilization for the transmission lines and power 

transformers. This flexibility effectively increases the system spare capacity and operating 

margins, and also provides back-up in case of power transformer failure (or forced reduced 

transformer rating operation) scenarios by providing real-time continuous power flow control 

and thereby, increased transfer capacity of existing transmission systems. These features 

allow the AMS to be deployed dispersedly or aggregated in case of natural and manmade 

disasters and emergencies to meet power, voltage, VAR and configuration requirements. 
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Figure 1-3. Electricity Delivery security measures flowchart. 

 

 

 

The proposed technology used in the AMS is called Convertible Static Transmission 

Controller (CSTC) which is desired to be transportable and connected across the substation 

power transformer and can be reconfigured to the required modes of operation. The 

representative scheme is presented in Figure 1-4. The proposed solution advances the current 

FACTS technology solution for instance; deployed in New York Power Authority (NYPA) 

network which is a 200 MVA Convertible Static Compensator (CSC). The CSC is a versatile 

FACTS controller with eleven modes of operation including STATCOM, SSSC, UPFC and 

IPFC [36]-[38]. In addition to these modes, the CSTC technology provides (partial) back-up 

in case of substation failure or forced reduced power operation scenarios. The offered 

solution with added values for mesh systems provides the following functions and benefits: 
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 Transmission or distribution transformer life extender. 

 Recovery transformer for disaster management. 

 Seasonal renewable transmission controller. 

 

 

 

 

Figure 1-4. Schematic of the proposed transmission controller at the substation. 

 

 

 

 State of the Art 1.1

Unified Power Flow Controller (UPFC) is the most comprehensive FACTS Controller 

invented and developed in the US at Westinghouse R&D center (now Siemens). UPFC not 

only regulates the active and reactive power through the transmission line but also provides 

VAR support for the connecting bus. A very successful albeit costly project is the 

Convertible Static Compensator (CSC) which is the most versatile FACTS Controller in the 

world, installed by New York Power Authority, NYPA at Marcy substation. For NYPA CSC 

eleven modes of operation including the UPFC, has been operating since 2003. The custom 

designed CSC helps NYPA to mitigate congestion issues so that not only it has recovered its 

Vs Vr

Power System
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investment cost but also provides revenue as spinning VAR reserve and as a power flow 

controller for contingency management for NY-ISO [39]. 

Controllable transformer or hybrid transformer has been proposed recently and under 

investigation to add dynamic control to regular or existing power transformers and possibly 

reduce the overall costs
 
by using a fractionally rated converter integrated to the main 

transformer [40]-[41]. Although, several functions such as active and reactive power control 

can be obtained, direct connection of power converters with high dv/dt and harmonics is 

typically not possible. One potential issue is associated with the secondary B-H loops and 

increased losses due to the high frequency switching. Consequently, an overrated or even a 

special power transformer, and/or a more complex power converter must be used. All of 

these factors affect the reliability, efficiency and cost of the overall system and not only of 

the power converter itself. It can be concluded that the application map of the proposed 

approaches, if successful, is limited to distribution grids with custom designed new 60 Hz 

transformer which may be replaced with advent of Solid State Transformers [42].  

Polytransformer is a practical approach that adds values and flexibility to conventional 

power transformers [43]. It is a compact (autotransformer structure), multi-voltage power 

transformer that helps utilities to secure operation of the transmission grid. It has multiple 

voltage ratings for high, low and tertiary voltages. The voltage rating is selected by changing 

connections internally prior to moving the transformer to a new location. The flexibility in 

voltage range, connections and compact design allows the TOs to provide the spare 

transformer for their interested region (system) and even lease their spare transformers when 

they do not need it.  
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 Outline of the Research 1.2

Chapter 2 explores the modular transformer converter (MTC) based convertible static 

transmission controller (CSTC). For power flow control with specific attention to renewable 

energy resources based transmission in a meshed network, less complex coordinated control 

can be obtained with the proposed Convertible Static Transmission Controller (CSTC) 

concept which is connected across the substation power transformer and can be reconfigured 

to the required modes of operation. Convertible Static Transmission Controller (CSTC) is a 

versatile transmission controller which can perform several functions including power flow 

control for renewable resources transmission and transformer back-up for disaster 

management or life extension purposes. Different connecting configuration options (shunt-

shunt, series-shunt, and series-series) can be obtained in the proposed transmission controller. 

In this chapter, the algebraic model of CSTC in different modes of operation is derived. 

Algebraic model of CSTC is used for steady state and transient stability analysis. Algebraic 

model will present the behavior of transformer power flow with respect to various operating 

points of CSTC converters. The control structure of CSTC in different modes of operation is 

also presented in this chapter, and dynamic performance of the CSTC based on the proposed 

control structures is further investigated in three different connecting configurations in 

PSCAD/EMTDC environment. 

Chapter 3 introduces the active mobile substation (AMS) which can be used in normal 

conditions as a power router and contingencies as a recovery transformer. The AMS is a 

mobile substation with integrated power electronics and it can be connected across different 

transformers of the grid. This chapter proposes transmission-level active mobile substations 
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that provide back-up in case of power transformer failure or forced reduced operation 

scenarios in addition to power flow control for seasonal renewable energy transmission. In 

this chapter, design considerations in development of the AMS will be provided in terms of 

power electronics building blocks, converter system control and its effects, and required 

supervisory control. The high frequency isolated modular converter is introduced as the 

power electronics building block of AMS, and an appropriate control strategy with the phase 

and module voltage balancing controller is proposed to achieve voltage balancing control of 

multiple floating dc capacitors in the high frequency isolated modular converter based AMS.  

Chapter 4 presents the algebraic model and control of embedded multi-terminal dc 

network in meshed ac power system. Algebraic model will present the behavior of ac grid 

with respect to various operating points of dc grid. The control structure of multi-terminal dc 

grid based on droop control structure with dead-band controller is proposed. The dynamic 

performance of the embedded multi-terminal dc grid in meshed ac power system is also 

investigated. PSCAD and RTDS results will be presented to verify the proposed algebraic 

model and controller. 

In chapter 5, the dynamic performance of AMS is explored under fault operating 

conditions, and a new control strategy is proposed to control AMS under AC fault operating 

conditions when component design is not sufficient to prevent overcurrent and trips. In this 

chapter, the dynamic performance of high frequency isolated modular converter based AMS 

is evaluated under DC fault operating condition, and an appropriate control algorithm for DC 

fault operation and recovery after DC fault is also proposed. Using the proposed control 

algorithm for DC fault operation, the high frequency isolated modular converter based AMS 
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can be protected against dc fault without using expensive DC circuit breakers. The dynamic 

behavior of multi-terminal DC grid under DC fault operating condition and loss of converter 

station is also explored in this section. 

Chapter 6 describes the hardware prototype of CSTC and AMS. Experimental results are 

presented to verify the control structures of CSTC and AMS under normal and AC fault 

operating conditions. Controller Hardware-in-the-loop (CHIL) test of CSTC and AMS is also 

performed by Typhoon HIL400, and CHIL results are presented to verify the validity of the 

proposed control architecture for CSTC operation during normal and unbalanced power 

system conditions for different connecting configurations. Controller Hardware-in-the-loop 

(CHIL) test of high frequency isolated modular converter based AMS is also performed by 

Real Time Digital Simulator (RTDS). Lab-scale experimental results are also presented to 

verify the proposed controller performance of high frequency isolated modular converter 

based AMS.  

Chapter 7 draws the conclusions of the present work and offers future work and research 

paths that can be taken from the opportunities that this dissertation has identified. 
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 MODULAR TRANSFORNER CONVERTER Chapter 2.

(MTC) BASED CONVERTIBLE STATIC TRANSMISSION 

CONTROLLER (CSTC) 

 Introduction 2.1

The transmission grid and its assets are getting aged especially in the US. A very 

familiar example of such assets is the power transformer, a very robust component of every 

power system. It has been reported that the average age of the transformers in the US is 40 

years although most transformers are built for 30 years of operation. Figure 2-1, according to 

NERC, presents the outage duration of transmission level transformers due to the device 

malfunction in the recent years that reflects the need for immediate care [44]. Looking into 

available equipment failure data, we can observe an increasing outage trend from 2008 to 

2009, just due to transformer operational mechanism. Specific attention to 300-399 kV class 

of transmission transformers reveals that 345 kV transformers need immediate attention and 

revised management [45]. One of the motivations of this work is to propose a unique power 

electronics (active) based solution that provides back-up in case of substation transformer 

failure or forced reduced transformer operation scenarios. It is worth noting that the required 

control can be embedded in the CSTC simplifying the power system operation, if the 

necessary commands are received from the main transformer [46]. This mode of operation is 

called distributed control vs. centralized control that may be requested in contingencies. In 

addition, the CSTC may be desired to be transportable and compatible with different voltage 
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levels and therefore operates as a recovery transformer in case of natural and manmade 

hazards and disasters. In normal mode of operation, CSTCs are functioning to extend the life 

time of existing transformers by partially bypassing and conditioning the substation 

throughput power. In case of transformer failure, CSTCs can be deployed dispersedly or in 

an aggregated form to meet power, voltage, VAR and configuration requirements [47].  To 

achieve these goals, the solution must be modular not only from the core power converter 

topology but also from the utility and transmission operator’s perspectives. Therefore, the 

building block to realize the CSTC is an AC/AC conversion unit that can be stacked together 

to provide required power and voltage requirements. The considered building block is termed 

as Modular Transformer Converter (MTC) which in this paper is standard or future standard 

2-10 MVA drive converters. 

 

 

 

 

Figure 2-1. Transmission transformer outage durations in the US. 

 

 



  

14 

 Modular Transformer Converter (MTC) System 2.2

MTC is a transportable bidirectional AC/AC conversion unit. If several MTC building 

blocks are combined they can be considered as transmission or distribution level equipment 

or assets. MTC is potentially cost effective since it utilizes the standard power electronics 

converter systems, for instance, standard medium voltage drive converters. Currently, 

standard medium voltage drive systems are commercially available up to 10 MVA with 

IGCT based three-level NPC converters and up to 2 MVA with IGBTs which are more than 

97% energy efficient. With advent of new high voltage SiC based semiconductor switches 

such as 15kV SiC IGBT and 10kV SiC JBS diode technologies higher power and higher 

efficiencies can be foreseen for MTC building blocks.  

The key component of MTC converters is semiconductor switch and better performance 

can be obtained through hybrid semiconductor configuration (like Si switch and SiC diode), 

circuit topology and control considerations. In addition to common benefits, high efficiency 

is one of the key factors that enables the transportability of the MTC system. From the 

control point of view, three different control structures have been considered denoted as 

angle control, vector control, and hybrid control methods. A simplified advanced angle 

control structure is shown in Figure 2-3. In the angle control structure, the output voltage 

magnitude is determined naturally by the operation of the converter; i.e., constant ratio 

between AC input and DC output is considered [48]. Consequently, the control objectives are 

determined by regulating only the output voltage angle. In addition, angle control structure in 

multi-pulse converters ensures superior harmonic spectrum which is essential for 

transmission level equipment. It should be mentioned that this method is well adopted for 
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commercial STATCOMs and [11] showed the possibility of extending this method for active 

and reactive power control. The other control methos is the so-called vector control which is 

typically applied to PWM converters, Figure 2-4. This control structure presents higher 

controllability compared to the angle control structure. However, this controllability is 

obtained through higher switching frequencies and higher converter losses compared to 

angle-controlled converters being operated at line frequency. Another approach is to combine 

two control structures to create a hybrid control structure. In this scheme, one converter or a 

group of converters operates with angle control and the others operate with vector control. 

 

 

 

 

Figure 2-2. An example of MTC based on three-level NPC MV drive converters. 

 

 

 

 

Figure 2-3. Advanced angle control structure for voltage-sourced converters. 
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Figure 2-4. Vector control structure for voltage-sourced converters. 

 

 

 

 Convertible Static Transmission Controller (CSTC) System 2.3

Convertible or reconfigurable FACTS controllers with increased functions have several 

advantages for system operators. A very successful albeit costly project is the Convertible 

Static Compensator (CSC) which is the most versatile FACTS controller in the world, 

installed by New York Power Authority (NYPA) at Marcy substation. For the CSC eleven 

modes of operation, including the UPFC and IPFC, has been operating since 2003. The 

custom designed CSC helps NY-ISO to mitigate congestion issues as explained in [49].  

Conventionally, FACTS controllers like the CSC have been developed and inspired mainly 

for improving power transfer capability. However, due to the aging transmission 

transformers and effects of high penetration of renewables on flow-gates, more controls may 

be needed on transformers right at substations. Consequently, we propose a Convertible 

Static Transmission Controller (CSTC) which is installed across the transmission transformer 

to increase the system spare capacity and operating steady state and dynamic margins. The 

proposed CSTC with MTC building block is presented in Figure 2-5 which different modes 

are realized through breakers operation. 

V bus

PI

Phase 

Locked 

Loop

|E|

Ec }

Inverter 

Voltage 

Commandq

+Instantaneous 

Reactive Current 

Calculator

VDCref
PI

Qref

Id

Iq

++

+

-

-

+

-

PI

VDC

Vd

Vq

Magnitude 

&        

Angle 

Calculation

E



  

17 

 

Figure 2-5. Representative schematic of MTC based CSTC. 

 

 

 

The proposed CSTC and its different integration options are presented in Figure 2-6. With 

MTC structures, three major integration options with multiple operation modes can be 

realized. These integration options are shunt-shunt, series-shunt, and series-series.  
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Figure 2-6. Different connecting configurations of the CSTC at the substation. 
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MTC building blocks can be connected in series or parallel to achieve higher power. The 

interleaved modulation can be used to increase the effective switching frequency. An 

example of interleaved carrier waveforms for 4 MTC building blocks connected in series is 

shown in Figure 2-7. The output voltage waveform is illustrated in Figure 2-8. The switching 

frequency for each converter is fsw=1500 Hz whereas the effective switching frequency is     

fsw (effective)=4×1500=6000 Hz. As a result, higher effective switching frequencies and 

lower converter losses can be obtained by the interleaved switching method. 

 

 

 

 

Figure 2-7. Interleaved carrier waveform. 

 

 

 

 

Figure 2-8. Converter PWM output voltage waveform. 
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  Algebraic Model of CSTC in Three Different Connecting 2.4

Configurations 

In this section, the algebraic model of CSTC in different modes of operation is derived. 

Algebraic model of CSTC is used for steady state and transient stability analysis [50]. 

Algebraic model will present the behavior of transformer power flow with respect to various 

operating points of CSTC converters. The objective of algebraic model development is to set 

the reference values of active and reactive power flow of CSTC converters based on the 

desired operating points for transformer active and reactive power flow. The P-Q transformer 

operating range can also be obtained based on the proposed algebraic model. 

 Shunt-Shunt Connecting Configuration 2.4.1

The shunt-shunt configuration shown in Figure 2-9 can be utilized as an active back-up for 

the main transformer up to its rating.  The algebraic model of CSTC in shunt-shunt mode of 

operation is shown in Figure 2-10. This model can be used for load flow and transient 

stability analysis. According to Figure 2-10, Eq. (2.1) ~ Eq. (2.5) can be used to obtain three 

phase AC currents (Is, IT, I1, I2, Ir). With the three phase AC currents, active and reactive 

power flow of transformer and CSTC converters can be easily computed. 

Based on the operating points of CSTC converters, Eq. (2.6) ~ Eq. (2.9) are solved to 

calculate the magnitude and the angle of voltage sources (Vc1<θc1), (Vc2<θc2) at each iteration 

step. As a result, active and reactive power flow of transformer can be obtained by                    

Eq. (2.10), and Eq. (2.11) respectively for each CSTC operating point. 
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Figure 2-9. Test system to analyze the CSTC in shunt-shunt connecting configuration. 

 

 

 

 

Figure 2-10. Algebraic model of CSTC in shunt-shunt connecting configuration. 
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Figure 2-11 shows transformer active power flow with respect to CSTC active power flow 

when XT=0.1 pu, Xs=0.1 pu, and θs=5.74° based on the algebraic model of CSTC in shunt-

shunt mode of operation. As can be seen, when the reference value of CSTC active power 

flow increases from 0pu to 1pu, CSTC transformer active power flow is varied according to 

the receiving end impedance. For instance, transformer active power flow is decreased form 

0.46pu to -0.09pu (0.46pu-(-0.09pu) = 0.55pu) when Xr =0.02pu, but this variation is 0.75pu 

(0.25pu-(-0.5pu)=0.75pu) when Xr =0.2pu. As can be observed, transformer active power 

flow variations with respect to CSTC active power flow increase as Xr increases. Figure 2-12  

gives transformer reactive power flow as a function of converter1 reactive power flow.  As 

can be seen, transformer reactive power flow is reduced form 0pu to -0.45pu (0pu-(-0.45pu) 

= 0.45pu) when Xr =0.02pu, and this variation is 0.24pu (0pu-(-0.24pu) = 0.24pu) when Xr 

=0.2pu. As a result, transformer reactive power flow variations with respect to converter 1 
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reactive power flow decrease as Xr increases. Figure 2-13 also shows transformer reactive 

power flow versus converter 2 reactive power flow. As can be observed, transformer reactive 

power flow is varied from 0 to -0.09pu (0pu-(-0.09pu) = 0.09pu) when Xr =0.02pu, and this 

variation is 0.47pu (0pu-(-0.47pu) = 0.47pu) when Xr =0.2pu. Therefore, the higher value of 

Xr results in wider range of change in the transformer reactive power flow with respect to 

converter 2 reactive power.  

In order to validate the proposed algebraic model, the simulation study has been extended 

for different CSTC operating points. Figure 2-14-Figure 2-16 shows transformer active and 

reactive power flow versus CSTC power flow based on steady state values of simulation 

results. Comparison of Figure 2-14 and Figure 2-11 shows that the algebraic model is 

accurate enough to represent the behavior of transformer active power flow with respect to 

the CSTC active power flow. Figure 2-15, and Figure 2-16 show transformer reactive power 

flow with respect to converter 1, and 2 reactive power flow respectively for different 

operating points of CSTC converters based on the obtained simulation results. Comparison of 

simulation results (Figure 2-15, and Figure 2-16) and algebraic model results (Figure 2-12, 

and Figure 2-13) show that the behavior of transformer reactive power flow with respect to 

CSTC operating points can be appropriately represented by the algebraic model. Simulation 

results also show that the dynamic operation is satisfactory with appropriate response time. 

The P-Q transformer operating range is shown in Figure 2-17-Figure 2-19 for different 

values of Xr when the active and reactive power references for each converter is varied 

between -1pu to 1pu in steps of 0.05pu. As can be seen, transformer power flow variation is 

almost 0.55pu when Xr =0.02pu, and it is around 0.8pu when Xr =0.2pu. Therefore, it can be 
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concluded that the transformer operating region is dependent on power system parameters, 

and it increases as Xr increases. 

 

 

 

 

Figure 2-11. Transformer active power flow with respect to converter active power (Q1 =0(pu), Q2 =0 

(pu))- Algebraic model. 

 

 

 

 

Figure 2-12. Transformer reactive power flow with respect to converter 1 reactive power (Pref =0(pu), Q2 

=0 (pu))- Algebraic model. 
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Figure 2-13. Transformer reactive power flow with respect to converter 2 reactive power (Pref =0(pu), Q1 

=0 (pu))- Algebraic model. 

 

 

 

 

Figure 2-14. Transformer active power flow with respect to converter active power (Q1 =0(pu), Q2 =0 

(pu))- PSCAD results. 

 

 

 

 

Figure 2-15. Transformer reactive power flow with respect to converter 1 reactive power (Pref =0(pu), Q2 

=0 (pu))- PSCAD results. 
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Figure 2-16. Transformer reactive power flow with respect to converter 2 reactive power (Pref =0(pu), Q1 

=0 (pu))- PSCAD results. 

 

 

 

 

Figure 2-17. P-Q transformer operating range in shunt-shunt mode of operation (Xr=0.02 (pu)). 

