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ABSTRACT 

For the past few decades, the construction of generation facilities and new 

transmission lines have been delayed in light of rising energy cost, environmental 

concerns, rights-of-way (RoW) restrictions and other legislative and cost problems. In 

addition, system stability issues may render long distance AC transmission infeasible. 

In this respect, High-Voltage DC (HVDC) transmission requires a smaller RoW, 

simpler and cheaper transmission towers, reduced conductor and insulator costs, 

reduced losses and is not limited by stability considerations. A HVDC link can 

augment system reliability by interconnecting two asynchronous AC grids and can 

integrate offshore wind farms with onshore AC grids.  

The first commercial application of HVDC transmission took place between 

the Swedish mainland and the island of Gotland in 1954, using mercury arc valves. 

Subsequently, the first 320 MW thyristor based HVDC system was commissioned in 

1972 between the Canadian provinces of New Brunswick and Quebec. Continuous 

development in conversion equipment led to reduced size and cost which resulted in 

more widespread use of HVDC transmission. The thyristor based line commutated 

converter (LCC) based HVDC (LCC-HVDC) technology now constitutes the bulk of 

the installed HVDC transmission corridors over the world.  

With LCC-HVDC, for controlling the active power, both the rectification and 

inversion processes consume reactive power. This necessitates the use of reactive 

power sources to match the reactive power demand at both ends. To reduce the effects 

of harmonic voltages and currents generated by the converters, harmonic filters are 

used on both the AC and the DC sides. Also, a minimum short circuit level is required 

to avoid voltage instability. However, despite its limitations, LCC-HVDC possesses 
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high reliability, good overload capability and lower converter losses. It requires low 

maintenance and capital cost and is robust to DC fault currents due to its current 

regulating nature.   

Subsequently, the development of the Insulated Gate Bipolar Transistor 

(IGBT) paved the way for the Voltage Sourced Converter (VSC) based HVDC (VSC-

HVDC) technology, which offered significant advantages over the LCC-HVDC. 

VSC-HVDC facilitates independent active and reactive power control, along with 

reduction in filter size [8] - [18].  VSC-HVDC also enables the integration of offshore 

wind farms with AC grids. Compact, modular designs of the VSCs enable rapid 

installation, commissioning and relocation. Unlike LCC-HVDC, fixed DC voltage 

polarity in the VSC-HVDC enables the use of stronger and lighter XLPE cables, 

suitable for under-sea environment and attractive for offshore transmission. In 

addition, VSC-HVDC systems can be integrated with AC systems having low short 

circuit ratios.  

The first 3-MW, VSC-HVDC link was commissioned at Hellsjon in Sweden 

in 1997. Subsequently, rapid development in the VSC technology has now resulted in 

the availability of higher rated (up to 2000 MW) VSC-HVDC links. This has resulted 

in the installation and commissioning of a large number of VSC-HVDC systems 

worldwide.   

Now, in both LCC-HVDC and VSC-HVDC systems, the converter stations 

can be connected in two ways - back-to-back (BTB) and point-to-point (PTP). Most 

of the MTDC systems installed worldwide are in PTP configurations, their DC sides 

being interconnected through DC links or cables.  
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Unlike a two-terminal HVDC interconnection, a multi-terminal HVDC 

(MTDC) system is more versatile and better capable of utilizing the economic and 

technical advantages of HVDC technology. Moreover, sources of renewable energy 

can be easily integrated with a MTDC system, as and when the need arises. 

For proper MTDC operation, DC voltage control is an essential requirement. 

In this respect, several control techniques have been envisaged. These include DC 

slack bus control (also known as DC master-slave control), distributed DC voltage 

droop control, power synchronization control, hierarchical power control and transient 

management control.  

However, among all the DC voltage control techniques, the DC slack bus 

control and distributed DC voltage droop control have been the more popular and 

widely employed ones.  

In DC slack bus control, the voltage of one DC terminal, known as the DC 

slack bus, is maintained constant by the master converter. The main disadvantage of 

this control scheme is the DC grid instability following a failure of the master 

converter.    

The above problem can be tackled by ensuring that individual converters 

contribute to the DC voltage regulation scheme by adjusting their active power flow 

in response to changes in the DC voltage with the operating point, known as DC 

voltage droop control. For MTDC control, both linear and nonlinear types of DC 

voltage droop characteristics have been envisaged to ensure proper sharing based on 

the converter ratings. Voltage-Power (V-P), Voltage-Current (V-I), Voltage Margin 

(VM), V-P droop with power Dead-Band (DB) and V-P droop with voltage limits are 

some of the more widely used characteristics. 
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To manage power-flows within the DC grids, DC power-flow control devices 

have been conceptualized and developed. They include the use of DC transformers, 

variable resistors, current flow controllers (CFCs), thyristor power flow controllers 

(TPFCs), DC series voltage sources and Interline DC Power Flow Controllers 

(IDCPFCs) for power-flow control in meshed DC grids. The IDCPFC is a DC power-

flow controller without an external AC or DC source and is used for power-flow 

management of DC grids, similar to its AC counterpart - the flexible AC transmission 

systems (FACTS) based Interline Power Flow Controller (IPFC).  

Now, for proper planning, design and operation of AC power systems 

integrated with multi-terminal DC grids, the development of suitable power-flow 

models of both LCC and VSC based hybrid AC-DC systems is a fundamental 

requirement.  

Because of the need of suitable power-flow models of both LCC and VSC 

based hybrid AC-DC systems and the adoption of the Newton-Raphson algorithm as 

the de-facto standard for industrial power-flow solutions, a lot of attention is being 

paid towards the development of Newton-Raphson power-flow models of such hybrid 

AC-DC systems.  

The development of Newton-Raphson power-flow models of both LCC and 

VSC based integrated AC–DC systems has resulted in two distinctly different 

approaches known as the unified and the sequential Newton algorithms, respectively. 

In the former, the AC and the DC quantities are solved simultaneously, while in the 

latter, the AC and the DC systems are solved separately in each iteration. Unlike the 

unified method, the sequential method is easier to implement and poses lesser 

computational burden due to the smaller size of the Jacobian matrix. Many 
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comprehensive research works have been carried out for the development of unified 

and sequential Newton power-flow models of both LCC and VSC based hybrid AC-

DC systems.  

However, from the research works existing in the literature, it is observed that 

the following issues have not been addressed. 

1. For the Newton power-flow modelling of LCC based hybrid AC-DC 

systems, the base values of the various DC quantities can be defined in 

several ways, giving rise to different per-unit AC-DC system models, each 

model comprising separate set of system equations in per-unit. Although 

different per-unit system models affect the convergence of the AC-DC 

power-flow algorithm in different ways, the aspect has not been 

investigated in detail.  

2. A comprehensive comparison of the unified and sequential Newton power-

flow algorithms vis-à-vis standard and non-standard control strategies for 

LCC based hybrid AC-DC systems is yet to be carried out. 

3. Most  of  the  existing  Newton power-flow models  of VSC based hybrid 

AC-DC systems do  not  take  into  account the  modulation  index  of  a  

converter.  The modulation index ‘m’ is an important parameter for VSC 

operation.  Operational considerations  limit  the  minimum  and  the 

maximum  value  of  the  modulation  index.  Thus,  a  power-flow  model  

should yield  the  value  of  ‘m’  and  ‘VDC’  directly,  for  a  given  

operating  condition,  so  that  it  can  be  checked  whether  ‘m’  lies  

within  its  specified limits  (with  sufficient  margin  for  a  dynamic  

response),  along  with ‘VDC’. 
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4. Development of a unified Newton power-flow model of VSC based hybrid 

AC-DC systems incorporating both linear and nonlinear DC voltage droop 

control. 

5. Incorporation of DC power flow controllers like IDCPFC in an existing 

Newton power-flow model of a VSC based hybrid AC-DC system. 

6. Integration of renewable energy resources like offshore wind farms 

(OWFs) with existing power-flow models of VSC based hybrid AC-DC 

systems. 

To address the above limitations, in the present thesis, an attempt has been 

made to investigate systematically the development of unified and sequential Newton 

power-flow models of both LCC based and VSC based hybrid AC-DC systems.  

For LCC based hybrid AC-DC power systems, both the unified and the 

sequential Newton power-flow models are developed to investigate the effects of 

different per-unit AC-DC system models and different DC link control strategies on 

their convergence. Subsequently, both the unified and sequential Newton power-flow 

models of VSC based hybrid AC-DC systems are developed in this thesis to include 

MTDC grid control strategies like master-slave control and DC voltage droop control 

(both linear and nonlinear). Thereafter, DC grid power-flow controllers like IDCPFC 

and multiple offshore wind farms are also included in these power-flow models. In all 

the models developed, the modulation indices of the pulse-width modulation scheme 

pertaining to the VSCs appear as unknowns, along with the converter DC side 

voltages and the phase angles of the fundamental converter AC side voltages.  

The outline of the contributing chapters of the thesis is as follows: 
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Chapter 2 presents the development of unified and sequential Newton power-

flow models of LCC based hybrid AC-DC systems, in light of different per-unit AC-

DC system models and diverse DC link control strategies employed.     

Chapter 3 addresses the development of unified and sequential Newton power-

flow models of VSC based hybrid AC-DC systems for both the back-to-back (BTB) 

and the point-to-point (PTP) VSC-HVDC configurations, employing DC slack-bus 

(master-slave) control for the MTDC grid.   

Chapter 4 addresses the development of unified Newton power-flow models of 

VSC based hybrid AC-DC systems employing DC voltage droop control. The DC 

voltage droop control comprises both linear {voltage-power (V-P) and voltage-current 

(V-I)} as well as non-linear {power dead-band and voltage limits} droop 

characteristics. Based on the terminal end line active and reactive power 

specifications of the VSCs, two different droop control models have been developed.  

Chapter 5 addresses the development of a unified Newton power-flow model 

of VSC based hybrid AC-DC systems incorporating IDCPFC(s) for the power-flow 

management of the DC grid. The IDCPFC(s) employs both DC link current and DC 

link power controls.  

Chapter 6 addresses the development of a Newton power-flow model of VSC 

based hybrid AC-DC systems integrated with multiple offshore wind farms (OWFs).  

The VSCs employ both linear and nonlinear DC voltage droop control. The effects of 

the OWFs on the DC grid voltage profile and the power-flow convergence are 

investigated, vis-à-vis varying wind farm powers.  

VSC losses are included in all the power-flow models. 
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Validity of all the models investigated is demonstrated on the IEEE 300 bus 

test system to test their convergence characteristics.  

Finally, Chapter 7 presents the conclusions of the work reported in the thesis 

and makes some suggestions for further work in the areas covered by the thesis. 
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

For the past few decades, the construction of generation facilities and new 

transmission lines have been delayed in light of rising energy cost, environmental 

concerns, rights-of-way (RoW) restrictions and other legislative and cost problems. In 

addition, system stability issues may render long distance AC transmission infeasible. 

In this respect, High-Voltage DC (HVDC) transmission has proved to be a viable 

option. For a given power level, a DC link requires a smaller RoW, simpler and 

cheaper transmission towers, reduced conductor and insulator costs along with 

reduced losses. Unlike AC, the length of a DC transmission link is not limited by 

stability considerations. A HVDC link can be used to augment system reliability by 

interconnecting two asynchronous AC grids [1]-[16]. For lengths exceeding about 500 

km, HVDC transmission is proving to be more economical than AC. In recent years, 

the harnessing of renewable energy sources has become a necessary and attractive 

option. In this respect, HVDC links can be used to integrate offshore wind farms with 

onshore AC grids [4], [12], [15] and [16].  

The first commercial application of HVDC transmission took place between 

the Swedish mainland and the island of Gotland in 1954, using mercury arc valves. 

Subsequently, the first 320 MW thyristor based HVDC system was commissioned in 

1972 between the Canadian provinces of New Brunswick and Quebec [2] – [4]. Over 

the years, development in conversion equipment reduced their size and cost which 
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resulted in more widespread use of HVDC transmission. This so called line 

commutated converter (LCC) based HVDC (LCC-HVDC) technology now 

constitutes the bulk of the installed HVDC transmission corridors over the world.  

With LCC-HVDC, commutation is achieved using the source voltage and the 

leakage reactance of the converter transformer. Thus, for controlling the active power, 

both the rectification and inversion processes consume reactive power, the reactive 

power consumption varying with load. This necessitates the use of reactive power 

sources to match the reactive power demand at both ends [1], [6], [7]. To reduce the 

effects of harmonic voltages and currents generated by the converters, harmonic 

filters are used on both the AC and the DC sides. Also, in LCC-HVDC systems, a 

minimum short circuit level is required to avoid voltage instability. In LCC-HVDC 

transmission, the reversal of power is carried out by reversing the polarity of the DC 

voltage. Hence, stronger and lighter Cross Linked Poly-Ethylene (XLPE) cables 

cannot be used, which are suited for harsh environmental conditions as encountered in 

the ocean beds [4], [12]. However, despite its limitations, LCC-HVDC possesses high 

reliability, good overload capability and lower converter losses. It requires low 

maintenance and capital cost and is robust to DC fault currents due to its current 

regulating nature [1], [6], [7].   

Subsequently, the advancement of power electronics led to the development of 

the Insulated Gate Bipolar Transistor (IGBT), which paved the way for the Voltage 

Sourced Converter (VSC) based HVDC (VSC-HVDC) technology. The VSC-HVDC 

offered significant advantages over the LCC-HVDC. VSC-HVDC facilitates 

independent active and reactive power control, along with reduction in filter size [8] - 

[18]. Compact, modular designs of the VSCs enable rapid installation, commissioning 

and relocation. In addition, due to the secure energy supply and environmental 
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changes, the demand of renewable energy has been increasing. This has necessitated 

the integration of offshore renewable power resources with the onshore AC grid. In 

order to achieve this, VSC based HVDC transmission has been proposed over 

conventional HVDC [4], [12], [16], [19]-[20]. Unlike LCC-HVDC, fixed DC voltage 

polarity in VSC-HVDC enables the use of stronger and lighter XLPE cables, suitable 

for under-sea environment, making VSC based HVDC systems particularly attractive 

for offshore transmission [4], [12]. This enables the integration of offshore wind 

farms with AC grids. Due to the use of self commutated devices in VSC-HVDC 

technology, ac system voltage for commutation is not required and therefore VSC-

HVDC systems can be integrated with AC systems having low short circuit ratios.  

The first 3-MW, VSC-HVDC link was commissioned at Hellsjon in Sweden 

in 1997. Subsequently, rapid development in the VSC technology has now resulted in 

the availability of higher rated (up to 2000 MW) VSC-HVDC links.  Notable among 

other VSC-HVDC projects are BorWin 1 and 2, HelWin 1 and 2, INELFE, the South-

West link, DolWin 1 and 2 etc [4], [12]. A meshed multi-terminal DC (MTDC) grid 

linking offshore wind farms and three asynchronous AC grids of the European 

Network of Transmission System Operators for Electricity (ENTSO-E) is also being 

envisaged in the North Sea region [19], [20]. 

Now, in both the LCC-HVDC and the VSC-HVDC systems, the converter 

stations can be located closely, in the same sub-station or remotely, at different 

locations. The corresponding configurations are known as back-to-back (BTB) and 

point-to-point (PTP), respectively. Most of the MTDC systems installed worldwide 

are in PTP configurations, their DC sides being interconnected through DC links or 

cables [4], [10], [12].  
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Unlike a two-terminal HVDC interconnection, a multi-terminal HVDC 

(MTDC) system is more versatile and better capable of utilizing the economic and 

technical advantages of the HVDC technology. Moreover, sources of renewable 

energy can be easily integrated with a MTDC system, as and when the need arises 

[19] - [21]. 

For proper MTDC operation in DC grids, DC voltage control is an essential 

requirement. In this respect, several control techniques have been envisaged. An 

extensive review of these control techniques has been presented in [22]. [23] – [36] 

detail some of the comprehensive research works carried out in the area of DC voltage 

control. [23] has employed DC slack bus control on two and six terminal DC systems. 

In a similar manner, [24] –[29] have applied DC voltage droop control to diverse 

topologies of VSC based hybrid AC-DC networks and have provided a design 

methodology to select the droop gains. [30] - [31] have employed DC voltage droop 

control for grid side VSCs to transmit wind farm generated power to AC grids. 

Application of power synchronization control for integrating offshore wind farms 

(OWFs) and island systems to an AC grid using a VSC-HVDC link have been 

reported in [32] - [34]. Further, [35] and [36] have employed hierarchical power 

control and transient management control, respectively, in VSC-MTDC grids.  

However, among all the DC voltage control techniques, DC slack bus control 

(also known as master-slave control) and distributed voltage droop control have been 

the more popular and widely employed ones [10]-[12], [23]-[31], [37].  

In DC slack bus control [10]-[12], [23], the voltage of one DC terminal is 

maintained constant. It is known as the DC slack bus and it sustains the power balance 

of the DC grid. The VSC which controls its DC side voltage is known as the master 
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VSC. The rest of the VSCs regulate their active power flow. The main disadvantage 

of this control scheme is the DC grid instability following a failure of the master 

converter.    

The above problem can be tackled by ensuring that individual VSCs 

contribute to the DC voltage regulation scheme by adjusting their active power flow 

in response to changes in the DC voltage with the operating point, known as DC 

voltage droop control [12], [24]-[31], [37]. In this scheme, in case of outage of the 

master converter, the remaining ones can share the DC grid power imbalance to 

maintain its reliability. For MTDC control, different types of DC voltage droop 

control have been envisaged to ensure proper sharing based on the converter ratings. 

These include both linear and nonlinear voltage droop characteristics. Among the 

linear ones, Voltage-Power (V-P) and Voltage-Current (V-I) droops have been the 

two most popular strategies for DC voltage droop control. Nonlinear voltage droop 

control characteristics include dead-bands and limits. Among the nonlinear ones, 

Voltage Margin (VM), V-P droop with power Dead-Band (DB) and V-P droop with 

voltage limits are some of the more widely used characteristics [12], [24]-[31], [37]. 

One of the main challenges in VSC based integrated AC-DC systems is the 

issue of managing power-flows within the DC grids. Although the converters control 

the power injections into the DC grid, the power-flows within the DC grid depend 

upon the resistances of the DC lines or cables [37]-[38]. In this respect, DC power-

flow control devices [39]-[44] have been conceptualized and developed. These DC 

power-flow control devices can be either DC/DC transformer based or auxiliary 

variable voltage source based. [39] has reported the use of DC transformers to 

regulate power-flows in DC networks. [40] has proposed the use of DC transformers, 

variable resistors and series voltage sources for power-flow control in meshed DC 
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grids. [41] has proposed a current flow controller (CFC) for enhancing the control of 

around a DC grid. [42] has considered a thyristor power flow controller (TPFC) for 

four-quadrant control in a MTDC grid. The Interline DC Power Flow Controller 

(IDCPFC) reported in [43]-[44] is a DC power-flow controller without an external AC 

or DC source which can be used for power-flow management of MTDC grids. It is 

similar to the Interline Power Flow Controller (IPFC), which is a VSC based flexible 

AC transmission systems (FACTS) device developed for AC grids [45]-[47].  

Now, for proper planning, design and operation of AC power systems 

integrated with multi-terminal DC grids, power-flow solution of such hybrid AC-DC 

systems are required. These comprise both line commutated converter (LCC) and 

voltage sourced converter (VSC) based hybrid AC-DC systems. Therefore, the 

development of suitable power-flow models of such systems is a fundamental 

requirement.  

The earliest power-flow algorithms were based on the Gauss-Siedel method. 

However, they exhibited poor convergence characteristics. Subsequently, the Newton-

Raphson Power-Flow method was developed. With development of sparse matrix 

techniques, the Newton-Raphson method emerged as the method of choice in 

commercial power-flow packages [48]. To reduce the computational burden, a 

simplification of the Newton-Raphson method – the fast-decoupled power-flow, was 

also developed [49].  

For the power flow solution of both LCC and VSC based integrated AC–DC 

systems using the Newton Raphson method, two different algorithms have generally 

been reported in the literature. These are known as the unified and the sequential 

method, respectively. In the unified method, the AC and the DC quantities are solved 
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simultaneously, which increases the size of the Jacobian matrix. In the sequential AC–

DC power-flow algorithm, the AC and the DC systems are solved separately in each 

iteration and are coupled by injecting an equivalent amount of real and reactive power 

at the terminal AC buses [1], [6] and [7]. Unlike the unified method, the sequential 

method is easier to implement and poses lesser computational burden due to the 

smaller size of the Jacobian matrix. 

 Some comprehensive power-flow and optimal power-flow (OPF) models of 

LCC based hybrid AC-DC systems have been presented in [50]-[75]. [50] has 

presented a simple LCC based AC-DC power flow formulation for a two terminal DC 

network. A fast decoupled algorithm to compute the power-flow solution of a hybrid 

AC-DC network has been reported in [51], which can be used to investigate 

nonstandard control strategies to maintain overall system stability. [52] has proposed 

a novel unified power-flow model of hybrid AC-DC systems by using the PI bus 

formulation to model the nonlinear load bus. An efficient and versatile optimal power 

flow algorithm for hybrid AC-DC systems has been described in [53]. [54] has 

presented a sequential AC-DC power flow algorithm using the modified Gauss and 

Gauss-Seidel methods. [55] has presented an optimal reactive power-flow (ORPF) 

model with generator capability limits using a heuristic approach. [56], [57] have 

implemented optimal power-flow models of integrated AC-DC systems using genetic 

algorithm and artificial bee colony algorithm, respectively. [58] has presented an 

ORPF model using genetic algorithms. An ORPF model of offshore wind farms 

connected to the AC grid using LCC-HVDC link has been presented in [59]. [60] has 

presented a second order AC-DC power flow algorithm based on the Cartesian 

coordinate formulation of ac-dc system equations. [61] - [64] have presented unified 

power-flow models of LCC based integrated AC-DC systems. [61] has implemented a 
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unified, fast decoupled, AC-DC power-flow model in the New Zealand system. It 

comprises multiple AC systems interconnected by a DC link. [62] has presented a 

unified AC-DC power-flow model in which the equations pertaining to the DC system 

can be included directly in the Newton power-flow model of the AC system. [63] has 

presented a fast decoupled power-flow technique for integrated AC-DC systems, 

using Zollenkof’s bifactorization. [64] has presented a novel, unified power-flow 

method to include DC networks in power-flow calculations by treating the converters 

as voltage dependent loads. [65] has presented a sequential AC-DC power-flow model 

of hybrid AC-DC systems with an ability to handle discrete tap-step and tap limits of 

the converter transformer. [66] has also presented a sequential AC-DC power-flow 

model without considering the effect of the converter transformer reactance. [67] has 

presented a sequential power-flow model of parallel multi-terminal DC networks with 

an ability to handle a large variety of converter controls and modify them to respect 

angle, transformer tap and converter voltage and current limits. In [68], an improved 

sequential AC-DC power-flow model has been presented for state estimation of 

hybrid AC-DC systems. An improved sequential approach for multi-infeed DC 

systems has been presented in [69] to enhance the robustness of the AC-DC power-

flow calculation. A novel sequential power-flow model of hybrid AC-DC systems is 

presented in [70] which can handle the constraints on the DC currents, converter 

control angles and off nominal tap ratios. [71] has shown that the solvability of the 

HVDC system depends on the non-singularity of the linearised co-efficient matrix 

which integrates the network and control modes. [72] has presented a sequential AC-

DC power-flow model which replaces the DC network by voltage dependent loads. 

[73] has described a sequential algorithm to solve hybrid AC-DC networks by 

representing the converters by Norton’s equivalent current sources in parallel with the 
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commutation resistances.  An economical and fast power-flow algorithm for hybrid 

AC-DC systems has been presented in [74]. [75] has presented a power-flow model of 

hybrid AC-DC systems to extend the formulation of [74] by including the converter 

transformer reactance and decoupling the AC system variables from the DC network. 

Similar to LCC based hybrid AC-DC systems, [76]-[103] present some 

comprehensive research works carried out in the area of power-flow and optimal 

power-flow (OPF) modeling of VSC based hybrid AC-DC systems. One of the 

earliest power-flow models for VSC based hybrid AC-DC systems was proposed by 

[76]. However, the analysis of [76] was limited to a two-terminal network only. [77] 

has presented a unified power-flow model of multi-terminal VSC based integrated 

AC-DC systems for both the back-to-back (BTB) and the point-to-point (PTP) 

configurations. [78] has introduced a unified AC-DC unit (ADU) which has been 

applied to two different AC-DC analyses. [79] has proposed a unified power-flow 

algorithm for VSC based AC-DC networks able to deal with different DC voltage 

control schemes. A sequential AC-DC power-flow model using the equivalent power 

injection method has been presented in [80]. A sequential power-flow model for 

multi-terminal VSC-HVDC systems employing DC voltage droop control has been 

presented in [81]. [82] presents a comprehensive, sequential power-flow model of 

VSC based integrated AC-DC systems employing various nonlinear DC voltage 

droop control. [83] presents an OPF model of a VSC based hybrid AC-DC network 

with two different VSC control strategies to minimize the transmission loss. An 

improved analytical model of VSC based hybrid AC-DC power systems employing 

DC voltage droop control has been presented in [84], which estimates the result of 

power distributions, DC voltage deviations and power loss variations, taking 

converter outage and overload into account. [85] has presented a unified power-flow 
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model of VSC-HVDC systems where the VSCs have been modeled as compound 

transformer devices to account for the phase-shifting and scaling nature of the pulse-

width modulation (PWM) control. An OPF model of an AC system integrated with a 

VSC based HVDC network has been proposed in [86]. However, the analysis is 

limited to a two-terminal HVDC network. [87] extends the method of DC OPF to AC 

grids for use in combined AC-DC networks. [88] has presented a unified power-flow 

model of VSC based hybrid AC-DC systems applicable for any number of converters, 

network configurations and control methodologies. [89] presents a unified power-flow 

model of VSC based hybrid AC-DC systems in augmented rectangular coordinates. 

[90] has proposed a general frame-of-reference for true unified, iterative solutions of 

AC/DC power flows which accommodates any number of AC/DC sub-networks. [91] 

has proposed a highly convergent algorithm which employs the power-flow analysis 

of AC grids for analyzing power-flows in DC networks. [92] - [94] have presented 

comprehensive, sequential power-flow model of multi-terminal, VSC based hybrid 

AC-DC networks employing DC slack bus control. However, the analysis of [93] 

does not take into account VSC losses. [95] has reported that incorporation of VSC-

HVDC in meshed networks reduces overall system losses and that the reduction 

increases with increased system loading. [96] has implemented a sequential power-

flow model of a multi-terminal, VSC based hybrid AC-DC network using 

MATPOWER libraries. A comparative analysis of the unified and sequential power-

flow models of multi-terminal, VSC based hybrid AC-DC networks is presented in 

[97]. [98] has investigated the speed and the robustness of unified and sequential 

VSC-MTDC models employing DC master slave and voltage droop controls, 

inclusive of converter station losses. A mixed AC-DC OPF model has been employed 

in [99] for the cost-benefit analysis of VSC-MTDC installations. [99] has reported 
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that VSC-MTDC systems lead to a reduction in the total operation cost. [100] has 

implemented a VSC-HVDC model in an existing OPF algorithm, with the various 

inequality constraints handled by the multipliers method. An improved corrective 

security constrained optimal power flow (CSCOPF) for a meshed AC/DC power 

transmission network with VSC-MTDC grids has been presented in [101]. [102] has 

presented an effective dc voltage and power-sharing control structure for multi-

terminal dc (MTDC) grids based on an optimal power flow (OPF) procedure and 

voltage-droop control structure in order that that the optimally-tuned voltage-droop 

controllers lead to the optimal operation of the MTDC grid. [103] has presented an 

OPF model for MTDC grids with offshore wind farms and storage devices. The 

optimization scheme includes real weather conditions and operational constraints are 

included to achieve the best scheduling of the system and minimum losses.  

However, in most of these models, the following issues have not been 

addressed. 

1. For the Newton power-flow modeling of LCC based hybrid AC-DC 

systems, the base values of the various DC quantities can be defined in 

several ways, giving rise to different per-unit AC-DC system models, each 

model comprising separate set of system equations in per-unit. Although 

different per-unit system models affect the convergence of the AC-DC 

power-flow algorithm in different ways, the aspect has not been 

investigated in detail.  

2. A comprehensive comparison of the unified and sequential Newton power-

flow algorithms vis-à-vis standard and non-standard control strategies for 

LCC based hybrid AC-DC systems is yet to be carried out. 
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3. Most  of  the  existing  Newton power-flow models  of VSC based hybrid 

AC-DC systems do  not  take  into  account the  modulation  index  of  a  

converter.  The modulation index ‘m’ is an important parameter for VSC 

operation.  Operational considerations  limit  the  minimum  and  

maximum  value  of  the  modulation  index. While a low ‘m’ limits the 

maximum fundamental AC side voltage of the VSC, over-modulation 

(m>1) may result in low-order harmonics in the AC system [11].  Thus,  a  

power-flow  model  should yield  the  value  of  ‘m’  and  ‘VDC’  directly,  

for  a  given  operating  condition,  so  that  it  can  be  checked  whether  

‘m’  lies  within  its  specified limits  (with  sufficient  margin  for  a  

dynamic  response),  along  with ‘VDC’. 

4. Development of a unified Newton power-flow model of VSC based AC-

DC systems incorporating DC voltage droop control. 

5. Incorporation of interline DC/DC current flow or power flow controllers 

like IDCPFCs in existing Newton power-flow models of VSC based 

hybrid AC-DC systems. 

6. Integration of renewable energy resources like offshore wind farms 

(OWFs) with existing power-flow models of VSC based hybrid AC-DC 

systems. 

To address the above limitations, in the present thesis, an attempt has been made to 

investigate systematically the development of unified and sequential Newton power-

flow models of both LCC based and VSC based hybrid AC-DC systems and their 

convergence characteristics vis-à-vis different HVDC control strategies. 
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1.2   Scope of the present work 

In this thesis, unified and sequential Newton power-flow models of both LCC 

and VSC based hybrid AC-DC networks have been developed. For LCC based hybrid 

AC-DC networks, the effects of the different per-unit system models and different DC 

link control strategies on the convergence of the AC-DC power-flow algorithm are 

investigated. Subsequently, unified and sequential Newton power-flow models of 

VSC based hybrid AC-DC systems are developed, which can employ DC grid control 

strategies like master-slave control and voltage droop control. Thereafter, the Newton 

power-flow modeling of VSC based hybrid AC-DC systems incorporating IDCPFC(s) 

for the power-flow management of the DC grid(s) has been carried out. Finally, the 

Newton power-flow models of VSC based hybrid AC-DC systems incorporating 

multiple offshore wind farms have been developed and their effects on the DC grid 

voltage profile and their convergence characteristics vis-à-vis varying wind powers 

have been investigated. In all the models developed, the modulation indices of the 

pulse-width modulation scheme pertaining to the VSCs appear as unknowns, along 

with the converter DC side voltages and the phase angles of the fundamental 

converter AC side voltages. 

The outline of the remaining chapters of the thesis is as follows: 

Chapter 2 presents the development of Newton power-flow models of LCC 

based hybrid AC-DC systems.  Both unified and sequential power-flow models of 

such systems are developed in this chapter. The effects of the different per-unit AC-

DC system models on the convergence of the unified and sequential AC-DC power-

flow algorithms are investigated in light of diverse DC link control strategies 

employed.  The convergence characteristics validate the model.   
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Chapter 3 addresses the development of unified and sequential Newton power-

flow models of VSC based hybrid AC-DC systems. DC slack-bus (master-slave) 

control is employed for the multi-terminal DC (MTDC) grid. The proposed model is 

applicable for both the back-to-back (BTB) and the point-to-point (PTP) VSC-HVDC 

configurations. Both the MTDC grid topology and the number of VSCs can be 

arbitrarily chosen in the proposed model. Several case studies were carried out with 

diverse topologies of MTDC networks, employing different DC grid control 

strategies.    

Chapter 4 addresses the development of Newton power-flow models of VSC 

based hybrid AC-DC systems employing DC voltage droop control. The DC voltage 

droop control comprises both linear {voltage-power (V-P) and voltage-current (V-I)} 

as well as non-linear {power dead-band and voltage limits} droop characteristics. 

Voltage margin control is also employed in the proposed model, as a specific case of 

the voltage droop with a power dead-band. Based on the terminal end line active and 

reactive power specifications of the VSCs, two different droop control models have 

been developed. Multiple case studies have been carried out with diverse topologies 

of MTDC networks, employing different types (linear and nonlinear) of DC voltage 

droop controls.  

Chapter 5 addresses the development of a unified Newton power-flow model 

of a VSC based hybrid AC-DC system incorporating an IDCPFC for the power-flow 

management of the DC grid. The IDCPFC comprises variable DC voltage sources 

which are incorporated in series with the DC links and regulates their power flow by 

controlling the power exchanged with these links. The IDCPFC considered in the 

model is a generalized one, with an arbitrary number of DC voltage sources. The 

IDCPFC employs both DC link current and DC link power controls.  
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Chapter 6 addresses the development of power-flow models of VSC based 

hybrid AC-DC systems integrated with multiple offshore wind farms (OWFs).  The 

VSCs employ DC voltage droop control. Both linear and nonlinear voltage droop 

characteristics are incorporated. The effects of the OWFs on the DC grid voltage 

profile and the power-flow convergence are investigated, vis-à-vis varying wind farm 

powers.  

In all the power-flow models developed, VSC losses have been included. 

Feasibility studies of all the models proposed in chapters 2-6 have been carried 

out on the IEEE 300 bus test system [104] to validate their convergence 

characteristics.  

Finally, Chapter 7 presents the conclusions of the work reported in the thesis 

and makes some suggestions for further work in the areas covered by the thesis. 
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Chapter 2 

Newton Power-Flow Modeling of Line Commutated 
Converter (LCC) Based Hybrid AC-DC Systems  

 

2.1   Introduction 

As already mentioned in Chapter 1, the LCC-Based HVDC technology 

constitutes the bulk of the installed DC transmission capacity over the world. A multi-

terminal LCC-based HVDC (MLDC) interconnection is more versatile and better 

capable of utilising the economic and technical advantages of the LCC-HVDC 

technology than a two-terminal one.  

For planning, operation and control of AC power systems incorporating 

MLDC networks, the power-flow solution of hybrid AC-MLDC systems is required.  

This necessitates suitable Newton power-flow models of such systems. Now, for 

developing such models, the base values of the various DC quantities can be defined 

in several ways, each comprising separate sets of system equations in per-unit. It is 

observed that different per-unit system models affect the convergence of the AC-DC 

power flow algorithm in different ways. Although several choices are feasible, only 

two different per-unit system models are considered in this thesis. 

Now, to solve the power flow equations in hybrid AC-MLDC systems, two 

different algorithms are available in the literature. These are known as the unified and 

the sequential Newton method, respectively [1], [6]. In the unified method, the AC 

and the DC quantities are solved simultaneously, which increases the size of the 



17 
 

Jacobian matrix. [52], [61]-[64] present some comprehensive research works on the 

unified method.  

In the sequential AC-DC Newton power flow algorithm, the AC and the DC 

systems are solved separately in each iteration and are coupled by injecting an 

equivalent amount of real and reactive power at the AC terminal buses [1], [6]. Unlike 

the unified method, the sequential method is easier to implement and poses lesser 

computational burden due to the smaller size of the Jacobian matrix. [54], [65]-[75] 

present some comprehensive research works on the sequential method. 

For power-flow solution of hybrid AC-MLDC systems, five quantities are 

required to be solved per converter [1], [6]. These include the DC voltage, the DC 

current, the control angle, the converter transformer tap ratio and the converter power 

factor. On the other hand, only three independent equations comprising two basic 

converter equations and one DC network equation exist per converter. Thus, for 

solution, two additional equations are usually required. These two equations are 

derived from the control specifications adopted for the DC links. Thus, 

mathematically, the control specifications are used to bridge the gap between the 

number of independent equations and the number of unknown quantities. Control 

specifications usually include specified values of converter transformer tap ratio, 

converter control angle, DC voltage, DC current or DC power. Depending on the 

application, several combinations of valid control specifications are possible. Each 

combination of a set of valid control specifications is known as a control strategy [1], 

[6]. The number of possible control strategies increase drastically with increase in the 

number of the DC terminals or converters. Out of a myriad of combinations, only 

some control strategies are practically adopted in practice. In this thesis, nine control 

strategies have been considered for a three-terminal DC network. 
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It is to be noted that in this chapter as well as in the subsequent chapters, bold 

quantities represent complex variables and equivalent-pi models are used to represent 

the transmission lines.  

2.2   Modeling of Hybrid AC-MLDC Systems 

Fig. 2.1 depicts a typical AC power system incorporating a three terminal DC 

network.  The DC network contains two HVDC links. The first link is connected in 

the branch “i - j” between any two system buses “i” and “j” of the AC network while 

the second one is connected in the branch “i - k” between system buses “i” and “k”. 

The three converters representing one rectifier and two inverters are connected to the 

AC system at buses “i”, “j” and “k” respectively, through their respective converter 

transformers. The complex load powers at the AC buses ‘i’, ‘j’ and ‘k’ are represented 

as ۲ܑ܁ = Pୈ୧ + j Qୈ୧, ܒ۲܁ = Pୈ୨ + j Qୈ୨ and ܓ۲܁ = Pୈ୩ + j Qୈ୩, respectively. The 

effects of the DC links are accounted for as equivalent amount of real and reactive 

power injections Pୈୈ,  Qୈୈ, Pୈେ୍ଵ, Qୈେ୍ଵ, Pୈେ୍ଶ and Qୈେ୍ଶ at the converters’ AC 

terminal buses “i”, “j” and “k”, respectively. These power injections are included in 

the analysis by appropriate modifications of the power flow equations, as detailed 

later. 

Prior to the selection of variables and formulation of the equations, several basic 

assumptions are made for the analysis of steady state DC converter operation [1]-[3], 

[6]. These are  

1. The three AC voltages at the terminal bus bars are balanced and sinusoidal. 

2. The operation of the converters is perfectly balanced. 

3. The direct currents and voltages are smooth. 
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4. The converter transformers are lossless and their magnetizing admittances are 

ignored.  

 

Fig. 2.1: Three terminal HVDC link between buses ‘i’, ‘j’ and ‘k’ of an existing 
AC power system network 

 

Subsequently, for analysis of the integrated AC-DC system, the DC and AC 

equations are combined together which requires the translation of the converter 

equations into the per-unit system in order to use them with AC system per-unit 

equations. The base values for the DC system are defined in Table 2.1 which culminate 

in the per-unit AC-DC system equations as given in Table 2.2.  

Table 2.1 

Different base values for DC system 

Convention 1 (Model-1) Convention 2 (Model-2) 

Vୈେ ୠୟୱୣ = k V୅େ ୠୟୱୣ ;  where k =
ଷ √ଶ

஠
 nୠ 

஽ܸ஼ ௕௔௦௘ =  ஽ܸ஼ ௕௔௦௘ 

஽஼ ௕௔௦௘ܫ =
√3
݇

஽஼ ௕௔௦௘ܫ ஺஼ ௕௔௦௘ܫ  =  ஽஼ ௕௔௦௘ܫ3√ 

ܼ஽஼ ௕௔௦௘ = ݇ଶ ܼ஺஼ ௕௔௦௘ ܼ஽஼ ௕௔௦௘ = ܼ஽஼ ௕௔௦௘ 

ܴ஽஼ ௕௔௦௘ =
3
ߨ

 ݊௕  ௖ܺ ௕௔௦௘ ܴ஽஼ ௕௔௦௘ =  ௖ܺ ௕௔௦௘ 
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Table 2.2 
 

Basic converter equations for a 3 terminal DC network in per unit system 
 

 
 

From Table 2.2, it can be observed that twelve independent equations exist against a 

total of eighteen unknowns.  Thus, for a complete solution, six quantities (two per 

converter) are needed to be specified. These are derived from the control specifications 

adopted for the DC links. Each combination of a set of valid control specifications is 

known as a control strategy. Theoretically, the number of possible control strategies 

increase rapidly with increase in the number of the DC terminals or converters. 

However, only a few of the possible control strategies are practically adopted in 

practice. This is explained in the next section. 

 
2.3   Control strategies for MLDC grids  

 
 

Per unit system 1 (Model-1) Per unit system 2 (Model-2) 
eqn. 
no. 

Vୈୈ =  aୖ V୧ cosαୖ − Xୡ Iୈୈ Vୈୈ =  
3√2

π
aୖ nୠV୧ cosαୖ −

3Xୡ

π
 nୠIୈୈ 

(2.1) 

Vୈେ୍ଵ =  a୍ଵ V୨ cosγ୍ଵ − Xୡ Iୈେ୍ଵ   Vୈେ୍ଵ =  
3√2

π
a୍ଵ nୠV୨ cosγ୍ଵ −

3Xୡ

π
nୠIୈେ୍ଵ 

(2.2) 

Vୈେ୍ଶ =  a୍ଶ V୩ cosγ୍ଶ − Xୡ Iୈେ୍ଶ   Vୈେ୍ଶ =  
3√2

π
a୍ଶ nୠV୩ cosγ୍ଶ −

3Xୡ

π
nୠIୈେ୍ଶ 

(2.3) 

Vୈୈ =  aୖ V୧ cosϕୖ Vୈୈ =  
3√2

π
aୖ nୠV୧ cosϕୖ 

(2.4) 

Vୈେ୍ଵ =  a୍ଵ V୨ cosϕ୍ଵ Vୈେ୍ଵ =  
3√2

π
a୍ଵ nୠV୨ cosϕ୍ଵ 

(2.5) 

Vୈେ୍ଶ =  a୍ଶ V୩ cosϕ୍ଶ Vୈେ୍ଶ =  
3√2

π
a୍ଶ nୠV୩ cosϕ୍ଶ 

(2.6) 

Iୈେ୍ଵ =
Vୈୈ − Vୈେ୍ଵ

Rୈେ
 

(2.7) 

Iୈେ୍ଶ =
Vୈୈ − Vୈେ୍ଶ

Rୈେ
 

(2.8) 

Iୈୈ = Iୈେ୍ଵ + Iୈେ୍ଶ (2.9) 

Pୈୈ = Vୈୈ Iୈୈ (2.10) 

Pୈେ୍ଵ = Vୈେ୍ଵ ∗ ൤
Vୈୈ − Vୈେ୍ଵ

Rୈେ
൨ 

(2.11) 

Pୈେ୍ଶ = Vୈେ୍ଶ ∗ ൤
Vୈୈ − Vୈେ୍ଶ

Rୈେ
൨ 

(2.12) 
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For a three terminal DC network, several control strategies are possible [1]. 

However, due to a lack of space, only nine typical control strategies are considered in 

this paper. These are detailed in Table 2.3.  

A. Control Strategy-1 

In this control strategy, the DC voltage and the firing angle are specified for the 

rectifier. On the other hand, the active powers for both the inverters are specified along 

with their extinction angles. 

B. Control Strategy-2 

In this control strategy, the DC voltage and the firing angle are specified for the 

rectifier. For   inverter-1, the active power is specified while the DC current is 

specified for inverter-2. In addition, the extinction angles of both the inverters are 

specified. 

C. Control  Strategy-3 

In this control strategy, at the rectifier terminal, the DC voltage and the firing angle 

are specified. The DC current is specified at inverter-1 while the active power is 

specified at inverter-2. Also, the extinction angles of both the inverters are specified. 

D. Control Strategy-4 

In this control strategy, the DC voltage and the firing angle are specified at the 

rectifier end while the DC currents and the extinction angles are specified for both the 

inverters.  

E. Control Strategy-5 

In this control strategy, the DC voltage is specified for the rectifier while the active 

powers are specified for both the inverters. In addition, the tap settings for all the 

three converter transformers are specified. 
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F. Control Strategy-6 

In this control strategy, the DC voltage is specified for the rectifier while the DC 

currents are specified for both the inverters.  The tap settings for all the three 

converter transformers are also specified. 

G. Control Strategy-7 

In this control strategy, at the rectifier terminal, the DC voltage is specified. The 

active power is specified at inverter-1 while the DC current is specified at inverter-2. 

In addition, the tap settings are specified for all the three converter transformers. 

Table 2.3 

 Some Control Strategies for a 3-Terminal DC link  

Control 

Strategies 
Specified Quantities Unknown Quantities 

1 Pୈେ୍ଵ, Pୈେ୍ଶ, Vୈୈ αୖ, γ୍ଵ, γ୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ , Pୈୈ, Iୈେ୍ଵ, Iୈେ୍ଶ, Iୈୈ, aୖ, a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

2 Pୈେ୍ଵ, Iୈେ୍ଶ, Vୈୈ αୖ, γ୍ଵ, γ୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ, Iୈୈ, aୖ, a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

3 Pୈେ୍ଶ, Iୈେ୍ଵ, Vୈୈ αୖ, γ୍ଵ, γ୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଵ, Pୈୈ, Iୈେ୍ଶ, Iୈୈ, aୖ, a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

4 Iୈେ୍ଵ, Iୈେ୍ଶ, Vୈୈ αୖ, γ୍ଵ, γ୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଵ, Pୈେ୍ଶ, Pୈୈ, Iୈୈ, aୖ, a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

5 Pୈେ୍ଵ, Pୈେ୍ଶ , Vୈୈ aୖ, a୍ଵ, a୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ, Iୈେ୍ଶ, Iୈୈ, αୖ, γ୍ଵ, γ୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

6 Iୈେ୍ଵ , Iୈେ୍ଶ, Vୈୈ aୖ, a୍ଵ, a୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଵ, Pୈେ୍ଶ, Pୈୈ, Iୈୈ, αୖ, γ୍ଵ, γ୍ଶ , cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

7 Pୈେ୍ଵ, Iୈେ୍ଶ, Vୈୈ aୖ, a୍ଵ, a୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ, Iୈୈ, αୖ, γ୍ଵ, γ୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

8 Iୈେ୍ଵ , Pୈେ୍ଶ, Vୈୈ aୖ, a୍ଵ, a୍ଶ Vୈେ୍ଵ, Vୈେ୍ଶ, Pୈେ୍ଵ, Pୈୈ, Iୈେ୍ଶ, Iୈୈ, αୖ, γ୍ଵ, γ୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

9 Pୈେ୍ଵ, Pୈେ୍ଶ, Vୈେ୍ଵ αୖ, γ୍ଵ, γ୍ଶ Vୈେ୍ୖ, Vୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ, Iୈେ୍ଶ, Iୈୈ, aୖ, a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ, cosϕ୍ଶ 

 

H. Control Strategy- 8 

In this control strategy, the DC voltage is specified at the rectifier terminal. For 

inverter-1, the DC current is specified while for inverter-2, the active power is 

specified. The tap settings for all the three converter transformers are also specified. 
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I. Control Strategy-9 

In this control strategy, the firing angle is specified for the rectifier while the DC 

voltage is specified for inverter-1. In addition, the values of the active powers and the 

extinction angles are specified for both the inverters.  

2.4   Power Flow Equations of Integrated AC-MLDC Systems 

Let us consider the integrated AC-DC system shown in Fig. 2.1. From Fig. 2.1, it can 

be observed that for any AC bus ‘i’, which is not connected to any DC link, the 

mismatches in the active and reactive power injections are given respectively, by 

∆P୧ = P୧
ୱ୮ − ෍ V୧V୮Y୧୮cos (θ୧ − θ୮ − ϕ୧୮)

୬

୮ୀଵ

                                       (2.13) 

∆Q୧ = Q୧
ୱ୮ − ෍ V୧V୮Y୧୮sin (θ୧ − θ୮ − ϕ୧୮)

୬

୮ୀଵ

                                       (2.14) 

 

Now, in the DC network shown in Fig. 2.1, the three converters representing one 

rectifier and two inverters are connected to the AC system at buses “i”, “j” and “k” 

respectively, through their respective converter transformers. The DC network contains 

two HVDC links. The first link is connected in the branch ‘i’ and ‘j’ between any two 

AC buses ‘i’ and ‘j’ while the second one is connected in the branch “i-k” between AC 

buses “i” and “k”. For solving the AC power flow, the effects of the DC links are 

included in the power flow equations by injecting an equivalent amount of real and 

reactive power at the terminal AC buses connected to the converters. This results in 

appropriate modifications of the mismatch equations at the converter terminal AC 

buses. At the rectifier bus ‘i’, the effect of the DC link is incorporated in the AC power 

flow as equivalent active and reactive power injections ‘PDCR’ and ‘QDCR’. Similarly, at 
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the inverter buses ‘j’ and ‘k’, the active and reactive power injections representing the 

effect of the DC network are ‘PDCI1’, ‘QDCI1’, ‘PDCI2’ and ‘QDCI2’ respectively.  

Thus, for the AC buses ‘i’, ‘j’ and ‘k’, the mismatches in the active and reactive 

power injections can be written as  

∆P୧ = P୧
ୱ୮ − ෍ V୧V୮Y୧୮cos (θ୧ − θ୮ − ϕ୧୮)

୬

୮ୀଵ

− Pୈୈ                          (2.15) 

∆Q୧ = Q୧
ୱ୮ − ෍ V୧V୮Y୧୮sin (θ୧ − θ୮ − ϕ୧୮)

୬

୮ୀଵ

− Qୈୈ                       (2.16) 

 

∆P୨ = P୨
ୱ୮ − ෍ V୨V୮Y୨୮cos (θ୨ − θ୮ − ϕ୨୮)

୬

୮ୀଵ

+ Pୈେ୍ଵ                         (2.17) 

∆Q୨ = Q୨
ୱ୮ − ෍ V୨V୮Y୨୮ sin൫θ୨ − θ୮ − ϕ୨୮൯

୬

୮ୀଵ

− Qୈେ୍ଵ                      (2.18) 

∆P୩ = P୩
ୱ୮ − ෍ V୩V୮Y୩୮cos (θ୩ − θ୮ − ϕ୩୮)

୬

୮ୀଵ

+ Pୈେ୍ଶ                    (2.19) 

∆Q୩ = Q୩
ୱ୮ − ෍ V୩V୮Y୩୮ sin൫θ୩ − θ୮ − ϕ୩୮൯

୬

୮ୀଵ

−  Qୈେ                  (2.20) 

 
where 
Pୈୈ = VୈୈIୈୈ, Qୈୈ = Pୈୈ tanϕୖ, Pୈେ୍ଵ = Vୈେ୍ଵIୈେ୍ , Qୈେ୍ଵ = Pୈେ୍ଵ tanϕ୍ଵ, 

Pୈେ୍ = Vୈେ୍ଶIୈେ୍ଶ,  Qୈେ୍ଶ = Pୈେ୍ଶ tanϕ୍ଶ. 

In the above equations, the equivalent active power injections ‘PDCR’, ‘PDCI1’ and 

‘PDCI2’ are usually specified or can be very easily computed by manipulation of the 

specified variables. However, for the equivalent reactive power injections Qୈୈ, Qୈେ୍ଵ 

and Qୈେ୍ଶ, the case is different, depending on the control strategy adopted for the DC 

links. For control strategies 1, 2, 3, 4 and 9, ϕୖ,  ϕ୍ଵ and   ϕ୍ଶ (and hence Qୈୈ, 

Qୈେ୍ଵ and Qୈେ୍ଶ ) can be computed by manipulation of the specified variables. 

However, for control strategies 5, 6, 7 and 8, ϕୖ,  ϕ୍ଵ and  ϕ୍ଶ  (and hence  Qୈୈ, 

Qୈେ୍ଵ and Qୈେ୍ଶ) are dependent on both the specified variables as well as the AC state 

variables.  
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 It is important to note the conventions of the signs of the equivalent real and 

reactive power injections representing the DC link. It is assumed that the rectifier 

consumes both real and reactive powers from the AC grid while the inverters supply 

real power and consume reactive power [6].   

2.5   Implementation in Newton Power Flow Analysis 

a) Unified Method  

If the number of voltage controlled buses is (g-1), the unified AC-DC power-flow 

problem for a ‘n’ bus AC power system incorporating a 3-terminal HVDC network 

employing Control strategy 1 (Table 2.3) can be formulated as, 

Solve: 

ી = [θଶ … . .  θ୬]୘, ܄  = ൣV୥ାଵ … . .  V୬൧
୘

, ܆ = [Vୈେ୍ଵ Vୈେ୍ଶ  aୖ  a୍ଵ  a୍ଶ  ϕୖ  ϕ୍ଵ ϕ୍ଶ]୘ 

Specified: ۾ = [Pଶ … . .  P୬]୘, ۿ = ൣQ୥ାଵ … . .  Q୬൧
୘

܎   , = [fଵଵ  … … .  fଵ଼]୘ 

where the individual functions ‘ fଵ୯’ (q = 1, 2 …8) comprising ‘܎’ are derived from the 

basic converter equations, the DC network equations and the control specifications 

(corresponding to Control strategy 1) and are detailed in Table 2.4. 

For the above formulation, it has been assumed that the ‘g’ generators are connected at 

the first ‘g’ buses of the system with bus 1 being the slack bus. Thus the Newton 

power-flow equation can be written as,  

ۏ
ێ
ێ
ێ
ێ
ۍ
૒۾
૒ી

૒۾
૒܄

૒۾
૒܆

૒ۿ
૒ી

૒ۿ
૒܄

૒ۿ
૒܆

૒܎
૒ી

૒܎
૒܄

૒܎
૒ے܆

ۑ
ۑ
ۑ
ۑ
ې

 ൥
∆ી
܄∆
܆∆

൩ = ൥
۾∆
ۿ∆
܎∆

൩                                            (2.21) 

The different Jacobian sub matrices can be identified easily from eqn. (2.21). The 

details are given in Appendix A.  
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In a similar manner, the Newton Raphson power flow formulations can be developed 

very easily for other control strategies. 

 

Table 2.4 

 Individual functions comprising ‘܎’ for Control Strategy 1 

 

b) Sequential Method 

In this method, the AC and DC variables are calculated separately. First the DC 

network equations are solved to compute the DC voltages and / or currents. This is 

followed by the computation of the other DC variables (converter power factors, 

converter control angles or converter transformer tap ratios) from the basic converter 

equations. Subsequently, the equivalent active (‘PDCR’, ‘PDCI1’ and ‘PDCI2’) and reactive 

(Qୈୈ, Qୈେ୍ଵ and Qୈେ୍ଶ) power injections are computed for solving the AC power-

flow equations. It is important to note that the computation of the reactive power 

injections is dependent on the control strategy employed for the DC link. For Control 

Strategies-5, 6, 7 and 8, the computation of the reactive power injections are dependent 

on the AC power-flow iterative process and are updated every iteration, unlike Control 

Strategies-1, 2, 3, 4 and 9. The steps involved in the computation of the active and 

Per unit system 1 Per unit system 2 
Con. 

 
func. 

Vୈୈ −  aୖ V୧ cosαୖ + Xୡ  ൬
2Vୈୈ − Vୈେ୍ଵ − Vୈେ୍ଶ

Rୈେ
൰

= 0 

Vୈୈ −  
3√2

π
aୖ nୠV୧ cosαୖ +

3Xୡ

π
 nୠ ൬

2Vୈୈ − Vୈେ୍ଵ − Vୈେ୍ଶ

Rୈେ
൰

= 0 

fଵଵ 

Vୈେ୍ଵ − a୍ଵ V୨ cosγ୍ଵ + Xୡ  ൬
Vୈୈ − Vୈେ୍ଵ

Rୈେ
൰ = 0 Vୈେ୍ଵ −  

3√2
π

a୍ଵ nୠV୨ cosγ୍ଵ +
3Xୡ

π
nୠ ൬

Vୈୈ − Vୈେ୍ଵ

Rୢ
൰ = 0 

fଵଶ 

Vୈେ୍ଶ −  a୍ଶ V୩ cosγ୍ଶ + Xୡ  ൬
Vୈୈ − Vୈେ୍ଶ

Rୈେ
൰ = 0 Vୈେ୍ଶ −  

3√2
π

a୍ଶ nୠV୩ cosγ୍ଶ +
3Xୡ

π
nୠ ൬

Vୈୈ − Vୈେ୍ଶ

Rୈେ
൰ = 0 

fଵଷ 

Vୈୈ −  aୖ V୧ cosϕୖ = 0 Vୈୈ −  
3√2

π
aୖ nୠV୧ cosϕୖ = 0 

fଵସ 

Vୈେ୍ଵ −  a୍ଵ V୨ cosϕ୍ଵ = 0 Vୈେ୍ଵ − 
3√2

π
a୍ଵ nୠV୨ cosϕ୍ଵ = 0 

fଵହ 

Vୈେ୍ଶ −  a୍ଶ V୩ cosϕ୍ଶ = 0 Vୈେ୍ଶ −  
3√2

π
a୍ଶ nୠV୩ cosϕ୍ଶ = 0 

fଵ଺ 

Pୈେ୍ଵRୈେ − Vୈେ୍ଵVୈୈ + Vୈେ୍ଵ
ଶ = 0 

fଵ଻ 

Pୈେ୍ଶRୈେ − Vୈେ୍ଶVୈୈ + Vୈେ୍ଶ
ଶ = 0 

fଵ଼ 
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reactive power injections for only two typical control strategies 1 and 5 are detailed in 

Table 2.5. In control strategy 5 the reactive power injections are dependent on the AC 

power flow iterative process while in control strategy 1 they are independent of it. 

Although the steps involved in the computation of the power injections pertaining to 

the rest of the control strategies are not shown, they can be computed in ways similar 

to control strategies 1 and 5. 

 

Table 2.5 

Steps to compute active and reactive power injections in control strategies 1 and 5 

 

Control Strategy-1 Control Strategy-5 

Specified quantities Unknown quantities Specified quantities Unknown quantities 

Pୈେ୍ଵ,Pୈେ୍ଶ,Vୈୈ, αୖ, γ୍ଵ , 

γ୍ଶ 

Vୈେ୍ଵ,Vୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ, Iୈେ୍ଶ , Iୈୈ,aୖ,  

a୍ଵ, a୍ଶ, cosϕୖ, cosϕ୍ଵ,cosϕ୍ଶ 

Pୈେ୍ଵ,Pୈେ୍ ,Vୈୈ, aୖ, a୍ଵ, 

a୍ଶ 

Vୈେ୍ଵ,Vୈେ୍ଶ, Pୈୈ, Iୈେ୍ଵ , Iୈେ୍ଶ, Iୈୈ,αୖ,  

γ୍ଵ, γ୍ଶ, cosϕୖ, cosϕ୍ଵ,cosϕ୍ଶ 

 

Step 1: compute Vୈେ୍ଵ and Vୈେ୍ଶ  using DC load flow 

Step 2: compute Iୈେ୍ଵ =
୚ీి౎ି୚ీి౅భ

ୖీి
 

Step 3: compute Iୈେ୍ଶ = ୚ీి౎ି୚ీి౅మ

ୖీి
 

Step 4: compute Iୈୈ = Iୈେ୍ଵ + Iୈେ୍ଶ 

Step 5: compute Pୈୈ = VୈୈIୈୈ 

Step 6: Compute cosϕୖ =
୚ీి౎ ୡ୭ୱα౎

୚ీి౎ ାଡ଼ౙ୍ీి౎
 

Step 7: Compute Qୈୈ = Pୈୈtanϕୖ 

Step 8: Compute cosϕ୍ଵ =
୚ీి౅భ ୡ୭ୱγ౅భ

୚ీి౅భ ାଡ଼ౙ୍ీి౅భ
 

Step 9: Compute cosϕ୍ଶ =
୚ీి౅మ ୡ୭ୱγ౅మ

୚ీి౅మ ାଡ଼ౙ୍ీి౅మ
 

Step 10: Compute Qୈେ୍ଵ = Pୈେ୍ଵtanϕ୍ଵ 
 
Step 11: Compute Qୈେ୍ଶ = Pୈେ୍ଶtanϕ୍ଶ 
 
 
 
Note: Pୈେ୍ଵ  and Pୈେ୍ଶ are specified. Pୈୈ, Qୈୈ, Qୈେ୍ଵ and Qୈେ୍ଶ 
can be computed prior to the AC power flow and hence, are 
independent of the iterative loop. 

 

Step 1: compute Vୈେ୍ଵ and Vୈେ୍ଶ using DC load flow 

Step 2: compute Iୈେ୍ଵ =
୚ీి౎ି୚ీి౅భ

ୖీి
 

Step 3: compute Iୈେ୍ଶ = ୚ీి౎ି୚ీి౅మ

ୖీి
 

Step 4: compute Iୈୈ = Iୈେ୍ଵ + Iୈେ୍ଶ 

Step 5: compute Pୈୈ = VୈୈIୈୈ 

Step 6: Compute cosϕୖ =
୚ీి౎ 

ୟ౎୚౟ 
 

 
Note 1: Vi is an AC power flow variable and is updated every 
iteration. Hence, cosϕୖ changes in every iteration. 
 