 

 

 

 

Figure 2-18. P-Q transformer operating range in shunt-shunt mode of operation (Xr=0.1 (pu)). 
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Figure 2-19. P-Q transformer operating range in shunt-shunt mode of operation (Xr=0.2 (pu)). 

 

 

 

 Series-Shunt Connecting Configuration 2.4.2

Although the shunt-shunt option may be necessary for back-up operation, there are 

unsolved issues and constraints regarding the power flow control during the normal operation 

of the transformer. Series voltage injection is conventionally used for the power flow control 

[51]-[52]. When this compensator is equipped with an active power source, it can control the 

active and reactive power independently. An algebraic model of CSTC in series-shunt 

configuration is shown in Figure 2-20. The shunt converter by providing the reactive power 

to the receiving end bus maintains the voltage magnitude. Meanwhile, it can transfer the 

active power to the series converter to provide a different voltage and angle. Hence, this 

configuration can control the active and reactive power flow through the transformer while 

maintaining the bus voltage magnitude. The algebraic model of CSTC in series-shunt mode 

of operation is similar to that of UPFC. 
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Figure 2-20. Algebraic model of CSTC in series-shunt connecting configuration. 

 

 

 

According to Figure 2-20, Eq. (2.12) can be used to obtain the sending-end ac current (Is). 

With input ac current, the transformer ac current can be expressed by Eq. (2.13) (IT=Ir). The 

voltages across transformer can be easily obtained by Eq. (2.14)~(2.15). As a result, active 

and reactive power of transformer can be obtained by Eq. (2.16), and Eq. (2.17) respectively. 

In this mode of operation, the reference values of active and reactive power flow of CSTC 

converters (converter 2) is exactly equal to the reference values of transformer active and 

reactive power flow. So, supervisory control is not required to determine the reference values 

of transformer power flow.   

2 2
1 1

0

( )

s s c c r T r
s c c

s T r s T r

V V V X X
I I

j X X X X X X

q q
q

  
 

   
 (2.12) 

2 2
1 1 1

0

( )

s s c c r s
T r s c c c

s T r s T r

V V V X
I I I I I

j X X X X X X

q q
q

 
    

   
 

(2.13) 

1 1T T s s s sV V jX Iq q   (2.14) 

2 2 2 2 0T T c c r r rV V jX I Vq q     (2.15) 



  

28 

1 2
1 2sin( )T T

T T T

T

V V
P

X
q q   (2.16) 

2

1 1 2
1 2cos( )T T T

T T T

T T

V V V
Q

X X
q q    (2.17) 

The P-Q transformer operating range is shown in Figure 2-21-Figure 2-23 for different 

values of Xr when the magnitude of injected voltage (Vc2) is varied between 0 pu to 0.1 pu 

(XT=0.1 pu, Xs=0.1 pu, θs=5.74°). As can be seen, transformer power flow variation is almost 

0.45pu when Xr =0.02pu, and it is around 0.25pu when Xr =0.2pu. So, from the obtained 

results it can be concluded that the operating region of the transformer in the series-shunt 

mode of operation decreases as Xr increases whereas in shunt-shunt mode of operation, the 

transformer operating range increases as Xr increases. 

 

 

 

 

Figure 2-21. P-Q transformer operating range in series-shunt mode of operation (Xr=0.02 (pu)). 
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Figure 2-22. P-Q transformer operating range in series-shunt mode of operation (Xr=0.1 (pu)). 

 

 

 

 

Figure 2-23. P-Q transformer operating range in series-shunt mode of operation (Xr=0.2 (pu)). 

 

 

 

 Series-Series Connecting Configuration 2.4.3

The presence of the transformer makes it possible to connect two series converters 

across the transformer which is quite unique in the FACTS controllers. It is important to 

distinguish this approach from IPFC (Interline Power Flow Controller). This mode of 
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operation is called Dual Series Static Controller (DSSC). In order to maintain power balance 

in the DC side, the constraint shown in (2.18) must be considered. 

   
* *

1 2Re Rec T c TV I V I     (2.18) 

 

 

 

 

Figure 2-24. Algebraic model of CSTC in series-series connecting configuration. 

 

 

 

According to Figure 2-24, Eq. (2.19) can be used to obtain the transformer current (IT=Ir 

=Is). The voltages across transformer can be easily obtained by Eq. (2.20)~(2.21). As a 

result, active and reactive power of transformer can be obtained by Eq. (2.22), and Eq. (2.23) 

respectively. 
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The P-Q transformer operating range is shown in Figure 2-25~Figure 2-27 for different 

values of Xr when the magnitude of injected voltage (Vc1 ,Vc2) is varied between 0 pu to 0.1 

pu (XT=0.1 pu, Xs=0.1 pu, θs=5.74°). As can be seen, transformer power flow variation is 

almost 0.9pu when Xr =0.02pu, and it is around 0.5pu when Xr =0.2pu. So, from the obtained 

results it can be concluded that the active power operating region of the transformer in the 

series-series mode of operation is twice the transformer active power operating range in 

series-shunt mode of operation whereas the operating range of transformer reactive power 

flow is so limited. 

 

 

 

 

Figure 2-25. P-Q transformer operating range in series-series mode of operation (Xr=0.02 (pu)). 
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Figure 2-26. P-Q transformer operating range in series-series mode of operation (Xr=0.1 (pu)). 

 

 

 

 

Figure 2-27. P-Q transformer operating range in series-series mode of operation (Xr=0.2 (pu)). 

 

 

 

 Control Structure of CSTC in Three Different Connecting 2.5

Configurations 

 Shunt-Shunt Connecting Configuration 2.5.1

Figure 2-28 shows the control scheme of the CSTC in the shunt-shunt mode of operation. 
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The DC voltage controller is based on the energy concept of the DC link capacitor and the 

interface inductor, and the state for DC link voltage is defined as VDC
2
. To improve the 

dynamic performance while maintaining the low switching frequency, the power reference 

can be used as a feed-forward signal in the DC voltage control scheme. The current 

references are limited by the rated current of the switching devices. In this control structure, 

the algebraic model is used to find the operating points of CSTC converters based on the 

appropriate reference values of transformer power flow. The second converter will control 

active and reactive power flow at the desired transformer operating points based on the 

CSTC operating points computed by the algebraic model. Figure 2-29 also shows the AC 

current controller in detail. Grid angle detection structure based on voltage PLL is shown in 

Figure 2-29a [53], and current control block is illustrated in Figure 2-29b. 

 

 

 

 

Figure 2-28. Control structure of the CSTC in the shunt-shunt mode of operation. 
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(a) Grid angle detection and feed-forward voltage. 

 
(b) Current control block. 

Figure 2-29. AC Current Controller in shunt-shunt mode of operation. 

 

 

 

 Series-Shunt Connecting Configuration 2.5.2

The control structure of CSTC in series-shunt mode of operation is illustrated in              

Figure 2-30. In this mode of operation, one converter regulates dc bus voltage (rectifier side), 

and the other converter regulates power flow of transformer. The series converter is used to 

control active and reactive power flow through the transformer, and the shunt converter 

maintains the bus voltage magnitude to the desired value by injecting or absorbing reactive 

power. The control structure in this mode is similar to the one used in conventional UPFCs.  
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(a) DC voltage controller.  

 
(b) Power flow controller. 

Figure 2-30. Control structure of CSTC in series-shunt mode of operation. 

 

 

 

 Series-Series Connecting Configuration 2.5.3

The proposed control structure for series-series mode of operation is presented in               

Figure 2-31. A measurement of the absolute phase angle of line current is needed. Zero phase 

sequence components should be removed from these signals, and line currents should be 

filtered before the control system can utilize them. The first step is to convert the ac signals 

into constant quantities. A DQ transformation process on line currents is performed in 

stationary reference frame. Then, current angle is calculated as it can be observed from      

Figure 2-32. Voltage control block is also shown in Figure 2-33. 
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(a) DC voltage controller (Rectifier Side) 

 
(b) Power flow controller (Inverter Side) 

Figure 2-31. Control structure of CSTC in series-series mode of operation. 

 

 

 

 

Figure 2-32. Current angle extraction. 
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Figure 2-33. Voltage Control Block for series-series mode of operation. 

 

 

 

 Design procedure of controller gains 2.6

 PI Current Controller 2.6.1

The converter can be modeled as simple R–L load, with constant disturbance voltage. The 

disturbance can be rejected by feed-forward compensation as shown in Figure 2-34. In 

addition to this rejection of the disturbance voltage, by canceling the pole of the system, 

which comes from R, L with a zero of PI regulator, the transfer function of the closed-loop 

system can be set as that of the first-order low-pass filter. This kind of gain tuning method is 

referred to as the technical optimum [54]. Under this gain tuning method, the proportional 

and integral gain can be set as (2.24), and then the closed-loop transfer function of the current 

regulator is deduced like (2.25). 

;P c i cK L K R    (2.24) 
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Figure 2-34. PI current regulator. 

 

 

 

 Anti-Wind-up 2.6.2

All physical variables in the control system are bounded by physical limitations. If the 

converter voltage is saturated by the physical limitation, and if the output of the current 

controller is not bounded at that physical limitation, then the control system is out of control 

of the closed loop, where the regulator output has nothing to do with the input to the physical 

system under control. In this case the response to the command of the control system is 

oscillatory and is uncontrollable by the regulator. To prevent this situation, the output of the 

regulator can be simply bounded by a limiter. However, if the integrator terms are included 

in the output of the regulator, then the output of the integrator is not bounded by the limiter 

and it would be wound up above the limited value of the regulator though the output of the 

regulator is limited. This phenomenon is called “wind-up.” If the wind-up of the integrator of 
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the regulator occurs, then the input to the integrator, which is the regulation error, should 

have a sign opposite to that of the output of the integrator for a while to clear the wind-up. In 

this reason, the response would have a large overshoot or undershoot because of the 

integrator wind-up. In the worst case the control system may be unstable. The limitation of 

the integrator output, which is called an “anti-wind-up,” can be done as shown in                    

Figure 2-35. 

In Figure 2-35, Ka is usually set as 1/Kp. However, in general, such a setting gives a 

reasonable performance, but the anti-wind-up gain, Ka, can be tuned to get better 

performance in the range of 1/3~3 of Kp. Other methods such as turning-on or turning-off the 

integrator of the PI regulator according to the operating condition can be used [55]. Because 

the main reason to use the integrator in the regulator is to null the steady-state error, the 

integrator may be turned off whenever the error is large. If the error is small and the output of 

the regulator is within the physical bound, then the integrator may be turned on to reduce the 

steady-state error.  

 

 

 

 

Figure 2-35. Anti-wind-up controller. 
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 DC Link Voltage Controller  2.6.3

As seen from Figure 2-36, DC link voltage increases when the active power from the AC 

source is larger than the power consumed by the load and vice versa. Hence, DC link voltage 

can be regulated by adjusting active power to a DC link from an AC source. Hence, the d-

axis current reference can be composed of the sum of a feed-forward term, which 

corresponds to the estimated load power, and a term to regulate DC link voltage as (2.26). As 

a feedback controller to regulate DC link voltage, a PI controller can be used to prevent 

overshoot of DC link voltage even with the step change of DC link voltage reference.  

 

 

 

 
 

Figure 2-36. DC link voltage controller. 
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The differential equation to represent the DC link voltage can be represented as (2.27). 
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If the feed-forward compensation for load power is perfect, then DC link voltage can be 

described by (2.28).  

21
( ) 1.5 ( ( ) )
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dc dc m p dc i dcref dc
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dt
     (2.28) 

(2.28) is a nonlinear differential equation, and it can be linearized at an operating point 

using small signal analysis. A linearized differential equation at an operating point can be 

derived as (2.29). 
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From (2.29), a transfer function between reference DC link voltage and actual DC link 

voltage can be written as (2.30). 
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Where ωn stands for the natural undamped frequency and ϛ stands for a damping 

coefficient. The gains of a PI controller can be represented as (2.31). 

0

2

0

2 ;
1.5

1.5

dc dc
P n

m

n dc dc
i

m

C V
K

V

C V
K

V









 (2.31) 



  

42 

 Dynamic Performance Evaluation of MTC Based CSTC 2.7

 Shunt-Shunt Connecting Configuration 2.7.1

In this section, the dynamic performance of the CSTC in shunt-shunt mode of operation is 

presented. PSCAD/EMTDC based simulation has been carried out to verify the control 

structure performance. CSTC as a recovery transformer can operate similarly to BTB HVDC 

converters. The CSTC in shunt-shunt mode of operation is used for power flow control. One 

converter operates in PQ mode and the other one is responsible to compensate for the losses 

and ensures a stable operation of the DC bus voltage while it supports its reactive power 

demands. The CSTC system parameters are tabulated in Table 2-1. 

 

 

 

Table 2-1. CSTC System Parameters for PSCAD simulation 

 

 

 

 

 

 

 

 

DC bus voltage is shown in Figure 2-37. As can be seen, the capacitor voltage is zero 

initially. For initial charging, the bypass-resistor is inserted between the AC grid and the 

CSTC converter. This resistor was decided to reduce the initial charging current under the 

rated current of the CSTC converter. For start-up, all gating signals are initially off for 0s to 

Base Power S 9 MVA 

Line-to-line peak voltage E 4.5 kV 

Line frequency (grid) f 60 Hz 

Input voltage phase θs 5.74° 

sending-end Leakage inductance Ls 0.1 pu=0.298 (mH) 

Transformer inductance LT 0.1 pu=0.298 (mH) 

receiving-end Leakage inductance Lr 0.1 pu=0.298 (mH) 

DC link voltage VDC 9 kV 

DC link capacitance CDC 10 (mF) 

Switching frequency fsw 6 (kHz) 
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0.1s. From 0.1s, all controllers are starting to work and all gating signals are enabled to 

regulate dc bus voltage at 9 kV. 

The dynamic performance of bidirectional active power flow is also displayed in               

Figure 2-38.  The reference value of active power is increased from zero to the rated power at 

0.4s, and it is varied from 0 to -9 (MW) at 1.4s to show bidirectional active power flow 

through CSTC converter. As it can be observed from Figure 2-38, transformer and input 

active power flow also changes depending on the operating points of CSTC converters. 

Transformer active power flow can be regulated at the desired value by determining the 

appropriate operating points for CSTC converters. Algebraic model is used to compute the 

active and reactive power references of CSTC converters based on the desired transformer 

active and reactive power flow. Three phase ac current is shown in Figure 2-39. A zoomed 

portion of three phase ac current is also depicted in Figure 2-40.  

 

 

 

 

Figure 2-37. DC bus voltage in shunt-shunt mode of operation.  
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Figure 2-38. Dynamics of bidirectional active power flow in shunt-shunt mode of operation. 

 

 

 

 

Figure 2-39. Three phase ac current for bidirectional active power flow in shunt-shunt mode of operation. 

 

 

 

 

Figure 2-40. A zoomed portion of three phase ac current in shunt-shunt mode of operation. 
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Figure 2-41 shows dynamics of transformer and input reactive power flow when the 

reference value of reactive power for converter 1 has a ramp change from 0 to -9 (MVAR) at 

0.4s, and it is changed from 0 to 9 (MVAR) at 1.4s.  Figure 2-42 also shows dynamics of 

three phase ac current. 

The dynamic performance of transformer and input reactive power with respect to 

converter 2 reactive power is shown in Figure 2-43. Figure 2-44 also shows three phase ac 

current for this case scenario. 

 

 

 

 

Figure 2-41. Reactive power flow dynamics of converter 1 (Qref2=0) in shunt-shunt mode of operation. 

 

 

 

 

Figure 2-42. Dynamics of three phase ac current when converter 1 reactive power flow has a ramp change 

from 0 to rated power in shunt-shunt mode of operation. 
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Figure 2-43. Reactive power flow dynamics of converter 2 (Qref1=0) in shunt-shunt mode of operation. 

 

 

 

 

Figure 2-44. Dynamics of three phase ac current when converter 2 reactive power flow has a ramp change 

from 0 to rated power in shunt-shunt mode of operation. 

 

 

 

 Series-Shunt Connecting Configuration 2.7.2

In this section, the EMTDC simulation results of the MTC based CSTC system as the 

substation power flow controller in series-shunt mode of operation are presented. DC bus 
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voltage is shown in Figure 2-45. As can be seen, all controllers are enabled after 0.1s to 

regulate dc bus voltage at 9 kV. 

The dynamic performance of transformer active power flow is also displayed in                 

Figure 2-46.  The reference value of active power flow is increased from zero to -9 (MW) at 

0.4s, and it is varied from 0 to the rated power at 1.4s to show bidirectional active power 

flow through CSTC converter. Dynamics of input active power flow is also shown in             

Figure 2-47. Transformer active power flow is equal to input power flow, and it is regulated 

by converter 2 of CSTC converters which injects three-phase voltages in series. Three phase 

ac current is shown in Figure 2-48. A zoomed portion of three phase ac current is also 

depicted in Figure 2-49.  

Figure 2-50 shows dynamics of transformer and input reactive power flow when the 

reference value of reactive power for converter 1 has a ramp change from 0 to -9 (MVAR) at 

0.4s, and it is changed from 0 to 9 (MVAR) at 1.4s.  As can be seen, transformer reactive 

power is zero since the reference value of reactive power for converter 2 is equal to zero 

(Qref2=0). Figure 2-51 also shows dynamics of three phase ac current. 

Dynamics of transformer and input reactive power with respect to converter 2 reactive 

power is shown in Figure 2-52, and Figure 2-53 shows three phase ac current for this case 

scenario. In this case, the reference value of converter 2 reactive power is varied from 0 to 

the rated power. As it can be observed from Figure 2-52, transformer and input reactive 

power are equal to each other because Qref1=0. 
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Figure 2-45. DC bus voltage in series-shunt mode of operation.  

 

 

 

 

Figure 2-46. Dynamics of transformer active power flow in series-shunt mode of operation. 

 

 

 

 

Figure 2-47. Dynamics of input active power flow in series-shunt mode of operation. 
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Figure 2-48. Three phase ac current in series-shunt mode of operation. 

 

 

 

 

Figure 2-49. A zoomed portion of three phase ac current in series-shunt mode of operation. 

 

 

 

 

Figure 2-50. Reactive power flow dynamics of converter 1 when converter 1 reactive power flow has a 

ramp change from 0 to rated power (Qref2=0) in series-shunt mode of operation. 
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Figure 2-51. Dynamics of three phase ac current when converter 1 reactive power flow has a ramp change 

from 0 to rated power in series-shunt mode of operation. 

 

 

 

 

Figure 2-52. Reactive power flow dynamics when converter2 reactive power flow has a ramp change from 

0 to rated power (Qref1=0) in series-shunt mode of operation. 

 

 

 

 

Figure 2-53. Dynamics of three phase ac current when converter 2 reactive power flow has a ramp change 

from 0 to rated power in series-shunt mode of operation. 
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 Series-Series Connecting Configuration 2.7.3

In this section, PSCAD/EMTDC based simulation has been carried out to verify the 

control structure performance for CSTC in series-series mode of operation. DC bus voltage is 

shown in Figure 2-54. As can be observed, dc bus voltage is regulated at 9 kV. 

The dynamic performance of transformer active power flow is also displayed in                  

Figure 2-55.  The reference active power of CSTC converters is increased from zero to 5 

(MW) at 0.4s, and it is varied from 0 to -5 (MW) at 1.4s to show bidirectional active power 

flow through CSTC converter. As can be seen, input active power flow is constant, and 

transformer active power flow is varied according to the reference value of CSTC active 

power flow. Three phase ac current is also shown in Figure 2-56. Three-phase series injected 

voltage is shown in Figure 2-57, and a zoomed portion of that is also depicted in Figure 2-58. 

 

 

 

 

Figure 2-54. DC bus voltage in series-series mode of operation.  
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Figure 2-55. Dynamics of transformer active power flow in series-series mode of operation. 

 

 

 

 
Figure 2-56. Three phase ac current in series-series mode of operation. 

 

 

 

 

Figure 2-57. Three-phase series injected voltage in series-series mode of operation. 
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Figure 2-58. A zoomed portion of three-phase series injected voltage in series-series mode of operation. 

 

 

 

 Summary 2.8

The Convertible Static Transmission Controller (CSTC), as compared to existing FACTS 

solutions, provides the flexibility of full/partial utilization for the transmission grid assets. 

This flexibility effectively increases the system operating margins and could also provide 

back-up in case of power transformer failure scenarios. By providing real-time continuous 

power flow control, it could effectively increase transfer capacity of existing transmission 

systems. The MTC based CSTC concept provides a hardware based power flow controller 

and can also be used as an asset management tool for utilities and system operators.   

This section presents the steady-state and dynamic performance of the proposed MTC 

based CSTC for different operation modes and configurations. From the supervisory control 

point of view, a control algorithm is required to set the reference values of active and reactive 

power flow of CSTC converters based on the desired operating points for transformer active 

and reactive power flow. To achieve this goal, the algebraic model of CSTC in three different 
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connecting configurations is derived. Algebraic model of CSTC is used for steady state and 

transient stability analysis. Algebraic model will present the behavior of transformer power 

flow with respect to various operating points of CSTC converters. The objective of algebraic 

model development is to set the reference values of active and reactive power flow of CSTC 

converters based on the desired operating points for transformer active and reactive power 

flow. The shunt-shunt mode of operation is used for transformer life extension and 

transformer back-up if transmission transformer fails. The series-series and series-shunt 

mode of operation are used to limit fault current and control transformer power flow, but the 

P-Q transformer operating range is different in these two modes of operation. The P-Q 

transformer operating range can be obtained based on the proposed algebraic model. From 

the obtained results, it was concluded that the transformer operating region depends on power 

system parameters, and the operating region of the transformer in the series-shunt mode of 

operation decreases as the receiving end impedance (Xr) increases whereas in the shunt-shunt 

mode of operation, the transformer operating range increases as Xr increases. Also, the active 

power operating region of the transformer in the series-series mode of operation is twice the 

transformer operating range in series-shunt mode of operation whereas the operating range of 

transformer reactive power flow is limited in series-series mode of operation. This paper also 

proposes a control structure for three different modes of operation. Dynamic performance of 

the CSTC system is also investigated in PSCAD/EMTDC environment, and simulation 

results are presented to verify the controller performance in three different connecting 

configurations.  
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 ACTIVE MOBILE SUBSTATIONS Chapter 3.

 Background 3.1

The US transmission grid is not yet prepared to accommodate the desired renewable 

resources specially the wind generations. One hurdle that impedes the grid upgrade is the 

intermittency of these resources. Figure 3-1 is an example of intermittency of the wind 

capacity in the Midwest region showing that practically there is no generation capacity in the 

summer [56]. In fact, there is a common belief that commercially practiced renewable 

resources have less than 30% availability throughout the year. On the other hand, due to the 

economic grounds, the integrations are often seen in the distribution and sub-transmission 

grids with naturally lower impedance than that of the transmission networks. This fact with 

high penetration of renewables causes overloading conditions that necessitate either network 

upgrade (re-conductor) or curtailment in the generation while there is unutilized capacity in 

the transmission network, i.e. >138kV. Also, It has been reported that the average age of 

power transformers in US is now approaching 40 years; even though they are typically 

designed for 30 years. This result seems reasonable considering the transformer installations 

during the last 40 years [57]-[58]. Therefore, power flow controllers such as UPFC or BTB 

HVDC controllers become attractive albeit they are high cost solutions. 
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Figure 3-1. Average wind generation capacity/year in the US Midwest region. 

 

 

 

To address the declared situations, we propose a solution referred to as Active Mobile 

Substation (AMS) which functions as a 

 Recovery transformer for disaster management like the recent Japan earthquake, 

hurricanes etc. 

 Transmission transformer life extender; investment deferral. 

 Seasonal transmission controller for intermittent renewable resources. 

The framework to develop and utilize the AMS in the power system is depicted in         

Figure 3-2. In this system, the transformer sits in the core and we consider it as the control 

node. This control node is to be attached with peripheral sensor and communication 

networks. These networks are constructing the cyber domain. In the cyber domain, the 

control nodes are connected to the internet through communication links which further 

enable interoperation among transformers under supervisory control and data acquisition 
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(SCADA) like DNP3 and IEC 61850. As shown in the holistic diagram of Figure 3-2, there 

are several challenges to realize the integrated AMS including power electronic system 

design, weather condition prediction and monitoring, coordinated sensing and networking 

and grid-level impact assessment. In this section, we investigate the challenges regarding the 

power electronic system design and present solutions that are viable for development of the 

proposed AMS. 

 

 

 

 

Figure 3-2. Integrated design of the Active Mobile Substation (AMS). 
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 Power Electronic System Design 3.2

 Power Electronics Challenge 3.2.1

A power electronic system with “black-start” capability (grid with zero voltage) that 

mimics the conventional synchronous generator is the key enabling technology to realize the 

AMS. The technology has been studied comprehensively and more or less become mature for 

many applications such as motor drive. Nevertheless stringent AMS requirements raise major 

challenges. The AMS is a transmission-level mobile asset (>138kV); therefore, for instance, 

energy conversion efficiency is an absolute demand and it affects other required metrics such 

as weight, volume and dynamic performance. In addition, the AMS has limited value without 

fast response and full operation capabilities under disturbances, unlike other transmission-

level applications such as High Voltage Direct Current (HVDC) solutions that their main 

benefit lies under normal conditions. The barrier in engineering such a system is due to the 

lack of sufficiently high voltage (>138KV) semiconductor switches; the current state-of-the-

art technology at the R&D level is rated up to 15kV. The premise of this section is to 

investigate transmission-level power electronics circuits using advanced control, 

semiconductor switches and magnetic structures that can be used to develop the AMS.  

 System Topology Comparison 3.2.2

Different converter system topologies such as the Modular Transformer Converter (MTC) 

[59], the Modular Multilevel Converter (MMC) [60]-[63], the Solid State Transformer (SST) 

[64]-[66], the hybrid converter based on Cycloconverter [67], and the high frequency isolated 
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modular converter [68]-[69] can be considered for transmission-level active mobile 

substations. These topologies are compared with regard to several factors that are shown in 

Table 3-1. The results shown are based on an AMS which is designed to be 20 MVA and can 

be connected to 138-230kV/69KV transformers. Based on the comparison and with specific 

attention to isolation and grounding requirements, MTC and high frequency isolated modular 

converter approach have been selected as the preferred choices to develop the proposed 

AMS. It is clear that the proposed AMS requires two to four trailers to carry different 

components of the system. 

 

 

 

Table 3-1. Comparison of power electronics solutions for a 20MVA 138kV-245kV/69kV Active Mobile 

Substation; Target: 2-4 x Two-Axel Trailers, for Each: Volume: 2.6m*4.1m*18m and Weight: 25ton 

Options 

 

 

 

 

 

 

 

 

 

 

 

 

 

Index 

 

 
 

 

 

 
 

Modular 

Transformer 

Converter (MTC) 

Modular M-Level 

Converter 

(MMC) 

Solid-State 

Transformer 

(SST) 

Hybrid Converter based 

on Cycloconverter 

High Frequency isolated 

modular Converter   

Weight (ton) 90 77 64 45 50 

Volume (m3) 120 55 195 70 40 

Efficiency ~98% ~97% ~96% ~97% ~97% 

Isolation  X    

Var Support      

Technology 

       &  

Availability 

IGCT 

Available 

LV-IGBT 

Available 

HV 15kV SiC 

IGBT/MOSFET 

Not Commercial 

LV-IGBT and HV-

Thyristor 

Available 

LV-IGBT 

Available 

Fail-to-Short 

 Capability 
  X   

 

10MVA Standard Drive Converters HF XFO 

10 kHz
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 Modular Transformer Converter (MTC) as the Power Electronics 3.2.3

Building Block for the Proposed AMS 

The building block for power electronic system of the proposed active mobile substation, 

based MTC is a group of standard three phase drive converters shown in Table II. While AC 

sides of the converters can be coupled two or more high voltage phase-shifted transformers, 

as shown in Table II, they can be also coupled through a medium voltage Harmonic 

Neutralizing (HN) circuit with a third of rated power to obtain low voltage and current 

harmonic spectrums. An example of the HN circuit is presented in Figure 3-3. This approach 

allows further reduction in weight and volume of the AMS. 

As explained, active mobile substations can provide back-up in case of power transformer 

failure or forced reduced operation scenarios in addition to power flow control for seasonal 

renewable energy transmission. These functions altogether have been aggregated not only 

because of the technical merits but also to address the economic concerns regarding the cost 

of the power electronics for transmission applications. Therefore, series injection is also 

accommodated in one of the main transformer through the third winding shown in                  

Figure 3-3. 
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Figure 3-3. Configuration of the MTC based AMS for 20 MVA active mobile substation (230kV/69kV, 

13.8kV). 

 

 

 

 High Frequency Isolated Modular Converter as the Power 3.2.4

Electronics Building Block for the AMS 

The configuration of AMS based on high frequency isolated modular converter is shown 

in Figure 3-4. In the high frequency isolated modular converter, every power conversion 

module consists of two stages: AC/DC converter and High frequency link DC/DC converter 

as shown in Figure 3-5. As can be seen, the AC/DC and DC/DC converter consists of H-

bridge converter. The high frequency isolated modular converter has several advantages 

compared to the traditional Modular Multi-level Converters (MMC). In high frequency 

isolated modular converter, all power conversion modules in three phases are connected in 

series. This fact results in the lower voltage rating of each module for high power 

applications. In addition, lower switching power losses can be achieved by the interleaved 
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modulation strategies compared to MMC configuration. In fact, this converter topology 

modulated with a phase-shifted carriers PWM strategy, gives an effective switching 

frequency three times greater than the effective switching frequency obtained in MMC 

configuration since in the high frequency isolated modular converter, the modules in all three 

phases are connected in series. The isolation is also provided by the high frequency 

transformer in DC/DC converter.    

 

 

 

 

Figure 3-4. Two terminal high frequency isolated modular converter based AMS. 
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Figure 3-5. Power conversion module with high frequency link DC/DC converter. 

 

 

 

 Control Methods on Active Mobile Substations 3.3

 Control Structure of the MTC based AMS based on angle control 3.3.1

method 

All Voltage-Sourced Converters (VSC), the main building blocks of FACTS devices and 

the MTC, regardless of their topology, can be divided into the two types. One type is the 

vector-controlled or PWM-based inverter. The function of generating an arbitrary voltage 

vector is already known for this type of inverter, because the DC link voltage, which is 

regulated to a fixed value, can be chopped with the PWM pulses to any arbitrary voltage 

vector. However, this type of converter system may not be suitable or may be uneconomical 

for many transmission-level FACTS devices due to the output voltage quality and switching 

losses. Therefore, several multilevel topologies have been proposed to address these issues. 

The VSC can be also operated based on the output voltage angle control. So far, only reactive 

power compensation is demonstrated in practice, pioneered Westinghouse (currently 

Siemens) [70]. It has been shown that by a slight change of angle, the converter is able to 
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provide inductive/capacitive reactive power [71].  

In addition to common benefits, high efficiency is one of the key factors that enables the 

transportability of the MTC system. The key component of the AMS converters is 

semiconductor switch and better performance can be also obtained through hybrid 

semiconductor configuration (like Si switch and SiC diode), circuit topology and control 

considerations. From control point of view, three different control structures have been 

considered denoted as angle, vector, and hybrid control.  In the hybrid control, one side of the 

MTC operates with the angle control and the other side operates with the vector control 

structure. This mode of operation is especially beneficial for power flow control or series-

shunt mode. Based on the obtained results, it has been observed that the angle-controlled 

MTC and the hybrid-controlled MTC provides better efficiency numbers compared to the 

commonly-used vector-controlled BTB VSC systems. It is important to mention that with the 

vector-controlled MTC system, the efficiency is expected to be lower than that of been 

shown considering the additional losses occurs in the harmonic filters. 

A simplified advanced angle control structure is shown in Figure 3-6. The objective is to 

regulate the active and reactive power of the converter through the converter output voltage 

angle; it represents a single input two output system which has unique constraints. Clearly, 

one actuator cannot be used to regulate two outputs to arbitrary set-point values. 

Nevertheless, a one-dimensional class of set-point values is feasible as shown in [11]. The 

obtained results in [11] showed the possibility of enhancement in operation of angle-

controlled VSC to accommodate also the active power transfer. Design limitations and 

tradeoffs imposed by the plant and controller for such a system have been explained through 



  

65 

the concept of “direction”. It has been shown that although the intention might be to have the 

controller completely or perfectly aligned with the converter dynamics, this level of 

alignment can make the converter system unstable. In fact, it has been shown that if the plant 

and controller are perfectly aligned at all frequencies, the input open loop transfer function 

must necessarily possess at least one NMP (Non-Minimum-Phase) zero, which imposes some 

limitations on the sensitivity functions of the closed-loop system. Since a VSC with basic 

component design criteria has the properties of a plant whose direction does not change 

significantly with frequency, the perfectly aligned condition has been rejected in this 

research. On the other hand, any VSC system has major disturbances of DC load power. 

These DC load disturbances can be considered to constitute another converter forming a 

back-to-back system. It has been shown that if the plant is aligned with the output 

disturbance by considering an integral controller, that effect of the disturbance to the output 

can be rejected in steady state. This point is worth mentioning, since it can provide additional 

criteria for designing the power converter. The selected design criterion has been 

implemented by making the plant (VSC) aligned with the disturbance (load) at low frequency 

or within the bandwidth of the converter.  

CSTC as a recovery transformer can operate similarly to BTB HVDC converters and an 

example of PSCAD simulation results for an angle-controlled 24-pulse system is presented in 

Figure 3-7. The CSTC in shunt-shunt mode is used for power flow control. One converter 

operates in PQ mode and the other one is responsible to compensate for the losses and 

ensures a stable operation of the DC bus voltage while it supports its reactive power 

demands. In vector-controlled VSC systems, reactive power is regulated independent of 
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active power and in angle-controlled CSTC system, this interaction is minimalized through 

proper design of the controller and physical components. The dynamic performance of the 

CSTC in series-shunt mode used as seasonal renewable energy transmission controller is 

shown in Figure 3-8. In this mode of operation, the hybrid control scheme is used. The series 

converter is used to control active and reactive power flow through the transformer, and the 

shunt converter maintains the bus voltage magnitude to the desired value by injecting or 

absorbing reactive power through angle control structure. As expected, the power flow 

control of series-shunt mode is obtained by a farcationally rated static solution; 10% rating 

for this study is enough to double the power flow of the node. 

 

 

 

 

Figure 3-6. Advanced angle control structure for the MTC based AMS system. 
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Figure 3-7. PSCAD simulation results for 20MVA CSTC operation in shunt-shunt mode; angle-

controlled. 

 

 

 

 

Figure 3-8. PSCAD simulation results for 20MVA CSTC operation in series-shunt mode; hybrid-

controlled. 
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 Control Scheme of High Frequency Isolated Modular Converter 3.3.2

based AMS 

In this section, the control scheme of high frequency isolated modular converter is 

presented. In high frequency isolated modular converter, each power conversion building 

block consists of AC/DC converter and high frequency DC/DC converter as shown in        

Figure 3-5. In this configuration, several floating DC capacitors in all three phases are 

connected in series. So, the voltage balancing algorithm is required to match the DC 

capacitor voltages in all power electronic building blocks. The voltage balancing algorithm is 

implemented in AC/DC sub-module. 

The control scheme for AC/DC sub-module has four voltage control functions. First, 

power flow controller determines the reference value of DC bus voltage at each terminal. 

Second, the control scheme has to control the terminal DC bus voltage. Third, the sum of DC 

capacitor voltages in each phase should be balanced with the sum of floating DC capacitor 

voltages in other phases. The phase voltage balancing controller is proposed to achieve this 

goal. Fourth, the module voltage balancing controller should be used to guarantee that the 

capacitor voltage of each module in each phase is similar to the capacitor voltage of other 

modules in that phase. The detailed control scheme of each layer is shown in Figure 3-9. 

With the proposed control scheme, capacitor voltage balancing control in all power 

conversion building blocks is achieved. In the following, each part of the proposed controller 

will be explained in detail. 
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Figure 3-9. Detailed proposed control scheme of high frequency isolated modular converter. 
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A. Power Flow Controller 

Power flow controller determines the reference value of DC bus voltage of each terminal. 

The transferred power can be controlled by DC current, Idc. To control DC current, power 

flow controller decides two terminal DC bus voltages. For power flow control, DC overhead 

line can be simply modeled with inductor and resistor as shown in Figure 3-10. 

 

 

 

 

Figure 3-10. Two-terminal transmission system with DC overhead line. 

 

 

 

The DC bus voltage at the sending-end terminal can be defined as (3.1), and the DC bus 

voltage at the receiving-end terminal can be written as (3.2). Therefore, the transferred power 

is defined as the average power of the sending-end and the receiving-end power as (3.3). 

1 0.5dcT dcaveV V V    (3.1) 

2 0.5dcT dcaveV V V    (3.2) 

1 2

2

dcT dcT
dcave dc dc

V V
P V I I


   (3.3) 
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The DC current can be determined with the DC grid resistance and the voltage difference 

between two terminals as (3.4). So, the transferred power can be rewritten with the DC grid 

resistance and the voltage difference between two terminals as (3.5).  

dc

dc

V
I

R


  (3.4) 

1 2

2

dcT dcT
dcave

dc dc

V VV V
P V

R R

 
   (3.5) 

Considering the fact that the average value of terminal DC bus voltages is varying slowly, 

the transferred power can be determined by the DC current. As a result, power flow 

controller should control the DC current, Idc by adjusting the voltage difference between two 

terminals. Power flow controller can be implemented as shown in Figure 3-9(a). 

According to the reference value of active power, the reference value of DC current can be 

determined. To improve the dynamic performance of power flow controller, the voltage 

difference can be used as a feed-forward signal. This feed-forward value can be simply 

calculated with the overhead line resistance. The output of the controller is the voltage 

difference between two terminals. This voltage difference can be divided by two and added 

to the reference value of terminal DC bus voltage. Power flow controller generates the 

reference values of DC bus voltage for both terminals. 

B. Terminal DC bus voltage Controller 

In the back to back high frequency isolated modular converter, one terminal should control 

terminal DC bus voltage, and the other terminal will control active and reactive power flow. 

DC bus voltage controller generates the dq-axis current references in the synchronous 
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reference frame. The q-axis current reference can be calculated based on the reference value 

of reactive power. Figure 3-9(b) shows terminal DC bus voltage controller with the AC 

current controller in detail to generate the initial modulating waveforms.  

C. Phase voltage balancing controller 

If each phase has n power conversion modules, the sum of n capacitor voltages of A-phase 

should be balanced with the sum of n capacitor voltages of phase-B and phase-C. The phase 

voltage balancing can be achieved by controlling the common-mode voltage. Each phase 

power can be calculated by multiplication of phase voltage and phase current as (3.6). Based 

on (3.6), the phase power can be written as (3.7)-(3.9). 
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If the common-mode voltage is added into all three voltage references, the phase power 

varies by the common-mode voltage. When the common-mode voltage is considered as 

(3.10), the phase power can be expressed as (3.11)-(3.13). 

cos( )pb cmV V t    (3.10) 
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Each phase power has an average value as a DC term and an oscillating term as a second 

order harmonic component. The average value of each phase power can be written as (3.14)-

(3.16). 