Step 7: Compute Qୈୈ = Pୈୈtanϕୖ 

Step 8: Compute  cosϕ୍ଵ =
୚ీి౅భ 

ୟ౅భ୚ౠ
 

Step 9: Compute  cosϕ୍ଶ = ୚ీి౅మ 

ୟ౅మ୚ౡ
 

 
Note 2: V୨ and V୩ are also AC power flow variables and are updated 
every iteration, along with cosϕ୍ଵ and cosϕ୍ଶ. 
 
Step 10: Compute Qୈେ୍ଵ = Pୈେ tanϕ୍ଵ 
 
Step 11: Compute Qୈେ୍ଶ = Pୈେ୍ଶtanϕ୍ଶ 
 
 
Note 3: Pୈେ୍ଵ and Pୈେ୍ଶ are specified. Pୈୈ can be computed prior to 

the AC power flow. However, Qୈୈ, Qୈେ୍ଵ  and Qୈେ୍ଶ depend upon 

ϕୖ, ϕ୍ଵ and ϕ୍ଶ respectively, and need to be updated every iteration. 
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If the number of voltage controlled buses is (g-1), the sequential AC-DC power-flow 

problem for a ‘n’ bus AC power system incorporating a 3-terminal HVDC network can 

be formulated as, 

Solve: 

ી = [θଶ … . .  θ୬]୘, ܄ = [V୥ାଵ … ..  V୬]୘                                                                     (2.22) 

Specified: 

۾ = [Pଶ … . .  P୬]୘, ۿ = [Q୥ାଵ … . . Q୬]୘                                                                        (2.23) 

The Newton Power Flow equation would be represented as,  

൦

૒۾
૒ી

૒۾
૒܄

૒ۿ
૒ી

૒ۿ
૒܄

൪ ቂ∆ી
܄∆

ቃ = ൤
۾∆
 ൨                                                           (2.24)ۿ∆

Flow charts for unified and sequential methods corresponding to control strategy-1 are 

shown in Figures 2.2 and 2.3, respectively. 

 

Fig. 2.2: Flow chart of unified method corresponding to control strategy 1 
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Fig. 2.3: Flow chart of sequential method corresponding to control strategy 1 

 

2.6   Case Studies and Results 

Numerous case studies were carried out on a three-terminal DC network incorporated 

in the IEEE 300-bus test system [104]. All the three converters are connected to their 

respective AC buses by converter transformers. Nine typical control strategies are 

considered for the three-terminal DC network. The effect of the different control 

strategies on the AC-DC power flow convergence was studied. In addition, the base 

values chosen for the various DC quantities can be defined in several ways, giving rise 

to multiple per-unit HVDC system models. In this context, two different per-unit 

system models are considered in this chapter. It is observed that the adoption of 
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different per-unit system models (depending on the selection of the base values chosen 

for the various DC quantities) affects the AC-DC power flow convergence differently. 

For all the case studies, the commutating reactance and the DC link resistance were 

chosen as 0.1p.u. and 0.01p.u., respectively. The number of bridges “ܾ݊” for all the 

converters was taken to be equal to 2. The initial values of variables corresponding to 

LCC based HVDC system were shown in Appendix A. A convergence tolerance of 

10−10 p.u. was uniformly adopted for all the case studies. In each of the case studies, 

‘NI’ and ‘CT’ denote the number of iterations and the computational time in seconds 

{on a Intel® Core (TM) 2 Duo CPU T6400, 2GHz, 2GB RAM processor} for the 

algorithm to converge to the specified tolerance. All the case studies were 

implemented in MATLAB. Although a large number of case studies were conducted to 

validate the proposed model, a few sets of representative results are presented in this 

chapter.  

2.6.1 Unified AC-DC power-flow studies of IEEE 300 bus test system 

incorporating 3-terminal LCC-HVDC network  

Case I: Control strategy-1 

In this case study, two HVDC links are considered. The first HVDC link is 

incorporated between AC buses “25-26” and the second one between buses “25-232”.  

The converter connected to bus no. 25 is made to operate as a rectifier. On the other 

hand, both the converters connected to buses 26 and 232 are operated as inverters. As 

detailed in columns 1-5 of Table 2.6, the active power flows on the DC links 25-26 

and 25-232 are set to values of 0.15 p.u and 0.1 p.u., respectively. The DC voltages on 

the rectifier side for model-1 and model-2 are set to values of 1 p.u and 2.3 p.u 

respectively.  It may be noted that these values are different on account of the 

different constants being associated with the two models in p.u (Table 2.2). The firing 
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angle for the rectifier and the extinction angles for both the inverters are set to 5o and 

15o, respectively. The power flow solution is shown in columns 6-11 of Table 2.6. 

From Table 2.6, it is observed that although the final power-flow solutions 

corresponding to the two models are different, the power-flow convergence patterns 

are similar. Both the models require the same number of iterations to converge, with 

Model 1 taking slightly less computational time than Model-2. The convergence 

characteristics corresponding to the base case power-flow and the unified AC-DC 

power-flow corresponding to model-1 and model-2 are shown in Figures 2.4, 2.5 and 

2.6, respectively. From Figures 2.4-2.6, it is observed that for Control Strategy-1, the 

proposed unified AC-DC power-flow algorithm does not demonstrate quadratic 

convergence characteristics, as in the base case power flow. The bus voltage profiles 

for model-1 and model-2 are depicted in Figures 2.7 and 2.8, respectively. From 

Figures 2.7 and 2.8, it is observed that the bus voltage profile hardly changes except 

for the AC terminal buses at which the LCC HVDC links are incorporated. 

 

Fig. 2.4: Convergence characteristic for the base case power flow in the IEEE-300 bus 

system 
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Fig. 2.5: Convergence characteristic of Table 2.6 for model-1 employing control 

strategy-1 

 

 

 

 Fig. 2.6: Convergence characteristic of Table 2.6 for model-2 employing control 

strategy-1 
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Fig. 2.7: Bus voltage profile of Table 2.6 for model-1 employing control strategy-1 

 

Fig. 2.8: Bus voltage profile of Table 2.6 for model-2 employing control strategy-1 
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Case II: Control strategy-2 

In this case study, two HVDC links are connected between AC buses “213-214” and 

“213-216”.  The converter connected to bus no. 213 operates as a rectifier while both 

the converters connected to buses 214 and 216 operate as inverters. The rectifier end 

DC voltage is specified along with the firing angle. While the first inverter is operated 

in constant power mode, the second one is operated in the constant current mode. In 

addition, the extinction angles for both the inverters are specified. These values are 

detailed in columns 1-5 of Table 2.6. The power flow solution is detailed in columns 6-

11 of Table 2.6. From Table 2.6, it is observed that Model-2 exhibits better 

convergence characteristics. Also, ‘CT’ for Model-2 is lesser than that for Model-1. 

The convergence characteristics of model 1 and model 2, corresponding to control 

strategy 2, are shown in Figures 2.9 and 2.10, respectively. The bus voltage profiles 

with model 1 and model 2 for control strategy 2 are shown in Figures 2.11 and 2.12, 

respectively. 

 

Fig. 2.9: Convergence characteristic of Table 2.6 for model-1 employing control 

strategy-2 
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Fig. 2.10: Convergence characteristic of Table 2.6 for model-2 employing control 

strategy-2 

 

 

Fig. 2.11: Bus voltage profile of Table 2.6 for model-1 employing control strategy-2 
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Fig. 2.12: Bus voltage profile of Table 2.6 for model-2 employing control strategy-2 
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The bus voltage profiles with model 1 and model 2 for control strategy 3 are shown in 

Figures 2.15 and 2.16, respectively. 

 

 

Fig. 2.13: Convergence characteristic of Table 2.6 for model-1 employing control 

strategy-3 

 

 

 

 

Fig. 2.14: Convergence characteristic of Table 2.6 for model-2 employing control 

strategy-3 
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Fig. 2.15: Bus voltage profile of Table 2.6 for model-1 employing control strategy-3 

 

 

 

 

Fig. 2.16: Bus voltage profile of Table 2.6 for model-2 employing control strategy-3 
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Table 2.6 

Study with three different control strategies 1, 2 and 3 of unified method 

HVDC links 
HVDC link specification 

Power flow solution 

Rectifier 
bus 

Inverter 
buses 

AC terminal buses HVDC variables 
Control strategy-1 

Spec. 
Values 

Model 1 Model 2 ACSV Model 1 Model 2 DCSV Model 1 Model 2 

25 

26 

Pୈେ୍ଵ 
(p.u) 

0.15 0.15 Vଶହ 0.9854 0.9879 
Vୈେ୍ଵ 0.9985 2.2993 
Vୈେ୍ଶ 0.999 2.2996 
Pୈୈ 0.2503 0.2501 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶହ -2.1018 -2.1461 
Iୈେ୍ଵ 0.1502 0.0652 
Iୈେ୍ଶ 0.1001 0.0435 
Iୈୈ 0.2503 0.1087 

Vୈୈ 
(p.u) 

1 2.3 Vଶ଺ 0.9679 0.9698 
aୖ 1.0442 0.8731 
a୍ଵ 1.0841 0.9137 
a୍ଶ 1.0425 0.8805 

232 

αୖ 
(deg.) 

5 5 θଶ଺ -4.5343 -4.5598 
cosϕୖ 0.9719 0.9873 
cosϕ୍ଵ 0.9516 0.9607 
cosϕ୍ଶ 0.9563 0.9624 

γ୍ଵ 
(deg.) 

15 15 Vଶଷଶ 1.002 1.0047 NI 10 10 

γ୍ଶ 
(deg.) 

15 15 θଶଷଶ -1.7842 -1.836 CT 2.3135 2.3935 

Control strategy-2 AC terminal buses HVDC variables 

213 

214 
 

Spec. 
Values 

Model 1 Model 2 ACSV Model 1 Model 2 
DC 
SV 

Model 1 
Model 

2 

Pୈେ୍ଵ 
(p.u) 

0.3 0.3 Vଶଵଷ 1.0409 1.0410 
Vୈେ୍ଵ 0.997 2.2987 
Vୈେ୍ଶ 0.9901 2.2772 
Pୈେ୍ଶ 0.099 0.2277 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶଵଷ -20.9011 -20.999 
Pୈୈ 0.4009 0.5302 
Iୈେ୍ଵ 0.3009 0.1305 
Iୈୈ 0.4009 0.2305 

Vୈୈ 
(p.u) 

1 2.3 Vଶଵସ 1.0095 1.0095 
aୖ 1.0031 0.829 

216 

a୍ଵ 1.0533 0.8775 
a୍ଶ 0.9801 0.8298 

αୖ 
(deg.) 

5 5 θଶଵସ -20.7274 -20.7806 
cosϕୖ 0.9578 0.9867 
cosϕ୍ଵ 0.9376 0.9607 

γ୍ଵ 
(deg.) 

15 15 Vଶଵ଺ 1.0564 1.0564 
cosϕ୍ଶ 0.9563 0.9619 

NI 10 10 
γ୍ଶ 

(deg.) 
15 15 θଶଵ଺ -20.9194 -20.9184 CT 2.37714 

2.3520
65 

Control strategy-3 AC terminal buses HVDC variables 

109 

146 
 

Spec. 
Values 

Model 1 Model 2 ACSV Model 1 Model 2 
DC 
SV 

Model 1 
Model 

2 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 Vଵ଴ଽ 1.0195 1.0195 
Vୈେ୍ଵ 0.9995 2.2995 
Vୈେ୍ଶ 1 2.3 
Pୈୈ 0.05 0.115 

Iୈେ୍ଵ 
(p.u) 

0.05 0.05 θଵ଴ଽ 5.9816 6.3665 
Pୈେ୍ଵ 0.05 0.115 
Iୈେ୍ଶ 0 0 
Iୈୈ 0.05 0.05 

Vୈୈ 
(p.u) 

1 2.3 Vଵସ଺ 0.9717 0.9716 
aୖ 0.9896 0.8419 

147 

a୍ଵ 1.0702 0.9109 
a୍ଶ 1.0325 0.8792 

αୖ 
(deg.) 

5 5 θଵସ଺ -6.3944 -5.885 
cosϕୖ 0.9912 0.9921 
cosϕ୍ଵ 0.9611 0.9619 

γ୍ଵ 
(deg.) 

15 15 Vଵସ଻ 1.0027 1.0028 
cosϕ୍ଶ 0.9659 0.9659 

NI 8 8 
γ୍ଶ 

(deg.) 
15 15 θଵସ଻ -4.3604 -3.9388 CT 1.9757 

2.0127
35 
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Case IV: Control strategy-4 

In this case study, the converter connected to AC bus no. 101 acts as a rectifier while 

those connected to AC buses 102 and 105 act as inverters. The rectifier end DC 

voltage is specified along with the firing angle. Both the inverters are operated at 

constant current and constant extinction angle. The values of the specified quantities 

are detailed in columns 1-5 of Table 2.7. The power flow solution is detailed in 

columns 6-11 of Table 2.7.  The convergence characteristics of model 1 and model 2 

corresponding to control strategy 4 are shown in Figures 2.17 and 2.18, respectively.  

It is again observed that both the models demonstrate similar convergence 

characteristics, with Model-1 taking slightly less ‘CT’ and less ‘NI’ to converge. The 

bus voltage profiles with model 1 and model 2 for control strategy 4 are shown in 

Figures 2.19 and 2.20, respectively. 

 

 

Fig. 2.17: Convergence characteristic of Table 2.7 for model-1 employing control 

strategy-4 
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Fig. 2.18: Convergence characteristic of Table 2.7 for model-2 employing control 

strategy-4 

 

 

Fig. 2.19: Bus voltage profile of Table 2.7 for model-1 employing control strategy-4 
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Fig. 2.20: Bus voltage profile of Table 2.7 for model-2 employing control strategy-4 
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Fig. 2.21: Convergence characteristic of Table 2.7 for model-1 employing control 

strategy-5 

 

 

Fig. 2.22: Convergence characteristic of Table 2.7 for model-2 employing control 

strategy-5 
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Fig. 2.23: Bus voltage profile of Table 2.7 for model-1 employing control strategy-5 

 

 

Fig. 2.24: Bus voltage profile of Table 2.7 for model-2 employing control strategy-5 
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Case VI: Control strategy-6 

In this case, the two HVDC links are connected between AC buses “78-84” and “78-

86”. While the converter connected to bus no. 78 operates as a rectifier, the converters 

connected to buses 84 and 86 operate as inverters. In this control strategy, the rectifier 

end DC voltage is specified. On the other hand, both the inverters are operated in the 

constant current mode. Also, the tap ratios of all the three converter transformers are 

specified. While columns ‘1-5’ of Table 2.7 shows the values of the specified 

quantities, columns 6-11 details the power-flow solution. Again, from the values of 

‘CT’ and ‘NI’, it is observed that Model-1 fares better than Model-2.  The convergence 

characteristics of model 1 and model 2 corresponding to control strategy 6 are shown 

in Figures 2.25 and 2.26, respectively. The bus voltage profiles with model 1 and 

model 2 corresponding to control strategy 6 are shown in Figures 2.27 and 2.28, 

respectively. 

 

 

Fig. 2.25: Convergence characteristic of Table 2.7 for model-1 employing control 

strategy-6 
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Fig. 2.26: Convergence characteristic of Table 2.7 for model-2 employing control 

strategy-6 

 

 

Fig. 2.27: Bus voltage profile of Table 2.7 for model-1 employing control strategy-6 
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Fig. 2.28: Bus voltage profile of Table 2.7 for model-2 employing control strategy-6 
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Table 2.7 

Study with three different control strategies 4, 5 and 6 of unified method 

HVDC link 
HVDC link specification 

Power flow solution 

Rectifier 
bus 

Inverter 
buses 

AC terminal buses HVDC variables 
Control strategy-4 

Spec. 
Val. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

101 

102 
 

Iୈେ୍ଵ 
(p.u) 

0.1 0.1 Vଵ଴ଵ 0.9745 0.9726 

Vୈେ୍ଵ 0.9985 2.2985 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଵ 0.0999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.05 0.05 θଵ଴ଵ -14.5011 -14.7822 

Pୈେ୍ଶ 0.05 0.115 

Pୈୈ 0.15 0.345 

Iୈୈ 0.15 0.15 

Vୈୈ 
(p.u) 

1 2.3 Vଵ଴ଶ 1.0014 1.0015 

aୖ 1.0455 0.8898 

105 

a୍ଵ 1.0427 0.887 

a୍ଶ 1.0408 0.8863 

αୖ 
(deg.) 

5 5 θଵ଴ଶ -17.271 -16.8811 
cosϕୖ 0.9815 0.9839 

cosϕ୍ଵ 0.9563 0.958 

γ୍ଵ 
(deg.) 

15 15 Vଵ଴ହ 0.9987 0.9984 
cosϕ୍ଶ 0.9611 0.9619 

NI 9 10 

γ୍ଶ 
(deg.) 

15 15 θଵ଴ହ -12.7184 -12.6926 CT 2.071 2.3187 

Control strategy-5 AC terminal buses HVDC variables 

86 

87 

Spec. 
Values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଵ 
(p.u) 

0.2 0.2 V଼ ଺ 1.013 1.014 

Vୈେ୍ଵ 0.998 2.991 

Vୈେ୍ଶ 0.998 2.991 

Pୈୈ 0.4008 0.4002 

Pୈେ୍ଶ 
(p.u) 

0.2 0.2 θ଼଺ -13.6274 -13.6275 

Iୈେ୍ଵ 0.2004 0.087 

Iୈେ୍ଶ 0.2004 0.087 

Iୈୈ 0.4008 0.174 

Vୈୈ 
(p.u) 

1 2.3 V଼ ଻ 1.0025 1.0026 

αୖ 12.0888 8.405 

γ୍ଵ 21.0307 18.4729 

γ୍ଶ 17.7966 21.7883 

90 

aୖ 
 

1.05 0.86 θ଼଻ -15.6906 -15.6907 
cosϕୖ 0.9401 0.9725 

cosϕ୍ଵ 0.9133 0.9417 

a୍ଵ 
 

1.09 0.9 Vଽ଴ 0.972 0.972 
cosϕ୍ଶ 0.9334 0.9219 

NI 10 10 

a୍ଶ 
 

1.1 0.95 θଽ଴ -23.6159 -23.6159 CT 2.21679 2.2872 

Control strategy-6 AC terminal buses HVDC variables 

78 

84 
 

Spec. 
Values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Iୈେ୍ଵ 
(p.u) 

0.1 0.1 V଻଼ 0.9769 0.9769 

Vୈେ୍ଵ 0.999 2.299 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଵ 0.0999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θ଻଼ -11.43 -11.4228 

Pୈେ୍ଶ 0.0999 0.2299 

Pୈୈ 0.2 0.46 

Iୈୈ 0.2 0.2 

86 

Vୈୈ 
(p.u) 

1 2.3 V଼ ସ 1.0262 1.0263 

αୖ 6.2257 10.0717 

γ୍ଵ 22.1221 21.6945 

γ୍ଶ 22.5174 18.9575 

aୖ 
 

1.04 0.9 θ଼ସ -10.77 -10.7698 
cosϕୖ 0.9746 0.9685 

cosϕ୍ଵ 0.9172 0.9215 

a୍ଵ 
 

1.06 0.9 V଼ ଺ 1.0195 1.0195 
cosϕ୍ଶ 0.9146 0.938 

NI 9 11 

a୍ଶ 
 

1.07 0.89 θ଼଺ -11.6496 -11.6497 CT 1.95103 2.372151 
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Fig. 2.29: Convergence characteristic of Table 2.8 for model-1 employing control 

strategy-7 

 

 

Fig. 2.30: Convergence characteristic of Table 2.8 for model-2 employing control 

strategy-7 
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Fig. 2.31: Bus voltage profile of Table 2.8 for model-1 employing control strategy-7 

 

Fig. 2.32: Bus voltage profile of Table 2.8 for model-2 employing control strategy-7 
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Case VIII: Control strategy-8 

In this case, two HVDC links are incorporated between AC buses “15-31” and “15-

74”. The converter connected to bus no. 15 operates as a rectifier while both the 

converters connected to buses 31 and 74 operate as inverters. In this control strategy, 

the rectifier end DC voltage is specified. The first and the second inverters are operated 

in the constant current and constant power modes, respectively. In addition, the tap 

ratios of all the three converter transformers are specified. Columns 1-5 of Table 2.8 

shows these specified values. The power flow solution is shown in columns 6-11 of 

Table 2.8. From the power-flow solution, it is again observed that Model-1 fares 

slightly better than Model-2 in respect of ‘CT’. The convergence characteristics with 

models 1 and 2 corresponding to control strategy 8 are shown in Figures 2.33 and 2.34, 

respectively. The bus voltage profiles with models 1 and model 2 corresponding to 

control strategy 8 are shown in Figures 2.35 and 2.36, respectively. 

 

 

Fig. 2.33: Convergence characteristic of Table 2.8 for model-1 employing control 

strategy-8 
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Fig. 2.34: Convergence characteristic of Table 2.8 for model-2 employing control 

strategy-8 

 

 

Fig. 2.35: Bus voltage profile of Table 2.8 for model-1 employing control strategy-8 
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Fig. 2.36: Bus voltage profile of Table 2.8 for model-2 employing control strategy-8 
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Table 2.8 

Study with three different control strategies 7, 8 and 9 of unified method 

HVDC link 
HVDC link specification 

Power flow solution 

Rectifier 
Bus 

Inverter 
Buses 

AC terminal buses HVDC variables 
Control strategy-7 

Spec. 
values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

68 

173 

Pୈେ୍ଵ 
(p.u) 

0.2 0.2 V଺଼ 1.0309 1.0306 

Vୈେ୍ଵ 1 2.3 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଶ 0.999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θ଺଼ -18.7703 -18.7794 

Pୈୈ 0.3 0.43 

Iୈେ୍ଵ 0.2 0.087 

Iୈୈ 0.3 0.187 

Vୈୈ 
(p.u) 

1 2.3 Vଵ଻ଷ 1.0465 1.0465 

αୖ 14.0617 9.1939 

174 

γ୍ଵ 21.8305 21.3478 

γ୍ଶ 21.7536 21.1622 

aୖ 
 

1.03 0.85 θଵ଻ଷ -18.7687 -18.7227 
cosϕୖ 0.9418 0.9721 

cosϕ୍ଵ 0.9101 0.9247 

a୍ଵ 
 

1.05 0.88 Vଵ଻ସ 1.0346 1.0341 
cosϕ୍ଶ 0.9196 0.9249 

NI 9 10 

a୍ଶ 
 

1.05 0.89 θଵ଻ସ -20.4037 -20.2606 CT 2.1869 2.44519 

Control strategy-8 AC terminal buses HVDC variables 

15 

31 
 

Spec. 
values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Iୈେ୍ଵ 
(p.u) 

0.04 0.04 Vଵହ 1.0311 1.0312 

Vୈେ୍ଵ 0.9996 2.2996 

Vୈେ୍ଶ 0.9998 2.2991 

Pୈେ୍ଵ 0.04 0.092 

Pୈେ୍ଶ 
(p.u) 

0.2 0.2 θଵହ -7.9123 -7.9121 

Pୈୈ 0.2404 0.2921 

Iୈେ୍ଶ 0.2004 0.087 

Iୈୈ 0.2404 0.127 

Vୈୈ 
(p.u) 

1 2.3 Vଷଵ 1.0199 1.0199 

αୖ 10.4853 13.9799 

74 

γ୍ଵ 20.4163 21.4698 

γ୍ଶ 21.560 20.8776 

aୖ 
 

1.01 0.86 θଷଵ -10.5732 -10.5731 
cosϕୖ 0.9602 0.9603 

cosϕ୍ଵ 0.9334 0.9275 

a୍ଵ 
 

1.05 0.9 V଻ସ 1.0305 1.031 
cosϕ୍ଶ 0.9136 0.9276 

NI 9 9 

a୍ଶ 
 

1.06 0.89 θ଻ସ -9.3778 -9.3882 CT 2.196934 2.226688 

Control strategy-9 AC terminal buses HVDC variables 

266 

270 

Spec. 
values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଵ 
(p.u) 

0.3 0.3 Vଶ଺଺ 1.0071 1.0082 

Vୈୈ 1.003 2.3013 

Vୈେ୍ଶ 1.002 2.3009 

Pୈୈ 0.4010 0.4002 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶ଺଺ -11.2395 -11.2379 

Iୈେ୍ଵ 0.3 0.1304 

Iୈେ୍ଶ 0.0998 0.0435 

Iୈୈ 0.3998 0.1739 

271 

Vୈେ୍ଵ 
(p.u) 

1 2.3 Vଶ଻଴ 1.0072 1.0083 

aୖ 1.0396 0.8606 

a୍ଵ 1.0587 0.8838 

a୍ଶ 1.064 0.8966 

αୖ 
(deg.) 

5 5 θଶ଻଴ -11.2534 -11.2519 
cosϕୖ 0.958 0.982 

cosϕ୍ଵ 0.9378 0.9552 

γ୍ଵ 
(deg.) 

15 15 Vଶ଻ଵ 0.9847 0.9872 
cosϕ୍ଶ 0.9564 0.9624 

NI 10 10 

γ୍ଶ 
(deg.) 

15 15 θଶ଻ଵ -15.1206 -15.1079 CT 2.305518 2.287 
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Fig. 2.37: Convergence characteristic of Table 2.8 for model-1 employing control 

strategy-9 

 

Fig. 2.38: Convergence characteristic of Table 2.8 for model-2 employing control 

strategy-9 
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Fig. 2.39: Bus voltage profile of Table 2.8 for model-1 employing control strategy-9 

 

 

Fig. 2.40: Bus voltage profile of Table 2.8 for model-2 employing control strategy-9 
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From the above studies of unified method, it is observed that, the convergence 

characteristics corresponding to all the presented control strategies do not possesses the 

quadratic convergence characteristics as in base case.  

2.6.2 Sequential AC-DC power-flow studies of IEEE 300 bus test 

system incorporating 3-terminal LCC-HVDC network  

Case I: Control strategy-1 

In this case study, two HVDC links are considered. The first link is incorporated 

between AC buses “25-26” and the second one between buses “25-232”.  The 

converter connected to bus no. 25 operates as a rectifier. On the other hand, both the 

converters connected to buses 26 and 232 operate as inverters. The active power flows 

on the links 25-26 and 25-232 are set to 0.15 p.u and 0.1 p.u, respectively. The DC 

voltages on the rectifier side for model-1 and model-2 are set to values of 1 p.u and 

2.3 p.u, respectively.  It may be noted that these values are different on account of the 

different constants being associated with the two models (Table 2.2). The firing angle 

for the rectifier and the extinction angles for both the inverters are set to 5o and 15o, 

respectively. The power flow solution is shown in columns 6-11 of Table 2.9. From 

Table 2.9, it is observed that although the final power-flow solutions corresponding to 

two models are different, the power-flow convergence patterns are similar. Although 

both the models require the same ‘NI’ to converge, Model-1 takes slightly less ‘CT’ 

than Model-2. The convergence characteristics with model 1 and model 2 

corresponding to control strategy 1 are shown in Figures 2.41 and 2.42, respectively. 

The bus voltage profiles with model 1 and model 2 for control strategy 1 are shown in 

Figures 2.43 and 2.44, respectively. 
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Fig. 2.41: Convergence characteristic of Table 2.9 for model-1 employing control 

strategy-1 

 

 

Fig. 2.42: Convergence characteristic of Table 2.9 for model-2 employing control 

strategy-1 
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Fig. 2.43: Bus voltage profile of Table 2.9 for model-1 employing control strategy-1 

 

 

Fig. 2.44: Bus voltage profile of Table 2.9 for model-2 employing control strategy-1 
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Case II: Control strategy-2 

In this case study, two HVDC links are connected between AC buses “213-214” and 

“213-216”.  The converter connected to bus no. 213 operates as a rectifier while both 

the converters connected to buses 214 and 216 operate as inverters. The rectifier end 

DC voltage is specified along with the firing angle. While the first inverter acts on 

constant power mode, the second one acts on constant current mode. In addition, the 

extinction angles for both the inverters are specified. These values are detailed in 

columns 1-5 of Table 2.9. The power flow solution is detailed in columns 6-11 of 

Table 2.9. From Table 2.9, it is observed that Model-2 demonstrates slightly better 

convergence than Model-1, in terms of lower ‘CT’. The convergence characteristics 

with model 1 and model 2 corresponding to control strategy 2 are shown in Figures 

2.45 and 2.46, respectively. The bus voltage profiles of model 1 and model 2 for 

control strategy 2 are shown in Figures 2.47 and 2.48, respectively. 

 

 

Fig. 2.45: Convergence characteristic of Table 2.9 for model-1 employing control 

strategy-2 
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Fig. 2.46: Convergence characteristic of Table 2.9 for model-2 employing control 

strategy-2 

 

 

Fig. 2.47: Bus voltage profile of Table 2.9 for model-1 employing control strategy-2 
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Fig. 2.48: Bus voltage profile of Table 2.9 for model-2 employing control strategy-2 
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Table 2.9 

Study with three different control strategies 1, 2 and 3 of sequential method 
HVDC links 

HVDC link specification 
Power flow solution 

Rectifier 
bus 

Inverter 
buses 

AC terminal buses HVDC variables 
Control strategy-1 

Spec. 
Values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

25 

26 

Pୈେ୍ଵ 
(p.u) 

0.15 0.15 Vଶହ 0.9938 0.9879 

Vୈେ୍ଵ 0.9985 2.2993 

Vୈେ୍ଶ 0.999 2.2996 

Pୈୈ 0.2503 0.2501 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶହ 0.2585 -2.1461 

Iୈେ୍ଵ 0.1502 0.0652 

Iୈେ୍ଶ 0.1001 0.0435 

Iୈୈ 0.2503 0.1087 

Vୈୈ 
(p.u) 

1 2.3 Vଶ଺ 0.9732 0.9698 

aୖ 1.0237 0.8731 

a୍ଵ 1.0904 0.9137 

a୍ଶ 1.034 0.8805 

232 

αୖ 
(deg.) 

5 5 θଶ଺ -2.0488 -4.5599 

cosϕୖ 0.9814 0.9873 

cosϕ୍ଵ 0.9423 0.9607 

cosϕ୍ଶ 0.9563 0.9624 

γ୍ଵ 
(deg.) 

15 15 Vଶଷଶ 1.0103 1.0047 NI 6 6 

γ୍ଶ 
(deg.) 