' 1 1
cos( ) cos( )

2 2
aavg m m i cm m iP V I V Iq  q    (3.14) 

' 1 1 2
cos( ) cos( )

2 2 3
bavg m m i cm m iP V I V I


q  q     (3.15) 

' 1 1 2
cos( ) cos( )

2 2 3
cavg m m i cm m iP V I V I


q  q     (3.16) 

The average value of each phase power can be controlled by adjusting the magnitude of 

the common-mode voltage Vcm and the phase φ. The frequency of this common-mode 

voltage is the fundamental frequency. The average value of each phase power with the 

common-mode voltage can be written in the stationary dq reference frame as (3.17). 
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 (3.17) 

Meanwhile, the phase DC voltage unbalance can be analyzed with the energy balance 

criteria among the capacitors of the three phases. The energy balance in the capacitors of the 

three phases can be written in terms of phase DC voltage variations as (3.18). This three-

phase energy can be expressed in the stationary dq reference frame as (3.19). This dq-axis 
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energy variation can be compensated with the common-mode voltage. To balance the phase 

energy variation, the phase energy variation should be controlled at zero. The average phase 

voltage should be calculated. Figure 3-9(c) shows how to obtain the average phase voltage 

and how to balance these average phase voltages. The dq-axis phase voltage variation is 

multiplied with the effective capacitor of each phase and the average value of the three-phase 

voltages. These calculated values can be known as the dq-axis energy variation. These 

energy variations are fed to the PI-controller. The outputs of the PI-controller should be the 

added power reference to compensate the energy variation as (3.20). Using (3.17), the dq-

axis power references are transformed to the stationary common-mode voltage as (3.21).  
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In the high frequency isolated modular converter configuration, the capacitor voltage of 

each AC/DC and DC/DC converter consists of a DC term and DC voltage ripple. The DC 

voltage ripple of each capacitor can be written as (3.22).  From (3.22) it is obvious that the 

voltage variation of each capacitor voltage can be reduced as the capacitor value is increased. 
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In the phase voltage balancing controller, notch filter is also used to remove the 120 Hz DC 

voltage ripple in the control scheme. 

04

rms rms
p p

dcm

V I
V

fCV
   (3.22) 

D. Module voltage balancing controller 

Figure 3-9(d) shows module voltage balancing controller. Even though the phase voltage 

balancing can be achieved by injecting the common-mode voltage into the phase voltage 

references, the module voltage balancing can be accomplished by dividing the phase voltage 

references into the module voltage references [72]-[73]. The phase voltage reference is 

divided into all module AC/DC converter voltage references. According to the voltage 

variation among the AC/DC converter capacitor voltages, the voltage portion in each AC/DC 

converter can be adjusted.  

Having the modulation waveforms for all AC/DC converter modules, phase-shifted PWM 

modulation strategy is used to generate the final switching signals. The carrier signals are 

triangular and phase-shifted by 
2

N


 where N is the total number of modules in each phase. 

The switching signals are determined by comparing the modulating waveforms and the 

carrier signals. The effective switching frequency obtained in high frequency isolated 

modular converter with the interleaved modulation can be computed by (3.23). 

( ) 3 ( )sw swf effective N f actual    (3.23) 
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E. Control scheme of DC/DC sub-module 

The control scheme of DC/DC converter in each module is similar to the control structue 

used for dual active bridges [74]-[75]. Figure 3-9(e) shows the control schme of DC/DC 

converter sub-module. As can be seen, notch filter is used in the control scheme to remove 

120 Hz oscillation of the measured value of DC/DC converter capacitor voltage.  

 Dynamic Performance Evaluation of the high frequency isolated 3.4

modular converter through PSCAD Simulation 

In this section, the dynamic performance of a 12MVA high frequency isolated modular 

converter for AMS application is evaluated. To verify the performance of the proposed 

control scheme, PSCAD/EMTDC based simulation has been carried out based on the 

configuration shown in Figure 3-4, and the system parameters are summarized in Table 3-2. 

First, the dynamic performance of active power flow, terminal DC bus voltage, and terminal 

AC current is shown in Figure 3-11. As can be observed from Figure 3-11, the reference 

value of active power is increased from zero to the rated power at t=0.5s, and it is varied 

from 0 to -12 (MW) at t=1.5s to show bidirectional active power flow. As can be seen, the 

main transformer power flow is changed from 3.6 (MW) to -3.7 (MW) at t=0.5s, and it also 

changes from 3.6 (MW) to 12.1 (MW) at t=1.5s. Three-phase AC current for both terminals 

and transformer is also shown in Figure 3-11. As can be observed, three-phase AC current 

changes according to the reference value of active power flow. Terminal dc bus voltage 

regulated at 12 kV is also presented in Figure 3-11. Figure 3-12, and Figure 3-13 show 

module DC capacitor voltages for terminal 1 and 2, respectively. As can be seen, all DC 
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capacitor voltages are regulated at 1 kV, and they are all equal to each other. It can be 

concluded that the phase and module voltage balancing controller can satisfactorily balance 

all DC capacitor voltages. From the obtained simulation results, it can be noted that the peak 

to peak DC voltage ripple is around 250 (V) which is closely matched with the result 

obtained by (3.22). Module DC capacitor voltages for terminal 1 and 2 without using the 

proposed phase voltage balancing controller are shown in Figure 3-14, and Figure 3-15 

respectively. As can be seen, balancing control of DC capacitor voltages in both terminals is 

lost without using the phase voltage balancing controller. 

 

 

 

Table 3-2. High frequency isolated modular converter system parameters 

 

 

 

 

 

 

 

Terminal rated power P 12 MVA 

Terminal AC input voltage (phase peak) E 3.2 kV 

Terminal voltage reference Vdc 12 kV 

Sending-end Leakage inductance Ls 0.1 pu=0.374 (mH) 

Transformer inductance LT 0.1 pu=0.374 (mH) 

receiving-end Leakage inductance Lr 0.1 pu=0.374 (mH) 

Module number (per terminal) N 12 

AC/DC capacitor voltage V (AC/DC) 1 kV 

DC/DC capacitor voltage V (DC/DC) 1  kV 

Capacitor value C  10 mF 

AC/DC PWM switching frequency fsw (AC/DC) 540 Hz 

Isolated DC/DC PWM switching frequency fsw (DC/DC) 20 kHz 
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Figure 3-11. PSCAD simulation results for 12MVA high frequency isolated modular converter operation. 

 

 

 

 

Figure 3-12. Terminal 1 capacitor voltages with phase voltage balancing controller. 
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Figure 3-13. Terminal 2 capacitor voltages with phase voltage balancing controller. 

 

 

 

 

Figure 3-14. Terminal 1 capacitor voltages without phase voltage balancing controller. 
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Figure 3-15. Terminal 2 capacitor voltages without phase voltage balancing controller. 

 

 

 

 Summary 3.5

With advances in power electronics circuits and control, conventional uncontrolled mobile 

substations can be transformed into controllable assets. This section proposed two interesting 

configurations that may result in advent of transmission-level active mobile substations. 

Active mobile substations provide back-up in case of power transformer failure or forced 

reduced scenarios by providing real-time continuous power flow control under normal and 

fault conditions. In addition to common benefits of current mobile substations, the proposed 

active mobile substation can be utilized as a transportable power flow controller for seasonal 

renewable energy sources and as a life extender for power transformer fleet. In this section, 



  

81 

design considerations in development of the AMS is provided in terms of power electronics 

building blocks, converter system control and its effects, and required supervisory control. 

A high frequency isolated modular converter is also proposed as an interesting candidate 

for AMS. In this configuration, several bidirectional modules are connected in cascade, so 

the voltage balancing control of several floating dc capacitors is required. In this section, an 

appropriate control structure with the phase voltage balancing controller, and the module 

voltage balancing controller is proposed to achieve voltage balancing control of multiple 

floating dc capacitors. Detailed PSCAD simulation results are also presented to evaluate the 

performance of AMS under normal operating conditions. 
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 EMBEDDED MULTI-TERMINAL DC Chapter 4.

NETWORK IN MESHED AC POWER SYSTEM 

 Introduction 4.1

 

Currently, there is common consensus that the power grid needs to be upgraded and 

modernized to accommodate more renewable sources of generation. One hurdle that impedes 

the grid upgrade is the intermittency of these resources. In fact, there is a common belief that 

commercially practiced renewable resources have less than 30% availability throughout the 

year. This fact with high penetration of renewables causes overloading conditions that 

necessitate either network upgrade (re-conductor) or curtailment in the generation while there 

is unutilized capacity in the transmission network, i.e. >138kV. Therefore, power flow 

control or as recently termed power router solutions have been gaining more attractions. 

From the conventional Unified Power Flow Controller (UPFC) for AC systems to advanced 

multi-terminal High Voltage Direct Current (HVDC) systems [76]-[77], researchers have 

proposed several power electronic solutions in this field to improve and increase reliability, 

efficiency, cost-benefit factors, functions and many more. The multi-terminal DC grid is a 

flexible solution with right-of-way factor advantages and it can be integrated to the existing 

meshed AC grid system to enhance power transmission capability, and it has economic 

benefits especially in congested areas compared to adding AC grid system to increase power 

transmission capacity [78]-[79]. 

Development of steady state models of distributed resource units and voltage source 

converters is extremely important to determine the required ratings of DC components in 
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large power networks [80]-[81]. The objective of this section is to propose an appropriate 

model of embedded multi-terminal DC grid in meshed AC power systems to represent the 

behavior of AC power flow with respect to DC grid operating points. Generally, two 

different types of models are used to represent the performance of DC grid for power system 

analysis. These are algebraic models and linear differential equation models. The algebraic 

models are used for steady state analysis, and linear differential equation models are used for 

time domain simulation. In this section, the algebraic model of hybrid AC/DC grid is 

proposed. The proposed algebraic model is a combination of current sources and logic 

statements that direct iterative processes and enforce limits. The behavior of AC grid power 

flow with respect to multi-terminal DC grid operating points can be easily obtained by this 

model, and the appropriate reference values of DC grid converters based on the desired AC 

grid power flow can be easily computed using the proposed model. The proposed algebraic 

model is significantly important in defining the required ratings for DC grid. 

Control strategies for the operation of multi-terminal DC grid in meshed AC power 

systems can be mainly categorized into two major groups, namely, master/slave control 

method and droop control method. In master/slave control method, DC bus voltage is 

controlled by one terminal, and the other terminals will control active and reactive power 

flow [82]-[84]. In this control algorithm, disconnection of master terminal will result in the 

outage of the entire DC grid. In droop control method, all terminals participate in DC bus 

voltage control. Droop control method is more reliable compared to master/slave control 

method since in this method, when fault happens in one terminal, the other terminals will try 

to regulate DC bus voltage, and the operation of the entire DC grid does not depend on one 



  

84 

terminal [85]-[88]. In this section, the control structure of DC grid converters in meshed AC 

power system is proposed based on the modified droop control structure. In the proposed 

control structure, dead-band controller is also used to improve the performance of multi-

terminal DC grid. Dynamic performance of multi-terminal DC grid in a reduced order three-

bus AC equivalent NYPA power system based on the proposed control method is also 

explored in PSCAD/EMTDC and Real time Digital Simulator (RTDS). PSCAD and RTDS 

simulation results are presented to verify the proposed algebraic model based on steady state 

results. 

In the following, this paper is organized as follows. In section II, the algebraic model of 

embedded DC grid in meshed AC power system is presented. Section III explains the control 

structure based on droop control structure with dead-band controller for multi-terminal dc 

grid. In section IV, an embedded three-terminal DC grid in a three-bus meshed AC power 

system is formulated. The accuracy of the proposed algebraic model and control structure is 

investigated in section V based on the PSCAD and RTDS simulation, and the steady state 

results from algebraic model are compared with the obtained simulation results. Finally, 

Section VI presents the concluding remarks. 

 Algebraic Model of Embedded Multi-Terminal DC Network in 4.2

Meshed AC Power System 

In this section, the algebraic model of embedded multi-terminal DC grid in meshed AC 

power systems is derived. Algebraic model of multi-terminal DC grid is used for steady state 

and transient stability analysis. Algebraic model will present the behavior of AC transmission 
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line power flow with respect to various operating points of DC grid converters. The objective 

of algebraic model development is to set the reference values of active and reactive power 

flow of DC grid converters based on the desired operating points for AC grid transmission 

lines.  

The embedded multi-terminal DC grid in meshed AC power system for n-bus system is 

shown in Figure 4-1. For power flow analysis, an appropriate analytical model of multi-

terminal DC grid is required to formulate the network equations. To achieve this goal, 

independent current sources are used to model multi-terminal DC grid converters as shown in 

Figure 4-2. Therefore, AC and DC power flow can be combined, and the node voltage 

equation for n-bus power system can be expressed as (4.1). (4.1) can be solved to find n bus 

voltages based on (4.2). Having all n bus voltages, the active and reactive power flow of DC 

grid converter in bus i can be computed by (4.3). 

 

 

 

 

Figure 4-1. Embedded multi-terminal DC grid in n-bus meshed AC power system. 
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Figure 4-2. Proposed model of a DC grid terminal in AC system. 
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   
* *

Re ; Imi i ci i i ciP al V I Q ag V I   (4.3) 

Based on the operating points of DC grid terminals, the set of nonlinear equations for 

active and reactive power flow of each terminal (obtained by (4.3)) is solved to calculate the 

magnitude and the angle of  each current source (Ici<θci) shown in Figure 4-2. Consequently, 

(4.2) is used to find the magnitude and the angle of different bus voltages (Vi<θi). By 

calculating voltage vectors (Vi<θi) for all n nodes, active and reactive power flow of AC 

system nodes and transmission lines can be obtained accordingly. It should be mentioned that 
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(4.4) should be satisfied to maintain the power balance in multi-terminal DC grid. 

1 2 ... ( )conv conv convn lossP P P P dc      (4.4) 

 Control Structure of Multi-terminal DC Grid  4.3

A. Master/Slave Control Method 

In this section, the control structure of MTDC grid based on master/slave control method 

is explored. In this method, one converter as a master converter is considered for DC bus 

voltage control, and it is used for balancing the active power in the DC grid. The control 

structure for master converter is shown in Figure 4-3. The master converter is controlled to 

regulate DC bus voltage at the desired value. The control structure for slave terminals is 

shown in Figure 4-4. As can be seen, the slave terminals are switched to control active and 

reactive power flow. Figure 4-5 shows the overview of the AC current controller. The grid 

angle is detected with PLL, and the feed-forward voltages are calculated based on the 

measured input three-phase voltages. The output of AC current controller is the produced 

reference voltage for each converter. 

 

 

 

 

Figure 4-3. DC bus voltage control structure (master terminal). 
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Figure 4-4. Power flow control structure (slave terminal). 

 

 

 

 

Figure 4-5. Current Control Structure. 

 

 

 

B. Droop Control Method with dead-band controller  

In the master/slave control structure, if master converter fails, the operation of all other 

DC terminals is disturbed, and most probably the operation of the entire DC grid is lost. To 

solve this problem, the control structure based on “droop control” method can be used. In the 

droop control structure, all terminals contribute to regulate DC grid voltage and power flow. 

In this control method, the operation of multi-terminal DC grid does not depend on a single 

terminal, and fault in one terminal will not result in loss of the entire DC grid. In the droop 

control structure, all terminals regulate power flow and DC grid voltage, but these two tasks 

are opposing, and DC grid voltage control results in steady state error in active power flow 
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control, and vice versa. In this section, as a modification to the droop-based controllers, an 

addition of dead-band controller is proposed in DC voltage controller loop. Accordingly, the 

DC voltage controller is off when DC voltage error is within dead zone. The dead-band 

controller is used to reduce steady state error of power flow control. The terminal active 

power flow is exactly regulated at the power reference without any steady state error if DC 

voltage controller is disabled by the dead-band controller. The control configuration based on 

the droop control method with dead-band controller is shown in Figure 4-6. DC voltage 

versus power characteristics in droop controller is shown in Figure 4-7.  

 

 

 

 

Figure 4-6. Block diagram of control structure based on droop control method with dead-band controller. 

 

 

 

 

Figure 4-7. DC voltage versus power characteristics in DC voltage droop controller. 
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 Example of an Embedded Three-Terminal DC System in a Three-bus 4.4

Meshed AC System 

To show the procedure in detail, the New York Power Authority (NYPA) power system is 

considered as a case study to be able to solve the equations numerically. The multi-terminal 

DC grid configuration in a reduced order three-bus NYPA power system is shown in              

Figure 4-8, and the algebraic model is also illustrated in Figure 4-9.  According to Figure 4-9, 

(4.5) is written to find the magnitude and the angle of three bus voltages.  

 

 

 

Table 4-1. NYPA power system parameters 

 

 

 

 

 

 

 

 

 

 

Marcy Leakage inductance Xs1 0.0077 pu 

New Scotland Leakage inductance Xs2 0.01 pu 

Coopers Corner Leakage inductance Xs3 0.0183 pu 

Marcy- New Scotland Line inductance XL12 0.0178 pu 

Marcy- Coopers Corner Line inductance XL13 0.0421 pu 

New Scotland- Coopers Corner Line inductance XL23 0.0609 pu 

Marcy- New Scotland Line admittance Yc1 0.788 pu 

Marcy-  Coopers Corner Line admittance Yc3 1.173 pu 

Marcy phase angle θs1 0° 

New Scotland phase angle θs2 -8.2° 

Coopers Corner phase angle θs3 -14.6° 

Marcy- New Scotland DC cable resistance R12 0.0009 pu 

Marcy- Coopers Corner  DC cable resistance R13 0.0014 pu 

New Scotland- Coopers Corner  DC cable resistance R23 0.0014 pu 

Base Voltage E 345 kV 

Base Power P 100 MVA 
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`  

Figure 4-8. Embedded Multi-terminal DC grid model in a three-bus meshed AC power system. 

 

 

 

 

Figure 4-9. Algebraic model of embedded multi-terminal DC grid in a three- bus meshed ac power 

system. 
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(4.5) 

The New York Power Authority (NYPA) operates much of the New York State EHV 

transmission system. It is divided into 5 major interfaces with low cost hydro generation 

located in the northern and western parts of the NY State whereas major loads and high cost 

generation are placed in the south, in and around New York City. The Total East and 

particularly Central East interface, made of seven transmission lines ranging in voltage from 

115 kV to 345 kV [89]. The NYPA power system parameters are tabulated in Table 4-1. 

[90]-[91] is also used to find dc cable resistance value for each dc transmission line.  

(4.6) can also be expressed by substituting NYPA power system parameters into (4.5). 
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(4.6) 

(4.6) is solved, and the solution for three AC bus voltages can be written as (4.7)~(4.9).  
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(4.9) 

With the three phase AC bus voltages, active and reactive power flow of DC grid 

converters can be easily represented by (4.10)~(4.15). 
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Based on the operating points of DC grid converters, (4.10)~ (4.15) are solved to calculate 

the magnitude and the angle of current sources (Ic1<θc1), (Ic2<θc2), and (Ic3<θc3) at each 

iteration step. As a result, active and reactive power of different transmission lines can be 

obtained accordingly. For instance, the reference value of active and reactive power flow for 

each converter of DC grid is varied between -1 pu to 1 pu in steps of 0.01 pu. At each step, 

six nonlinear equations ((4.10)~(4.15)) are solved to find six variables namely 

(Ic1,θc1,Ic2,θc2,Ic3,θc3), and power flow at different points of meshed AC power system can be 

calculated based on the computed variables. Therefore, the relationship of AC power flow 

with respect to operating points of multi-terminal DC grid can be easily obtained. From table 

IV, it can be noted that DC cable resistances for three DC transmission lines designed for 

NYPA power system are negligible, and total power losses in each dc transmission line is 

less than 0.0004%. So, total power losses in multi-terminal DC grid can be ignored, and the 

constraint Pcon1+Pcon2+Pcon3=0 is accurate enough in order to maintain the power balance in 

the DC side. 

 

 Model Accuracy and Control Performance Investigations 4.5

4.5.1 PSCAD Simulation 

The dynamic performance of multi-terminal DC grid in meshed AC power system is also 

investigated. PSCAD/EMTDC based simulation results are presented to verify droop control 

method with dead-band controller and algebraic model. Dynamics of active power flow in 

DC grid converters is displayed in Figure 4-10.  The reference value of active power flow for 
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converter 1 and 2 is increased from zero to 0.5 pu at t=0.4s, and it is varied from 0 to -0.5 pu 

at t=1.4s. The reference value of converter 3 active power flow also changes from 0 to -1 pu 

at t=0.4s, and it is changed from zero to 1 pu at t=1.4s.  Figure 4-11 also shows active power 

flow in three AC grid buses. As can be observed, AC grid power flow changes with respect 

to DC grid converter operating points.  