15 15 θଶଷଶ 0.5706 -1.836 CT 1.33934 1.360377 

Control strategy-2 AC terminal buses HVDC variables 

213 

214 
 

Spec. 
Values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଵ 
(p.u) 

0.3 0.3 Vଶଵଷ 1.0409 1.0409 

Vୈେ୍ଵ 0.997 2.2987 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଶ 0.0999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶଵଷ -20.8941 -20.9826 

Pୈୈ 0.4009 0.5302 

Iୈେ୍ଵ 0.3009 0.1305 

Iୈୈ 0.4009 0.2305 

Vୈୈ 
(p.u) 

1 2.3 Vଶଵସ 1.0095 1.0095 

aୖ 1.0031 0.837 

216 

a୍ଵ 1.0533 0.8822 

a୍ଶ 0.9888 0.8411 

αୖ 
(deg.) 

5 5 θଶଵସ -20.7203 -20.7635 
cosϕୖ 0.9578 0.9775 

cosϕ୍ଵ 0.9376 0.9556 

γ୍ଵ 
(deg.) 

15 15 Vଶଵ଺ 1.0564 1.0563 
cosϕ୍ଶ 0.9564 0.958 

NI 6 6 

γ୍ଶ 
(deg.) 

15 15 θଶଵ଺ -20.9123 -20.9012 CT 1.37153 1.360508 

Control strategy-3 AC terminal buses HVDC variables 

109 

146 
 

Spec. 
Values 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 Vଵ଴ଽ 1.0190 1.0194 

Vୈେ୍ଵ 0.9995 2.995 

Vୈେ୍ଶ 0.999 2.996 

Pୈୈ 0.1501 0.215 

Iୈେ୍ଵ 
(p.u) 

0.05 0.05 θଵ଴ଽ 5.6989 5.7082 

Pୈେ୍ଵ 0.05 0.115 

Iୈେ୍ଶ 0.1001 0.0435 

Iୈୈ 0.1501 0.0935 

Vୈୈ 
(p.u) 

1 2.3 Vଵସ଺ 0.9713 0.9716 

aୖ 1.133 0.8451 

147 

a୍ଵ 1.1186 0.9109 

a୍ଶ 1.1356 0.8823 

αୖ 
(deg.) 

5 5 θଵସ଺ -6.6123 -6.4623 
cosϕୖ 0.8662 0.9885 

cosϕ୍ଵ 0.9199 0.9619 

γ୍ଵ 
(deg.) 

15 15 Vଵସ଻ 1.002 1.0026 
cosϕ୍ଶ 0.878 0.9624 

NI 6 6 

γ୍ଶ 
(deg.) 

15 15 θଵସ଻ -4.4854 -4.4246 CT 1.49552 1.392965 
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Fig. 2.49: Convergence characteristic of Table 2.9 for model-1 employing control 

strategy-3 

 

 

 

Fig. 2.50: Convergence characteristic of Table 2.9 for model-2 employing control 

strategy-3 
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Fig. 2.51: Bus voltage profile of Table 2.9 for model-1 employing control strategy-3 

 

 

 

Fig. 2.52: Bus voltage profile of Table 2.9 for model-2 employing control strategy-3 
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Case IV: Control strategy-4 

In this case study, the rectifier is connected to AC bus no. 101 while the inverters are 

connected to buses 102 and 105, respectively. The rectifier end DC voltage is specified 

along with the firing angle. Both the inverters are operated at constant current and 

constant extinction angle mode. The values of the specified quantities are detailed in 

columns 1-5 of Table 2.10. The power flow solution is detailed in columns 6-11 of 

Table 2.10.  It is again observed that both the models demonstrate similar convergence 

characteristics, with Model-2 taking slightly less CT to converge. The convergence 

characteristics with model 1 and model 2 corresponding to control strategy 4 are 

shown in Figures 2.53 and 2.54, respectively. The bus voltage profiles with model 1 

and model 2 for control strategy 4 are shown in Figures 2.55 and 2.56, respectively. 

 

 

Fig. 2.53: Convergence characteristic of Table 2.10 for model-1 employing control 

strategy-4 
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Fig. 2.54: Convergence characteristic of Table 2.10 for model-2 employing control 

strategy-4 

 

 

Fig. 2.55: Bus voltage profile of Table 2.10 for model-1 employing control strategy-4 
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Fig. 2.56: Bus voltage profile of Table 2.10 for model-2 employing control strategy-4 

 

Case V: Control strategy-5 
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90”. The converter connected to bus no. 86 operates as a rectifier while both the 
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specified. Columns 1-5 of Table 2.10 show these specified values. The power flow 
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‘CT’ that Model-2 fares slightly better than Model-1. The convergence characteristics 

with model 1 and model 2 corresponding to control strategy 5 are shown in Figures 

2.57 and 2.58, respectively. The bus voltage profiles of model 1 and model 2 for 

control strategy 5 are shown in Figures 2.59 and 2.60, respectively. 

 

Case VI: Control strategy-6 

In this case, the two HVDC links are connected between AC buses “78-84” and “78-

86”. While the converter connected to bus no. 78 operates as a rectifier, the converters 

connected to buses 84 and 86 operate as inverters. In this control strategy, the rectifier 

end DC voltage is specified. On the other hand, both the inverters are operated in the 

constant current mode. Also, the tap ratios of all the three converter transformers are 

specified. While columns ‘1-5’ of Table 2.10 show the values of the specified 

quantities, columns 6-11 detail the power-flow solution. From the power flow solution, 

it is observed that again the convergence pattern is adversely affected by this control 

strategy, as the converter equivalent reactive power injections are updated in each 

iteration. Again, from the values of ‘CT’ and ‘NI’, it is observed that Model-1 fares 

better than Model-2. The convergence characteristics with model 1 and model 2 

corresponding to control strategy 6 are shown in Figures 2.61 and 2.62, respectively. 

The bus voltage profiles with model 1 and model 2 for control strategy 6 are shown in 

Figures 2.63 and 2.64, respectively. 
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Fig. 2.57: Convergence characteristic of Table 2.10 for model-1 employing control 

strategy-5 

 

 

 

Fig. 2.58: Convergence characteristic of Table 2.10 for model-2 employing control 

strategy-5 
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Fig. 2.59: Bus voltage profile of Table 2.10 for model-1 employing control strategy-5 

 

 

Fig. 2.60: Bus voltage profile of Table 2.10 for model-2 employing control strategy-5 
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Fig. 2.61: Convergence characteristic of Table 2.10 for model-1 employing control 

strategy-6 

 

Fig. 2.62: Convergence characteristic of Table 2.10 for model-2 employing control 

strategy-6 
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Fig. 2.63: Bus voltage profile of Table 2.10 for model-1 employing control strategy-6 

 

 

Fig. 2.64: Bus voltage profile of Table 2.10 for model-2 employing control strategy-6 
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Table 2.10 

Study with three different control strategies 4, 5 and 6 of sequential method 
 

HVDC link 
HVDC link specification 

Power flow solution 

Rectifier 
bus 

Inverter 
buses 

AC terminal buses HVDC variables 
Control strategy-4 

Spec. 
Vals. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

101 

102 
 

Iୈେ୍ଵ 
(p.u) 

0.1 0.1 Vଵ଴ଵ 0.9745 0.9384 

Vୈେ୍ଵ 0.999 2.295 

Vୈେ୍ଶ 0.9995 2.296 

Pୈେ୍ଵ 0.0999 1.1475 

Iୈେ୍ଶ 
(p.u) 

0.05 0.05 θଵ଴ଵ -14.5005 -18.0564 

Pୈେ୍ଶ 0.05 0.9184 

Pୈୈ 0.15 2.07 

Iୈୈ 0.15 0.9 

Vୈୈ 
(p.u) 

1 2.3 Vଵ଴ଶ 1.0014 0.9901 

aୖ 1.0455 0.979 

105 

a୍ଵ 1.0432 0.9255 

a୍ଶ 1.0413 0.9174 

αୖ 
(deg.) 

5 5 θଵ଴ଶ -17.2702 -14.7398 
cosϕୖ 0.9815 0.9269 

cosϕ୍ଵ 0.9564 0.9273 

γ୍ଵ 
(deg.) 

15 15 Vଵ଴ହ 0.9987 0.9912 
cosϕ୍ଶ 0.9611 0.9348 

NI 6 6 

γ୍ଶ 
(deg.) 

15 15 θଵ଴ହ -12.7177 -12.8546 CT 1.51186 1.41018 

Control strategy-5 AC terminal buses HVDC variables 

86 

87 

Spec. 
Val. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଵ 
(p.u) 

0.2 0.2 V଼ ଺ 1.013 1.0141 

Vୈେ୍ଵ 0.998 2.991 

Vୈେ୍ଶ 0.998 2.991 

Pୈୈ 0.4008 0.4002 

Pୈେ୍ଶ 
(p.u) 

0.2 0.2 θ଼଺ -13.6274 -13.6383 

Iୈେ୍ଵ 0.2004 0.087 

Iୈେ୍ଶ 0.2004 0.087 

Iୈୈ 0.4008 0.174 

Vୈୈ 
(p.u) 

1 2.3 V଼ ଻ 1.0025 1.0035 

αୖ 12.0888 14.5339 

γ୍ଵ 21.037 20.1385 

γ୍ଶ 17.7966 16.703 

90 

aୖ 
 

1.05 
 

0.88 θ଼଻ -15.6906 -15.7001 
cosϕୖ 0.9401 0.9542 

cosϕ୍ଵ 0.9133 0.9321 

a୍ଵ 
 

1.09 0.91 Vଽ଴ 0.972 0.9733 
cosϕ୍ଶ 0.9334 0.9506 

NI 10 10 

a୍ଶ 
 

1.1 0.92 θଽ଴ -23.6159 -23.6212 CT 2.02501 2.0171 

Control strategy-6 AC terminal buses HVDC variables 

78 

84 
 

Spec. 
Val. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Iୈେ୍ଵ 
(p.u) 

0.1 0.1 V଻଼ 0.9861 0.9757 

Vୈେ୍ଵ 0.999 2.299 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଵ 0.0999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θ଻଼ -10.2544 -11.4187 

Pୈେ୍ଶ 0.0999 0.2299 

Pୈୈ 0.2 0.46 

Iୈୈ 0.2 0.2 

86 

Vୈୈ 
(p.u) 

1 2.3 V଼ ସ 1.0276 1.0263 

αୖ 9.8874 12.8457 

γ୍ଵ 20.7534 21.6895 

γ୍ଶ 22.5238 18.8897 

aୖ 
 

1.05 0.91 θ଼ସ -11.5247 -10.776 
cosϕୖ 0.9658 0.959 

cosϕ୍ଵ 0.9258 0.9215 

a୍ଵ 
 

1.05 0.9 V଼ ଺ 1.0209 1.0196 
cosϕ୍ଶ 0.9146 0.938 

NI 9 13 

a୍ଶ 
 

1.07 0.89 θ଼଺ -12.4037 -11.6552 CT 1.84502 2.531736 
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Case VII: Control strategy-7 

In this case study, two HVDC links are incorporated between AC buses “68-173” and 

“68-174”. The converter connected to bus no. 68 acts as a rectifier while both the 

converters connected to buses 173 and 174 act as inverters. In this control strategy, 

the rectifier end DC voltage is specified. The first inverter is operated in the constant 

power mode while the second one operates in the constant current mode. In addition, 

the tap ratios of all the three converter transformers are specified. The specified values 

are given in columns 1-5 of Table 2.11. The power flow solution is shown in columns 

6-11 of Table 2.11.  

From the power-flow solution, it is again observed that the convergence pattern is 

adversely affected by this particular control strategy as seen from the increased values 

of ‘NI’ and ‘CT’. This is because for this control strategy too, the converter equivalent 

reactive power injections need to be updated in every iteration. Also, Model-1 is 

observed to have slightly better convergence than Model-2 in respect of both ‘CT’ and 

‘NI’.   The convergence characteristics with model 1 and model 2 corresponding to 

control strategy 7 are shown in Figures 2.65 and 2.66, respectively. The bus voltage 

profiles with model 1 and model 2 for control strategy 7 are shown in Figures 2.67 and 

2.68, respectively. 
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Fig. 2.65: Convergence characteristic of Table 2.11 for model-1 employing control 

strategy-7 

 

 

Fig. 2.66: Convergence characteristic of Table 2.11 for model-2 employing control 

strategy-7 
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Fig. 2.67: Bus voltage profile of Table 2.11 for model-1 employing control strategy-7 

 

Fig. 2.68: Bus voltage profile of Table 2.11 for model-2 employing control strategy-7 
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selected for the control of the DC links. In this control strategy, the rectifier end DC 

voltage is specified. The first and the second inverters are operated in the constant 

current and constant power modes, respectively. In addition, the tap ratios of all the 

three converter transformers are specified. Columns 1-5 of Table 2.11 show these 

specified values. The power flow solution is shown in columns 6-11 of Table 2.11. 

From the power-flow solution, it is again observed from the increased values of ‘CT’ 

and ‘NI’ that in this control strategy, the updating of the equivalent reactive power 

injections at the converter terminal buses in every iteration affect the convergence 

pattern adversely. Model-1 is observed to demonstrate slightly better convergence than 

Model-2 in respect of ‘CT’. The convergence characteristics with model 1 and model 2 

corresponding to control strategy 8 are shown in Figures 2.69 and 2.70, respectively. 

The bus voltage profiles with model 1 and model 2 for control strategy 8 are shown in 

Figures 2.71 and 2.72, respectively. 

 

 

 

Fig. 2.69: Convergence characteristic of Table 2.11 for model-1 employing control 

strategy-8 
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Fig. 2.70: Convergence characteristic of Table 2.11 for model-2 employing control 

strategy-8 

 

 

Fig. 2.71: Bus voltage profile of Table 2.11 for model-1 employing control strategy-8 
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Fig. 2.72: Bus voltage profile of Table 2.11 for model-2 employing control strategy-8 
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profiles with model 1 and model 2 for control strategy 9 are shown in Figures 2.75 and 

2.76, respectively. 

 

 

Fig. 2.73: Convergence characteristic of Table 2.11 for model-1 employing control 

strategy-9 

 

 

Fig. 2.74: Convergence characteristic of Table 2.10 for model-2 employing control 

strategy-9 
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Fig. 2.75: Bus voltage profile of Table 2.11 for model-1 employing control strategy-9 

 

 

Fig. 2.76: Bus voltage profile of Table 2.11 for model-2 employing control strategy-9 
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Table 2.11 

Study with three different control strategies 7, 8 and 9 of sequential method 
 

HVDC link 
HVDC link specification 

Power flow solution 

Rectifier 
Bus 

Inverter 
Buses 

AC terminal buses HVDC variables 
Control strategy-7 

Spec. 
Vals. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

68 

173 

Pୈେ୍ଵ 
(p.u) 

0.2 0.2 V଺଼ 1.0309 1.0306 

Vୈେ୍ଵ 0.998 2.2991 

Vୈେ୍ଶ 0.999 2.299 

Pୈେ୍ଶ 0.0999 0.2299 

Iୈେ୍ଶ 
(p.u) 

0.1 0.1 θ଺଼ -18.7713 -18.7794 

Pୈୈ 0.3004 0.4301 

Iୈେ୍ଵ 0.2004 0.087 

Iୈୈ 0.3004 0.187 

Vୈୈ 
(p.u) 

1 2.3 Vଵ଻ଷ 1.0464 1.0465 

αୖ 14.05 12.5736 

174 

γ୍ଵ 22.1011 21.3748 

γ୍ଶ 21.7528 22.6652 

aୖ 
 

1.03 0.86 θଵ଻ଷ -18.7713 -18.7227 
cosϕୖ 0.9418 0.9611 

cosϕ୍ଵ 0.9083 0.9248 

a୍ଵ 
 

1.05 0.88 Vଵ଻ସ 1.0346 1.0341 
cosϕ୍ଶ 0.9196 0.9148 

NI 8 9 

a୍ଶ 
 

1.05 0.9 θଵ଻ସ -20.4064 -20.2606 CT 1.82981 1.982946 

Control strategy-8 AC terminal buses HVDC variables 

15 

31 
 

Spec. 
Vals. 

Model 1 Model 2 
AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Iୈେ୍ଵ 
(p.u) 

0.04 0.04 Vଵହ 1.0298 1.0284 

Vୈେ୍ଵ 0.9996 2.2996 

Vୈେ୍ଶ 0.9998 2.2991 

Pୈେ୍ଵ 0.04 0.092 

Pୈେ୍ଶ 
(p.u) 

0.2 0.2 θଵହ -7.3763 -9.2746 

Pୈୈ 0.2404 0.2921 

Iୈେ୍ଶ 0.2004 0.087 

Iୈୈ 0.2404 0.127 

Vୈୈ 
(p.u) 

1 2.3 Vଷଵ 1.0208 1.0189 

αୖ 12.874 13.3493 

74 

γ୍ଵ 20.5593 21.3213 

γ୍ଶ 18.3072 22.2765 

aୖ 
 

1.02 0.86 θଷଵ -9.8835 -11.1852 
cosϕୖ 0.952 0.9628 

cosϕ୍ଵ 0.9326 0.9285 

a୍ଵ 
 

1.05 0.9 V଻ସ 1.0311 1.0298 
cosϕ୍ଶ 0.9307 0.9184 

NI 9 9 

a୍ଶ 
 

1.04 0.9 θ଻ସ -8.7861 -10.3608 CT 1.97939 1.995565 

Control strategy-9 AC terminal buses HVDC variables 

266 

270 

Spec. 
Value

s 
Model 1 Model 2 

AC
SV 

Model 1 Model 2 
DC 
SV 

Model 1 Model 2 

Pୈେ୍ଵ 
(p.u) 

0.3 0.3 Vଶ଺଺ 1.0082 1.0092 

Vୈୈ 0.997 2.2987 

Vୈେ୍ଶ 0.999 2.2996 

Pୈୈ 0.4010 0.4002 

Pୈେ୍ଶ 
(p.u) 

0.1 0.1 θଶ଺଺ -10.5314 -10.5448 

Iୈେ୍ଵ 0.3009 0.1305 

Iୈେ୍ଶ 0.1001 0.0435 

Iୈୈ 0.401 0.174 

271 

Vୈେ୍ଵ 
(p.u) 

1 2.3 Vଶ଻଴ 1.0082 1.0093 

aୖ 1.0226 0.8556 

a୍ଵ 1.068 0.8861 

a୍ଶ 1.0594 0.895 

αୖ 
(deg.) 

5 5 θଶ଻଴ -10.5314 -10.537 
cosϕୖ 0.967 0.9855 

cosϕ୍ଵ 0.9287 0.9522 

γ୍ଵ 
(deg.) 

15 15 Vଶ଻ଵ 0.986 0.9884 
cosϕ୍ଶ 0.9563 0.9624 

NI 6 6 

γ୍ଶ 
(deg.) 

15 15 θଶ଻ଵ -14.4112 -14.4049 CT 1.38442 1.397773 
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The convergence characteristics corresponding to some of the control strategies in the 

sequential method retain the quadratic convergence characteristics similar to the base 

case. However, for other control strategies, the quadratic convergence characteristics 

are not retained. In addition, the bus voltage profiles for these studies do not change 

except the terminal AC buses at which the LCC HVDC converters are placed. 

2.7   Conclusions 

In this chapter, both unified and sequential Newton power-flow models of LCC based 

hybrid AC-DC systems have been presented. Based on the selection of the base values 

of the various DC quantities, two different per-unit AC-DC system models have been 

considered. The convergence characteristics of both the unified and the sequential 

Newton power-flow algorithms have been investigated in light of these two per-unit 

AC-DC system models and diverse DC link control strategies employed.  All the 

power-flow models were implemented on a 3-terminal MLDC network incorporated 

in the IEEE 300-bus test system [104]. Nine different control strategies have been 

considered for control of the HVDC links.  

It is observed that corresponding to the unified Newton power-flow model, the 

convergence characteristics with both the per-unit system models (Models 1 and 2) 

are similar, independent of the control strategy adopted. However, the convergence 

characteristics vary slightly with the location of the MLDC network i.e. the AC 

system buses between which the link is incorporated and the values of the electrical 

quantities specified in the control strategy adopted for the DC links. 

 Corresponding to the sequential Newton power-flow model, it is observed that 

the convergence characteristics are strongly dependent on the control strategy 

employed for the DC links. For some of the control strategies, the converter 
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equivalent reactive power injections need to be computed in every NR iteration. This 

affects the convergence of the algorithm. Similar to the unified model, the 

convergence characteristics is also observed to be affected by the location of the 

MLDC network in the AC system and the values of the electrical quantities specified 

in the DC link control strategy. It is also observed that in most of the cases, the 

convergence characteristics are almost similar for both the per-unit models.  

  In the next chapter, the Newton power flow modeling of VSC based hybrid 

AC-DC systems is presented. 
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Chapter 3 

Newton Power Flow Modeling of Voltage Source 
Converter (VSC) Based Hybrid AC-DC Systems 

Employing DC Slack-Bus Control 
 

3.1   Introduction 

 The advancement of power-electronics led to the development of Insulated 

Gate Bipolar Transistor (IGBT), which paved the way for VSC-based HVDC 

technology. VSC-HVDC based on PWM scheme has the advantage of independent 

active and reactive power control, reversible power flow without the change of 

voltage polarity along with reduction in filter size [8] – [18]. 

Unlike a two-terminal VSC HVDC interconnection, a multi-terminal VSC-

based HVDC (MVDC) interconnection is able to exploit the economic and technical 

advantages of the VSC HVDC technology in a superior way. It is also better suited if 

futuristic integration of renewable energy sources are planned [19] – [21]. In a MVDC 

system, the converters stations can be located closely, in the same sub-station or 

remotely, at different locations. The corresponding configurations are known as Back-

to-Back (BTB) or Point-to-Point (PTP), respectively. Most of the MVDC systems 

installed worldwide are in the PTP configuration, their DC sides being interconnected 

through DC links or cables [4], [10] and [12]. 

In a MVDC system, one of the VSCs acts as a master converter while the rest 

act as slave converters [10], [12]. The master converter controls the voltage 

magnitude of its AC terminal bus while the slave converters control the active and 



87 
 

reactive powers at the terminal end of the lines connecting them to the AC system 

buses [10], [12]. [23]-[36] present some comprehensive research works on the control 

of VSC-based HVDC systems.  

For planning, operation and control of AC power systems incorporating VSC 

HVDC networks, power flow solution of the integrated AC-DC systems is an 

essential requirement. In this respect, [76] – [80], [85], [88]-[94], present some 

comprehensive research works on the development of efficient Newton power-flow 

algorithms for VSC based hybrid AC-DC systems.    

  However, it is observed that in none of the above works, the modulation index 

of the converter has been considered as an unknown. The converter modulation index 

‘m’ is an important parameter for VSC operation. Operational considerations limit the 

minimum and maximum value of the modulation index ‘m’. It has been reported that 

[11] while a low ‘m’ limits the maximum fundamental AC side voltage of the VSC, 

over-modulation (m >1) may result in low-order harmonics in the AC voltage 

spectrum. Practical ranges of ‘m’ have been reported in [18]. 

Thus, a power-flow model should yield the value of ‘m’ and ‘VDC’ directly, 

for a given operating condition, so that it can be checked whether ‘m’ lies within its 

specified limits (with sufficient margin for a dynamic response), along with ‘VDC’.  

This chapter presents the development of unified and sequential Newton 

power-flow models of hybrid AC-MVDC systems. For control of the MVDC grid, 

DC slack-bus control has been employed. In all the models, the converter modulation 

indices appear as unknowns along with the DC side voltages and the phase angles of 

the AC side voltage phasors of the VSCs. In addition, both the number of VSCs and 
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the MVDC network topology can be arbitrarily chosen in the model. All the models 

account for the converter losses. 

3.2   Modeling of Hybrid AC-MVDC Systems Employing DC Slack 

Bus Control 

For the power flow modeling of an integrated AC-MVDC system, the following 

assumptions have been adopted [4], [8] [10] and [12]. 

 The supply voltages are sinusoidal and balanced (contain only 
fundamental frequency and positive sequence components). 
 

 All the transmission lines are represented by their equivalent-pi models. 
 

 The harmonics generated by the VSCs are neglected. 
 

 The switches are assumed to be ideal. 

Now, based on the locations of the VSCs, a MVDC system can have a Back to 

Back (BTB) or a Point to Point (PTP) configuration. In the Back to Back (BTB) 

scheme, the converters usually exist at the same location. On the other hand, in a 

Point to Point (PTP) scheme, the DC links are used to transmit the bulk power 

between converters which are at different locations. Depending upon the MVDC 

configuration (PTP or BTB), the power-flow equations and their implementation by 

the Newton’s method are slightly different. These are elaborated below. 

3.2.1 Modeling of Hybrid AC-MVDC Systems in the PTP 

Configuration 

Figure 3.1 shows a ‘n’ bus AC power system network incorporating a MVDC grid, 

which is interconnected in the PTP configuration. The MVDC grid comprises ‘q’ 

VSCs which are connected to ‘q’ AC buses through their respective coupling 
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transformers. Without loss of generality, it is assumed that the ‘q’ VSC converters are 

connected to AC buses ‘i’, ‘(i+1)’, and so on, up to bus ‘(i+q-1)’. The equivalent 

circuit of Figure 3.1 is shown in Figure 3.2. 

  

 

Fig. 3.1: Schematic diagram of a ‘q’ terminal PTP VSC-HVDC system 
 

In Figure 3.2, the ‘q’ VSCs are represented by ‘q’ fundamental frequency, positive 

sequence voltage sources. The ath (1 ≤ a ≤ q) voltage source Vsha (not shown) is 

connected to AC bus ‘(i+a-1)’ through the leakage impedance Zsha= Rsha+ j Xsha of 

the ath coupling transformer.  

Now, let ysha=1/Zsha . Then, from Figure 3.2, the current through the ath (1 ≤ a ≤ q) 

coupling transformer can be written as 

Isha= ysha
(Vsha - Vi+a-1)                                                      (3.1) 
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where Vsha is the voltage phasor representing the output of the ath VSC and is given 

by Vsha = Vsha ∠θsha= ma c VDCa ∠ θsha, where ‘ma’ and ‘VDCa’ are the modulation 

index and the DC side voltage of the ath (1 ≤ a ≤ q) VSC, with ‘c’ being a constant 

which depends on the type of converter [11], [12]. The ath VSC is connected to the 

AC terminal bus ‘(i+a-1)’ whose voltage is represented by the phasor 

Vi+a-1= Vi+a-1∠ θi+a-1. 

 

Fig. 3.2: Equivalent circuit of the ‘q’ terminal PTP VSC-HVDC system 
 

Hence from Figure 3.2, the net current injection at the AC bus ‘(i+a-1)’ connected to 

the ath (1 ≤ a ≤ q) VSC can be written as  

Ii+a-1 =ൣY(i+a-1)(i+a-1)
old  + ysha൧Vi+a-1 + ෍ Y(i+a-1)k

ܖ

૚ି܉ஷܑାܓ,ୀ૚ܓ

Vk - ysha܄sha                     (3.2) 

or,  Ii+a-1= ∑ Y(i+a-1)k
n
k=1 Vk - yshaVsha                                                                         (3.3) 
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where, Y(i+a-1)(i+a-1)
old =y(i+a-1)0+ ∑  y(i+a-1)k

n
k=1, k≠i+a-1  and Y(i+a-1)(i+a-1)=Y(i+a-1)(i+a-1)

old + ysha 

are the self admittances of bus ‘(i+a-1)’ for the original ‘n’ bus AC system without 

any VSC and with the ath VSC connected, respectively. ‘y(i+a-1)0’ accounts for the 

shunt capacitances of all the transmission lines connected to bus ‘(i+a-1)’. 

 

3.2.2 Power Flow Equations of Hybrid AC-MVDC system in the PTP 

Configuration 

With the ath (1 ≤ a ≤ q) VSC connected, the net injected active power at the 

corresponding AC terminal bus ‘(i+a-1)’ can be written as 

Pi+a-1=Re ൛Vi+a-1Ii+a-1
* ൟ 

          = ෍ Vi+a-1VkY(i+a-1)kcos [θi+a-1- θk- ϕ(i+a-1)k]- mac VDCaVi+a-1ݕshacos(θi+a-1-θsha - ϕsha)       (3.4) 

n

k=1

 

since Vsha= mac VDCa, as already discussed. 

In a similar manner, the net injected reactive power at bus ‘(i+a-1)’ can be written as 

Qi+a-1= ෍ Vi+a-1VkY(i+a-1)ksin[θi+a-1- θk- ϕ(i+a-1)k]- mac VDCaVi+a-1ݕshasin(θi+a-1 - θsha- ϕsha)

n

k=1

         (3.5) 

Also, from Figure 3.2, the active and reactive power flows at the terminal end of the 

line connecting the ath VSC to AC bus ‘(i+a-1)’ can be written as 

Psha= Re ൣVi+a-1 Isha
* ൧ = ma c VDCaVi+a-1ݕsha cos൫θi+a-1 - θsha- ϕsha൯ -V

i+a-1

2
 sha cos ϕsha (3.6)ݕ

Qsha= ma c VDCaVi+a-1ݕsha sin൫θi+a-1- θsha- ϕsha൯ +V
i+a-1

2
 sha sin ϕsha                               (3.7)ݕ
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From eqns. (3.6) and (3.7), the apparent power flow at the terminal end of the line 

connecting the ath VSC to AC bus ‘(i+a-1)’ can be calculated as 

Ssha=V୧ାୟିଵIୱ୦ୟ= ටPୱ୦ୟ
ଶ +  Qୱ୦ୟ

ଶ  

 = yୱ୦ୟ[V୧ାୟିଵ
ସ + mୟ

ଶcଶVୈେୟ
ଶ V୧ାୟିଵ

ଶ −  2mୟ c VୈେୟV୧ାୟିଵ
ଷ cos(θ୧ାୟିଵ − θୱ୦ୟ)]ଵ/ଶ        (3.8) 

The derivation of eqn. (3.8) is given in Appendix A. 

Now, for the ‘q’ terminal DC system shown in Figure 3.2, the net current injection at 

the uth (1 ≤ u ≤ q) DC bus i.e. at the DC terminal of the uth VSC, is given as  

Iୈେ୳ = ෍ Yୈେ୳୴

୯

୴ୀଵ

Vୈେ୴                                                               (3.9) 

where  Yୈେ୳୴ = −
ଵ

ୖీి౫౬
 , ‘Rୈେ୳୴’ being the DC link resistance between the DC buses 

‘u’ and ‘v’.  

Now, from Figure 3.2, the active power delivered by the ath (1 ≤ a ≤ q) VSC at its AC 

terminal can be written as P୅େୟ = Re(܉ܐܛ۷ ܉ܐܛ܄
∗  ). In a similar manner, the net power 

injection at the ath DC terminal is given by  Pୈେୟ = VୈେୟIୈେୟ = ∑ VୈେୟVୈେ୴Yୈେୟ୴
୯
୴ୀଵ .      

Now, for the ath VSC, the converter losses [18], [92] are  

  P୪୭ୱୱୟ = aଵ + bଵ Iୱ୦ୟ + cଵ Iୱ୦ୟ
 ଶ                                                         (3.10)  

Where, ‘aଵ’ indicates the VSC losses no load, ‘bଵ’ and ‘cଵ’ are constants 

representative of the linear and quadratic dependency of the VSC losses on the 

converter current magnitude (Iୱ୦ୟ), respectively. The derivation of the converter 

current magnitude (Iୱ୦ୟ) is given in Appendix A.  
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As already discussed earlier, for the master converter, the line active and reactive 

powers are not specified. Hence, Eq. (3.10) can be written as 

P୪୭ୱୱୟ = aଵ + bଵ  
Sୱ୦ୟ

ୡୟ୪

V୧ାୟିଵ
+ cଵ  ቆ

Sୱ୦ୟ
ୡୟ୪

V୧ାୟିଵ
ቇ

ଶ

                                                       (3.11) 

where, Sୱ୦ୟ
ୡୟ୪  is the calculated value of apparent power.  

For any slave converter, Eq. (3.10) can be written as  

P୪୭ୱୱୟ = aଵ + bଵ  
ටPୱ୦ୟ

ୱ୮ ଶ
+ Qୱ୦ୟ

ୱ୮ ଶ

V୧ାୟିଵ
+ cଵ     

ۉ

ۇ
ටPୱ୦ୟ

ୱ୮ ଶ
+ Qୱ୦ୟ

ୱ୮ ଶ

V୧ାୟିଵ

ی

ۊ

ଶ

        (3.12) 

where, Pୱ୦ୟ
ୱ୮  and Qୱ୦ୟ

ୱ୮  are the specified values of the active and reactive powers at the 

terminal end of the line connecting the ath VSC to the AC bus ‘(i+a-1)’ respectively. 

Thus, from Fig. 3.2, for the ath VSC, 

Re(܉ܐܛ۷ ܉ܐܛ܄
∗  ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

= −P୪୭ୱୱୟ                                    (3.13) 

Substituting eqns. (3.1) and (3.9) in eqn. (3.13) and manipulating, we get, 

(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ P୪୭ୱୱୟ = 0 

or, fଵୟ = 0                                                                                         (3.14) 

where, 1 ≤ a ≤ q. 

Thus, ‘q’ independent equations are obtained. The derivation of eqn. (3.14) are shown 

in Appendix A. 
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Again from Fig. 3.2, for the ‘q’ terminal VSC-HVDC system, there are one 

master VSC and ‘(q-1)’ slave VSCs. The master VSC is used to control the voltage 

magnitude of its AC terminal bus while the slave VSCs operate in the PQ or PV 

control modes. The slave VSCs control the active and reactive power flows Psh and 

Qsh {as given by eqns. (3.6) and (3.7), respectively} at the terminal end of the lines 

connecting the VSCs to their respective AC system buses. Again, without loss of 

generality, if the rth (1 ≤ r ≤ q) VSC is chosen to be the master VSC, the additional 

equations obtained for the slave VSCs can be expressed as 

  Psha
sp -Psha

cal =0                                                            (3.15) 

Qsha
sp -Qsha

cal =0                                                           (3.16) 

∀ a, 1 ≤ a ≤ q,  a ≠ r  

In the above equations, Pୱ୦ୟ
ୱ୮  and Qୱ୦ୟ

ୱ୮  are the specified active and the reactive powers 

respectively, in the line connecting the ath slave VSC {1≤ a ≤ q, a ≠ r} to its AC 

terminal bus ‘(i+a-1)’ while Pୱ୦ୟ
ୡୟ୪ and Qୱ୦ୟ

ୡୟ୪  are their calculated values which can be 

obtained using eqns. (3.6) and (3.7). 

Thus, we get ‘(2q-2)’ independent equations corresponding to the ‘(q-1)’ slave VSCs. 

Now, the master VSC ‘r’ controls the voltage magnitude at its AC terminal bus. Thus, 

for the AC terminal bus corresponding to the ath VSC, if V
i+a-1
sp  is the bus voltage 

control reference and Vi+a-1
cal  is the calculated value of the voltage magnitude at bus 

‘(i+a-1)’, this can be expressed as 

Vi+a-1
sp -Vi+a-1

cal =0                                                                           (3.17) 
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∀ a, 1 ≤ a ≤ q, a = r , {as the rth (1 ≤ r ≤ q) VSC is chosen to be the master VSC}. 

It may be noted that a slave converter may be used to control the AC bus voltage 

magnitude rather than the line reactive power, in which case eqn. (3.16) becomes 

Vi+a-1
sp  - Vi+a-1

cal =0                                                                           (3.18) 

∀ a, 1≤ a ≤ q, a ≠ r.  

Now, similar to the AC power flow, a slack bus is chosen for the DC power flow and 

its voltage is pre specified. It serves the dual role of providing the DC voltage control 

and balancing the active power exchange among the VSCs. From Fig. 3.2, in the ‘q’ 

terminal DC system, the first terminal is chosen as the DC slack bus, by convention. 

This is represented as 

Vୈେଵ
ୱ୮ − Vୈେଵ

ୡୟ୪ = 0                                                                   (3.19) 

At this stage, it is worthwhile to take stock of the unknown and the specified 

quantities. Corresponding to each VSC, three new variables enter into the picture. 

These include the modulation index ‘m’, the DC side voltage ‘VDC’ and the phase 

angle ‘θsh’ of the AC side output voltage (phasor) of the VSC. Also, as discussed 

earlier, the DC side voltage ‘VDC1’ of the first VSC is chosen as the slack bus. Thus, 

due to incorporation of the ‘q’ terminal VSC-HVDC network, ‘(3q-1)’ additional 

variables need to be solved. 

Against this, we have ‘q’ independent equations corresponding to the function ‘f1’ 

{eqn. (3.14)} along with ‘(2q-2)’ independent equations for the line active and 

reactive powers {eqns. (3.6) and (3.7)} corresponding to the ‘(q-1)’ slave VSCs. This 

gives as (3q-2) independent equations. Now as the master VSC ‘r’ controls the 
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voltage magnitude of its AC terminal bus, the net reactive power injection at that bus 

is available as a specified quantity. This can be expressed as 

Q୧ାୟିଵ
ୱ୮ − Q୧ାୟିଵ

ୡୟ୪ = 0                                                          (3.20)        

∀ a, 1 ≤  a ≤ q, a = r . This completes the formulation. 

3.2.3 Modeling of Hybrid AC-MVDC Systems in the BTB 

Configuration 

Figure 3.3 shows the AC-MVDC network shown in Fig. 3.1, now connected in the 

BTB configuration. The equivalent circuit of Figure 3.3 is shown in Figure 3.4.  

 

Fig. 3.3: Schematic diagram of a ‘q’ terminal BTB VSC-HVDC system 
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Fig. 3.4: Equivalent circuit of a ‘q’ terminal BTB VSC-HVDC system 

 
 
3.2.4 Power Flow Equations of Integrated AC-MVDC systems in the 

BTB Configuration 

The equations for the AC-MVDC system with the VSC-HVDC network connected in 

the BTB configuration would be similar to those in Section 3.2.2, except some minor 

modifications. These are elaborated below. 

It may be noted that in the BTB configuration of Fig. 3.3, the DC side voltage ‘Vୈେ’ is 

common to all the ‘q’ VSCs. Thus, Vୈେୟ = Vୈେ    ∀ a,  1 ≤ a ≤ q. As a consequence, 

eqns. (3.6) and (3.7) are retained with appropriate modifications (‘Vୈେୟ’ replaced by 

‘Vୈେ’). However, as the DC network is now rendered lossless, the ‘q’ independent 

equations represented by eqn. (3.14) are now replaced by a single independent 

equation as shown below. 
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From Fig. 3.3 and 3.4, it can be observed that, 

෍ Re(܉ܐܛ۷ ܉ܐܛ܄
∗  )

୯

ୟୀଵ

+ ෍ P୪୭ୱୱୟ

୯

ୟୀଵ

= 0                                    (3.21) 

Substituting eqns. (3.1) and (3.9) in eqn. (3.21) and manipulating, we get, 

෍[(m
a
c VDC) 2 yshacosϕsha − mac VDCVi+a−1ysha cos൫θsha − θi+a−1 − ϕsha൯

୯

ୟୀଵ

+ P୪୭ୱୱୟ] = 0 

 fଵ = 0                                                                                                  (3.22) 

Thus, we get a single independent equation. 

It may also be noted that eqn. (3.22) will be retained, without any modification. 

3.3 Implementation in Newton Power Flow Analysis  

In this section, the unified and the sequential AC-DC power-flow algorithms are used 

for solving the power-flow equations developed in section 3.2. The unified method is 

implemented first for both the PTP and the BTB configurations, followed by the 

sequential method.     

3.3.1 Unified AC-DC Power Flow Method 

This method deals with the simultaneous solution of the AC and DC variables. The 

unified method is used to solve the AC-DC power-flow equations with the MVDC 

system connected in the PTP and the BTB configurations. The PTP configuration is 

discussed first.    

3.3.1.1 Unified AC-DC Power-Flow Method for PTP Configuration 



99 
 

 In Fig. 3.1, without any loss of generality, if it is assumed that there are ‘g’ 

generators connected at the first ‘g’ buses of the ‘n’ bus AC system with bus 1 being 

the slack bus, then the Newton power-flow equation for the AC power system 

incorporated with the ‘q’ terminal VSC-HVDC network connected in the PTP 

configuration can be written as 

Solve: ߠ, V, X 

Specified: P, Q, R 

Where, 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θ୯൧
୘

ܕ  , = ൣmଵ … m୯൧
܂

  

۲۱܄ =  ൣVୈେଶ … Vୈେ୯൧
܂

 and  ܆ = [ીܐܛ
܂ ۲۱܄ ܂ܕ 

܂  ܂[

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘, ܐܛ۾ = [Pୱ୦ଶ, … Pୱ୦୯], ܐܛۿ = [Qୱ୦ , … Qୱ୦୯], 

૚܎  = [fଵଵ … fଵ୯] and ܀ = ,ܐܛ۾ ] ,ܐܛۿ  V୧ା୰ିଵ,  ૚]୘܎

Thus the basic equation for the Newton power flow analysis is given below 

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ

܌ܔܗ۸

૒۾
૒ીܐܛ

૒۾
૒ܕ

૒۾
૒۲۱܄

૒ۿ
૒ીܐܛ

૒ۿ
૒ܕ

૒ۿ
૒۲۱܄

૒܀
૒ી

૒܀
૒܄

૒܀
૒ીܐܛ

૒܀
૒ܕ

૒܀
૒ے۲۱܄

ۑ
ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ۍ

∆ી
܄∆

∆ીܐܛ
ܕ∆

ے۲۱܄∆
ۑ
ۑ
ۑ
ې

=   ൥
۾∆
ۿ∆
܀∆

൩                       (3.23) 

In eqn. (3.23), ۸܌ܔܗ is the conventional load flow (without incorporating HVDC link) 

Jacobian sub-block given as follows 
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܌ܔܗ۸ = ൦

૒۾
૒ી

૒۾
૒܄

૒ۿ
૒ી

૒ۿ
૒܄

൪ 

Also, in eqn. (3.23), ‘∆ۿ∆‘ ,’۾’ and ‘∆܀’ represent the mismatch vectors. In addition, 

∆ી, ∆܄, ∆ીܕ∆ ,ܐܛ  and ∆۲۱܄ represent correction vectors. In the above formulation, 

it is assumed that all the slave converters operate in the PQ control mode. However, it 

may be noted that if they are made to operate in the PV control mode, the 

corresponding elements of the correction and mismatch vectors have to be modified 

accordingly. Some typical elements of eqn. (3.23) are given in Appendix A. 

Fig 3.5 depicts the flow chart of the unified AC-MVDC Newton-Raphson power flow 

algorithm with the MVDC network configured in the PTP fashion. 
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Fig. 3.5: Flow Chart of the Unified NR AC-MVDC power-flow algorithm for the PTP 
connection 

 
 

3.3.1.2 Unified AC-DC Power-Flow Method for BTB Configuration 

In Fig. 3.3, again, without any loss of generality, if it is assumed that there are ‘g’ 

generators connected at the first ‘g’ buses of the ‘n’ bus AC system with bus 1 being 

the slack bus, then the Newton power-flow equation for the AC power system 

network incorporated with the ‘q’ terminal HVDC network connected in the BTB 

configuration can be written as  

Solve: ߠ, V, X 

Specified: P, Q, R 
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Where, 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ … θୱ୦୯൧
୘

ܕ  , = ൣmଵ … m୯൧
܂

  

and  ܆ = [ીܐܛ
܂  ܂[܂ܕ  

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘, ܐܛ۾ = [Pୱ୦ଶ … Pୱ୦୯], ܐܛۿ = [Qୱ୦ଶ … Qୱ୦୯], 

and ܀ =  ୘[V୧ା୰ିଵ  fଵ ܐܛۿ  ܐܛ۾ ]

Thus, the basic equation for the Newton power flow analysis is    

                                           

۸ ൦

∆ી
܄∆

∆ીܐܛ
ܕ∆

൪ =   ൥
۾∆
ۿ∆
܀∆

൩                                                                             (3.24) 

where, ۸ =

ۏ
ێ
ێ
ێ
ۍ

܌ܔܗ۸

૒۾

૒ીܐܛ

૒۾

૒ܕ
૒ۿ

૒ીܐܛ

૒ۿ

૒ܕ
૒܀

૒ી

૒܀

૒܄

૒܀

૒ીܐܛ

૒܀

૒ےܕ
ۑ
ۑ
ۑ
ې

 is the Jacobian matrix.  In eqn. (3.24), '۸܌ܔܗ' is the 

conventional power flow Jacobian sub-block corresponding to the 'n' bus AC system. 

Also, in eqn. (3.24), ‘∆܀’ is the vector comprising the mismatches of the control 

specifications of the VSC-HVDC. In the above formulation, it is assumed that all the 

slave converters operate in the PQ control mode. However, it may be noted that if 

they are made to operate in the PV control mode, the corresponding elements of the 

correction and mismatch vectors have to be modified accordingly. 

Fig 3.6 depicts the flow chart of the unified AC-MVDC Newton-Raphson power flow 

algorithm with the MVDC network configured in the BTB fashion. 
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Fig. 3.6: Flow Chart of the Unified NR AC-MVDC power-flow algorithm for the BTB 
connection 

 

3.3.2 Sequential AC-DC Power Flow Method 

In this method, the AC and the DC equations are solved separately. The sequential 

method is used to solve the AC-DC power-flow equations with the MVDC system 

connected in the PTP and the BTB configurations. The PTP configuration is discussed 

below. 

3.3.2.1 Sequential AC-DC Power-Flow Method for the PTP 

Configuration 

In the sequential method, the effect of the ‘q’ VSCs represented as ‘q’ equivalent 

loads on the secondary sides of the converter transformers. This is shown in Fig. 3.7. 
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The secondaries of the ‘q’ converter transformers are shown connected to ‘q’ 

fictitious AC buses ‘j’, ‘(j+1)’, and so on, up to bus ‘(j+q-1)’, as shown in the figure. 

The effect of the ‘q’ VSCs are represented as ‘q’ equivalent complex loads at these 

fictitious AC buses ‘j’ to ‘(j+q-1)’. In this respect, it may be noted from Fig. 3.7 that 

‘(q-1)’ complex powers (‘Ssh2’ to ‘Sshq’) are specified only in the terminal ends of the 

lines connected to their AC terminal buses {buses ‘(i+1)’ to ‘(i+q-1)’}. Let Ssha =

Psha + jQsha   (2 ≤ a ≤ q) be the complex power specified in the terminal end of the 

line connected to the AC bus ‘(i+a-1)’ through the ath coupling transformer. Then, 

from Fig. 3.7, the active component of the equivalent complex load power at the 

fictitious AC bus ‘(j+a-1)’ {which represents the effect of the ath VSC} can be 

expressed as 

Psha
′= Psha+Iୱ୦ୟ

ଶ  Rୱ୦ୟ=P
sha

sp
 + ൭

Pୱ୦ୟ
ୱ୮ ଶ

+ Qୱ୦ୟ
ୱ୮ ଶ

V୧ାୟିଵ
ଶ ൱ Rୱ୦ୟ                                             (3.25) 

where Psha
sp   is the specified active power in the terminal end of the line connected to 

the AC bus ‘(i+a-1)’.  

But from Fig. 3.2, the active power delivered by the ath (1 ≤ a ≤ q) VSC at its AC 

terminal is  

 Psha
′ = Re(܉ܐܛ۷ ܉ܐܛ܄

∗  )= mୟ
ଶ cଶ Vୈେୟ

ଶ  yୱ୦ୟ cosϕୱ୦ୟ- ma c VDCaVi+a-1ysha cos൫θsha-θi+a-1-ϕsha൯         (3.26)        

Substituting eqn. (3.25) in (3.26), we get 

mୟ
ଶ cଶ Vୈେୟ

ଶ  yୱ୦ୟ cosϕୱ୦ୟ- mac VDCaVi+a-1ysha cos൫θsha-θi+a-1-ϕsha൯ − Psha
sp − ൭

Pୱ୦ୟ
ୱ୮ ଶ

+ Qୱ୦ୟ
ୱ୮ ଶ

V୧ାୟିଵ
ଶ ൱ Rୱ୦ୟ = 0  

or, fଶୟ = 0                                                                                                 (3.27) 
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Fig. 3.7: Representation of VSCs as equivalent complex load powers 

 

In a similar manner, the reactive component of the equivalent complex load power at 

the fictitious AC bus ‘(j+a-1)’ {which represents the effect of the ath VSC} can be 

expressed as   

−mୟ
ଶ cଶ Vୈେୟ

ଶ   yୱ୦ୟ sinϕୱ୦ୟ − mac VDCaVi+a-1ysha sin൫θsha-θi+a-1-ϕsha൯ − Qsha
sp − ൭

Pୱ୦ୟ
ୱ୮ ଶ

+ Qୱ୦ୟ
ୱ୮ ଶ

V୧ାୟିଵ
ଶ ൱ Xୱ୦ୟ = 0 

or, fଷୟ = 0                                                                                                         (3.28) 

If the ath (1 ≤ a ≤ q) VSC operates in the PV control mode, ‘Qsha’ is not specified and 

hence, eqn. (3.26) is modified to {using Eq. (A.8) of Appendix A} 

Pୱ୦ୟ
′ − Pୱ୦ୟ

ୱ୮ − Iୱ୦ୟ
ଶ Rୱ୦ୟ = 0 
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or,  mୟ
ଶ cଶ Vୈେୟ

ଶ  yୱ୦ୟ cosϕୱ୦ୟ- mac VDCaVi+a-1ysha cos൫θsha-θi+a-1-ϕsha൯ − Pୱ୦ୟ
ୱ୮  

                              −[V୧ାୟିଵ
ଶ yୱ୦ୟ

ଶ +mୟ
ଶ cଶVୈେୟ 

ଶ yୱ୦ୟ
ଶ − 2mୟcVୈେୟV୧ାୟିଵ cos(θ୧ାୟିଵ − θୱ୦ୟ)]Rୱ୦ୟ = 0 

or, fସୟ = 0                                                                                             (3.29) 

AC Network Solution 

Corresponding to Fig. 3.1, the Newton power-flow equation for the sequential 

solution of the AC power system variables can be written as 

Solve: ߠ, V, X 

Specified: P, Q, R 

Where, 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θ୯൧
୘

ܕ  , = ൣmଵ … m୯൧
܂

  

and  ܆ = [ીܐܛ
܂ ,  ܂[܂ܕ

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘,  

૛܎ = ൣfଶଶ … fଶ୯൧, ܎૜ = ൣfଷଶ … fଷ୯൧ and ܀ = [ V୧ା୰ିଵ, ,૛܎ ,૜܎ fଵଵ]୘ 

Thus the basic Newton power flow equation is given below 

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ

܌ܔܗ۸

૒۾
૒ીܐܛ

૒۾
૒ܕ

૒ۿ
૒ીܐܛ

૒ۿ
૒ܕ

૒܀
૒ી

૒܀
૒܄

૒܀
૒ીܐܛ

૒܀
૒ےܕ

ۑ
ۑ
ۑ
ۑ
ۑ
ې

൦

∆ી
܄∆

∆ીܐܛ
ܕ∆

൪ =   ൥
۾∆
ۿ∆
܀∆

൩                       (3.30) 

In eqn. (3.30), ۸܌ܔܗ is the conventional load flow (without incorporating HVDC link) 

Jacobian sub-block given as follows 



107 
 

܌ܔܗ۸ = ൦

૒۾
૒ી

૒۾
૒܄

૒ۿ
૒ી

૒ۿ
૒܄

൪ 

Also, in eqn. (3.30), ‘∆ۿ∆‘ ,’۾’ and ‘∆܀’ represent the mismatch vectors. In addition, 

∆ી, ∆܄, ∆ીܐܛ and ∆ܕ represent correction vectors. In the above formulation, it is 

assumed that all the slave converters operate in the PQ control mode. However, it may 

be noted that if they are made to operate in the PV control mode, the corresponding 

elements of the correction and mismatch vectors have to be modified accordingly. 

Some typical elements of eqn. (3.30) are given in Appendix A. 

DC network solution 

Again, corresponding to Fig. 3.1, the Newton power-flow equation for the sequential 

solution of the DC variables of the ‘q’ bus MVDC system can be written as 

Solve: ۲۱܄ 

Specified: ܎૞ 

Where, 

۲۱܄ = [Vୈେ … Vୈେ୯]   and   ܎૞ = [fଵଶ … fଵ୯] 

Thus the basic Newton power flow equation is given below 

൤
૒܎૞

૒۲۱܄
൨ [۲۱܄∆] =  (3.31)                                                [૞܎∆]  

Also, in eqn. (3.31), ‘∆܎૞’ is the mismatch vector whereas ∆۲۱܄ represents the 

correction vector comprising the DC voltages of all DC buses except the DC slack 

bus. 



108 
 

 

 
Fig. 3.8: Flow Chart of the Sequential AC-MVDC power-flow algorithm for the PTP 

connection 
 
 

3.3.2.2 Sequential AC-DC Power-Flow Method for the BTB 

Configuration 
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In the BTB configuration, the converters are at the same location and interconnected 

through a common DC link. Since this DC voltage is specified, the sequential method 

is not applicable for such AC-DC networks. 

3.4 Case Studies and Results 

Several case studies were implemented to justify the results. For all successive 

studies, a M-VSC-HVDC network was integrated in the IEEE 300-bus test system 

[104]. The resistances and the leakage reactances of all the converter transformers 

were taken as 0.001 p.u and 0.1 p.u respectively, for the case studies.  For all the case 

studies, the resistance of each DC link was chosen as 0.01 p.u. The converter loss 

constants ‘a1’, ‘b1’ and ‘c1’ were selected as 0.011, 0.003 and 0.0043, respectively 

[18], [95]. In addition, the value of ‘c’ for the VSC based converters was uniformly 

adopted as 
ଵ

ଶ√ଶ
  [100]. The initial values of variables corresponding to VSC based 

HVDC system were shown in Appendix A. A convergence tolerance of 10-10 p.u. was 

uniformly adopted for all the case studies. For all the case studies, ‘NI’ and ‘CT’ 

denote the number of iterations and the computational time in seconds {on a Intel® 

Core(TM) 2 Duo CPU T6400, 2GHz, 2GB RAM processor} for the algorithm to 

converge.  

 

3.4.1 Studies with unified power-flow model of hybrid AC-MVDC 

systems  

Case I: Three-terminal MVDC network connected in the BTB configuration 

In this study, a three-terminal BTB connected VSC-HVDC network is incorporated in 

the IEEE-300 bus system between buses 266, 270 and 271. The VSC connected to bus 

no. 266 is made to operate as the master converter.  On the other hand, both the slave 
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VSCs are connected to buses 270 and 271 and operate in the PQ control mode. The 

specified values are given in columns 1-3 of Table 3.1. The power flow solution is 

shown in columns 4-5 of Table 3.1. From Table 3.1, it is observed that the power flow 

converges in six iterations, similar to the base case power flow (without any HVDC 

network). Also, the power-flow solution directly yields the VSC modulation indices, 

unlike existing models. The convergence characteristic plots for the power flows of 

the base case and BTB VSC-HVDC system are shown in Fig. 3.9 and 3.10, 

respectively. From Figures 3.9 and 3.10, it is observed that similar to the base case, 

the proposed unified AC-DC Newton-Raphson algorithm also demonstrates quadratic 

convergence. 

The bus voltage profile for this study is shown in Fig. 3.11. From Fig. 3.11, it is 

observed that the bus voltage profile hardly changes except for the AC terminal buses 

at which the VSCs are installed. 

Table 3.1 

Study of IEEE 300 bus system with BTB VSC HVDC network 

HVDC link 
Connection details HVDC link 

Specifications 

Power flow solution 
Base case power flow converged in six iterations (NI=6) with 

 CT=0.56 sec; 
ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32;  

ܓ܄   = 0.998∠ − 17.67; 

Master 
Converter 

Slave 
Converters 

AC terminal buses 
HVDC variables 

 

Master Converter 
Vୈେ = 3; 

V୧ = 1.02; 
Slave Converters 

Pୱ୦୨ = 0.5; 

Qୱ୦୨ = 0.2; 

Pୱ୦୩ = 0.3; 
Qୱ୦୩ = 0.1; 

 

i j, k 

ܒ܄ = 1.0207∠ − 11.3819; 

ܓ܄ = 1.0689∠ − 10.3345; 
θ୧ = −11.4007; 

Master Converter 
ܑܐܛ܄ = 1.0410∠ − 15.9687; 

 m୧ = 0.9815; 
P୪୭ୱୱ୧(%) = 1.66; 
Slave Converters 

ܒܐܛ܄ = 1.0420∠ − 8.6981; 

ܓܐܛ܄ = 1.0789∠ − 8.8489; 
m୨ = 0.9824; m୩ = 1.0172; 

P୪୭ୱୱ୨ (%) = 1.38; 

P୪୭ୱୱ୩ (%) = 1.23; 
NI=6; CT= 1.77; 

Note: For the above case study,  i=266, j=270, k=271; Values of voltage magnitudes, active and reactive powers 
are in p.u. Phase angles of voltages are in degrees. 
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Fig. 3.9: Convergence characteristic of the base case power flow in the IEEE-300 bus 

system 

 

 

Fig. 3.10: Convergence characteristic for the study of Table 3.1 
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Fig. 3.11: Bus voltage profile for the study of Table 3.1  

 

Case II: Three-terminal MVDC network connected in the PTP configuration 

In this case study, two separate studies are conducted with a three terminal, PTP 

connected VSC-HVDC network incorporated in the IEEE-300 bus test system to 

demonstrate the versatility of the proposed model. In both the studies, the VSC-

HVDC network is connected between AC buses 266, 270 and 271.              

In the first study, the converter connected to AC bus no. ‘266’ acts as the 

master converter while those connected to AC buses ‘270’ and ‘271’ act as slave 

converters. Both the slave converters operate in the PQ control mode. The master 

converter maintains the voltage magnitude of AC bus no. 266 at a value of 1.02 p.u. 

The active powers at the terminal end of the lines connecting the converters to the AC 
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buses ‘270’ and ‘271’ are specified as 0.7 and 0.5 p.u, respectively. In a similar 

manner, the corresponding line reactive powers are specified as 0.2 and 0.06 p.u., 

respectively. These specified values are shown in the third row and columns 1-3 of 

Table 3.2. The power flow solution is shown in the third row and columns 4-5 of 

Table 3.2.  

Subsequently a study is again conducted on the same AC-DC system but with 

both the slave converters (connected to AC buses ‘270’ and ‘271’) operated in the PV 

control mode. Their terminal end line active powers are specified as 0.4 and 0.5 p.u, 

respectively. The voltages of the AC buses ‘270’ and ‘271’ connected to the slave 

converters are specified as 1.02 and 1.0 p.u, respectively. The specified quantities are 

detailed in the fourth row and columns 1-3 of Table 3.2. The power flow results are 

shown in the fourth row and columns 4-5 of Table 3.2. 

From Table 3.2, it can be observed that for all the case studies, ‘NI’ is 

identical to that in the base case. However, due to increase in the number of 

unknowns involved, ‘CT’ increases than that in the base case. It is also observed that 

‘NI’ is independent of the control strategies employed as well as the operating points 

specified. This demonstrates the robustness of the proposed algorithm. 