Terminal DC bus voltages for all three terminals are shown in Figure 4-12. For start-up, all 

gating signals are initially off from t=0s to t=0.1s. The dead-band region in DC voltage 

controller is between 0.95 pu-1.1 pu. So, DC voltage controller is off when DC bus voltage is 

within the limit. Once DC bus voltage hits the lower or upper limit, DC voltage controller is 

enabled. Three phase AC current for three AC buses is shown in Figure 4-13.                          

Figure 4-14 also depicts DC grid line current and DC grid terminal current. As can be 

observed from Figure 4-14, DC current variation in three terminals is directly proportional to 

the reference active power flow of DC grid converters.   

 

 

 

 

Figure 4-10. Dynamics of active power flow in three converters of DC grid- PSCAD result. 
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Figure 4-11. Dynamics of active power flow in three AC grid nodes- PSCAD result. 

 

 

 

 

Figure 4-12. Terminal DC bus voltages- PSCAD result. 
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Figure 4-13. Three-phase AC current at three AC grid nodes- PSCAD result. 

 

 

 

 

Figure 4-14. DC grid line current and terminal current- PSCAD result. 
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4.5.2 RTDS Simulation 
 

This section presents and evaluates the dynamic performance of embedded multi-terminal 

DC grid in meshed AC power system through RTDS simulation. The proposed controller has 

been implemented in RTDS and compiled on GPC processor cards with controller sampling 

time of 50 µs and the system parameters are same as the parameters used in PSCAD 

simulation. 

The dynamic performance of active power flow in DC grid converters is displayed in   

Figure 4-15.  The reference value of active power flow for converter 1 and 2 is increased 

from zero to 0.5 pu at t=26s, and it is varied from 0 to -0.5 pu at t=36s. The reference value 

of converter 3 active power flow also changes from 0 to -1 pu at t=26s, and it is changed 

from zero to 1 pu at t=26s.  Figure 4-16 also shows active power flow in three AC grid buses. 

As can be observed, AC grid power flow changes with respect to DC grid converter 

operating points.  

Terminal DC bus voltages are shown in Figure 4-17. The dead-band region in DC voltage 

controller is between 0.95 pu-1.1 pu. So, DC voltage controller is off when DC bus voltage is 

within the limit. Once DC bus voltage hits the lower or upper limit, DC voltage controller is 

enabled.  Three phase AC current for three DC grid converters is shown in Figure 4-18. 
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Figure 4-15. Dynamics of active power flow in three converters of DC grid- RTDS result. 

 

 

 

 

Figure 4-16. Dynamics of active power flow in three AC grid nodes- RTDS result. 
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Figure 4-17. Terminal DC bus voltages- RTDS result. 

 

 

 

 

Figure 4-18. Terminal three-phase AC current - RTDS result. 
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4.5.3 Discussion 

In order to validate the proposed algebraic model, the obtained PSCAD and RTDS 

simulation results are compared with the algebraic model results for different operating 

points of DC grid. Table 4-2 shows AC nodes active power flow with respect to three 

operating points of DC grid. As can be seen, Ps1=6.45 (pu) based on algebraic model result 

when (Pcon1, Pcon2, Pcon3) = (0.5, 0.5, -1), whereas Ps1=6.42 (pu) based on PSCAD simulation 

result, and it is equal to 6.44 (pu) based on RTDS simulation results. Algebraic model results 

are also obtained for two other operating points ((0, 0, 0), (-0.5, -0.5, 1)). Table 4-3 also 

shows AC grid transmission lines active power flow with respect to DC grid operating points 

based on algebraic model and simulation results. As can be seen, algebraic model results are 

closely matched with the obtained simulation results. 

 

 

 

Table 4-2. AC nodes active power flow with respect to DC grid operating points 

Active 

Power 

 Ps1 (pu)   Ps2 (pu)   Ps3 (pu)  

 

Operating  

point 

Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS 

(0.5,0.5,-1) 
6.45 6.42 6.44 -2.8647 -2.87 -2.91 -3.58 -3.64 -3.6 

(0,0,0) 
6.71 6.66 6.64 -2.6 -2.63 -2.66 -4.11 -4.12 -4.1 

(-0.5,-0.5,1) 
6.98 6.94 6.84 -2.34 -2.39 -2.41 -4.64 -4.6 -4.6 
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Table 4-3. AC transmission lines active power flow with respect to DC grid operating points 

Active  

Power 

 PL12 (pu)   PL23 (pu)   PL31 (pu)  

 

Operating  

point 

Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS 

(0.5,0.5,-1) 
3.61 3.63 3.6 1.25 1.29 1.27 3.34 3.34 3.37 

(0,0,0) 
3.65 3.68 3.66 1.05 1.07 1.05 3.07 3.06 3.05 

(-0.5,-0.5,1) 
3.69 3.72 3.72 0.85 0.85 0.83 2.8 2.76 2.77 

 

 

 

Table 4-4 shows AC nodes reactive power flow with respect to DC grid operating points 

based on algebraic model and simulation results. As can be seen, Qs1=2.1 (pu) based on 

algebraic model result when (Qcon1, Qcon2, Qcon3) = (0.5, 0.5, -1), whereas Qs1=2.11 (pu) 

based on the obtained PSCAD simulation result, and it is equal to 2.13 (pu) based on RTDS 

simulation results. Table 4-5 also shows AC grid transmission lines reactive power flow with 

respect to DC grid operating points based on algebraic model and simulation results.  

 

 

 

Table 4-4. AC nodes reactive power flow with respect to DC grid operating points 

Reactive 

Power 

 Qs1 (pu)   Qs2 (pu)   Qs3 (pu)  

 

Operating 

 point 

Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS 

(0.5,0.5,-1) 
2.1 2.1111 2.13 -1.3 -1.3333 -1.35 -1.35 -1.3778 -1.4 

(0,0,0) 
1.82 1.8333 1.85 -1.56 -1.5556 -1.58 -0.86 -0.8889 -0.9 

(-0.5,-0.5,1) 
1.56 1.5556 1.57 -1.78 -1.7778 -1.8 -0.4 -0.4 -0.43 
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Table 4-5. AC transmission lines reactive power flow with respect to DC grid operating points 

Reactive 

Power 

 QL12 (pu)   QL23 (pu)   QL31 (pu)  

 

Operating  

point 

Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS Algebraic 

model 

PSCAD RTDS 

(0.5,0.5,-1) 
1.4 1.4222 1.44 -0.2 -0.2333 -0.25 -0.51 -0.5222 -0.54 

(0,0,0) 
1.34 1.3667 1.38 0 -0.0222 -0.04 -0.8 -0.8333 -0.85 

(-0.5,-0.5,1) 
1.3 1.3111 1.33 0.2 0.1889 0.2 -1.15 -1.1444 -1.18 

 

 

 

 Summary 4.6

In this section, the performance of embedded multi-terminal DC grid in meshed AC power 

system was evaluated. An algebraic model for embedded multi-terminal DC network in 

meshed AC power system was proposed to analyze the steady state performance of multi-

terminal DC grid converters. The proposed algebraic model can be used by transmission 

planners to define the required rating of multi-terminal dc grid. The control structure of 

embedded multi-terminal DC grid in meshed AC power system based on droop control 

structure with dead-band controller was proposed. The proposed algebraic model with the 

proposed controller was validated in a reduced order three-bus AC equivalent NYPA power 

system. PSCAD and RTDS simulation results were presented to verify the proposed 

algebraic model and the controller. 
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 PERFORMANCE EVALUATION OF ACTIVE Chapter 5.

MOBILE SUBSTATIONS UNDER FAULT OPERATING 

CONDITIONS  

 Introduction 5.1

The AMS must be designed to operate satisfactorily under typical fault and unbalanced 

conditions. In this section, component design considerations in development of the AMS 

under unbalanced operating condition will be provided, and a new control strategy is 

proposed to control AMS under unbalanced operating conditions when component design is 

not sufficient to prevent overcurrent and trips. Dynamic performance of AMS under AC and 

DC fault operating conditions is explored. Component design is performed such that negative 

sequence current is minimized under typical AC fault conditions. A new control scheme is 

also proposed to control AMS under AC fault operating conditions [92]. The angle control 

structure is employed to control the converter under normal operating conditions, and the 

supervisory control will switch the control structure from angle control method to the 

proposed control method when component design cannot mitigate the negative sequence 

current component of the converter appropriately when AC fault happens.  

The dynamic performance of high frequency isolated modular converter under DC fault 

operating condition is also explored. The control algorithm for DC fault operation and 

recovery after DC fault is proposed. The high frequency isolated modular converter with the 
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proposed control scheme can be protected against DC fault without using expensive DC 

circuit breakers. 

The performance of multi-terminal DC grid under DC fault operating condition and loss of 

master terminal is also investigated. 

 Control Scheme of Modular Transformer Converter in d-q Reference 5.2

Frame for AC Fault operating conditions 

To develop the control structure for the MTC based AMS in d-q reference frame, 

modeling of the power electronics system is essential. The modeling used in this section is 

based on the principal circuit analysis writing voltage and current equations for storage 

elements known as state equations. The general schematic of a three phase voltage-sourced 

converter circuit is shown in Figure 5-1, and the state equations of each VSC in the dq 

synchronous reference frame under unbalanced operating conditions can be broken into two 

separate independent equations; one for the positive sequence and the other for the negative 

sequence. 

 

 

 

 

Figure 5-1. Structure of a voltage source converter. 
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Low-frequency network disturbances such as distortion, voltage dips, phase variation, and 

amplitude variation of the input voltage can be described by a sum of positive, negative and 

zero sequence components of the input voltage of fundamental frequency. Therefore, an 

unbalanced three-phase input voltage can be represented as (5.1). 

( ) ( )j t p j t n j t p p j t n n

dqs dq dq d q d qE e E e E e E jE e E jE           (5.1) 

The unbalanced three-phase input current is also expressed in the same manner as the 

input voltage. With the unbalanced input voltage and input current, the input complex power 

is obtained by (5.2). 

* *3 3
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Applying (5.1) to (5.2) and equating the terms of twice input frequency and the term of 

average for the real and imaginary part separately, the instantaneous active and reactive 

power are obtained as (5.3). 
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Real instantaneous active power Pin(t) is delivered to the dc link and determines the dc 

voltage level. Hence, if Pin(t) varies with time for Pc2 and Ps2 not being equal to zero, then the 

dc-link voltage fluctuates. Therefore, in order to keep constant dc level, the coefficients of 

Pc2 and Ps2 have to be eliminated. The dc component Qo of the instantaneous reactive power 

should also be nullified. Qo represents the average reactive power exchanged with the 

network, and it should be nullified to achieve the unity power factor. Employing an 

additional condition on the average active power, four equations with four unknown current 

references are obtained, which can be expressed as (5.5). 
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The solution can be written by (5.6). 
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 (5.6) 

So, the current references cannot be obtained when the determinant of [Edq] is zero. The 

case of having a zero determinant of [Edq] corresponds to the condition of extreme 

unbalanced input supply. Examples of this extreme unbalanced input supply include the 
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complete collapse of one or two input phases and the phase variations of more than 90°. Thus 

the control method of regulating the input currents to the references calculated from (5.6) 

cannot be applied to compensate for the extreme unbalanced input supply conditions [93]-

[96]. 

In the control scheme, the positive sequence current in the positive synchronous reference 

frame is regulated by one controller, and the negative-sequence current is regulated in its 

own synchronous reference frame [97]. In the positive synchronous reference frame, positive 

sequence voltages are obtained by (5.7) and (5.8). Negative sequence voltages are expressed 

by (5.9) and (5.10) in the negative synchronous reference frame. 

*( )( )p p p p p

d d d d qV E PI I I LI     (5.7) 

*( )( )p p p p p

q q q q dV E PI I I LI     (5.8) 

*( )( )n n n n n

d d d d qV E PI I I LI     (5.9) 

*( )( )n n n n n

q q q q dV E PI I I LI     (5.10) 

Finally, the output of the converter defined in the stationary reference frame as (5.11) will 

be controlled through proper modulation techniques. 

( ) ( )j t p p j t n n

s d q d qV e V jV e V jV      (5.11) 

It can be observed that unbalanced input voltages result in the generation of even-order 

harmonics at dc bus voltage. A simplified control structure is shown in Figure 5-2. 



  

110 

 

Figure 5-2. Control structure of the AMS for unbalanced operating condition (DC link voltage controller 

side). 

 

 

 

The dynamic performance of the MTC based AMS system under unbalanced operating 

condition is presented in Figure 5-3. The unbalanced system is represented by 50% voltage 

drop in phase-A of the AMS (inverter and rectifier side). The reference value of active power 

is 9 (MW) when fault happens. As can be seen, dc bus voltage is also controlled at 9 (kV).  

 

 

 

 

Figure 5-3. Dynamic performance of the AMS system under unbalanced operating condition (50% 

voltage sag in both the dc link voltage controller and power flow controller sides). 
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When AC fault happens, the reference power can also be reduced to very small value such 

as 50% of the rated power, and the negative sequence controller can be applied to reduce the 

active power fluctuation. The dynamic performance of the AMS system under single line to 

ground (SLG) fault in the rectifier side (dc voltage controller converter) is presented in 

Figure 5-4 when negative sequence current controller is on and the reference power is not 

varied during fault. Figure 5-5 presents the dynamic performance of the AMS system under 

SLG fault when negative sequence current controller is on and the reference power is also 

reduced to %50 of rated power during fault.  

From the obtained results, it can be concluded that the proposed control method in [97] is 

effective in maintaining a robust DC link voltage under unbalanced operating condition, but 

the current waveform is not balanced since in this method, negative sequence current is 

injected to eliminate the oscillating components of the active power so that harmonics in the 

output dc voltage can be nullified under unbalanced operating conditions. 

Figure 5-6, and Figure 5-7 show the dynamic performance of the AMS system under SLG 

fault when negative sequence current control is disabled. As can be observed from             

Figure 5-6, the reference value of active power does not change during fault. Figure 5-7 

shows the dynamic performance of the AMS system under SLG fault when the reference 

value of active power is reduced to 50% of the full power. As can be seen from Figure 5-7, 

the effect of reducing active power is significantly important to mitigate the magnitude of ac 

current and dc voltage fluctuations during fault.   
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Figure 5-4. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is on and %100 power transfer during fault). 

 

 

 

 

Figure 5-5. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is on and %50 power transfer during fault). 
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Figure 5-6. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is off and %100 power transfer during fault). 

 

 

 

 

Figure 5-7. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is off and %50 power transfer during fault). 
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 Proposed Component Design of Modular Transformer Converters for 5.3

AC Fault Operating Conditions 

The general schematic of a three phase AMS circuit is shown in Figure 5-8. The negative 

sequence harmonic currents of AMS can be obtained by inserting a harmonic voltage source 

in series with the input voltage source. If we ignore losses (R=0), the state space equations of 

angle-controlled AMS in the dq synchronous reference frame can be written as (5.12). α1 and 

α2 are considered as two input variables to control VSC1 and VSC2. (5.12) can be linearized 

around steady state equilibrium points as can be expressed by (5.13).  

 The linearized state space equations of angle-controlled AMS under unbalanced operating 

conditions and assume the steady state conditions (α10=α20) can be expressed as (5.14) where 

V1cos(2wt) and V1sin(2wt) represents the d and q components of the negative sequence 

voltage vector [48].  (5.14) is solved to calculate the d and q components of the input currents 

as can be seen in (5.15)~(5.18). (5.19) also presents an algebraic equation for dc bus voltage. 

The magnitude of negative sequence current is also expressed by (5.20) when V1= V2= V-1, 

and the magnitude of second order harmonic components of dc bus voltage is also presented 

by (5.21). 

Figure 5-9 shows negative sequence current component versus dc link capacitor value 

based on (5.20), and the second order harmonic component of dc bus voltage with respect to 

dc link capacitor is shown in Figure 5-10. 
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Figure 5-8. Structure of active mobile substation. 
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Figure 5-9. The AMS negative sequence current component versus DC link capacitor (theoretical result). 

 

 

 

 

Figure 5-10. The AMS second order harmonic component of dc bus voltage versus DC link capacitor 

(theoretical result). 
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The AMS must be designed to operate satisfactorily under typical fault and unbalanced 

conditions. The control structure of the AMS is based on positive sequence synchronous 

reference frame. Therefore, under unbalanced conditions due to presence of negative 

sequence voltage, an undesired current can flow into the system. This current can be high 

enough to shut down the whole AMS in order to avoid saturation of the interfacing 

transformers and over-heating of the switches. It is worth mentioning that producing direct 

positive and negative sequence voltages seen in PWM or vector-controlled converters is not 

possible in angle-controlled converters. Therefore, we designed the system and the capacitor 

such that (100)120 Hz oscillations in the DC link can be tolerated under typical unbalanced 

conditions. The 120 Hz oscillations in the DC link can produce appropriate negative 

sequence voltage in control and modulation structures and consequently minimize the 

negative sequence current. The dynamic performance of the AMS system with 1mF and 

0.1mF DC link capacitors under an unbalanced condition is simulated in PSCAD, and the 

results are presented in Figure 5-11 and Figure 5-12. The unbalanced system is represented 

by 50% voltage drop in phase-A of the inverter and rectifier side. As can be observed, the 

negative sequence current with higher amount of capacitance is higher. With higher active 

and reactive power demand, the generated negative sequence can be much higher as 

expected. Under the same condition, the negative sequence current flowing through the 

system versus the DC link capacitor value is also measured and the result is shown in               

Figure 5-13. As can be seen, the negative sequence current is highly dependent on the DC 

capacitor value. Starting from very low values of capacitance, this current can be very low. It 

increases as the capacitor value increases until the system can be completely unstable due to 
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the fact that the second harmonic of the line frequency is equal to the AMS resonant-pole 

frequency. Moving away from the resonant frequency brings the converter into the stable 

operation region. However, a huge capacitor is needed to achieve the desirable performance. 

Therefore, practical designs will be on the left side of the resonant frequency which is 

desirable. 

 

 

 

 

Figure 5-11. Dynamic performance of angle-controlled AMS under unbalanced condition of 50% single-

line voltage sag (C=1 mF). 
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Figure 5-12. Dynamic performance of angle-controlled AMS system under unbalanced condition of 50% 

single-line voltage sag (C=0.1 mF). 

 

 

 

 

Figure 5-13. The AMS negative sequence current component versus DC link capacitor (simulation result). 
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 Instantaneous Active Power Flow Control of Modular Transformer 5.4

Converter Based AMS for AC Fault Operating Conditions 

It was shown that component design criterion has some limitations on dynamic 

performance of the AMS under AC fault operating conditions. This section proposes a 

supplementary control scheme suitable for high power mobile converters that improves the 

dynamic performance of the system under AC fault operating conditions. The method is 

explained in the following. 

Three-phase unbalanced input voltages and currents can be expressed as a sum of 

positive and negative sequence components. 
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(5.22) 

The instantaneous active power of the AMS can be written as (5.23). The average value 

and second order harmonic components of the instantaneous active power can be defined as 

(5.24) and (5.25) respectively. The instantaneous active power is delivered to the dc link and 

determines the dc voltage level, and if it varies with time, the dc-link voltage fluctuates. 

Therefore, in order to keep constant dc level, Pac(t) should be nullified. Eqs. (5.26), (5.27), 

and (5.28) are not necessary but enough to eliminate Pac(t). The positive sequence current 

component can be found as (5.29) by substituting (5.26)-(5.28) into (5.24). As noted from 

(5.26)-(5.29), the positive and negative sequence components of input voltages should be 

computed in abc frame to obtain the reference values of positive and negative sequence 

components of input current, and switching angles are determined based on the reference 
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input current. The obtained set of switching functions makes the instantaneous active power 

constant without any oscillating terms. The control structure of AMS based on the proposed 

method is shown in Figure 5-14. 