The convergence characteristic plots for both the studies of Table 3.2 are shown in 

Figures 3.12 and 3.13, respectively.  From Figures 3.12 and 3.13, again, it can be 

observed that the proposed model possesses quadratic convergence characteristics, 

similar to the base case power-flow.  
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Fig. 3.12: Convergence characteristic for the first study of Table 3.2  

 

 

 

Fig. 3.13: Convergence characteristic for the second study of Table 3.2 
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Table 3.2 

Study of IEEE 300 bus system with three terminal PTP VSC HVDC network 

HVDC link 
 Connection details HVDC link 

Specifications 

Power flow solution 
Base case power flow converged in six iterations (NI=6) 

 with CT=0.56 sec; 
ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32;  

ܓ܄   = 0.998∠ − 17.67; 

Master 
Converter 

Slave 
Converters 

AC terminal buses 
HVDC variables 

 

Master Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

Slave Converters 
Pୱ୦୨ = 0.7; 
Qୱ୦୨ = 0.2; 
Pୱ୦୩ = 0.5; 

Qୱ୦୩ = 0.06; 
 

i j, k 

θ୧ = −11.4398; 
θ୨ = −11.3827; 
θ୩ = −5.4606; 

V୨ = 1.0209; 
V୩ = 1.0503; 

 

Master Converter 
ܑܐܛ܄ = 1.0516∠ − 18.1648;  

m୧ = 0.9914; 
Pୈେ୧ = 1.23;  

P୪୭ୱୱ୧(%) = 2.15; 
Slave Converters 

ܒܐܛ܄ = 1.0434∠ − 7.6254; 
ܓܐܛ܄ = 1.0576∠ − 2.8837; 

Vୈେ୨ = 2.9978; Vୈେ୩ = 2.9981; 
m୨ = 0.9844; m୩ = 0.9977; 

Pୈେ୨ = −0.7158;  Pୈେ୩ = −0.5137; 
P୪୭ୱୱ୨ (%) = 1.53; 
P୪୭ୱୱ୩ (%) = 1.34; 

NI=6; CT= 1.75 

i j, k 

Master Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

Master Converter 
Pୱ୦୨ = 0.4; 
V୨ = 1.02; 

Pୱ୦୩ = 0.5; 
V୩ = 1; 

 

θ୧ = −11.4236; 
θ୨ = −11.4157; 
θ୩ = −5.0076; 

 

Master Converter 
ܑܐܛ܄ = 1.0781∠ − 16.3970; 

 m୧ = 1.0165; 
Pୈେ୧ = 0.9273;  

P୪୭ୱୱ୧(%) = 1.93; 
Slave Converters 

ܒܐܛ܄ = 1.0213∠ − 9.2151; 
ܓܐܛ܄ = 0.9975∠ − 2.1320; 

Vୈେ୨ = 2.9985; Vୈେ୩ = 2.9984; 
m୨ = 0.9633; m୩ = 0.9410; 

 Pୈେ୨ = −0.4130;  Pୈେ୩ = −0.5138; 
 P୪୭ୱୱ୨(%) = 1.28; 
P୪୭ୱୱ୩(%) = 1.36; 
NI=6; CT= 1.88; 

Note: For the above case study, i=266, j=270, k=271; Values of voltage magnitudes, active and reactive powers 
are in p.u. Phase angles of voltages are in degrees. 

 

The bus voltage profiles for the first and second studies of Table 3.2 are 

shown in Figures 3.14 and 3.15, respectively. From Figures 3.14 and 3.15, it is 

observed that the bus voltage profile hardly changes except for the AC terminal buses 

at which the VSCs are installed.  
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Fig. 3.14: Bus voltage profile for the first study of Table 3.2 

  

Fig. 3.15: Bus voltage profile for the second study of Table 3.2 
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Case III: Four terminal MVDC network connected in the PTP configuration 

In this case study, a four-terminal VSC-HVDC network is incorporated in the IEEE 

300-bus system between buses 266, 270, 271 and 272. The VSC connected to AC bus 

no. 266 acts as the master converter while the VSCs connected to AC buses 270, 271 

and 272 act as slave converters. The master converter maintains the bus voltage 

magnitude of the AC bus 266 to a value of 1.02 p.u. All the slave converters operate 

in the PQ control mode. The specified quantities are shown in the third row and 

columns 1-3 of Table 3.3. The power flow solution is shown in columns 4-5 of Table 

3.3.  

Table 3.3 

Study of IEEE 300 bus system with four terminal VSC HVDC network 

HVDC link: 
Connection details HVDC link 

Specifications 

Power flow solution 

Base case power flow converged in six iterations (NI=6) 
with CT=0.56 sec; 

ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32; 

ܓ܄ = 0.998∠ − ܔ܄  ;17.67 = 0.981∠ − 19.46; 

Master 
Converter 

Slave 
Converters 

AC terminal 
buses 

HVDC variables 

Master Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

Slave Converters 
Pୱ୦୨ = 0.5; 

Qୱ୦୨ = 0.1; 

Pୱ୦୩ = 0.4; 
Qୱ୦୩ = 0.05; 

Pୱ୦୪ = 0.2; 
Qୱ୦୪ = 0.03; 

 

i j, k, l 

θ୧ = −11.4658; 
θ୨ = −11.4428; 

θ୩ = −3.1223; 
θ୪ = −2.8498; 
V୨ = 1.0204; 

V୩ = 1.0590; 
V୪ = 1.0571; 

 

Master Converter 
ܑܐܛ܄ = 1.0599∠ − 17.6502; 

m୧ = 0.9993; 
Pୈେ୧ = 1.139; P୪୭ୱୱ୧(%) = 2.07 ; 

Slave Converters 
ܒܐܛ܄ =  1.0318∠ − 8.7264; 

ܓܐܛ܄ = 1.0647∠ − 1.0918; 
ܔܐܛ܄ =  1.0603∠ − 1.8290; 
m୨ = 0.9733; m୩ = 1.0043; 

m୪ = 1.0001; Vୈେ୨ = 2.9986; 

Vୈେ୩ = 2.9987; Vୈେ୪ = 2.9989; 
Pୈେ୨ =  −0.5138;  Pୈେ୩ = −0.4128; 

Pୈେ୪ = −0.2118; 
P୪୭ୱୱ୨(%) = 1.36;  P୪୭ୱୱ୩(%) = 1.28; 

P୪୭ୱୱ୪(%) = 1.17; 
NI=6; CT= 1.77; 

Note: For the above study, i=266, j=270, k=271 and  l=272 Values of voltage magnitudes, active and reactive 
powers are in p.u. Phase angles of voltages are in degrees. 
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The convergence characteristic of this case study is shown in Fig. 3.16. From Fig. 

3.16, it can be observed that the proposed algorithm demonstrates a quadratic 

convergence characteristic, similar to the base case power-flow. Although ‘CT’ 

increases than that in the base case due to an increase in the number of the unknowns, 

‘NI’ remains same. The bus voltage profile for the above study is shown in Fig. 3.17. 

From Fig. 3.17, it is observed that the bus voltage profile does not change much 

except the AC terminal buses at which the converters are connected. 

 

 

 

Fig. 3.16: Convergence characteristic for the study of Table 3.3  
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Fig. 3.17: Bus voltage profile for the study of Table 3.3 
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also observed that even though ‘CT’ increases than that of the four-terminal AC-

MVDC system of Table 3.3, ‘NI’ remains independent of the size of the MVDC 

network, the control strategies employed and the quantities specified (operating 

point). The bus voltage profile for the study of Table 3.4 is shown in Fig. 3.19. From 

Fig. 3.19, it is again observed that the bus voltage profile does not change much 

except the AC terminal buses at which the converters are connected. 

Table 3.4 

Study of IEEE 300 bus system with five terminal VSC HVDC network 

HVDC link HVDC link 
specifications 

Power flow solution 

Base case power flow converged in six iterations (NI=6)  
with CT=0.56 sec; 

ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32; 

ܓ܄  = 0.998∠ − 17.67; 
ܔ܄ = 0.981∠ − ܕ܄ ;19.46 = 1.006∠ − 17.47; 

Master 
Converter 

Slave 
Converters 

AC terminal 
buses 

HVDC variables 
 

Master 
Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

Slave 
Converters 
Pୱ୦୨ = 0.3; 

V୪ = 0.99; 
Pୱ୦୩ = 0.2; 
V୫ = 1.01; 
Pୱ୦୪ = 0.3; 
Pୱ୦୫ = 0.3; 
Qୱ୦୨ = 0.2; 

Qୱ୦୩ = 0.05; 

i 
j, k, l, m 

 

 
θ୧

= −11.5055; 
θ୨

= −11.5252; 
θ୩ = −5.1646; 
θ୪ = −3.5273; 

θ୫

= −6.5236; 
V୨ = 1.0206; 

V୩ = 1.0085; 
 

Master Converter 
ܑܐܛ܄ = 1.0616∠ − 17.7394; 

 m୧ = 1.0158; 
Pୈେ୧ = 1.1497; P୪୭ୱୱ୧(%) = 2.09; 

Slave Converters 
ܒܐܛ܄ = 1.0409∠ − 9.9176; 

ܓܐܛ܄ = 1.0139∠ − 4.0466; 
ܔܐܛ܄ = 0.9831∠ − 1.7564; 
ܕܐܛ܄ = 1.0090∠ − 4.8358; 

Vୈେ୨ = 2.9989; Vୈେ୩ = 2.9988; 

Vୈେ୪ = 2.9989; Vୈେ୫ = 2.9988; 
m୨ = 0.9722; m୩ = 0.9545; 

m୪ = 0.9285; m୫ = 0.9527; 
Pୈେ୨ =  −0.3127;  Pୈେ୩ = −0.2118 ;  

Pୈେ୪ = −0.3125; 
Pୈେ୫ = −0.3124; P୪୭ୱୱ୨(%) = 1.26; 

P୪୭ୱୱ୩(%) = 1.18; P୪୭ୱୱ୪(%) =  1.24; 
P୪୭ୱୱ୫(%) = 1.23; 

NI=6; CT= 2.33; 
Note: For the above study, i=266, j=270, k=271, l=272 and m=273; Values of voltage magnitudes, active 

and reactive powers are in p.u. Phase angles of voltages are in degrees. 
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Fig. 3.18: Convergence characteristic for the study of Table 3.4  

 

Fig. 3.19: Bus voltage profile for the study of Table 3.4 
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However, ‘NI’ remains identical to the base case, which shows the robustness of the 

proposed algorithm. The proposed algorithm is able to accommodate diverse VSC 

control strategies and operating point specifications. This shows the versatility of the 

model. 

3.4.2 Studies with sequential power-flow model of hybrid AC-MVDC 

systems  

Case I: Three terminal MVDC network connected in the PTP configuration  

In this case study, again two separate, sequential power-flow studies are conducted 

with a three terminal, PTP connected VSC-HVDC network incorporated in the IEEE-

300 bus test system to demonstrate the versatility of the proposed model. In both the 

studies, the VSC-HVDC network is connected between AC buses 266, 270 and 271. 

The specified quantities for these studies are identical to those in the case study shown 

in Table 3.2 and are detailed in rows 3-4 and columns 1-3 of Table 3.5. Rows 3 and 4 

correspond to the ‘PQ’ and ‘PV’ control modes of the slave VSCs, respectively. The 

corresponding power flow solutions are shown in row 3 and row 4 (columns 4-5) of 

Table 3.5, respectively.             

From Table 3.5, it can be observed that for both the studies, ‘NI’ and CT are increased 

than that of the studies of Table 3.2 carried out using the unified AC-DC Newton-

Raphson algorithm. The convergence characteristic plots (variation of mismatch error 

in p.u. with number of iterations) for first and second studies of Table 3.5 are shown 

in Figures 3.20 and 3.21, respectively.  From Figures 3.20 and 3.21, it can be 

observed that the quadratic convergence characteristics of the Newton-Raphson 

method are lost due to the adoption of the sequential Newton-Raphson power-flow 

algorithm. The values of both ‘NI’ and ‘CT’ have increased than those of Table 3.2. 

Also, the values of ‘NI’ are dependent on the VSC control strategy employed.  
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The bus voltage profiles for the first and second studies of Table 3.5 are shown in 

Figures 3.22 and 3.23, respectively. From Figures 3.22 and 3.23, it is observed that the 

bus voltage profile hardly changes except for the AC terminal buses at which the VSCs 

are connected.  

 

Table 3.5 

Study of IEEE 300 bus system with three terminal VSC HVDC network 

HVDC link 
Connection details HVDC link 

Specifications 

Power flow solution 
Base case power flow converged in six iterations (NI=6) 

with CT=0.56 sec; 
ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32; 

ܓ܄ = 0.998∠ − 17.67; 

Master 
Converter 

Slave 
Converters 

AC terminal 
buses 

HVDC variables 
 

Master Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

 
Slave Converters 

Pୱ୦୨ = 0.7; 

Qୱ୦୨ = 0.2; 

Pୱ୦୩ = 0.5; 
Qୱ୦୩ = 0.06; 

 

i j, k 

θ୧ = −11.4398; 
θ୨ = −11.3827; 

θ୩ = −5.4606; 
V୨ = 1.0209; 

V୩ = 1.0503; 
 

Master Converter 
ܑܐܛ܄ = 1.0516∠ − 18.1648; m୧ = 0.9914; 

Pୈେ୧ = 1.2303;  P୪୭ୱୱ୧(%) = 2.15; 
Slave Converters 

ܒܐܛ܄ = 1.0434∠ − 7.6254; 

ܓܐܛ܄ = 1.0576∠ − 2.8837; 
Vୈେ୨ = 2.9978; Vୈେ୩ = 2.9981; 

m୨ = 0.9844; m୩ = 0.9977; 

Pୈେ୨ = −0.7158;  Pୈେ୩ = −0.5137; 

P୪୭ୱୱ୨ (%) = 1.53; 

P୪୭ୱୱ୩ (%) = 1.34; 
NI=11; CT= 2.05; 

i j, k 

Master Converter 
Vୈେ୧ = 3; 
V୧ = 1.02; 

 
Slave Converters 

Pୱ୦୨ = 0.4; 

V୨ = 1.02; 

Pୱ୦୩ = 0.5; 
V୩ = 1; 

 

θ୧ = −11.4236; 
θ୨ = −11.4157; 

θ୩ = −5.0076; 
 

Master Converter 
ܑܐܛ܄ = 1.0781∠ − 16.397; 

m୧ = 1.0165; 
Pୈେ୧ = 0.9273; P୪୭ୱୱ୧(%) = 1.9251; 

Slave Converters 
ܒܐܛ܄ = 1.0213∠ − 9.2151; 

ܓܐܛ܄ = 0.9975∠ − 2.1320; 
Vୈେ୨ = 2.9985; Vୈେ୩ = 2.9984; 

m୨ = 0.9633; m୩ = 0.9410; 

Pୈେ୨ = −0.413;  Pୈେ୩ = −0.5138; 

P୪୭ୱୱ୨(%) = 1.28; P୪୭ୱୱ୩(%) = 1.36; 

NI=10; CT= 1.91; 
Note: For the above case study, i=266, j=270, k=271; Values of voltage magnitudes, active and reactive powers are in 

p.u. Phase angles of voltages are in degrees. 
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Fig. 3.20: Convergence characteristic for the first study of Table 3.5 

 

 

 

Fig. 3.21: Convergence characteristic for the second study of Table 3.5 
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Fig. 3.22: Bus voltage profile for the first study of Table 3.5  

 

 

Fig. 3.23: Bus voltage profile for the second study of Table 3.5  
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Case II: Four terminal PTP configuration of VSC-HVDC system 

In this case study, a four terminal VSC-HVDC network is incorporated in the IEEE 

300-bus test system. The specified quantities are identical to those in columns 1-3 of 

Table 3.3 and are again detailed in columns 1-3 of Table 3.6. The power flow solution 

is shown in columns 4-5 of Table 3.6. The convergence characteristic corresponding 

to this case study is shown in Fig. 3.24. Again, it is observed that the quadratic 

convergence characteristic of the unified Newton-Raphson power-flow algorithm is 

lost due to the adoption of the sequential power-flow method. The bus voltage profile 

for this study is shown in Fig. 3.25. From Fig. 3.25, it can be observed that the bus 

voltage profile does not change much except at the AC terminal buses to which the 

converters are connected. 

Table 3.6 

Study of IEEE 300 bus system with four terminal VSC HVDC network 

HVDC link: 
 Connection details HVDC link 

Specifications 

Power flow solution 
Base case power flow converged in six iterations (NI=6) with 

CT=0.56 sec; 
ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32; 

ܓ܄ = 0.998∠ − ܔ܄  ;17.67 = 0.981∠ − 19.46; 
 

Master 
Converter 

Slave 
Converters 

AC terminal buses 
HVDC variables 

 
Master Converter 

Vୈେ୧ = 3; 
V୧ = 1.02; 

 

i j, k, l 

θ୧ = −11.4650; 
θ୨ = −11.4420; 

θ୩ = −3.2183; 
θ୩ = −2.9950; 

V୨ = 1.0204; 

V୩ = 1.0681; 
V୪ = 1.0698; 

 

Master Converter 
ܑܐܛ܄ = 1.0578∠ − 17.6597; m୧ = 0.9973; 

Pୈେ୧ = 1.139; P୪୭ୱୱ୧(%) = 2.06 ; 

Slave Converters 
Pୱ୦୨ = 0.5; 

Qୱ୦୨ = 0.1; 

Pୱ୦୩ = 0.4; 
Qୱ୦୩ = 0.05; 

Pୱ୦୪ = 0.2; 
Qୱ୦୪ = 0.05; 

 

Slave Converters 
ܒܐܛ܄ =  1.0318∠ − 8.7256;  

ܓܐܛ܄ = 1.0738∠ − 1.2221; 
ܔܐܛ܄ =  1.0748∠ − 2.0008;  
m୨ = 0.9733; m୩ = 1.0128; 

m୪ = 1.0137; Vୈେ୨ = 2.9986; 

Vୈେ୩ = 2.9987; Vୈେ୪ = 2.9989; 
Pୈେ୨ =  −0.5138;  Pୈେ୩ = −0.4129;  

Pୈେ୪ = −0.2118; P୪୭ୱୱ୨(%) = 1.36;  

P୪୭ୱୱ୩(%) = 1.27; P୪୭ୱୱ୪(%) = 1.17; 
NI=11; CT= 2.04; 

Note: For the above study, i=266, j=270, k=271 and  l=272; Values of voltage magnitudes, active and reactive powers 
are in p.u. Phase angles of voltages are in degrees. 
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Fig. 3.24: Convergence characteristic for the study of Table 3.6  

 

 

 

Fig. 3.25: Bus voltage profile for the study of Table 3.6 

 

1 2 3 4 5 6 7 8 9 10 11

10
-10

10
-5

10
0

Number of iterations

E
rr

or
 in

 p
.u

.

Variation of Error with Number of Iterations

1 50 100 150 200 250 300
0.8

1

1.1
(a) Bus Voltage Magnitude of base case

p.
u.

1 50 100 150 200 250 300
0.8

1

1.1
(b) Bus Voltage Magnitude with 4-Terminal point to point VSC-HVDC

p.
u.

1 50 100 150 200 250 300
-0.1

0

0.1

Bus Number

p.
u.

(c) Bus Voltage Magnitude Difference



128 
 

Case III: Five terminal MVDC network connected in the PTP configuration 

This case study is similar to that of the case study of the five terminal MVDC network 

of Table 3.4. The specified quantities for the sequential power-flow are identical to 

those in columns 1-3 of Table 3.4 and are detailed again in columns 1-3 of Table 3.7. 

The power flow solution is shown in row 3 and columns 4-5 of Table 3.7. The 

convergence characteristic for this case study is shown in Fig. 3.26. From Fig. 3.26, it 

can again be observed that the quadratic convergence of the unified Newton-Raphson 

algorithm is lost due to the adoption of the sequential power-flow method employed 

in this case. The bus voltage profile for the study of Table 3.7 is shown in Fig. 3.27. 

From Fig. 3.27, it is again observed that the bus voltage profile does not change much 

except at the AC terminal buses to which the converters are connected.  

Table 3.7 
Study of IEEE 300 bus system with five terminal VSC HVDC network 

HVDC link 

HVDC link 
specifications 

 
 

Power flow solution 

Base case power flow converged in six iterations (NI=6) with 
CT=0.56 sec; 

ܑ܄ = 1.011∠ − ܒ܄   ;11.24 = 1.011∠ − 11.32; 

ܓ܄ = 0.998∠ − ܔ܄ ;17.67 = 0.981∠ − 19.46; 
ܕ܄ = 1.006∠ − 17.47; 

Master 
Converter 

Slave 
Converters Master Converter 

Vୈେ୧ = 3; 
V୧ = 1.02; 

 

AC terminal buses 
HVDC variables 

 

 
i 

j, k, l, m 
 

 
θ୧ = −11.5055; 
θ୨ = −11.5252; 

θ୩ = −5.1646; 
θ୪ = −3.5273; 

θ୫ = −6.5236; 
V୨ = 1.0206; 

V୩ = 1.0085; 
 

Master Converter 
ܑܐܛ܄ = 1.0616∠ − 17.7394; 

m୧ = 1.008; 
Pୈେ୧ = 1.1497; P୪୭ୱୱ୧(%) = 2.09; 

Slave Converters 
Pୱ୦୨ = 0.3; 

V୪ = 0.99; 
Pୱ୦୩ = 0.2; 
V୫ = 1.01; 
Pୱ୦୪ = 0.3; 
Pୱ୦୫ = 0.3; 
Qୱ୦୨ = 0.2; 

Qୱ୦୩ = 0.05; 
 

Slave Converters 
ܒܐܛ܄ = 1.0409∠ − 9.9176; 

ܓܐܛ܄ = 1.0139∠ − 4.0466; 
ܔܐܛ܄ = 0.9831∠ − 1.7564; 
ܕܐܛ܄ = 1.0090∠ − 4.8358; 

Vୈେ୨ = 2.999; Vୈେ୩ = 2.9991; 

Vୈେ୪ = 2.999; Vୈେ୫ = 2.999; 
m୨ = 0.9817; m୩ = 0.9562; 

m୪ = 0.9272; m୫ = 0.9516; 
Pୈେ୨ =  −0.3127;  Pୈେ୩ = −0.2118 ; 

Pୈେ୪ = −0.3125; Pୈେ୫ = −0.3124; 
P୪୭ୱୱ୨(%) = 1.26; P୪୭ୱୱ୩(%) = 1.18; 

P୪୭ୱୱ୪(%) = 1.24; P୪୭ୱୱ୫(%) = 1.23; 
NI=11; CT= 2.16; 

Note: For the above study, i=266, j=270, k=271, l=272 and m=273; Values of voltage magnitudes, active and 
reactive powers are in p.u. Phase angles of voltages are in degrees. 
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Fig. 3.26: Convergence characteristic for the study of Table 3.7 

 

Fig. 3.27: Bus voltage profile for the study of Table 3.7 
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both the unified and the sequential Newton AC-DC power-flow algorithms. The 

specified value of the active power-flow ‘Pୱ୦ଷ’ in line 3 is gradually increased and its 

effect on ‘NI’ is investigated. All the other electrical quantities are maintained 

constant at their respective values as detailed in Tables 3.4 and 3.7. The results are 

shown in Table 3.8.  

 From Table 3.8, it is observed that ‘NI’ with the unified AC-DC power-flow 

algorithm is independent of the variation of ‘Pୱ୦ ’. However, for the sequential AC-

DC power-flow algorithm, ‘NI’ gradually increases with increasing values of ‘Pୱ୦ଷ’.  

From Tables 3.5, 3.6 and 3.7, it can be observed that with the sequential AC-DC 

power-flow algorithm, the values of both ‘CT’ and ‘NI’ are increased than those of 

the corresponding case studies employing the unified AC-DC power-flow algorithm 

(Tables 3.2, 3.3 and 3.4, respectively). From Tables 3.5 and 3.8, it is also observed 

that ‘NI’ is dependent on both the VSC control strategy employed and the operating 

point specifications.  

Table 3.8 
 

 A comparison of the convergence characteristics of the unified and the sequential 
AC-DC power-flow algorithms 

 
 

Variation of ‘NI’ with varying values of ‘Pୱ୦ଷ’ 

Algorithm 
employed 

Pୱ୦ଷ (p.u) 

0.2 0.25 0.3 0.35 0.4 

Unified 6 6 6 6 6 

Sequential 11 12 12 13 14 
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A comparison of the convergence features of the proposed model vis-à-vis existing 

models in the literature is shown in Table 3.9. 

 
Table 3.9 

 A comparison of convergence features with existing models 
 

Reference 
no. 

Tolerance 
(p.u.) 

No. of buses in the 
system NI CT (in seconds) 

AC DC 

[82] 10-8 29 5 
Min: 3;   Max: 15 

(depending on wind 
power generation) 

Min: 0.37 (for weak wind) 
Max: 1.99 (for strong wind) 

[78] 10-6 
9 4 6 0.2 
32 4 7 0.45 

Proposed 
model 

10-10 300 NIL (Base) 6 0.56 

Unified 10-10 300 

BTB 6 1.77 

3 6 
PQ control PV control 

1.75 1.88 
4 6 1.77 
5 6 2.33 

Sequential 10-10 300 

3 
PQ 

control 
PV 

control 
PQ control PV control 

11 10 2.05 1.91 

4 11 2.04 

5 11 2.16 

 

3.5 Conclusions 

In this chapter, both unified and sequential Newton Power-Flow models of hybrid 

AC-DC systems have been developed. Unlike existing models, the modulation indices 

of the VSCs can be expressed as unknowns in both the models. Both the algorithms 

are implemented by employing diverse control strategies in different topologies of 

multi-terminal DC networks incorporated in the IEEE 300-bus test system. It is 

observed that the unified method possesses the quadratic convergence characteristics 

as in the base case power-flow. Further, the number of iterations taken by the unified 

Newton-Raphson Power-Flow algorithm for convergence is independent of the 

MTDC topology, the MTDC control strategies employed and the operating point 
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specifications. On the other hand, the quadratic convergence characteristics of the 

Newton-Raphson method is lost if the sequential AC-DC power-flow algorithm is 

adopted. Also, the number of iterations taken by the unified Newton Power-Flow 

algorithm for convergence is dependent on both the operating point specifications and 

the MTDC control strategies employed.  
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Chapter 4 

Newton Power Flow Modeling of Voltage Source 
Converter (VSC) Based Hybrid AC-DC Systems 

Employing DC Voltage Droop Control 

 

4.1    Introduction 

The Newton power-flow modeling of voltage sourced converter-based hybrid AC-DC 

systems employing DC slack bus control (also known as master-slave control) was 

presented in Chapter 3. As already discussed in Chapter 3, the main disadvantage of 

this control scheme is the DC grid instability following a failure of the master 

converter. This problem can be tackled by ensuring that individual converters take 

part in the DC voltage regulation scheme by adjusting their active power flow in 

response to changes in the DC voltage with the operating point, known as DC voltage 

droop control [12], [20]. For MTDC systems, different types of DC voltage droop 

control have been envisaged to ensure proper sharing based on the converter ratings. 

These include Voltage Margin (VM) control, Voltage-Power (V-P) droop, Voltage-

Current (V-I) droop and Voltage-Power (V-P) droop with Dead-Band (DB) [12], [24], 

[31], [37]. 

  For planning, operation and control of hybrid AC-MVDC systems employing 

DC voltage droop control, their power flow solution is an essential requirement. In 

this respect, [81]-[84] present some comprehensive research works on the 

development of efficient Newton power-flow algorithms of hybrid AC-MVDC 

systems employing DC voltage droop control.  

However, the above research works do not address the following issues: 
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[1] Development of a unified Newton power-flow model of hybrid AC-MVDC 

systems employing DC voltage droop control. In this respect, [81] and [82] have 

presented sequential Newton power-flow models of hybrid AC-MVDC systems 

incorporating DC voltage droop control. However, the quadratic convergence 

characteristic of the unified AC/DC Newton-Raphson algorithm is lost in [81] and 

[82] due to the adoption of the sequential AC-DC power-flow algorithm,. 

[2] The VSC modulation index ‘m’ has not been considered as an unknown in any of 

the above models. For VSC applications, ‘m’ is a crucial parameter.  Typically, 

0 < ݉ ≤ 1.  Some of the factors that put a cap on the lower and upper bounds of 

‘m’ have been reported in [11].  

This chapter presents a generalized approach to both the unified and the 

sequential Newton power-flow modeling of hybrid AC-MVDC grids employing DC 

voltage droop control. Unlike most of the research works published in this area, in the 

proposed model, ‘m’ is considered as an unknown and can be obtained directly from 

the power-flow solution. The proposed work also includes the converter losses. 

 

4.2 Modeling of Hybrid AC-MVDC Systems Employing DC Voltage 

Droop Control 

For modeling of hybrid AC-MVDC systems employing DC voltage droop 

control, the generalized AC-DC network shown in Fig. 3.1 (Chapter 3) comprising a 

‘n’ bus AC power system network integrated with a MVDC grid using ‘q’ VSCs and 

their respective converter transformers, is again considered and is shown in Fig. 4.1 

below. The assumptions adopted for the modeling are also identical to those in 

Chapter 3. As shown in Fig. 4.1, the AC buses connected to the ‘q’ VSCs are 

numbered as ‘i’, ‘(i+1)’, and so on, up to ‘(i+q-1)’, while the ‘q’ VSCs are connected 
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in the PTP configuration on their DC sides. The PTP connection is considered, being 

more prevalent in practical HVDC installations over the world. Fig. 4.2 shows the 

equivalent circuit of the network shown in Fig. 4.1 with q’ fundamental frequency, 

positive sequence voltage sources pertaining to the ‘q’ VSCs. Vsha represents the 

voltage phasor pertaining to the ath (1 ≤ a ≤ q) VSC. The ath (1 ≤ a ≤ q) VSC is 

connected to AC terminal bus ‘(i+a-1)’ whose voltage is represented by the phasor 

Vi+a-1=Vi+a-1∠θi+a-1. 

From Fig. 4.2, the current in the link (not shown) connecting the ath VSC and 

its AC terminal bus is 

܉ܐܛ۷ = ܉ܐܛ܄)܉ܐܛܡ −  ૚)                                                     (4.1)ି܉ାܑ܄

where Vsha= Vsha ∠ θsha= ma c VDCa ∠ θsha, ysha= 1/Zsha , ܈sha = Rsha + jXsha, Rsha and 

Xsha  are the resistance and the leakage reactance of the ath  converter transformer, 

respectively, ‘ma’ is the VSC modulation index and the constant ‘c’ is representative 

of the VSC architecture [11]. 