When AC fault happens, the reference power can also be reduced to very small value such 

as 50% of the rated power, and the negative sequence controller can be applied to reduce the 

active power fluctuation. The dynamic performance of the AMS system under single line to 

ground (SLG) fault in the rectifier side (dc voltage controller converter) is presented in 

Figure 5-15 when the reference value of active power is not varied during fault. Figure 5-16 

presents the dynamic performance of the AMS system under SLG fault when the reference 

value of active power is also reduced to %50 of rated power during fault.  
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Figure 5-14. Power flow control structure of AMS based on instantaneous active power flow control. 

 

 

 

 

Figure 5-15. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side with instantaneous active power controller (%100 power transfer during fault). 
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Figure 5-16. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side with instantaneous active power controller (%50 power transfer during fault). 

 

 

 

The supervisory control scheme should be designed to determine the control strategy 

under fault based on the negative sequence voltage component. The overall sketch of the 

supervisory control is presented in Figure 5-17.  The dynamic performance of the angle-

controlled AMS system with 0.1mF DC link capacitors under 10% voltage drop in phase-A 

is shown in Figure 5-18. As can be seen, the performance of angle-controlled AMS with 

appropriate component design under 10% voltage sag is acceptable. However, under 50% 

voltage sag in phase A, the supervisory control switches the control scheme from angle 

control method to the proposed instantaneous active power method, and the results are 

presented in Figure 5-19.  From Figure 5-19, it can be observed that three phase input 

currents are in phase with the input voltages. The stiffness of dc bus voltage is evident in 

Figure 5-19. Figure 5-20 illustrates the positive and negative sequence components of three 
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phase unbalanced voltages and currents. As can be seen, using the proposed control scheme 

leads a better dynamic performance compared to the case with just component design albeit 

with losing efficiency temporarily during significant system disturbances.  

 

 

 

 

Figure 5-17. The rough sketch of supervisory control for AMS operation based on the negative sequence 

voltage component (Vn). 

 

 

 

 

Figure 5-18. Dynamic performance of the angle-controlled AMS system under an unbalanced condition of 

10% single-line voltage sag (C=0.1 mF). 
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Figure 5-19. Dynamic performance of the AMS under an unbalanced condition of 50% single-line voltage 

sag with the proposed method (C=1 mF). 

 

 

 

 

Figure 5-20. Positive and negative sequence components of voltage and currents (C=1 mF). 
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 Control Scheme of High Frequency Isolated Modular Converter in d-5.5

q Reference Frame for AC Fault operating conditions 

The dynamic performance of the converter under SLG fault in the rectifier side is 

presented in Figure 5-21. The reference value of active power is 9 (MW) when fault happens 

(t=0.7s). As can be seen, dc bus voltage is also controlled at 9 (kV). Terminal 1 dc capacitor 

voltages regulated at 1 kV are also shown in Figure 5-22. Figure 5-23 also shows the 

dynamics of the converter under SLG fault when the reference value of active power is 

reduced to 50% of the full power when fault is detected. As can be seen, the active power 

flow can be regulated at half of the rated power during fault, and the oscillation of terminal 

dc bus voltage is too low compared to the previous case. Terminal 1 dc capacitor voltages 

regulated at 1 kV are also shown in Figure 5-24 for this case scenario.  

 

 

 

 

Figure 5-21. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is on and %100 power transfer during fault). 
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Figure 5-22. Terminal 1 dc capacitor voltages under SLG fault in the dc link voltage controller side 

(Negative sequence current control is on and %100 power transfer during fault). 

 

 

 

 

Figure 5-23. Dynamic performance of the AMS system under SLG fault in the dc link voltage controller 

side (Negative sequence current control is on and %50 power transfer during fault). 
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Figure 5-24. Terminal 1 dc capacitor voltages under SLG fault in the dc link voltage controller side 

(Negative sequence current control is on and %50 power transfer during fault). 

 

 

 

 Control of High Frequency Isolated Modular Converter under DC 5.6

Fault Operating Condition 

Recently, Voltage Source Converter (VSC) based Multi-Terminal DC (MTDC) 

transmission systems have gained more attention. Compared to current source converter 

technology, voltage source converters have several benefits including higher power quality, 

lower power transmission losses, and higher voltage capability. Flexibility in bidirectional 

power flow control is the main advantage of voltage source converters in large scale MTDC 

power transmission systems. However, VSC based MTDC transmission systems are 

vulnerable to DC side fault, and expensive DC circuit breakers are required to protect them 
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against DC fault. This section proposes a control method of the high frequency isolated 

modular converter which has ultra-fast electronic isolation capability following dc fault, and 

it can be protected against dc fault without using expensive DC circuit breakers. In fact, this 

advantage allows us to use AC circuit breakers instead of DC circuit breakers for DC fault 

protection.  

The proposed control algorithm of the high frequency isolated modular converter for DC 

fault operation is shown in Figure 5-25. According to the control scheme for DC fault 

operation (Figure 5-25), DC fault is detected when the measured value of DC side current is 

twice the rated value of DC side current. Once DC fault is detected at time t0, the reference 

value of active power flow is changed to zero. Also, once fault is detected, all switches of 

DC/DC converters are turned off, and DC/DC converters are disconnected from AC/DC 

converters. As a result, the total energy of all DC capacitor voltages is discharged in DC side 

inductor (L) and DC overhead line resistance (R) as can be shown in Figure 5-26. The 

inductor current has an initial value iL(t0)=I0, and each capacitor voltage has an initial value 

Vcm(t0)=Vc0 . So, the total initial value of capacitor voltage for all n modules is V0=n×Vc0. 

The DC side current can be expressed as (5.30) if 2R L C . The DC bus voltage is also 

written as (5.31). 
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Where 
02 ; 1 ; mR L LC C C na    . The time when the capacitor voltage becomes zero can 

be computed by (5.32). 
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When DC bus voltage becomes zero at time t1, the total energy of DC side inductor is 

discharged in DC overhead line resistance and anti-parallel diodes as can be shown in       

Figure 5-27. At time t1, the inductor current has an initial value of iL(t1)=I1. So, the DC side 

current can be written as (5.33).  
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According to (5.33), the DC current is reduced, and the time when the inductor current 

becomes zero is obtained by (5.34). 

2 1

5L
t t

R
   (5.34) 

When the magnitude of DC current becomes zero, circuit breakers are opened to 

disconnect terminal 1 from terminal 2.  

The control strategy for recovery after DC fault is shown in Figure 5-28. When DC fault is 

cleared, DC/DC converters are connected to AC/DC converter, and all switching signals of 

DC/DC converters are enabled to charge DC/DC capacitor voltages. Once DC bus voltage is 

regulated at its reference value, terminal 1 is connected to terminal 2, and the reference value 

of active power flow is ramped up from zero to the rated value.    
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Figure 5-25. Control algorithm of high frequency isolated modular converter under DC fault operating 

condition. 

 

 

 

 

 

Figure 5-26. Equivalent circuit of high frequency isolated modular converter when DC fault is detected 

(capacitor discharging mode). 
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Figure 5-27. Equivalent circuit of high frequency isolated modular converter when DC bus voltage 

becomes zero (inductor discharging mode). 

 

 

 

 

Figure 5-28. Control algorithm of high frequency isolated modular converter for recovery after DC fault. 
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In this section, the dynamic performance of the high frequency isolated modular converter 

under DC fault operating condition is evaluated through PSCAD simulation. For DC fault 

simulation, the positive DC line is connected into the ground as shown in Figure 5-29, and 

the system parameters are summarized in Table 5-1. DC fault happens at t=0.9s, and it is 

cleared at t=1s.  

Both DC cables and overhead transmission lines can be used for the high frequency 

isolated modular converter. Although DC cables are mostly used since cable faults are so 

uncommon, but the application of DC cables in some rocky or mountainous areas is so 

limited. In these areas, DC overhead lines are used. In dc overhead lines, dc-link short circuit 

is so common because of insulation breakdown following lightning strikes and pollution. An 

overhead line with the length of 480 (km) is used in the simulation.  

 

 

 

Table 5-1. High frequency isolated modular converter parameters for DC fault operation 

 

 

 

 

 

 

 

 

 

 

 

Terminal rated power  P 320 MVA 

Terminal voltage reference Vdc 320 kV 

DC gird side inductance  Ldc 100 mH 

Overhead line resistance Rdc 11.5  Ω 

Module number (per terminal) N 3 

AC/DC capacitor voltage V (AC/DC) 106.67 kV 

DC/DC capacitor voltage V (DC/DC) 106.67  kV 

AC/DC Capacitor value C (AC/DC) 100 uF 

DC/DC Capacitor value C (DC/DC) 10 uF 

AC/DC PWM switching frequency fsw (AC/DC) 2 kHz 

DC/DC PWM switching frequency fsw (DC/DC) 20 kHz 
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Figure 5-29. High frequency isolated modular converter system under DC fault operating condition. 

 

 

 

Figure 5-30 shows the dynamic performance of high frequency isolated modular converter 

under DC fault operating condition. Initially, the switching signals of AC/DC and DC/DC 

converters are off, and they are enabled at t=0.1s. Therefore, terminal DC bus voltage is 

adjusted at 320 kV at this time. The reference value of active power is also ramped up from 0 

at t=0.4s to 320 MW at t=0.7s. DC fault happens at t=0.9s when the rated power is 

transferred from terminal 1 to terminal 2 as shown in Figure 5-30. When DC fault is detected, 

the reference value of active power is reduced from 320 MW to 0 MW, and all the switching 

signals of DC/DC converter switches will be turned off. As a result, the total energy of all 

DC capacitor voltages is discharged in DC side inductor and DC overhead line resistance as 

explained in the previous section. When DC bus voltage becomes zero, the total energy of 

DC side inductor is discharged, and as a result the magnitude of DC current is reduced as can 

be seen in Figure 5-30. When the magnitude of DC current becomes zero, circuit breakers 
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will be opened to disconnect terminal 1 from terminal 2. Three-phase ac current in both 

terminals is also shown in Figure 5-30. DC fault is cleared at t=1s, and the control algorithm 

for recovery after DC fault is implemented. First, DC/DC converters are connected to 

AC/DC converters, and the switching signals of DC/DC converters are enabled at t=1s. At 

this time, DC bus voltage is regulated at 320 kV. At t=1.15s, terminal 1 is connected to 

terminal 2. Then, the reference value of active power is increased from zero at t=1.2s to 

320MW at t=1.5s.  

 

 

 

 

Figure 5-30. Dynamic performance of high frequency isolated modular converter under DC fault. 

 

 

 

During fault duration, the AC/DC converters in both terminals are controlled to regulate 

capacitor DC voltages of each AC/DC module at 106.67 kV as shown in Figure 5-31, and 
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Figure 5-32. Capacitor DC bus voltages of DC/DC converters for terminal 1 and 2 are also 

shown in Figure 5-33, and Figure 5-34 respectively. The switching signals of DC/DC 

converters are enabled at t=0.1s, and the capacitor DC voltages of DC/DC converters are 

regulated at 106.67 kV. When DC fault is detected at t=0.9s, the switching signals of DC/DC 

converters are disabled. So, the capacitor voltages of DC/DC converters become zero. When 

DC fault is cleared at t=1s, the switching signals of DC/DC converters are enabled, and the 

capacitor voltages of DC/DC converters are regulated at 106.67 kV again. 

 

 

 

 

Figure 5-31. Terminal 1 AC/DC capacitor voltage variation. 
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Figure 5-32. Terminal 2 AC/DC capacitor voltage variation. 

 

 

 

 

Figure 5-33. Terminal 1 DC/DC capacitor voltage variation. 
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Figure 5-34. Terminal 2 DC/DC capacitor voltage variation. 

 

 

 

Figure 5-35 shows the zero crossing time of DC current versus fault location and DC side 

inductor based on the theoretical results obtained by (5.34). As can be seen, DC current zero 

crossing time increases as DC side inductor increases. Also, as fault location increases, R 

value increases, and as a result zero crossing time decreases. Figure 5-36 also shows the zero 

crossing time of DC current versus fault location and DC side inductor based on the obtained 

simulation results. Comparison of simulation and theoretical results shows that Eq. (5.34) is 

accurate enough to find the zero crossing time of DC current. 
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Figure 5-35. DC current zero crossing time with respect to fault location and Ldc - Theoretical results. 

 

 

 

 

Figure 5-36. DC current zero crossing time with respect to fault location and Ldc - Simulation results. 

 

 

 

 Control of Multi-terminal DC Grid under DC Fault Operating 5.7

Condition 

Figure 5-37 shows multi-terminal DC (MTDC) grid model which consists of four voltage 

source converters based on the high frequency isolated modular converter shown in               

Figure 5-38. The proposed control algorithm of VSC based MTDC transmission system for 
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DC fault operation is shown in Figure 5-39. According to the control scheme for DC fault 

operation (Figure 5-39), DC fault is detected when the measured value of DC side current in 

dc transmission line is twice the rated value of DC current for that transmission line. Once 

DC fault is detected, the reference value of active power flow for all terminals is changed to 

zero, and the converter control mode in all four terminals is switched from droop control 

method to DC bus voltage control. In fact, dead-band controller is disabled. Also, once fault 

is detected, all switches of DC/DC converters are turned off, and DC/DC converters are 

disconnected from AC/DC converters. As a result, the total energy of all DC capacitor 

voltages in each terminal is discharged in DC cables connected to that terminal. When DC 

bus voltage becomes zero, the total energy of cable inductor is discharged. As a result, the 

DC currents in DC cables are reduced. When the magnitude of DC current in each terminal 

becomes zero, circuit breaker of that terminal is opened to disconnect that terminal from 

other terminals.  

The control strategy for recovery after DC fault is shown in Figure 5-40. When DC fault is 

cleared, DC/DC converters are connected to AC/DC converters, and all switching signals of 

DC/DC converters are enabled to charge DC/DC capacitor voltages in all terminals. Once 

DC bus voltage of each terminal is regulated at its reference value, breakers are closed to 

connect all terminals, and the converter control mode is switched from DC voltage control to 

droop control method with dead-band controller, and the reference value of active power 

flow in all terminals is ramped up from zero to the desired values. 
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Figure 5-37. Multi-terminal DC Grid model. 

 

 

 

 

Figure 5-38. Voltage Source Converter configuration of each terminal. 
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Figure 5-39. Control algorithm of MTDC grid under DC fault. 

 

 

 

 

Figure 5-40. Control algorithm of MTDC grid for recovery after DC fault. 
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In this section, the dynamic performance of the VSC based MTDC system under DC fault 

operating condition is evaluated through PSCAD simulation. As shown in Figure 5-41, DC 

fault happens in the middle of cable connecting terminal 1 to terminal 2, and the system 

parameters for all four terminals are summarized in Table 5-2. DC fault happens at t=0.9s, 

and it is cleared at t=1s.  

 

 

 

 

Figure 5-41. Four-terminal DC grid under DC fault operating condition. 

 

 

 

Table 5-2. MTDC system parameters for DC fault operation 

 

 

 

 

 

 

Module number (per terminal) N 3 

Terminal rated power P 320 MVA 

Terminal voltage reference Vdc 320 kV 

Terminal AC input voltage (phase peak) E 92.4 kV 

AC input inductance Ls 11.7 mH 

AC/DC capacitor voltage V (AC/DC) 106.67 kV 

DC/DC capacitor voltage V (DC/DC) 106.67  kV 

AC/DC Capacitor value C (AC/DC) 100 uF 

DC/DC Capacitor value C (DC/DC) 10 uF 

AC/DC PWM switching frequency fsw (AC/DC) 2 kHz 

DC/DC PWM switching frequency fsw (DC/DC) 20 kHz 
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 [98] is used to find the cable cross-section dimensions and material properties for 320 kV 

DC cable. The cross sectional area of this cable is shown in Figure 5-42. The frequency 

dependent phase model is used to calculate the transients in PSCAD with curve fitting 

frequencies set at 0.01Hz for starting point and 1 MHz for ending point. The detail 

parameters and specifications of the 320kV cable are listed in Table 5-3. 

 

 

 

 

Figure 5-42. Cross-sectional area of DC cable. 

 

 

 

Table 5-3. 320KV cable parameters 

Layer Material 
Radius 

(mm) 
Resistivity 

Rel. 

Permittivity 

Rel. 

Permeability 

Core Copper 21.4 1.72e-8 1 1 

Insulation XLPE 45.9 - 2.3 1 

Sheath Lead 49.4 2.2e-7 1 1 

Insulation XLPE 52.4 - 2.3 1 

Armor Steel 57.9 1.8e-7 1 10 

Insulation PP 61 - 2.1 1 
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Figure 5-43 shows the dynamic performance of terminal DC bus voltages in all four 

terminals. Initially, the switching signals of AC/DC and DC/DC converters are off, and they 

are enabled at t=0.1s. Therefore, terminal DC bus voltage at four terminals is adjusted at 

320kV at this time. The dead-band region in DC bus voltage controller is between 0.95 pu-

1.1 pu. So, DC bus voltage controller is off when DC bus voltage is within the limit. Once 

DC bus voltage hits the lower or upper limit, DC voltage controller is enabled. DC fault 

happens at t=0.9s. When DC fault is detected, all the switching signals of DC/DC converter 

switches will be turned off. As a result, the total energy of all DC capacitor voltages is 

discharged in cable impedance. So, DC bus voltages in all four terminals become zero as 

shown in Figure 5-43. DC fault is cleared at t=1s, and the control algorithm for recovery after 

DC fault is implemented. First, DC/DC converters are connected to AC/DC converters, and 

the switching signals of DC/DC converters are enabled at t=1s. At this time, DC bus voltage 

in all four terminals is regulated at 320 kV. 

The dynamic performance of active power flow in all four terminals is shown in                 

Figure 5-44. As can be seen, the reference value of active power in terminal 1 is ramped up 

from 0 at t=0.4s to 320 MW at t=0.7s. The reference value of active power flow in other 

terminals are defined as Pref2=-Pref1, Pref3=0.7Pref1, and Pref4=-0.7Pref1. When DC fault 

happens at t=0.9s, the reference value of all four terminals is changed to zero. When DC fault 

is cleared and DC bus voltage in all four terminals is regulated at 320 kV, the reference value 

of active power in all terminals can be ramped up to the rated value. Figure 5-45 shows three-

phase AC current in all four terminals. As can be seen, three-phase AC current in each 

terminal changes according to the reference power flow of that terminal. 
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Figure 5-46 shows DC current in all four terminals and different DC transmission lines.  

As can be observed, DC current in each terminal is directly proportional to active power flow 

of that terminal. When DC fault happens at t=0.9s, first the total energy of DC capacitor 

voltages is discharged in cable impedance. Then, when DC bus voltage of each terminal 

becomes zero, the total energy of DC cable inductor is discharged, and as a result the 

magnitude of DC current in each terminal is reduced as can be seen in Figure 5-46. When the 

magnitude of DC current in each terminal becomes zero, circuit breaker of that terminal is 

opened to disconnect that terminal from other terminals.  

The dynamic performance of AC/DC capacitor voltages is shown in Figure 5-47. During 

DC fault duration, the AC/DC converters in all terminals are controlled to regulate capacitor 

DC voltages of each AC/DC module at (320/3=106.67 kV) as shown in Figure 5-47. 

Capacitor DC voltages of DC/DC converters for four terminals are shown in Figure 5-48. 

When DC fault is detected at t=0.9s, the switching signals of DC/DC converters are disabled. 

So, the capacitor voltages of DC/DC converters become zero. When DC fault is cleared at 

t=1s, the switching signals of DC/DC converters are enabled, and the capacitor voltages of 

DC/DC converters are regulated at 106.67 kV. 
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Figure 5-43. Dynamic performance of terminal DC bus voltages. 

 

 

 

 

Figure 5-44. Dynamic performance of active power flow. 
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Figure 5-45. Dynamic performance of three-phase AC current. 

 

 

 

 

Figure 5-46. Dynamic performance of DC current. 
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Figure 5-47. Dynamic performance of AC/DC capacitor voltages. 

 

 

 

 

Figure 5-48. Dynamic performance of DC/DC capacitor voltages. 
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Figure 5-49 shows the zero crossing time of terminal 1 DC current versus fault location 

and DC side inductor based on the simulation results with DC cable model. As can be seen, 

DC current zero crossing time increases as DC side inductor increases. Also, as fault location 

increases, zero crossing time decreases. Figure 5-50~Figure 5-52 also show the zero crossing 

time of DC current versus fault location and DC side inductor for the other three terminals. 

As can be seen, DC current zero crossing time in terminal 2, 3, and 4 is less than 2 (ms).  

 

 

 

 

Figure 5-49. Terminal 1 DC current zero crossing time with respect to fault location from terminal 1 and 

Ldc. 
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Figure 5-50. Terminal 2 DC current zero crossing time with respect to fault location from terminal 1 and 

Ldc. 

 

 

 

 

Figure 5-51. Terminal 3 DC current zero crossing time with respect to fault location from terminal 1 and 

Ldc. 

 

 

 

 

Figure 5-52. Terminal 4 DC current zero crossing time with respect to fault location from terminal 1 and 

Ldc. 
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 Control of Multi-terminal DC Grid under Loss of Terminal Station 5.8

In this section, the dynamic performance of the MTDC system is presented. 

PSCAD/EMTDC based simulation has been carried out to verify the control structures 

performance. The four-terminal DC grid is shown in Figure 5-37, and the MTDC system 

parameters are tabulated in Table 5-4. Four case studies are considered to compare the 

operation of multi-terminal DC grid under normal and loss of one converter station. 

 

 

 

Table 5-4. MTDC system parameters for PSCAD simulation under loss of terminal station 

 

 

 

 

 

 

 

 

 

 

A. Operation of MTDC system with master/slave control method under normal operating 

condition 

In this section, PSCAD/EMTDC based simulation has been carried out to evaluate the 

performance of MTDC system with master/slave control method under normal operating 

condition. For this case scenario, terminal 1 will control DC bus voltage and other terminals 

are switched for power flow control. The dynamic performance of active power flow for all 

Terminal rated power  P 12 MVA 

Terminal AC input voltage (phase peak) E 3.2 kV 

AC input inductance Ls 374 uH 

AC input  resistance Rs 15 mΩ 

DC gird side inductance  Ldc 2.4 mH 

Terminal voltage reference Vdc 12 kV 

Terminal 1-2 DC cable resistance R12 0.3 Ω 

Terminal 1-3 DC cable resistance R13 0.4 Ω 

Terminal 1-4 DC cable resistance R14 0.8 Ω 

Terminal 2-4 DC cable resistance R24 0.5 Ω 

Terminal 3-4 DC cable resistance R34 0.6 Ω 
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four terminals is displayed in Figure 5-53.  The reference value of active power flow for 

terminal 2 is decreased from zero to -12 (MW) at t=0.3s, and it is varied from 0 to 8.4 (MW) 

for terminal 3. In terminal 4, the reference value of active power flow is also changed from 0 

to -8.4 (MW) at t=0.3s. As can be seen, power flow control is perfectly done for terminal 2, 

3, and 4. Terminal 1 is also controlled to regulate DC bus voltage and balance the active 

power flow in the entire DC grid. Terminal 1 also supplies the total power loss of the entire 

DC grid. Figure 5-54 shows terminal DC bus voltages controlled at 12 (kV). Three-phase AC 

current for all four terminals is shown in Figure 5-55. DC currents in all four terminals and 

different DC transmission lines are also shown in Figure 5-56. As can be seen, DC currents 

in DC terminals change according to the reference value of active power. 

 

 

 

 

Figure 5-53. Dynamic performance of active power flow- Master/slave control under normal operating 

condition. 
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Figure 5-54. Terminal DC bus voltages- Master/slave control under normal operating condition. 

 

 

 

 

Figure 5-55. Three-phase AC current- Master/slave control under normal operating condition. 
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Figure 5-56. DC current- Master/slave control under normal operating condition. 

 

 

 

B. Operation of MTDC system with droop control method and dead-band controller 

under normal operating condition 

In this part, the dynamic performance of MTDC system based on droop control method 

with dead-band controller is evaluated under normal operating condition. In this case, all 

terminals contribute in power flow control, and dead-band controller in DC voltage controller 

is also used to improve the performance of MTDC system. The dynamic performance of 

active power flow for all four terminals is shown in Figure 5-57.  The reference value of 

active power for terminal 1 is increased from zero to 12 (MW) at t=0.3s, and it is varied from 

0 to -12 (MW) for terminal 2. In terminal 3, the reference value of active power flow is also 

changed from 0 to 8.4 (MW), and the reference value of terminal 4 active power flow is 
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changed from 0 to -8.4 (MW). Terminal DC bus voltage is shown in Figure 5-58. The dead-

band region in DC voltage controller is between 0.95 pu-1.1 pu. So, DC voltage controller is 

off when DC bus voltage is within the limit. Once DC bus voltage hits the lower or upper 

limit, DC voltage controller is enabled. Figure 5-59 shows three-phase AC current for this 

case scenario. DC currents in all four terminals and different DC transmission lines are also 

shown in Figure 5-60. 

 

 

 

 

Figure 5-57. Dynamic performance of active power -Droop control with dead-band controller under 

normal operating condition. 
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Figure 5-58. Terminal DC bus voltages-Droop control with dead-band controller under normal operating 

condition. 

 

 

 

 

Figure 5-59. Three-phase AC current- Droop control with dead-band controller under normal operating 

condition. 
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Figure 5-60. DC current- Droop control with dead-band controller under normal operating condition. 

 

 

 

C. Operation of MTDC system with master/slave control method under loss of master 

terminal 

In this case, the operation of MTDC system with master/slave control method under loss 

of master converter is explored. In this case, terminal 1 which controls dc bus voltage goes 

out at t=1.2s. Figure 5-61 shows the dynamic performance of active power flow in all four 

terminals. As it can be observed, when master terminal goes out, active power flow control in 

terminal 2, and 4 is lost. DC bus voltage is also shown in Figure 5-62. As can be seen, 

terminal DC bus voltage is reduced to 5 (kV) which means DC bus voltage control is lost. 

Three-phase AC current for all four terminals is shown in Figure 5-63. As can be seen, 

current limiter in the control structure limits AC current in all terminals, and three-phase AC 

current in terminal 2, and 4 are disturbed when terminal 1 is disconnected at t=1.2s since 
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power flow control in these two terminals is lost. DC currents in all four terminals and 

different DC transmission lines are also shown in Figure 5-64. 

 

 

 

 

Figure 5-61. Dynamic performance of active power flow- Master/slave control under loss of master 

terminal. 

 

 

 

 

Figure 5-62. Terminal DC bus voltages - Master/slave control under loss of master terminal. 
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Figure 5-63. Three-phase AC current- Master/slave control under loss of master terminal. 

 

 

 

 

Figure 5-64. DC current- Master/slave control under loss of master terminal. 
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D. Operation of MTDC system with droop control method and dead-band controller 

under loss of terminal 1 

In this section, the dynamic performance of MTDC system based on droop control method 

with dead-band controller is evaluated under loss of terminal 1. In this case, terminal 1 is 

disconnected from the entire DC grid at t=1.2s. The dynamic performance of active power 

flow in all four terminals is shown in Figure 5-65. As can be seen, active power flows in 

terminals 2, and 4 are reduced automatically at t=1.2s to balance the active power flow in the 

entire DC grid when terminal 1 goes out. Terminal DC bus voltage is also shown in           

Figure 5-66. As can be seen, DC bus voltage is still controlled since other three terminals 

contribute to control terminal DC bus voltage when terminal 1 is out. Figure 5-67 shows 

three-phase AC current in all four terminals. As can be observed, the current waveforms in 

all terminals are limited by current limiter when terminal 1 is out, and they are not distorted. 

The magnitude of current in terminal 2, and 4 is also reduced due to the fact that the active 

power flow in these two terminals is reduced to balance the active power flow in the entire 

MTDC system when terminal 1 goes out.  Figure 5-68 also shows DC currents in four DC 

terminals and different DC transmission lines. 
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Figure 5-65. Dynamic performance of active power flow-Droop control with dead-band controller under 

loss of terminal 1. 

 

 

 

 

Figure 5-66. Terminal DC bus voltages-Droop control with dead-band controller under loss of terminal 1. 
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Figure 5-67. Three-phase AC current- Droop control with dead-band controller under loss of terminal 1. 

 

 

 

 

Figure 5-68. DC current- Droop control with dead-band controller under loss of terminal 1. 
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 Summary 5.9

In this section, the dynamic performance of AMS under unbalanced operating condition is 

examined. Results show that the negative sequence current of MTC based AMS with angle 

control method is highly dependent on the DC capacitor value, and the capacitor value must 

be chosen appropriately such that 120 Hz oscillations in the DC link can be tolerated under 

AC fault operating conditions. A control scheme based on instantaneous active power flow 

control method is also proposed to make dc bus voltage constant. A supervisory control is 

also used to determine the switching strategy between angle control method and proposed 

control method under AC fault operating conditions. 

The dynamic performance of high frequency isolated modular converter under DC fault 

operating condition is also explored. The control algorithm for DC fault operation and 

recovery after DC fault is proposed. The performance of converter is thoroughly analyzed 

under DC fault operating condition, and simulation results are presented to validate the 

control structure under DC fault operating conditions. The high frequency isolated modular 

converter with the proposed control scheme can be protected against DC fault without using 

expensive DC circuit breakers. In fact, this advantage allows us to use AC circuit breakers 

instead of DC circuit breakers for DC fault protection. 

The performance of multi-terminal DC grid with DC cable model is also analyzed under 

DC fault operating condition, and simulation results are presented to validate the control 

algorithm for DC fault operation and recovery after DC fault. 

Also, the dynamic performance of four-terminal DC grid with the master/slave control 

scheme and droop control method with dead-band controller is investigated under loss of 
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master converter. It is observed that in master/slave control method, the outage of master 

terminal results in the outage of the entire MTDC system since in this case, terminal DC bus 

voltage is only controlled by master terminal. Simulation results are presented to show the 

superior performance of MTDC grid with the proposed droop control method with dead-band 

controller under loss of a terminal station.  
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 EXPERIMENTAL VERIFICATION Chapter 6.

 Controller Hardware-in-the-Loop Test of CSTC in Three Different 6.1

Modes of Operation 

The hardware in the loop implementation of the proposed CSTC is performed with 

Hardware-in-the-Loop real-time system platform, shown in Figure 6-1. The system platform 

is based on a scalable application-specific ultralow-latency (ULL) digital processor core. The 

CSTC converters are simulated by the ULL processor core with simulation time step of 1 µs 

[99]-[100]. The TMS320F28335 processor is used in the control board. The CSTC system 

parameters based on the CHIL model are same as the parameters used in PSCAD simulation. 

Figure 6-2 shows dynamics of CSTC active power flow in the shunt-shunt mode of operation 

when the reference value of the CSTC active power flow is varied from 0 MW to 9 MW. As 

can be seen, the steady-state and transient simulation results of transformer and input active 

power flow are closely matched with those obtained by the PSCAD simulation results               

(Figure 2-38). 

Dynamics of the CSTC, input and transformer current is presented in Figure 6-3 to verify 

PSCAD simulation results. Figure 6-4 shows dynamics of converter 1 reactive power flow 

when it has a step change from 0 to -9 MVAR, and dynamics of converter 2 reactive power 

flow is shown in Figure 6-5 when the reference value of converter 2 reactive power flow has 

a step change from 0 to 9 MVAR. As can be observed, the steady-state values of transformer 

and input reactive power flow are closely matched with the PSCAD simulation results. 
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In order to validate the proposed algebraic model, the CHIL simulation study has been 

extended for different CSTC operating points. Figure 6-6-Figure 6-8 shows transformer 

active and reactive power flow versus CSTC power flow based on steady state values of 

CHIL simulation results. Comparison of CHIL simulation results and algebraic model results           

(Figure 2-11, Figure 2-12, and Figure 2-13) show that the behavior of transformer power 

flow with respect to CSTC operating points can be appropriately represented by the algebraic 

model.  

 

 

 

 

Figure 6-1. The real-time controller hardware-in-the-loop simulation setup to verify the control structure 

of the CSTC. 
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Figure 6-2. Dynamic performance of active power flow when the reference value of active power has a 

step change from 0 MW to 9 MW (shunt-shunt mode). 

 

 

 

 

Figure 6-3. Dynamic performance of converter current when active power flow has a step change from 0 

MW to 9 MW (shunt-shunt mode). 

 

 

 

 

Figure 6-4. Dynamic performance of converter 1 reactive power flow when it has a step change from 0 

MVAR to -9 MVAR (shunt-shunt mode). 
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Figure 6-5. Dynamic performance of converter 2 reactive power flow when it has a step change from 0 

MVAR to 9 MVAR (shunt-shunt mode). 

 

 

 

 

Figure 6-6. Transformer active power flow with respect to converter active power                                       

(Q1 =0(pu), Q2 =0 (pu)). 

 

 

 

 

Figure 6-7. Transformer reactive power flow with respect to converter 1 reactive power                                 

(Pref =0(pu), Q2 =0 (pu)). 
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Figure 6-8. Transformer reactive power flow with respect to converter 2 reactive power                                   

(Pref =0(pu), Q1 =0 (pu)). 

 

 

 

The dynamic performance of transformer active power flow in series-shunt mode of 

operation is presented in Figure 6-9 when the reference value of converter 2 active power 

flow has a step change from 0 to 9 MW. Three phase transformer current is also shown in         

Figure 6-10 for this case scenario. As can be seen, dynamics of transformer ac current is 

similar to the result obtained by PSCAD. Dynamics of transformer reactive power flow in 

series-shunt mode of operation is shown in Figure 6-11 when the reference value of converter 

1 reactive power flow is varied from 0 to 9 MVAR. Figure 6-12 also shows dynamics of 

input reactive power flow when the reference value of converter 1 reactive power has a step 

change from 0 to 9 MVAR. As can be seen, CHIL simulation results are closely matched 

with PSCAD simulation results. 
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Figure 6-9. Dynamics of transformer active power flow when the reference value of converter 2 active 

power has a step change from 0 MW to 9 MW (series-shunt mode). 

 

 

 

 

Figure 6-10. Dynamics of transformer current when the reference value of converter 2 active power has a 

step change from 0 MW to 9 MW (series-shunt mode). 

 

 

 

 

Figure 6-11. Dynamics of transformer reactive power flow when the reference value of converter 2 

reactive power has a step change from 0 MVAR to 9 MVAR (series-shunt mode). 
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Figure 6-12. Dynamics of input reactive power flow when the reference value of converter 1 reactive 

power has a step change from 0 MVAR to 9 MVAR (series-shunt mode). 

 

 

 

The dynamic performance of transformer active power flow in series-series connecting 

configuration is shown in Figure 6-13 when the reference value of transformer active power 

flow has a step change from 0 to 12MW. Three phase transformer current is also shown in 

Figure 6-14 for this case scenario. The transformer reactive power flow is also regulated at 0 

MVAR. 

 

 

 

 

Figure 6-13. Dynamics of transformer active power flow when the reference value of CSTC active power 

flow has a step change from 0 MW to 12 MW (series-series mode). 
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Figure 6-14. Dynamics of transformer current when the reference value of CSTC active power flow has a 

step change from 0 MW to 12 MW (series-series mode). 

 

 

 

 Controller Hardware-in-the-Loop Test of MTC Based AMS under 6.2

Fault Operating Condition 

The dynamic performance of the MTC system under unbalanced operating condition is 

presented in Figure 6-15~Figure 6-20. In this case, NPC converter is used in CSTC 

configuration. The unbalanced three-phase input voltages and the extracted voltage angle is 

shown in Figure 6-15 (Va=20V, Vb=40V, Vc=60V). Figure 6-16 shows line to line output 

voltage of three-level NPC converter. Total dc bus voltage, and dc voltage of each capacitor 

in three-level NPC converter is shown in Figure 6-17. Figure 6-18~Figure 6-20 show three-

phase input voltages and three-phase input currents when the reference value of reactive 

power is regulated at 0 pu. As can be seen, the CSTC converter draws sinusoidal current with 

unity power factor. 
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Figure 6-15. Unbalanced three-phase input voltages. 

 

 

 

 

Figure 6-16. Line to line converter output voltages. 

 

 

 

 

Figure 6-17. DC bus voltage (Unbalanced operating condition). 
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Figure 6-18. Va and Ia for Qref=0 (Unbalanced operating condition). 

 

 

 

 

Figure 6-19. Vb and Ib for Qref=0 (Unbalanced operating condition). 

 

 

 

 

Figure 6-20. Vc and Ic for Qref=0 (Unbalanced operating condition). 
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 Experimental Verification of CSTC in Three Different Modes of 6.3

Operation 

The schematic of the laboratory scale test-bed for CSTC system is shown in Figure 6-21, 

and the CSTC experimental test bed is also shown in Figure 6-22. The specifications of the 

experimental test bed have been summarized in Table 6-1. Single phase transformers are 

chosen for MTC since we want to study saturation effect of transformers when they are 

connected in series. This test bed can also serve as a Transient Network Analyzer (TNA) to 

benchmark MTC based CSTC with available technologies such as UPFC, SSSC, and IPFC. 

As can be observed from experimental test bed, a phase shifting transformer is used to 

produce different transmission angles. This configuration helps us to create a transmission 

angle between the sending-end and receiving-end without using two different voltage 

sources. The produced transmission angle θ depends on the windings turn ratio. The 

proposed transmission angle is obtained by (6.1) based on the voltage rating of phase shifting 

transformer.  

3 230 3
15.44

36
2 tan( ) 2 tan( )

2 2
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Table 6-1. Specifications of CSTC Experimental Test Bed 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6-21. Schematic of the laboratory scale test-bed for CSTC system. 

Line-to-line voltage E 208 V 

Base Power S 3 KVA 

Line frequency (grid) f 60 Hz 

sending-end Leakage inductance Ls 5 mH 

Transformer Leakage inductance LT 5 mH 

receiving-end Leakage inductance Lr 5 mH 

Switching frequency fsw 10 kHz 

MTC transformer rating Sc 15 kVA 

Nominal operation of  MTC transformer Scn 5 kVA 

Grid main transformer  ST 15 kVA 
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Figure 6-22. Experimental test-bed for the proposed MTC-based CSTC system. 

 

 

 

Figure 6-23 shows dynamics of active power flow when the reference value of MTC-

based CSTC active power flow is varied from 0 pu to 1 pu in shunt-shunt mode of operation. 

As can be seen, transformer active power flow is changed from 0.67 pu to 0 pu, and input 

active power flow is increased form 0.67pu to 1pu. In fact, experimental results are slightly 

different from the algebraic model results since power losses of the switches in the MTC-

based CSTC converters are not considered in the algebraic model. However, total power 

losses can be added to active power flow equations to obtain the exact algebraic model. 

Dynamic performance of converter 2, transformer and input current are shown in               

Figure 6-24, Figure 6-25, and Figure 6-26 respectively for this case scenario.  It can be noted 

that transformer current is reduced when the reference value of the MTC-based CSTC active 

power flow is increased from 0 pu to 1 pu.  
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Figure 6-27 shows dynamics of transformer reactive power flow when the reference value 

of converter 1 reactive power has a step change from 0 pu to -1 pu, and dynamics of 

transformer reactive power flow with respect to converter 2 reactive power flow is also 

shown in Figure 6-28. The steady-state values of transformer reactive power flow are closely 

matched with the results obtained from the proposed algebraic model.  

 

 

 

 

Figure 6-23. Dynamics of active power flow when the reference value of active power has a step change 

from 0 pu to 1.0 pu (shunt-shunt mode). 