As already detailed in Chapter 3 and from Figures 4.1 and 4.2, the net current 

injection at the AC bus ‘(i+a-1)’ connected to the ath (1 ≤ a ≤ p) converter can be 

written as  Ii+a-1 = ∑ Y(i+a-1)k
n
k=1 Vk- yshaVsha                                                                    (4.2)  

In the above equation, Y(i+a-1)(i+a-1) = Y(i+a-1)(i+a-1)
old + ysha and 

Y(i+a-1)(i+a-1)
old = y(i+a-1)0 + ∑  y(i+a-1)k

n
k=1, k≠i+a-1    are the values of the self  admittances 

of bus ‘(i+a-1)’ with the ath VSC connected and in the original ‘n’ bus AC system 

without any VSC, respectively. Similarly, ‘y(i+a-1)0’ accounts for the shunt 

capacitances of all the transmission lines connected to bus ‘(i+a-1)’. 
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Fig. 4.1: Schematic diagram of an integrated AC-MTDC system 

 

Fig. 4.2: Equivalent circuit of Fig. 4.1 
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4.3 Power Flow Equations of Hybrid AC-MVDC systems with DC 

Voltage Droop Control 

From Fig. 4.2, the net active and reactive power injections at the AC bus ‘(i+a-1)’ are 

Pi+a-1= ෍ Vi+a-1VkY(i+a-1)kcos ቂθi+a-1-θk-ϕ(i+a-1)kቃ

n

k=1

 - mac VDCaVi+a-1yshacos(θi+a-1-θsha-ϕsha)  (4.3) 

Qi+a-1= ෍ Vi+a-1VkY(i+a-1)ksin ቂθi+a-1-θk-ϕ(i+a-1)kቃ

n

k=1

 - mac VDCaVi+a-1ysha sin(θi+a-1-θsha-ϕsha)  (4.4) 

Also, from Fig. 4.2, the active and reactive power flows at the terminal end of the line 

connecting the ath VSC to the AC bus ‘(i+a-1)’ are   

Psha= Re ൣVi+a-1Isha
* ൧= mac VDCaVi+a-1ysha cos൫θi+a-1- θsha-ϕsha൯ − V୧ାୟିଵ

ଶ ysha cos ϕsha   (4.5) 

and  Qsha= mac VDCaVi+a-1ysha sin൫θi+a-1-θsha- ϕsha൯ + V୧ାୟିଵ
ଶ ysha sin ϕsha         (4.6) 

Also, from Fig. 4.2, by virtue of the power balance on the AC and DC sides of the ath 

VSC,  

Re(܉ܐܛ۷ ܉ܐܛ܄
∗  ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

= −P୪୭ୱୱୟ                               (4.7) 

Substitution of eqn. (4.1) in eqn. (4.7) gives 

(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ P୪୭ୱୱୟ = 0 

or, fଵୟ = 0       ∀  1 ≤ a ≤ q                                                                                          (4.8) 

Thus, for ‘q’ VSCs, ‘q’ independent equations are obtained. 
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In eqns. (4.7) and (4.8), Yୈେୟ୴ = −
ଵ

ୖీి౗౬
, where ‘Rୈେୟ୴’ is the resistance of the DC 

link between DC buses ‘a’ and ‘v’. Also, ‘P୪୭ୱୱୟ’ represents the losses [18], [92] of the 

ath VSC as already detailed in Chapter 3 and is again given below.  

  P୪୭ୱୱୟ = aଵ + bଵ Iୱ୦ୟ + cଵ Iୱ୦ୟ
 ଶ                                                                                 (4.9) 

where ‘ܽଵ’, bଵ ‘’ and ‘ܿଵ’ are loss factors [18], [92] and 

Iୱ୦ୟ = yୱ୦ୟ [V୧ାୟିଵ
ଶ +  (mୟc Vୈେୟ) ଶ −  2 V୧ାୟିଵ ma c VDCa cos(θ୧ାୟିଵ − θୱ୦ୟ)] 

ଵ
ଶൗ     (4.10) 

The derivation of eqn. (4.10) is given in Appendix A. 

Now, in the AC-MTDC system (Fig. 4.2) with ‘q’ VSCs, if it is assumed that the rth  

(1 ≤ r ≤ q) VSC is used for voltage control of its corresponding AC bus, we have  

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a = r                          (4.11) 

Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (4.5) and (4.6)} 

can be specified, which give us ‘(2q-2)’ independent equations given as 

Psha
sp -Psha

cal =0                                                                          (4.12) 

Qsha
sp -Qsha

cal =0                                                                         (4.13) 

∀ a, 1 ≤ a ≤ q,  a ≠ r. 

Instead of PQ control mode, if a VSC operates in the PV one, eqn. (4.13) changes to 

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a ≠ r                          (4.14) 

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its 

voltage is controlled by the rth VSC. Thus, we get 
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Q୧ାୟିଵ
ୱ୮ − Q୧ାୟିଵ

ୡୟ୪ = 0     ∀ a,   1 ≤  a  ≤  q,   a = r                            (4.15)      

In eqns. (4.11)-(4.15), V
i+a-1
sp

,  Q୧ାୟିଵ
ୱ୮ , Pୱ୦ୟ

ୱ୮  and Qୱ୦ୟ
ୱ୮  are specified values while Vi+a-1

cal , 

Q୧ାୟିଵ
ୡୟ୪ , Pୱ୦ୟ

ୡୟ୪ and Qୱ୦ୟ
ୡୟ୪  are calculated values {using eqns. (4.4), (4.5) and (4.6)}. 

4.4 DC Voltage droop control in MVDC Systems 

In DC voltage droop control [12], [20], [24]-[31], [37], multiple converters 

participate in the DC voltage control scheme. Droop control comprises both linear and 

nonlinear voltage droop characteristics. Among the linear ones, Voltage-Power (V-P) 

and Voltage-Current (V-I) droops have been the two most popular and widely used 

strategies for DC voltage droop control. Nonlinear voltage droop control 

characteristics include dead-bands and limits. Among the nonlinear ones, Voltage 

Margin, V-P droop with power Dead-Band and V-P droop with voltage limits are 

some of the more widely used characteristics. Some of these are elaborated below. 

1. Voltage-Power (V-P) Droop 

If the ath VSC follows a linear V-P droop characteristic, its rectifying power can be 

expressed as 

Pୈେୟ = Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Pୈେୟ

∗                                      (4.16) 

 

where ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ represent the DC voltage and power references of its droop 

characteristics and ‘Rୟ’ is the droop control gain. 

2. Voltage-Current (V-I) Droop 

If the ath VSC follows a linear V-I droop characteristic; the net DC current injection at 

its terminal can be expressed as 
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Iୈେୟ = Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Iୈେୟ

∗                                                   (4.17) 

where ‘Iୈେୟ
∗ ’ and ‘Vୈେୟ

∗ ’ are the DC current and voltage references of its droop line 

and ‘Rୟ’ is the droop control gain. 

Thus, the rectifying power of the VSC can be expressed as 

Pୈେୟ = Vୈେୟ [Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Iୈେୟ

∗ ]                                   (4.18) 

Fig. 4.3 depicts the linear V-P and V-I droop characteristics for any arbitrary VSC ‘a’. 

 

Fig. 4.3:  Linear Voltage Droop Characteristic of the ath VSC 

Computation of ‘ ஽ܸ஼௔
∗ ’ and ‘ ஽ܲ஼௔

∗ ’ 

The values of the DC voltage and power references ‘Vୈେୟ
∗ ’, ‘Pୈେୟ

∗ ’ and ‘Iୈେୟ
∗ ’ 

in eqns. 4.16 - 4.18 for all the ‘q’ converters are either pre specified or obtained from 

a DC power-flow. While carrying out the DC power-flow, if DC slack bus control is 

assumed, then, by convention, the voltage ‘Vୈେଵ
∗ ’ (of DC terminal 1) is specified and 

it does not operate on droop control. This problem can be circumvented if the average 

voltage of all the ‘q’ DC terminals ‘Vୈେୟ୴
∗ ’ is specified instead of ‘Vୈେଵ

∗ ’ [82]. In that 

case, the DC power-flow equations are  
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Solve   ۲۱܄
∗      specified   ۲۱۾

∗   and  Vୈେୟ୴
∗  

            where ۲۱܄
∗ =  ൣVୈେ

∗ … Vୈେ୯
∗ ൧

܂
۲۱۾  ,

∗ =  ൣPୈେଶ
∗ … Pୈେ୯

∗ ൧
܂

 

Subsequently, Pୈେ
∗  and ‘Iୈେୟ

∗ ’ (1 ≤ a ≤ q) can be computed. 

3. Voltage-Power (V-P) Droop with dead-band  

In practical DC grids, the droop characteristics can be a combination of multiple 

linear or nonlinear functions of the DC voltage. Fig. 4.4 shows the voltage droop 

characteristics with dead-band and voltage limits. If the ath VSC follows a nonlinear 

droop characteristic as shown in Fig. 4.4, the converters operate in constant power 

control mode when DC voltage is maintained between ‘Vୈେୟ ୦୧୥୦
∗ ’ and ‘Vୈେୟ ୪୭୵

∗ ’. 

When the DC voltage lies outside the dead-band zone, the DC terminal follows the 

linear V-P characteristic. Again, beyond a threshold DC voltage, the droop control 

gain increases (Rୟ ୫ୟ୶) to maintain the DC voltage within an acceptable limit for the 

stability of the DC grid.  

The composite droop characteristic is shown in Fig. 4.4 and can be expressed as 

Pୈେୟ = Rୟ ୫ୟ୶(Vୈେୟ ୫ୟ୶ − Vୈେୟ) + ൣRୟ ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ ୫ୟ୶൯ + Pୈେୟ

∗ ൧ for  Vୈେୟ ≥ Vୈେୟ ୫ୟ୶ (4.19) 

 

= Rୟ ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ൯ + Pୈେୟ

∗               for  Vୈେୟ ୦୧୥୦
∗ < Vୈେୟ < Vୈେୟ ୫ୟ୶          (4.20) 

 

= 0. ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ൯ + Pୈେୟ

∗          for Vୈେୟ ୪୭୵
∗ ≤  Vୈେୟ ≤ Vୈେୟ ୦୧୥୦

∗                   (4.21) 

 

= Rୟ (Vୈେୟ ୪୭୵
∗ − Vୈେୟ) + Pୈେୟ

∗         for Vୈେୟ ୫୧୬
∗ < Vୈେୟ < Vୈେୟ ୪୭୵

∗                     (4.22) 

 

= Rୟ ୫ୟ୶(Vୈେୟ ୫୧୬ − Vୈେୟ) + [Rୟ (Vୈେୟ ୪୭୵
∗ − Vୈେୟ ୫୧୬) + Pୈେୟ

∗ ]    for Vୈେୟ ≤ Vୈେୟ ୫୧୬   (4.23) 
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In this scheme, the droop control gains can be specified according to the rating of the 

converters to share the additional power. 

 

Fig. 4.4: Nonlinear Voltage Droop Characteristic of the ath VSC 

4. DC voltage margin control 

In this mode of DC voltage control, each VSC regulates the DC voltage as long as its 

DC power is within the minimum and maximum power limits and the reference DC 

voltages of the different VSCs are offset from one another by a voltage margin [82]. 

The V-P characteristic corresponding to this scheme is shown in Fig. 4.5. 

 

Fig. 4.5: Voltage Margin Characteristic of the ath VSC  
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4.5    MODELING OF AC-MTDC SYSTEMS WITH DC VOLTAGE DROOP 

CONTROL  

Let us assume now that all the ‘q’ VSCs in the AC-MTDC system shown in Fig. 4.1 

operate on droop control. To simplify matters, let all the ‘q’ VSCs follow linear V-P 

droops. Then, for the ath VSC (1 ≤ a ≤ q), from eqns. (4.16), we have  

Pୈେୟ = VୈେୟIୈେୟ = ∑ VୈେୟVୈେ୴Yୈେୟ୴ = Rୟ (Vୈେୟ
∗ − Vୈେୟ) + Pୈେୟ

∗  ୯
୴ୀଵ   

or, ∑ VୈେୟVୈେ୴Yୈେୟ୴ + RୟVୈେୟ − RୟVୈେୟ
∗ − Pୈେୟ

∗୯
୴ୀଵ = 0                          (4.24) 

or, fଶୟ = 0      ∀ a,    1 ≤  a  ≤  q                                                                        (4.25) 

eqn. (4.25) represents ‘q’ independent equations.  

As already mentioned earlier in Section 4.4, in eqn. (4.24), the values of the DC 

voltage and power references ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ for all the ‘q’ converters are either pre 

specified or obtained from a DC power-flow. Now, two distinctly different models 

can be realized depending on whether the values of ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ are specified or 

not. These are elaborated below. 

Model ‘A’: Values of ‘ ஽ܸ஼௔
∗ ’ and ‘ ஽ܲ஼௔

∗ ’are known apriori 

In some models [82], the values of ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ for all the ‘q’ converters are pre-

specified or obtained by carrying out a DC power-flow. In such cases, the ‘q’ 

independent droop equations represented by eqn. (4.24) are sufficient to compute the 

values of the DC bus voltages ‘Vୈେୟ’ directly, and subsequently, the DC bus power 

injections ‘Pୈେୟ’(1 ≤ a ≤ q). Once ‘Pୈେୟ’ are known, for the AC-MTDC power-flow, 

the active powers ‘Psha’ {eqn. (4.5)} in the lines joining the ‘(q-1)’ VSCs to their 

corresponding AC buses cannot be specified, as this would be tantamount to knowing 
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the losses in the converter transformers and the VSC, prior to the power-flow. This is 

detailed in Fig. 4.6. This is not in line with practical considerations which are targeted 

to maintain a specified ‘Psha’. This is a major drawback of the model.  

 

Fig. 4.6:  Power flows for the ath VSC connected to its AC bus ‘(i+a-1)’ 

Now, under the assumption that there are ‘g’ generators connected at the first 

‘g’ buses of the ‘n’ bus AC system with bus 1 being the slack bus,the unified AC-

MTDC power-flow problem corresponding to model ‘A’ is of the form 

Compute: ી, V, X 

Given:       P, Q, R 

with 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ … θୱ୦୯൧
୘

ܕ  , = ൣmଵ … m୯൧
܂

,    

܆ = [ીܐܛ
܂  ܂[܂ܕ  

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘,  ܐܛۿ = [Qୱ୦ଶ … Qୱ୦୯], 

૚܎ = [fଵଵ … fଵ୯],  ܀ =  ୘[૚܎ V୧ା୰ିଵ ܐܛۿ]

For this model, it is presumed that VSC ‘r’ is employed  for the voltage control of the 

AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which control the line reactive power 

flows. 
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The Newton power flow equation is  

 ۸[∆ી܂܄∆ ܂ ∆ીܐܛ
܂[܂ܕ∆ ܂ =  (4.26)                                               ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where, J is the power-flow Jacobian. 

In eqn. (4.26), ‘∆ۿ∆‘ ,’۾’ and ‘∆܀’ represent the mismatch vectors while ∆ી, 

,܄∆ ∆ીܐܛ and ∆ܕ represent the correction vectors. The elements of ‘J’ can be 

obtained very easily from eqn. (4.26). 

It can be observed that ‘Vୈେୟ’ (1 ≤ a ≤ q) can be solved using eqn. (4.24), 

independent of the AC-MTDC power-flow {eqn. (4.26)}, if ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ are 

known.  

After all the unknowns are solved, the line active power-flows ‘Psha’ can be 

computed {using eqn. (4.5)}. 

Thus, to summarize, Model ‘A’ addresses the problem “given the DC voltage and 

power (or current) references of the VSC droop lines and the target line reactive 

power flows, what should be the line active power flow values?” 

Model ‘B’: Values of ‘ ஽ܸ஼௔
∗ ’ and ‘ ஽ܲ஼௔

∗ ’are not known apriori   

If the DC voltage (‘Vୈେୟ
∗ ’) and power (‘Pୈେୟ

∗ ’) reference values of the ‘q’ 

VSCs are not known, the DC bus voltages ‘Vୈେୟ’ and hence the DC bus power 

injections ‘Pୈେୟ’ (1 ≤ a ≤ q) cannot be computed independently {using eqn. (4.24)}. 

This enables the line active power-flow values ‘Psha’ to be specified control objectives 

{Fig. 4.6}, which is in line with practical MTDC control. This is an advantage over 

model ‘A’. 
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For the above modeling strategy, the unified AC-MTDC power-flow problem is of the 

form 

Compute: ી, V, X 

Given:       P, Q, R 

with 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θୱ୦୯൧
୘
ܕ  , = ൣmଵ … m୯൧

܂
۲۱܄  , =  ൣVୈେଵ … Vୈେ୯൧

 ܂

܆  = [ીܐܛ
܂ ۲۱܄  ܂ܕ  

܂  ܂[

۾ = [Pଶ … P୬]୘,  ۿ = [Q୥ାଵ … Q୬]୘,  ܐܛ۾ = [Pୱ୦ଶ … Pୱ୦୯],  ܐܛۿ = [Qୱ୦ଶ … Qୱ୦୯],   ܎૚ = [fଵଵ … fଵ୯]   

and ܀ =  ୘[૚܎  V୧ା୰ିଵ Vୈେୟ୴ ܐܛۿ  ܐܛ۾]

For this model too, it is presumed that VSC ‘r’ is employed  for the control of voltage 

magnitude of the AC bus ‘(i+r-1)’ unlike the other  ‘(q-1)’ VSCs, which control the 

line active as well as reactive power flows. 

The unified AC-MTDC power flow equation is 

۸[∆ી܂܄∆ ܂ ∆ીܐܛ
۲۱܄∆ ܂ܕ∆ ܂

܂[܂ =   (4.27)                          ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where J is the power-flow Jacobian. 

Fig. 4.7 and 4.8 depict the flow charts of the proposed approach for droop control 

models ‘A’ and ‘B’ respectively. 
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Fig. 4.7:  Flow chart of the proposed approach (Model A) 

It is important to note that for Model ‘B’, after ‘Vୈେୟ’ (1 ≤ a ≤ q) is obtained from the 

AC-MTDC power-flow {eqn. (4.27)}, ‘Pୈେୟ’ (1 ≤ a ≤ q) is computed. 

Subsequently, to compute the DC voltage (‘Vୈେୟ
∗ ’), power (‘Pୈେୟ

∗ ’) or the current 

(‘Iୈେୟ
∗ ’) references of the ‘q’ VSC droop lines, we proceed as follows.  

Substituting Pୈେୟ
∗ = Vୈେୟ

∗ Iୈେୟ
∗ = ∑ Vୈେୟ

∗ Vୈେ୴
∗ Yୈେୟ୴

୯
୴ୀଵ  in eqn. (4.16), we get  

෍ Vୈେୟ
∗ Vୈେ୴

∗ Yୈେୟ୴ + RୟVୈେୟ
∗ − RୟVୈେୟ − Pୈେୟ

୯

୴ୀଵ

= 0      ∀ a,    1 ≤  a  ≤  q    (4.28) 
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From eqn. (4.28), it can be observed that since ‘Vୈେୟ’(1 ≤ a ≤ q) is already known 

from the AC-MTDC power-flow solution, ‘Pୈେୟ’ can be computed as well, and hence, 

(‘Vୈେୟ
∗ ’) can be solved. After ‘Vୈେୟ

∗ ’ (1 ≤ a ≤ q) is obtained {from eqn. (4.28)}, the 

power (‘Pୈେୟ
∗ ’) or the current (‘Iୈେୟ

∗ ’) references are also computed. 

Thus, to summarize, Model ‘B’ addresses the problem “given the target line active 

and reactive power flows, what should be the voltage and power references of the 

VSC droop lines?” 

 

Fig. 4.8:  Flow chart of the proposed approach (Model B) 

It may be noted that the above analysis was done considering that the ‘q’ VSCs follow 

linear V-P voltage droop characteristics. In a similar manner, if all the ‘q’ VSCs 
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follow linear V-I droop characteristics, substituting  Iୈେୟ
∗ = ∑ Vୈେ୴

∗ Yୈେୟ୴
୯
୴ୀଵ   in eqn. 

(4.17), we get 

Iୈେୟ = Rୟ(Vୈେୟ
∗ − Vୈେୟ) + ෍ Vୈେ୴

∗ Yୈେୟ୴

୯

୴ୀଵ

                                      

or, ∑ Vୈେ୴
∗ Yୈେୟ୴

୯
୴ୀଵ + RୟVୈେୟ

∗ − RୟVୈେୟ − Iୈେୟ = 0                                            (4.29) 

Thus, for Model ‘B’, subsequent to ‘Vୈେୟ’ (1 ≤ a ≤ q) being obtained from the AC-

MTDC power-flow {eqn. (4.27)}, ‘Iୈେୟ’ (1 ≤ a ≤ q) is computed. Then, the DC 

voltage (‘Vୈେୟ
∗ ’) references of the ‘q’ VSC droop lines can be solved from the ‘q’ 

droop equations given in eqn. (4.29) above. After ‘Vୈେୟ
∗ ’ (1 ≤ a ≤ q) are computed, the 

current (‘Iୈେୟ
∗ ’) or the power (‘Pୈେୟ

∗ ’) references can also be computed. 

Similarly, if the ath VSC follows a nonlinear voltage droop characteristic as 

shown in Fig. 4.4 and operates at point ‘A’ of the characteristic, we have,  

Pୈେୟ = Rୟ ୫ୟ୶(Vୈେୟ ୫ୟ୶ − Vୈେୟ) + ൣ Rୟ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ ୫ୟ୶൯ + Pୈେୟ

∗ ൧ 

or, ∑ Vୈେୟ
∗ Vୈେ୴

∗ Yୈେୟ୴
୯
୴ୀଵ + Rୟ൫Vୈେୟ ୦୧୥୦

∗ − Vୈେୟ ୫ୟ୶൯ + Rୟ ୫ୟ୶(Vୈେୟ ୫ୟ୶ − Vୈେୟ) − Pୈେୟ = 0   (4.30) 

In a similar manner, the equations corresponding to other operating points (‘B’, ‘C’ 

‘D’ and ‘E’) of the non-linear voltage droop characteristics shown in Fig. 4.4 can also 

be derived very easily. 

4.6   Case Studies and Results 

For validation of the above models, a large number of studies were carried out by 

employing diverse DC voltage droop control strategies on MTDC grids embedded 

within the IEEE 300-bus network [104].  In all the occurrences, the VSC constant was 

selected as c =
ଵ

ଶ√ଶ
  [11]. Also, for all the VSC coupling transformers, Rsha = 0.001 
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p.u. and Xsha = 0.1 p.u. (∀ a,  1 ≤  a  ≤  q). The converter loss constants ‘a1’, ‘b1’ and 

‘c1’ were chosen as 0.011, 0.003 and 0.0043, respectively [18], [95]. For 

interconnections between DC terminals, Rୈେ୳୴ = 0.01 p.u. 

(∀  u, v,   1 ≤  u  ≤  q,  1 ≤  v  ≤  q,  u ≠ v),  throughout the chapter [83]. In all 

occurrences, a termination error tolerance of 10-10 p.u. was selected. ‘NI’ and ‘CT’ 

denote the number of iterations and the computational time in seconds, pertaining to a 

1.99 GHz Dell PC. In all the results given in Tables 4.1- 4.8, values of bus voltage 

magnitudes, current magnitudes, active and reactive powers and droop control gains 

are denoted in p.u. while phase angles of voltage phasors are denoted in degrees. 

4.6.1 Studies of three terminal VSC-HVDC network incorporated in 

the IEEE 300 bus system 

Case I: Model-A employing Linear V-P and V-I droop characteristics 

For this case study, at the outset, the base case power-flow (in the absence of any 

MTDC grid) is carried out. The results are given in row 1 of Table 4.1. Then a 3-

terminal MTDC grid (q = 3) is integrated with the IEEE 300-bus test system at AC 

buses ‘268’, ‘272’ and ‘273’. While the VSCs connected to AC buses ‘268’ and ‘272’ 

follow linear V-P droop characteristics, the VSC connected to AC bus ‘273’ operates 

on a linear V-I droop characteristic. The droop control gains of VSCs 1, 2 and 3 are 

set to 20, 15 and 10, respectively [24], [28], [29] and[82]. 

Next, a DC power-flow is carried out to obtain the voltage (‘Vୈେୟ
∗ ’), power 

(‘Pୈେୟ
∗ ’) and current (‘Iୈେୟ

∗ ’) references (1 ≤ a ≤ 3) for the droop lines of the VSCs. 

The results are given in row 4 of Table 4.1.  
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Thereafter, the DC voltages {‘Vୈେୟ’ (1 ≤ a ≤ 3)} are computed from the 

voltage (‘Vୈେୟ
∗ ’), power (‘Pୈେୟ

∗ ’) and current (‘Iୈେୟ
∗ ’) references using the droop eqn. 

(4.24). The results are given in rows 7 of Table 4.1.  

Table 4.1 

Study of IEEE 300 bus system with three terminal VSC HVDC network 

incorporating linear DC voltage droop characteristics (Model A) 

Base case power-flow (NI=6 and CT=0.56); 
૛૟ૡ܄ = 0.9684 ∠ − ૛ૠ૛܄ ;21.01 = 0.9811 ∠ − 19.46; 

૛ૠ૜܄ = 1.0058 ∠ − 17.47; 

DC (3-terminal) power-flow 

Specified quantities Solution 

Vୈେୟ୴
∗ =3; 

Pୈେଶ
∗ = 0.5; 

Pୈେଷ
∗ = 0.4; 

DC power-flow converged in three iterations 
Vୈେଵ

∗ = 2.9990; Vୈେଶ
∗ = 3.0006;   Vୈେଷ

∗ = 3.0004; 
Pୈେଵ

∗ = −0.8995;  Iୈେଷ
∗ = 0.1333; 

NI=3; CT=0.11; 

Computation of Vୈେ from droop eqns. 

Specified quantities Solution 

Vୈେଵ
∗ = 2.9990; Vୈେଶ

∗ = 3.0006;   
Vୈେ

∗ = 3.0004; Pୈେ
∗ = −0.8995; 

Pୈେଶ
∗ = 0.5; Iୈେଷ

∗ = 0.1333; 
Rଵ = 20; Rଶ = 15; Rଷ = 10; 

Vୈେଵ = 2.9990; Vୈେଶ = 3.0006; 
Vୈେଷ = 3.0004; 

NI=4; CT=0.07; 

AC-MTDC power-flow with linear voltage droop control 
(VSCs connected to AC buses  268, 272 and 273) 

Specified quantities 
Solution 

AC buses VSC 

Vୈେଵ = 2.9990; 
Vୈେ  =  3.0006; 

Vୈେ  = 3.0004; 

Vଶ଺଼ = 0.98; 
Qୱ୦ଶ = −0.05; 
Qୱ୦ଷ = −0.05; 

θଶ଺଼ = −2.8508; 
૛ૠ૛܄ = 0.9527∠ − 9.7288; 

૛ૠ૜܄ = 0.9514∠ − 35.3471; 
૛ܐܛ۾ = −૙. ૞૚૝૛; 
૜ܐܛ۾ = −૙. ૝૚૜૜; 

θୱ୦ଵ = 2.3580; 
mଵ =  0.9339; 

θୱ୦ = −12.9877; 
mଶ = 0.8941; 

θୱ୦ଷ = −37.9739; 
mଷ = 0.8925; 

DC Power 
Pୈେଵ = −0.8995; 

Pୈେଶ = 0.50; 
Pୈେଷ = 0.40; 

Converter loss (%) 
P୪୭ୱୱଵ = 1.72; 
P୪୭ୱୱଶ = 1.39; 
P୪୭ୱୱଷ = 1.31; 

NI=6; CT=1.34; 

 

After obtaining ‘Vୈେୟ’, the AC-MTDC power-flow is executed. The results are 

given in row 10 of Table 4.1. The computed values of the active power flows in the 

(two) lines (‘Pୱ୦ଶ’ and ‘Pୱ୦ଷ’) are shown in bold in row 10 of Table 4.1. Thus, the line 
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active power-flows are not controllable, unlike the line reactive powers (which are 

specified). This is a major drawback of model ‘A’. 

Table 4.1 shows that for both the base case and the AC-MTDC power-flow 

with droop model ‘A’, ‘NI’ remains same. But ‘CT’ is more in the latter case as the 

number of variables increase. 

 

Case II: Model-B employing Linear V-P and V-I droop characteristics 

This case study is similar to the previous study of Table 4.1. The 3-terminal 

MTDC grid is again integrated with the AC system at buses ‘268’, ‘272’ and ‘273’. 

However, the specified line reactive power-flows are modified from their values in 

Table 4.1.  The results of the AC-MTDC power-flow are given in rows 3-9 of Table 

4.2. It may be noted that unlike the previous study of Table 4.1, now the line active 

power flows can also be specified. This is an advantage of model ‘B’. 

From the AC-MTDC power-flow, using the values of ‘Vୈେୟ’ obtained (and 

hence, ‘Pୈେୟ’ and ‘Iୈେୟ’), the DC voltage (‘Vୈେୟ
∗ ’) and thereafter, the power (‘Pୈେୟ

∗ ’) 

and current (‘Iୈେୟ
∗ ’) references for the droop lines of the VSCs are computed using the 

droop eqns. {eqns. (4.28) and (4.29)}. The results are given in row 11 of Table 4.2. 

From Tables 4.1 and 4.2, it can be observed that both in droop models ‘A’ and 

‘B’, ‘NI’ remains same. But ‘CT’ is slightly more in the latter as the number of 

variables increase {Vୈେୟ (1 ≤ a ≤ 3) are now included}. 

The convergence characteristics corresponding to the case studies of base 

case, Table 4.1 and Table 4.2 are shown in Figures 4.9 - 4.11, respectively. From 

Figures 4.9 - 4.11, it is observed that the developed algorithm demonstrates excellent 
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convergence characteristics, similar to the base case and converging in six iterations. 

The bus voltage profiles of Table 4.1 and Table 4.2 are shown in Figures 4.12 and 

4.13, respectively. From Figures 4.12 and 4.13, it can be observed that the bus voltage 

profiles do not change much except at the AC terminal buses to which the converters 

are connected. 

 

 

Table 4.2 

Study of IEEE 300 bus system with three terminal VSC HVDC network 

incorporating linear DC voltage droop characteristics (Model B) 

Base case power-flow (NI=6 and CT=0.56); 
૛૟ૡ܄ = 0.9684∠ − ૛ૠ૛܄ ;21.01 = 0.9811∠ − 19.46; 

૛ૠ૜܄ = 1.0058∠ − 17.47; 

(VSCs connected to AC buses  268, 272 and 273) 
AC-MTDC power-flow with linear voltage droop control 

Specified quantities 
Solution 

AC buses VSC 

Vୈେୟ୴ 3.0 
θଶ଺଼ = −39.1737; 

θଶ଻ଶ = −31.2288; 
θଶ଻ଷ = −6.7581; 
Vଶ଻ଶ = 1.0086; 
Vଶ଻ଷ = 1.0366; 

θୱ୦ଵ = −43.2335;  mଵ =  0.9347 ; 
Vୈେ = 3.0008; θୱ୦ = −29.2837; 

mଶ = 0.931; Vୈେ = 2.9996; 
θୱ୦ = −5.1792; mଷ = 0.9604; 

Vୈେଷ = 2.9997; 

Vଶ଺଼ 0.98 

Pୱ୦ଶ 0.35 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.3 

Qୱ୦ଷ 0.1 
NI=6; CT=1.54; 

Computation of references Vୈେ
∗  from droop eqns. 