 

 

 

 

Figure 6-24. Dynamics of converter current when active power flow has a step change from 0 pu to 1.0 pu 

(shunt-shunt mode). 
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Figure 6-25. Dynamics of transformer current when active power flow has a step change from 0 pu to 1.0 

pu (shunt-shunt mode). 

 

 

 

 

Figure 6-26. Dynamics of input current when active power flow has a step change from 0 pu to 1.0 pu 

(shunt-shunt mode). 

 

 

 

 

Figure 6-27. Dynamics of converter1 reactive power flow when it has a step change from 0 pu to -1.0 pu 

(shunt-shunt mode). 
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Figure 6-28. Dynamics of converter2 reactive power flow when it has a step change from 0 pu to 1.0 pu 

(shunt-shunt mode). 

 

 

 

The dynamic performance of transformer active power flow in the series-shunt mode of 

operation is presented in Figure 6-29 when the reference value of MTC-based CSTC active 

power flow has a step change from 0pu to 1pu. Three-phase transformer current is shown in 

Figure 6-30 for this case.   

Figure 6-31 shows dynamics of transformer reactive power flow when the reference value 

of reactive power flow for converter 2 has a step change from 0 to 1pu.  Transformer current 

is also shown in Figure 6-32 for this case scenario. As can be seen, the reference values of 

converter 2 active and reactive power flow can be directly used for transformer power flow 

control.  
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Figure 6-29. Dynamics of transformer active power flow when it has a step change from 0 pu to 1.0 pu 

(series-shunt mode). 

 

 

 

 

Figure 6-30. Dynamics of transformer current when active power flow has a step change from 0 pu to 1.0 

pu (series-shunt mode). 

 

 

 

 

Figure 6-31. Dynamics of transformer reactive power flow when the reference value of converter 2 

reactive power flow has a step change from 0 pu to 1.0 pu (series-shunt mode). 
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Figure 6-32. Dynamics of transformer current when converter 2 reactive power flow has a step change 

from 0 pu to 1.0 pu (series-shunt mode). 

 

 

 

 Experimental Verification of MTC Based AMS 6.4

The AMS experimental test bed is shown in Figure 6-33. The specifications of the 

experimental testbed can be summarized in Table 6-2. OZTEK controller is used to 

implement different control methods.  

Dynamics of reactive power in the rectifier side of AMS based on angle control method is 

shown in Figure 6-34 under normal operating conditions. Figure 6-35 also shows dynamics 

of three phase ac current for this case scenario. The unbalanced three-phase input voltages 

and the extracted voltage angle is shown in Figure 6-36. As can be seen, there is 50% voltage 

sag in phase-a. The dc bus voltage and three phase ac current based on angle control method 

are shown in Figure 6-37, and Figure 6-38 respectively. Figure 6-39 shows dc bus voltage 

based on instantaneous active power method under unbalanced operating conditions. The 

stiffness of dc bus voltage is evident in Figure 6-39. As can be seen, the proposed control 

method makes the instantaneous active power constant without any oscillating terms, and it 

maintains a robust dc link voltage under unbalanced operating condition. Three-phase ac 
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current is also illustrated in Figure 6-40. Figure 6-41~Figure 6-43 also show the reference 

and measured value of three phase ac current based on instantaneous active power control 

method under unbalanced operating conditions. 

 

 

 

Table 6-2. Specifications of AMS Hardware prototype 

 

 

 

 

 

 

 

 

 

 

Figure 6-33. Experimental test-bed for Active Mobile Substation based on 3-level NPC converter. 

Line-to-line peak voltage E 208 V 

Line frequency (grid) f 60 Hz 

sending-end Leakage inductance Ls 5 (mH) 

receiving-end Leakage inductance Lr 5 (mH) 

Switching frequency fsw 10 (kHz) 

Converter Transformer Sc 15 (kVA) 

DC link capacitance CDC 2.5 (mF) 
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Figure 6-34. Dynamics of reactive power when reactive power has a step change from 0 pu to 1.0 pu under 

normal operating condition (Angle control). 

 

 

 

 

Figure 6-35. Converter current when reactive power has a step change from 0 pu to 1.0 pu under normal 

operating condition (Angle Control). 

 

 

 

 

Figure 6-36. Unbalanced three-phase input voltages and extracted voltage angle. 
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Figure 6-37. DC bus voltage under unbalanced operating conditions (Angle control method). 

 

 

 

 

Figure 6-38. Dynamics of three phase ac current under unbalanced operating conditions (Angle control 

method). 

 

 

 

 

Figure 6-39. DC bus voltage under unbalanced operating conditions (instantaneous active power control 

method). 
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Figure 6-40. Three phase ac current under unbalanced operating conditions (instantaneous active power 

control). 

 

 

 

 

Figure 6-41. The reference and measured value of phase-a ac current. 

 

 

 

 

Figure 6-42. The reference and measured value of phase-b ac current. 
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Figure 6-43. The reference and measured value of phase-c ac current. 

 

 

 

 Controller Hardware-in-the-Loop Test of High Frequency Isolated 6.5

Modular Converter through Real Time Digital Simulation 

The controller hardware-in-the-loop implementation of the high frequency isolated 

modular converter is performed with Real Time Digital Simulator (RTDS), shown in         

Figure 6-44. The high frequency isolated modular converter is simulated by the Real Time 

Digital Simulator with simulation time step of 20 µs. The Concerto control board is used as 

the main controller.  The system parameters based on the RTDS model are tabulated in  

Table 6-3. Figure 6-45 shows three DC capacitor voltages for phase-A, B, and C regulated at 

1 kV. Terminal DC bus voltage regulated at 3 kV is also shown in Figure 6-46. Figure 6-47 

also shows DC current regulated at 1 kA for 3 MW active power flow. Three-phase AC 

current is also shown in Figure 6-48. 
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Table 6-3. High frequency isolated modular converter system parameters in RTDS 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-44. The real-time controller hardware-in-the-loop simulation setup to verify the control structure 

of the high frequency isolated modular converter through Real Time Digital Simulator (RTDS). 

 

 

 

 

Figure 6-45. Capacitor DC voltages (Vdc (module)=1 (kV))- CHIL result. 

Terminal rated power  P 3 MVA 

Terminal voltage reference Vdc 3 kV 

Module number (per terminal) N 3 

AC/DC capacitor voltage V (AC/DC) 1 kV 

DC/DC capacitor voltage V (DC/DC) 1  kV 

Capacitor value C  10 mF 

AC/DC PWM switching frequency fsw (AC/DC) 5 kHz 
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Figure 6-46. Terminal DC bus voltage (Vdc (terminal)=3 (kV))- CHIL result. 

 

 

 

 

Figure 6-47. Terminal DC current- CHIL result. 

 

 

 

 

Figure 6-48. Three-phase AC current- CHIL result. 
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 Experimental Verification of High Frequency Isolated Modular 6.6

Converter  

The high frequency isolated modular converter experimental test bed is shown in                 

Figure 6-49, and the specifications of the experimental test bed have been summarized in 

Table 6-4. The Voltage Transformation Module (VTM) shown in Figure 6-50 is used as a 

chip DC/DC converter in the experimental test-bed. The H63C2 Concerto controller board is 

used in the control board. With the Concerto board plus the designed interface board, all the 

required switching signals for the 9-module converter are provided. Three DC capacitor 

voltages for phase-A, B, and C regulated at 35V and terminal DC bus voltage regulated at 

315V are shown in Figure 6-51. Figure 6-52 shows three-phase input voltages and currents 

when the reference value of reactive power is regulated at 0 VAR. As can be seen, the 

converter draws sinusoidal current with unity power factor. Figure 6-53 also shows three DC 

capacitor voltages for phase-A, B, and C regulated at 50V and terminal DC bus voltage 

regulated at 450V. As can be seen, all DC capacitor voltages for both case scenarios (Vdcref 

(module) =35V, and 50V) are equal to each other showing the validity of the proposed phase 

and module voltage balancing controller.   

 

 

 

Table 6-4. High frequency isolated modular converter experimental test-bed parameters 

 

 

 
Terminal AC input voltage (rms phase) E 80 V 

AC side inductor Ls 5 mH 

Module number (per terminal) N 9 

Capacitor value C  4.7 mF 
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Figure 6-49. Experimental test-bed for high frequency isolated modular converter. 

 

 

 

 

Figure 6-50. Voltage transformation module (VTM) as a chip DC/DC converter in experimental test-bed. 
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Figure 6-51. Terminal and capacitor DC voltages (Vdc (module)=35 (V)). 

 

 

 

 

Figure 6-52. Three-phase voltages and currents (Vdc (module)=35 (V)). 
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Figure 6-53. Terminal and capacitor DC voltages (Vdc (module)=50 (V)). 

 

 

 

 Summary 6.7
 

In this section, the controller hardware-in-the-loop (CHIL) simulation of CSTC in three 

different modes of operation is performed, and CHIL results are presented to verify the 

proposed control structure and algebraic model. Lab scale experimental results are also 

presented to evaluate the dynamic performance of CSTC in three different modes of 

operation.  

Also, the operation of MTC based AMS under unbalanced operating condition is explored 

via detailed controller hardware-in-the-loop simulation. Experimental results are 

demonstrated to verify the proposed control structure based on instantaneous active power 

control method for operation of AMS under unbalanced operating conditions.  

The controller hardware-in-the-loop simulation of the high frequency isolated modular 

converter is also performed by real time digital simulator (RTDS), and RTDS simulation 
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results are shown to verify the control scheme for high power applications. The hardware 

implementation of the high frequency isolated modular converter is also performed, and 

experimental results are shown to verify the proposed capacitor voltage balancing controller. 

  



  

197 

 CONCLUSIONS AND FUTURE WORK Chapter 7.

 Conclusion of Present Work 7.1

 

This thesis seeks to integrate flexible active solutions for power flow control to existing 

transmission assets, power transformer in particular while increasing the reliability of the US 

transmission grid. The MTC-based CSTC, by continuous real-time power flow control 

capability and multiple output voltages, increases the power system reliability and spare 

capacity, and can be connected to different voltage rating power transformers in the 

transmission grid. This structure has several advantages in comparison with conventional 

FACTS controllers. Modularity for manufacturers and utilities using standard high power 

electronic systems is one of the advantages of this structure. In addition, MTC-based CSTC 

can also be utilized in normal power system conditions to extend the life-time of aging power 

transformers. This thesis presented an algebraic model of the proposed MTC-based CSTC in 

three main operation modes (series-shunt, series-series and shunt-shunt mode of operation) to 

represent the behavior of transformer power flow with respect to operating points of the 

CSTC converters. The proposed algebraic model was used to determine the reference values 

for active and reactive power flow of the CSTC converters based on the desired operating 

points of the connecting transformer power flow. From the obtained results, it was concluded 

that the transformer operating region depends on power system parameters, and the operating 

region of the transformer in the series-shunt mode of operation decreases as the receiving end 

impedance (Xr) increases whereas in the shunt-shunt mode of operation, the transformer 

operating range increases as Xr increases. Also, the active power operating region of the 
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transformer in the series-series mode of operation is twice the transformer operating range in 

series-shunt mode of operation whereas the operating range of transformer reactive power 

flow is limited in series-series mode of operation.  The control structure of the CSTC in three 

different modes of operation was proposed, and the dynamic performance of CSTC was 

explored based on the proposed control method. The feasibility of the CSTC operation via 

detailed controller hardware-in-the-loop simulation (CHIL) was demonstrated, and CHIL 

results verified the controller performance and algebraic model. Experimental results were 

also presented to further evaluate the dynamic performance and attractive features of the 

proposed MTC-based CSTC.   

This thesis also introduced the concept of transmission-level Active Mobile Substations 

(AMS). The AMS is a mobile substation enabled by integrated power electronics. The AMS 

can be connected across different transformers of the grid by controlling its throughput 

power in normal conditions and as well as contingencies. AMS can provide back-up in case 

of power transformer failure or forced reduced operation scenarios in addition to power flow 

control for seasonal renewable energy sources. With state-of-the-art power electronics 

circuits and using even novel devices such as 15kV SiC IGBTs or 9kV Si-Thyristors, the 

AMS may not be practically feasible mainly due to efficiency concerns, low gravimetric and 

volumetric power densities of the current technologies. The design of the AMS is an example 

of transitioning science behind power electronics, geoscience, instrumentation, networking 

and control into disaster engineering practice for the US critical energy infrastructure sector. 

With the development of the proposed AMS, transmission owners and system operators will 

possess a transportable, controllable, and versatile asset that helps them to restore power in 
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case of natural disasters and emergencies. Utilities can also deploy or rent AMS to extend the 

life-time of their transformer fleet or to control the power flow from integration of renewable 

resources. Therefore, it not only improves the power system operation but also it is an 

effective solution that alleviates increased penetration of renewable energy sources. 

Furthermore, future transmission substations can be envisioned with the developed AMS 

technology.  

A detailed comparative analysis of different power converter topologies for AMS 

application was performed. Based on the obtained results, it was concluded that the “high 

frequency isolated modular converter” is a feasible technology for the AMS. In this 

configuration, several H-bridge modules are connected in cascade, so the voltage balancing 

control of several floating dc capacitors is required. In this thesis, an appropriate control 

structure with the phase and module voltage balancing controller was proposed to achieve 

voltage balancing control of multiple floating dc capacitors. The proposed control scheme 

consists of four layers to control power flow and terminal DC bus voltage as well as DC 

capacitor voltages of each module. The phase voltage balancing controller was proposed to 

equalize the sum of DC capacitor voltages in phase-A with the sum of DC capacitor voltages 

in phases-B, and C. The common-mode voltage was used for phase voltage balancing 

control. The module voltage balancing controller was also used to ensure that DC capacitor 

voltage of each module in each phase is similar to the capacitor voltage of other modules in 

that phase. Simulation and lab scale experimental results were also presented to verify the 

proposed control structure.  
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In this thesis, the dynamic performance of embedded multi-terminal dc grid in meshed AC 

power systems was also evaluated. An algebraic model was proposed to analyze the steady 

state performance of embedded multi-terminal dc grid in meshed AC power systems. The 

proposed algebraic model was used to determine the reference values for active and reactive 

power flow of dc grid converters based on the desired operating points of meshed ac power 

system. The proposed model was validated on a reduced order ac equivalent NYPA power 

system. The control structure of embedded multi-terminal dc grid in meshed ac power 

systems based on droop control structure with dead-band controller was proposed. The 

dynamic performance of embedded multi-terminal dc grid in meshed ac power system based 

on the proposed control method was also investigated in PSCAD/EMTDC and RTDS. Steady 

state simulation results were used to verify the proposed algebraic model. 

This thesis also examined the dynamic performance of AMS under fault operating 

conditions. From the obtained results, it was concluded that in MTC based AMS, the 

negative sequence current is highly dependent on the DC capacitor value in angle control 

method, and the capacitor value must be chosen appropriately such that 120 Hz oscillations 

in the DC link can be tolerated under unbalanced conditions. A control scheme based on 

instantaneous active power control method was also proposed to make dc bus voltage 

constant. A supervisory control was also used to determine the switching strategy between 

angle control method and proposed control method under AC fault operating conditions.  

Experimental results were also shown to verify the proposed control structure of MTC based 

AMS under AC fault operating conditions.  
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The dynamic performance of the high frequency isolated modular converter under AC 

fault operating conditions was also explored. This thesis proposed a control method of the 

high frequency isolated modular converter which can be protected against dc fault without 

using expensive DC circuit breakers. The control algorithm for DC fault operation and 

recovery after DC fault was proposed. The performance of converter was thoroughly 

analyzed under DC fault operating condition, and simulation results were presented to 

validate the control structure under DC fault operating conditions. 

The dynamic performance of multi-terminal DC grid was also analyzed under DC fault 

operating condition, and simulation results were presented to validate the control algorithm 

for DC fault operation and recovery after DC fault. 

The dynamic performance of multi-terminal DC grid was also evaluated under loss of 

master converter. The control structure of MTDC system based on master/slave control 

scheme and droop control structure was explained. The dynamic performance of four-

terminal DC grid with the master/slave control scheme and droop control method with dead-

band controller was investigated under loss of master converter. It was observed that in 

master/slave control method, the outage of master terminal results in the outage of entire 

MTDC system since in this case, terminal DC bus voltage is only controlled by master 

terminal. Simulation results were presented to verify the proposed droop control method with 

dead-band controller. Results showed that the multi-terminal DC grid operates satisfactorily 

under normal and loss of a terminal with the proposed droop control method with dead-band 

controller. 
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 Contributions 7.2

 

The main contributions of this thesis can be enumerated as follows: 

1. Developed control structures of Convertible Static Transmission Controller 

(CSTC) in three different modes of operation. 

2. Proposed algebraic models of CSTC in three different modes of operation. 

3. Controller hardware-in-the-loop implementation of CSTC in three different 

modes of operation by Typhoon HIL400. 

4. Experimental verification of the proposed control schemes and algebraic models 

of CSTC in different modes of operation. 

5. Introduction the concept of Active Mobile Substation (AMS).  

6. Proposed control scheme of the high frequency isolated modular converter based 

AMS for capacitor voltage balancing control.  

7. Controller hardware-in-the-loop implementation of the high frequency isolated 

modular converter by RTDS. 

8. Experimental verification of the proposed control scheme of the high frequency 

isolated modular converter. 

9. Algebraic model and control of embedded multi-terminal DC grid in a meshed 

AC power system. 

10. Component design of Modular Transformer Converter (MTC) based AMS with 

angle control method to reduce the magnitude of negative sequence component 

of AC current and second order harmonics component of DC bus voltage under 

AC fault operating condition. 
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11. Proposed instantaneous active power flow control method for MTC based AMS 

under AC fault operating condition. 

12. Proposed control scheme of the high frequency isolated modular converter for 

DC fault operation and recovery after DC fault. The high frequency isolated 

modular converter with the proposed control method can be protected against DC 

fault without using expensive DC circuit breakers. 

13. Proposed control scheme of multi-terminal DC grid based on droop control 

method with dead-band controller. 

14. Proposed control algorithm of multi-terminal DC grid for DC fault operation and 

recovery after DC fault. 

 Future Work 7.3

 

 Develop protocols to monitor and control the main power transformer of the CSTC 

concept for centralized and distributed modes of control; and develop methods (and 

metrics) to test the resiliency and stability of the interconnected CSTC-based 

transmission controllers.  

 Evaluate economic impact of CSTC flexibility on integration of renewable resources, 

increased transmission capacity, and voltage controllability.  

 Perform a survey of current commercial operations and planning models to develop a 

platform for CSTC integration and making recommendations on required upgrades 

and enhancements to operations and planning simulation models.   
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 Cost vs. Benefit analysis of CSTC as Transmission Controllers. Develop a simulation 

base case to measure the impact of CSTC device on market clearing price for 

Locational Marginal Pricing (LMP) and ancillary services under different load, 

generation, and other system conditions. 

 Contingency analysis with CSTC. Select a region such as NYPA or Northeast, obtain 

a power flow model for the selected region, develop a set of N-1-1 contingency 

events under different system conditions by season and time of the day, perform 

steady state and N-1-1 contingency analysis for each developed N-1-1 contingency 

events to assess the effectiveness of installation of CSTC devices on preventing the 

system to become unstable and islanded following two consecutive non-simultaneous 

unexpected outage events.   

 For AMS application, a hierarchical wireless network for implementing real time 

monitoring and control of AMS is required. The hierarchical wireless network should 

comprise of a set of wireless sensor networks or subnets that are integrated by a 

wireless relay network.  

 Develop data processing algorithms for transformer health and condition assessment. 

Although the approaches for deriving many of the parameters for monitoring 

transformers is known, the challenge is to develop methods that can be applied to 

sensor nodes under its limitations of energy and computational resources.  

 Reliability improvement assessment of the power grid with AMS in power system 

and during abnormal and/or hazardous grid level events.  
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 Security analysis of the grid and evaluation of the ability of AMS to bring successful 

improvement in hazardous failures and malfunctions. 

 The ability of the AMS to effectively integrate to other grid level controllers and 

dispatch algorithms for increased stability and high level distributed control for a 

modern sustainable energy system. 
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