Vୈେ = 3.0008; Vୈେ = 2.9996; 
Vୈେ = 2.9997; 

Rଵ = 20; Rଶ = 15;  Rଷ = 10; 

Vୈେଵ
∗ = 3.0008; Vୈେଶ

∗ = 2.9996; 
Vୈେଷ

∗ = 2.9997; 
DC Power 

Pୈେଵ = 0.6754; 
Pୈେଶ = −0.3628; 
Pୈେଷ = −0.3124; 

 

Converter loss (%) 
P୪୭ୱୱଵ = 1.54; 
P୪୭ୱୱ = 1.26; 
P୪୭ୱୱଷ = 1.23; 

NI=4; CT=0.05; 
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Fig. 4.9: Convergence characteristic for the base case power flow in IEEE-300 bus 

system 

 

 

 

Fig. 4.10: Convergence characteristic for the case study of Table 4.1 
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Fig. 4.11: Convergence characteristic for the study of Table 4.2 

 

 

Fig. 4.12: Bus voltage profile for the study of Table 4.1 
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Fig. 4.13: Bus voltage profile for the study of Table 4.2 

 

 

Case III Model-B employing nonlinear V-P droop with Dead-Band 

This case study is similar to the previous study of Table 4.2, except VSC 2 which 

follows a nonlinear V-P droop characteristic with dead-band. The droop control gains 

are identical to the previous study of Table 4.2. First, a separate DC power-flow is 

carried out to calculate the reference values for the droop control lines. The results are 

shown in row 4 of Table 4.3.  Next, the AC-MTDC power flow is carried out. The 

power flow solution is shown in rows 5-13 of Table 4.3.  From the power flow 

solution, it is observed that VSC-2 (connected to AC bus 272) operates at the point 

‘A’ as shown in Fig. 4.4. 
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Table 4.3 

Study of IEEE 300 bus system with three terminal VSC HVDC network 

incorporating nonlinear DC voltage droop characteristics with dead-band 

Base case power-flow (NI=6 and CT=0.652); 
૛૟ૡ܄ = 0.9684∠ − ૛ૠ૛܄ ;21.01 = 0.9811∠ − ૛ૠ૜܄;19.46 = 1.0058∠ − 17.47; 

DC  power-flow to calculate DC reference values 
Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3.02; Pୈେଶ

∗ = − 0.5; Pୈେଷ
∗ = − 0.4; 

Vୈେଵ
∗ = 3.0206; Vୈେଶ

∗ = 3.0197; 
Vୈେଷ

∗ = 3.0197; Pୈେଵ
∗ = 0.9003; 

Iୈେଷ
∗ = −0.1325; 
NI=3; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band  
(VSCs connected to AC buses  268, 272, 273) 

Specified Quantities Power flow solution 

Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.014;  Vୈେ୦୧୥୦
∗ = 3.013; 

Vୈେ୪୭୵
∗  = 3.012; Vୈେ୫୧୬ = 3.009; 

Rଵ  =  20;  Rଶ  =  15;  Rଷ  =  10; 
R୫ୟ୶ = 30; 

Vୈେଵ = 3.0183; Vୈେଶ = 3.0173; 
Vୈେଷ = 3.0175; 

 

Converter Control Mode 
VSCs 

1 V-P droop 
2 V-P droop with dead-band θୱ୦ଵ = −48.7989;  θୱ୦ଶ = −28.8620; 

θୱ୦ଷ =  −4.4850; mଵ = 0.9491; 
mଶ = 0.9584; mଷ = 0.9810; 

3 V-I droop 

Vଶ଺଼ = 0.98;  Qୱ୦ଶ =0.1; 
Qୱ୦ =  0.1; 

AC terminal buses 
θଶ଺଼ = ∠ − 43.2010; 

૛ૠ૛܄ = 1.0102∠ − 32.1815; 
૛ૠ૜܄ = 1.0362 ∠ − 6.1658; 

DC Power 
Pୈେ = 0.9457; 

Pୈେଶ=  −  0.6138; 
Pୈେଷ= − 0.3316; 

Converter loss (%) 
P୪୭ୱୱ =  1.86; 
P୪୭ୱୱ =  1.44; 
P୪୭ୱୱଷ =  1.24; 

NI=6; CT=1.49; 

 

Case IV Model-B employing Voltage Margin control 

This case study is carried out on the same AC-MTDC system but the VSC connected 

to AC bus 272 employs voltage margin control.  The droop control gains of the 

converters connected to AC buses 268 and 273 are similar to the studies of Table 4.1-

4.3. The droop control gain of the converter connected to AC bus ‘272’ is set to a 

value of 1000 corresponding to the operation of voltage margin control.  For voltage 
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margin control characteristic, the maximum and the minimum DC powers are set to 

values of 1.0 and -1.0 p.u, respectively. The power flow solution is shown in rows 5-

13 of Table 4.4. 

Table 4.4 

Study of IEEE 300 bus system with three terminal VSC HVDC network employing 

voltage margin control 

Base case power-flow (NI=6 and CT=0.56); 
૛૟ૡ܄ = 0.9684∠ − ૛ૠ૛܄ ;21.01 = 0.9811∠ − ૛ૠ૜܄ ;19.46 = 1.0058∠ − 17.47; 

DC  power-flow to calculate DC reference values 
Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3.03; Pୈେ

∗ = − 0.5; 
Pୈେଷ

∗ = − 0.4; 

Vୈେଵ
∗ = 3.0310; Vୈେଶ

∗ = 3.0294; 
Vୈେଷ

∗ = 3.0296; Pୈେଵ
∗ = 0.9004; 

Iୈେଷ
∗ = −0.1320; 
NI=4; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin 
(VSCs connected to AC buses  268, 272, 273) 

Specified Quantities Power flow solution 
Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.01;  Vୈେ୦୧୥୦
∗ = 3; 

Vୈେ୪୭୵
∗  = 2.99; Vୈେ୫୧୬ = 2.98; 

Rଵ  =  20;  Rଶ  =  1000;  Rଷ  = 10; 

Vୈେଵ = 3.0210;  Vୈେଶ = 3.0187; 
Vୈେଷ = 3.0197; 

 

Converter Control Mode 
VSCs 

1 V-P droop 

2 Voltage Margin θୱ୦ଵ =  −43.3748;  θୱ୦ଶ = −18.1817; 
θୱ୦ଷ =  −14.1289;  mଵ = 0.95; 
mଶ = 0.9714;  mଷ =   0.9784; 

3 V-I droop 

Vଶ଺଼ = 0.98;  Qୱ୦ଶ = 0.1; 
Qୱ୦ଷ = 0.05; 

AC terminal buses 
θଶ଺଼ = −36.8764; 

૛ૠ૛܄ = 1.0215∠ − 23.4921; 
૛ૠ૜܄ = 1.0348∠ − 14.5915; 

DC Power 
Pୈେ = 1.1006; 

Pୈେଶ = −1.0000; 
Pୈେଷ = −0.0997; 

Converter loss % 
P୪୭ୱୱ = 2.06; 
P୪୭ୱୱଶ = 1.79; 
P୪୭ୱୱଷ = 1.15; 

NI=6; CT=1.46; 

 

The convergence characteristics of Table 4.3 and 4.4 are shown in Figures 4.14 and 

4.15, respectively. From Figures 4.14 and 4.15, it is observed that the developed 

algorithm demonstrates excellent convergence characteristics, again converging in six 
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iterations. The bus voltage profiles of Table 4.3 and 4.4 are shown in Figures 4.16 and 

4.17, respectively. Again, from Figures 4.16 and 4.17, it is observed that the bus 

voltage profiles do not alter much from the base case except the AC buses at which 

the converters are connected. 

 

Fig. 4.14: Convergence characteristic for the case study of Table 4.3 

 

 

Fig. 4.15: Convergence characteristic for the case study of Table 4.4 

1 2 3 4 5 6

10
-10

10
-5

10
0

Number of iterations

E
rr

or
 in

 p
.u

.

Variation of Error with Number of iterations

1 2 3 4 5 6

10
-10

10
-5

10
0

Number of iterations

E
rr

or
 in

 p
.u

.

Variation of Error with Number of iterations



160 
 

 

Fig. 4.16: Bus voltage profile for the study of Table 4.3 

 

 

Fig. 4.17: Bus voltage profile for the study of Table 4.4 
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4.6.2 Studies of five terminal VSC-HVDC network incorporated in 

the IEEE 300 bus system 

Case I: Model-A employing Linear V-P and V-I droop characteristics 

This case study is similar to that of Table 4.1 except with five DC terminals. For this 

study, at the outset, the base case power-flow (in the absence of any MTDC grid) is 

carried out. The results are given in row 1 of Table 4.5. Then a 5-terminal MTDC grid 

is integrated with the IEEE 300-bus test system at AC buses ‘266’, ‘270’, ‘271’, ‘272’ 

and ‘273’. While the VSCs connected to AC buses ‘266’ and ‘270’ follow linear V-P 

droop characteristics, the VSCs connected to AC buses ‘271’, ‘272’ and ‘273’ operate 

on linear V-I droop characteristics. The droop control gains of VSCs 1 and 2 are set to 

20 and 15, respectively [24], [82]. The droop control gains of VSCs 3, 4 and 5 are all 

set to a value of 10.  

Next, a DC power-flow is carried out to obtain the voltage (‘Vୈେୟ
∗ ’), power 

(‘Pୈେୟ
∗ ’) and current (‘Iୈେୟ

∗ ’) references (1 ≤ a ≤ 5) for the droop lines of the VSCs. 

The results are given in row 4 of Table 4.5.  

Thereafter, the DC voltages {‘Vୈେୟ’ (1 ≤ a ≤ 5)} are computed from the 

voltage (‘Vୈେୟ
∗ ’), power (‘Pୈେୟ

∗ ’) and current (‘Iୈେୟ
∗ ’) references using droop eqn. 

(4.24). The results are given in row 7 of Table 4.5.  

After obtaining ‘Vୈେୟ’, the AC-MTDC power-flow is carried out. The results 

are given in row 10 of Table 4.5. The computed values of the active power flows in 

lines (‘Pୱ୦ଶ’, ‘Pୱ୦ଷ’, ‘Pୱ୦ ’ and ‘Pୱ୦ ’) are shown in bold in row 10 of Table 4.5.  

Table 4.5 shows that for both the base case and the AC-MTDC power-flow 

with droop model ‘A’, ‘NI’ remains same. But ‘CT’ is more in the latter case as the 
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number of variables increase. It is also observed that CT is more with the five 

terminal MTDC network than the three terminal one.  

Table 4.5 

Study of IEEE 300 bus system with five terminal VSC HVDC network employing 

linear DC voltage droop characteristics (Model A) 

Base case power flow (NI=6 and CT=0.56) 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૠ૚܄ ;11.32 = 0.998 ∠ − 17.67; 

૛ૠ૛܄ = 0.981 ∠ − ૛ૠ૜܄ ;19.46 = 1.006 ∠ − 17.47; 
DC (5-terminal) power-flow 

Given quantities Solution 

Vୈେୟ୴
∗ =3; 

Pୈେଶ
∗ = 0.35; 

Pୈେଷ
∗ = 0.3; 

Pୈେସ
∗ = 0.3; 

Pୈେହ
∗ = 0.4; 

DC power-flow converged in three iterations 
Vୈେଵ

∗ = 2.9991; Vୈେ
∗ = 3.0002;   Vୈେଷ

∗ = 3.0002;  Vୈେସ
∗ = 3.0002; 

Vୈେହ
∗ = 3.0003; Pୈେଵ

∗ = −1.3495;  Iୈେଷ
∗ = 0.1;  Iୈେସ

∗ = 0.1; 
Iୈେହ

∗ = 0.1333; 
NI=3; CT=0.02; 

Computation of Vୈେ from droop eqns. 

Given quantities Solution 

Vୈେଵ
∗ = 2.9991; Vୈେଶ

∗ = 3.0002;   
Vୈେଷ

∗ = 3.0002; Vୈେସ
∗ = 3.0002; 

Vୈେହ
∗ = 3.0003; Pୈେଵ

∗ = −1.3495; 
Pୈେ

∗ = 0.35; Iୈେଷ
∗ = 0.1 

Iୈେସ
∗ = 0.1; Iୈେହ

∗ = 0.1333; 
Rଵ = 20; Rଶ = 15; Rଷ = 10; 

Rସ = 10; Rହ = 10; 

Vୈେଵ = 2.9991; Vୈେଶ = 3.0002; Vୈେଷ = 3.0002; 
Vୈେସ = 3.0002;  Vୈେହ = 3.0003; 

NI=4; CT=0.07; 

AC-MTDC power-flow with linear voltage droop control 

Given quantities 
Solution 

AC buses VSC 

Vୈେ  = 2.9991; 

Vୈେଶ  =  3.0002; 
Vୈେ  = 3.0002; 
Vୈେ  = 3.0002; 
Vୈେ  = 3.0003; 
Vଶ଺଺ = 1.02; 
Qୱ୦ଶ = 0.2; 

Qୱ୦ଷ = 0.15; 
Qୱ୦ସ = 0.12; 
Qୱ୦ହ = 0.1; 

θଶ଺଺ = −11.6616; 
૛ૠ૙܄ = 1.0201 ∠ − 11.8087; 
૛ૠ૚܄ = 1.022 ∠ − 34.5310; 

૛ૠ૛܄ = 1.0118 ∠ − 39.7253; 

૛ૠ૜܄ = 1.0014 ∠ − 33.9952; 
Pୱ୦ଵ = 1.3239; 

Pୱ୦ = −0.3631; 
Pୱ୦ଷ = −0.3126; 
Pୱ୦ସ = −0.3126; 
Pୱ୦ହ = −0.4132; 

θୱ୦ଵ = −4.7995; 
mଵ =  1.0203; 

θୱ୦ = −13.7810; 
mଶ = 0.9804 ; 

θୱ୦ = −36.2298; 
mଷ = 0.9775; 

θୱ୦ = −41.4609; 
θୱ୦ହ = −36.3384; 

mସ = 0.9652 ; 
mହ = 0.9538; 

DC Power 
Pୈେ = −1.3495; 
Pୈେ = 0.3500 ; 
Pୈେଷ = 0.3000; 
Pୈେସ = 0.3000; 
Pୈେହ = 0.4000; 

Converter loss (%) 
P୪୭ୱୱଵ = 2.37; 
P୪୭ = 1.29; 
P୪୭ୱୱଷ = 1.25; 
P୪୭ୱୱସ = 1.25; 
P୪୭ୱୱହ = 1.31; 

NI=6; CT=1.44; 
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Case II: Model-B employing Linear V-P and V-I droop characteristics 

In this case study, the 5-terminal MTDC grid is again integrated with the AC 

system at AC buses ‘266’, ‘270’, ‘271’, ‘272’ and ‘273’. But the line reactive power 

values are modified.  The results of the AC-MTDC power-flow are given in rows 4-

13 of Table 4.6. It may be noted that unlike the previous study of Table 4.5, now the 

line active power flows can also be specified. This is an advantage of model ‘B’. 

Table 4.6 

Study of IEEE 300 bus system with five terminal VSC HVDC network 

incorporating linear DC voltage droop characteristics (Model B) 

Base case power flow (NI=6 and CT=0.56) 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૠ૚܄ ;11.32 = 0.998 ∠ − 17.67; 

૛ૠ૛܄ = 0.981 ∠ − ૛ૠ૜܄ ;19.46 = 1.006 ∠ − 17.47; 
AC-MTDC power-flow with linear voltage droop control 

(VSCs connected to AC buses  266, 270, 271, 272 and 273) 

Given quantities 
Solution 

AC buses VSC 

Vୈେୟ୴ 3.0 θଶ଺଺ = −11.5227; 
θଶ଻଴ = −11.5210; 
θଶ଻ଵ = −4.4870; 
θଶ଻ଶ = −3.8018; 

θଶ଻ଷ = −3.1837; 
Vଶ଻଴ = 1.0205; 
Vଶ଻ଵ = 1.0695; 
Vଶ଻ଶ = 1.0730; 
Vଶ଻ଷ = 1.0387; 

θୱ୦ଵ = −19.1658; mଵ =  0.9933 ; 
Vୈେଵ = 3.0009; θୱ୦ = −9.3615; 

mଶ = 0.9771; Vୈେଶ = 2.9997; 
θୱ୦ଷ = −2.9940; mଷ =  1.0134; 
θୱ୦ସ = −2.5661; mସ = 1.0166; 
θୱ୦ = −1.0859; mହ = 0.9895; 

Vୈେଷ = 2.9998; 
Vୈେସ = 2.9998; 
Vୈେହ = 2.9997; 

Vଶ଺଺ 0.98 

Pୱ୦ଶ 0.4 

Qୱ୦ଶ 0.15 

Pୱ୦ଷ 0.3 

Qୱ୦ଷ 0.05 

Pୱ୦ସ 0.25 
Qୱ୦ସ 0.05 
Pୱ୦ହ 0.4 
Qୱ୦ହ 0.1 NI=6; CT=1.57; 

Computation of references Vୈେ
∗  from droop eqns. 

Vୈେଵ = 3.0009; Vୈେଶ = 2.9997; 
Vୈେଷ = 2.9998; Vୈେସ = 2.9998; 

Vୈେହ = 2.9997; 
Rଵ = 20; Rଶ = 15;  Rଷ = 10; 

Rସ = 10; Rହ = 10; 

Vୈେଵ
∗ = 3.0009; Vୈେଶ

∗ = 2.9997; 
Vୈେଷ

∗ = 2.9998; Vୈେସ
∗ = 2.9998;  

Vୈେହ
∗ = 2.9997; 

DC Power 
Pୈେଵ = 1.4011; 

Pୈେଶ = −0.4132; 
Pୈେଷ = −0.3123; 
Pୈେ = −0.2620; 
Pୈେହ = −0.4130; 

 

Converter loss (%) 
P୪୭ୱୱଵ = 2.39; 
P୪୭ୱୱଶ = 1.30; 
P୪୭ୱୱ = 1.22; 
P୪୭ୱୱ = 1.19; 
P୪୭ୱୱହ = 1.29; 

NI=4; CT=0.05; 
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Subsequent to the AC-MTDC power-flow, using the values of ‘Vୈେୟ’ obtained 

(and hence, ‘Pୈେୟ’ and ‘Iୈେୟ’), the DC voltage (‘Vୈେୟ
∗ ’) and thereafter, the power 

(‘Pୈେୟ
∗ ’) and current (‘Iୈେୟ

∗ ’) references for the droop lines of the VSCs are computed 

using the droop eqns. {eqns. (4.28) and (4.29)}. The results are given in row 15 of 

Table 4.6. 

From Tables 4.5 and 4.6, it is observed that both in droop models ‘A’ and ‘B’, 

‘NI’ remains same. But ‘CT’ is slightly more in the latter as the number of variables 

rise (all Vୈେୱ are now included). 

The convergence characteristics of Table 4.5 and 4.6 are shown in Fig. 4.18 and 4.19, 

respectively. From Figures 4.18 and 4.19, it is observed that the power flow algorithm 

demonstrates convergence characteristics similar to the base case, converging in six 

iterations. The bus voltage profiles corresponding to Tables 4.5 and 4.6 are shown in 

Figures 4.20 and 4.21, respectively. Again, from Figures 4.20 and 4.21, it is observed 

that the bus voltage profiles do not change much from the base case except the buses 

at which the converters are connected. 

 

Fig. 4.18: Convergence characteristic for the study of Table 4.5 
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Fig. 4.19: Convergence characteristic for the study of Table 4.6 

 

 

Fig. 4.20: Bus voltage profile for the study of Table 4.5 
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Fig. 4.21: Bus voltage profile for the study of Table 4.6 
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Table 4.7 

Study of IEEE 300 bus system with five terminal VSC HVDC network 

incorporating non-linear voltage droop characteristics with dead-band 

Base case power flow (NI=6 and CT=0.56) 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૠ૚܄ ;11.32 = 0.998 ∠ − 17.67; 

૛ૠ૛܄ = 0.981 ∠ − ૛ૠ૜܄ ;19.46 = 1.006 ∠ − 17.47; 
DC  power-flow to calculate DC reference values 

Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3.02; Pୈେ

∗ = − 0.5; Pୈେଷ
∗ = − 0.4; 

Pୈେସ
∗ = − 0.3; Pୈେହ

∗ = − 0.4; 

Vୈେଵ
∗ = 3.0211; Vୈେଶ

∗ = 3.0197; 
Vୈେଷ

∗ = 3.0197; Vୈେସ
∗ = 3.0198; 

Vୈେହ
∗ = 3.0197; Pୈେଵ

∗ = 1.6007; 
Iୈେଷ

∗ = −0.1325 ; Iୈେସ
∗ = −0.0993;  

Iୈେହ
∗ = −0.1325; 
NI=3; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band 
(VSCs connected to AC buses  266, 270, 271, 272 and 273) 

Specified Quantities Power flow solution 

Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.014;  Vୈେ୦୧୥୦
∗ = 3.013; 

Vୈେ୪୭୵
∗  = 3.012; Vୈେ୫୧୬ = 3.009; 

Rଵ  =  20;  Rଶ  =  15;  Rଷ  =  10; 
 Rସ  =  10;  Rହ  =  10; 

R୫ୟ୶ = 30; 

Vୈେଵ = 3.0198; Vୈେଶ = 3.0183; 
Vୈେ = 3.0184; Vୈେ = 3.0185; 

Vୈେ = 3.0184; 
 

Converter Control Mode 
VSCs 

1 V-P droop 

2 V-P droop with dead-band θୱ୦ଵ = −20.3526;  θୱ୦ଶ = −8.0873; 
θୱ୦ =  −1.5592; θୱ୦ = −1.3553; 

θୱ୦ = −3.2532; mଵ = 0.9958; 
mଶ = 0.9678; mଷ = 1.0016; 
mସ = 1.0020; mହ = 0.9840; 

3 V-I droop 

Vଶ଺଼ = 0.98; 
Qୱ୦ =0.1; 

Qୱ୦ଷ =  0.05; 
Qୱ୦ =  0.04; 
Qୱ୦ =  0.1; 

AC terminal buses 
θଶ଺଺ = −20.3526; 

૛ૠ૙܄ = 1.0102∠ − 8.0873; 
૛ૠ૚܄ = 1.0362 ∠ − 1.5592; 
૛ૠ૛܄ = 1.0362 ∠ − 1.3553; 
૛ૠ૜܄ = 1.0362 ∠ − 3.2532; 

DC Power 
Pୈେଵ=  1.6266; 

Pୈେ =  −0.6428; 
Pୈେ =−0.3610; 
Pୈେସ= −0.2610; 
Pୈେହ= −0.3610; 

Converter loss (%) 
P୪୭ୱୱଵ =  2.78; 
P୪୭ୱୱଶ =  1.45; 
P୪୭ =  1.25; 
P୪୭ୱୱସ =  1.19; 
P୪୭ୱୱହ =  1.26; 

NI=6; CT=1.51; 
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Case IV Model employing Voltage Margin control 

This case study is conducted on the same AC-MTDC system of Table 4.7 but the 

VSC connected to AC bus 270 employs voltage margin control.  The droop control 

gains of the VSCs are identical to that of Table 4.7, except VSC 2, which operates in 

voltage margin control. The droop gain for voltage margin control is set to a value of 

1000.  For voltage margin control characteristic, the maximum and minimum DC 

powers are set to 1.0 and -1.0 p.u, respectively. The power flow solution is shown in 

rows 5-13 of Table 4.8.  

The convergence characteristics of Table 4.7 and 4.8 are shown in Figures 4.22 

and 4.23, respectively. From Figures 4.22 and 4.23, it is observed that the proposed 

algorithm demonstrates excellent convergence characteristics, converging in six 

iterations. The bus voltage profiles for the studies of Table 4.7 and 4.8 are shown in 

Figures 4.24 and 4.25, respectively. From Figures 4.24 and 4.25, it can be observed 

that the bus voltage profiles do not change much except at the AC terminal buses to 

which the converters are connected. 
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Table 4.8 

Study of IEEE 300 bus system with five terminal VSC HVDC network 

incorporating non-linear DC voltage droop characteristics (Voltage Margin) 

Base case power flow (NI=6 and CT=0.56) 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૠ૚܄ ;11.32 = 0.998 ∠ − 17.67; 

૛ૠ૛܄ = 0.981 ∠ − ૛ૠ૜܄ ;19.46 = 1.006 ∠ − 17.47; 
DC  power-flow to calculate DC reference values 

Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3.03; Pୈେଶ

∗ = − 0.5; 
Pୈେଷ

∗ = − 0.45; Pୈେସ
∗ = − 0.35; 

Pୈେହ
∗ = − 0.3; 

Vୈେଵ
∗ = 3.0311; Vୈେଶ

∗ = 3.0297; 
Vୈେ

∗ = 3.0297; Vୈେ
∗ = 3.0298; 

Vୈେହ
∗ = 3.0298; Pୈେଵ

∗ = 1.6007; 
Iୈେଷ

∗ = −0.1485; Iୈେସ
∗ = −0.1155 ; 

Iୈେହ
∗ = −0.0990; 
NI=4; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin 
(VSCs connected to AC buses  266, 270, 271, 272 and 273) 

Specified Quantities Power flow solution 
Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.01;  Vୈେ୦୧୥୦
∗ = 3; 

Vୈେ୪୭୵
∗  = 2.99; Vୈେ୫୧୬ = 2.98; 

Rଵ  =  20;  Rଶ  =  1000;  Rଷ  = 10; 
 Rସ  = 10;  Rହ  = 10; 

Vୈେଵ = 3.0265; Vୈେଶ = 3.0248; 
Vୈେ = 3.0252; Vୈେସ = 3.0253; 

Vୈେହ = 3.0253; 
 

Converter Control Mode 
VSCs 

1 V-P droop 

2 Voltage Margin θୱ୦ଵ =  −20.7095;  θୱ୦ଶ = −6.1022; 
θୱ୦ଷ =  −4.1554; θୱ୦ସ =  −4.3862; 
θୱ୦ହ =  −11.2625;  mଵ = 0.9934; 

mଶ = 0.9669; mଷ =   1.0072; 
mସ =   1.0052; mହ =   0.9648; 

3 V-I droop 

Vଶ଺଺ = 1.02; 
Qୱ୦ଶ = 0.08; 
Qୱ୦ଷ = 0.06; 
Qୱ୦ସ = 0.04; 
Qୱ୦ହ = 0.05; 

AC terminal buses 
θଶ଺଺ = −11.5486; 

૛ૠ૙܄ = 1.0207∠ − 11.4324; 
૛ૠ૚܄ = 1.0710∠ − 5.6475; 
૛ૠ૛܄ = 1.0711∠ − 5.3878; 

૛ૠ૜܄ = 1.0268∠ − 12.0814; 
DC Power 

Pୈେଵ = 1.6912; 
Pୈେ = −1.0000; 
Pୈେଷ = −0.3133; 
Pୈେସ = −0.2135; 
Pୈେହ = −0.1635; 

Converter loss 
P୪୭ୱୱଵ = 2.88; 
P୪୭ୱୱଶ = 1.79; 
P୪୭ୱୱଷ = 1.22; 
P୪୭ୱୱସ = 1.17; 
P୪୭ୱୱହ = 1.16; 

NI=6; CT=1.54; 
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Fig. 4.22: Convergence characteristic for the study of Table 4.7 

 

 

 

 

Fig. 4.23: Convergence characteristic for the study of Table 4.8 
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Fig. 4.24: Bus voltage profile for the study of Table 4.7 

 

 

Fig. 4.25: Bus voltage profile for the study of Table 4.8 
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4.7 Conclusions 

In this chapter, a generalized approach for the development of Newton power-flow 

models of hybrid AC-MTDC systems employing DC voltage droop control is 

presented. In the proposed model, the modulation indices of the VSCs are obtained 

directly from the power-flow solution. Diverse MTDC grid control techniques 

including linear and nonlinear DC voltage droop control have been employed. It is 

observed that unlike droop model ‘A’, model ‘B’ facilitates the specification of both 

line end active and reactive power-flows. The model displays excellent convergence 

characteristics, independent of the DC grid topology and the MTDC grid control 

technique employed.  This validates the model. 
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Chapter 5 

Newton Power Flow Modeling of Voltage Source 
Converter (VSC) Based Hybrid AC-DC Systems 

Incorporated with Interline DC Power Flow 
Controller (IDCPFC) 

 

5.1 Introduction 

One of the main challenges in VSC based hybrid AC-DC systems is the 

management of DC power flow within the DC grids. Although the VSCs control the 

power injections into a DC grid, the power flows within the DC grid depend upon the 

resistances of the DC Links or cables. In this respect, DC power-flow control devices 

[39]-[44] have been conceptualized and developed, similar to Flexible AC 

Transmission Systems (FACTS) Controllers developed for AC grids. The Interline 

DC Power Flow Controller (IDCPFC) reported in [43], [44] is a DC power-flow 

controller which has been implemented for the power-flow management of MTDC 

grids. It is similar to the Interline Power Flow Controller (IPFC) [45]-[47], which is a 

FACTS Controller [13].  

Now, for planning, operation and control of VSC based hybrid AC-DC 

systems, their power-flow models are required. [76]-[98] present some comprehensive 

Newton power-flow models of VSC based hybrid AC-DC systems. However, none of 

these research works address the power-flow modeling of hybrid AC-DC systems 

incorporating the IDCPFC.  

This chapter presents the Newton power-flow modeling of VSC based hybrid 

AC-DC systems employing IDCPFCs for power-flow management. Similar to 
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Chapters 3 and 4, the VSC modulation index ‘m’ is considered as an unknown and 

can be obtained directly, from the power-flow solution. VSC losses are included in 

this model.  

  

5.2 Modeling of AC-MVDC systems incorporating IDCPFCs  

The basic assumptions adopted for this chapter are similar to those available in 

section 3.2 (Chapter-3) of this thesis. Fig. 5.1 shows a ‘n’ bus AC power system 

network integrated with a ‘q’ terminal VSC-MTDC grid. ‘q’ VSCs are used for 

integrating the VSC-MTDC grid with the AC network at AC buses ‘i’, ‘(i+1)’, and so 

on, up to bus ‘(i+q-1)’, through their respective converter transformers. Fig. 5.1 also 

shows an IDCPFC incorporated within the MTDC grid for its power-flow 

management. The IDCPFC comprises ‘z’ (z ≤ q-1) variable DC voltage sources 

interconnected between DC bus ‘1’ and ‘z’ other DC buses numbered as ‘2’, ‘3’ and 

so on, upto ‘(z+1)’. The equivalent circuit of Fig. 5.1 is shown in Fig. 5.2.  

In Fig. 5.2, the ‘q’ VSCs are represented by ‘q’ fundamental frequency, positive 

sequence voltage sources. The ath (1 ≤ a ≤ q) VSC is connected to AC terminal bus 

‘(i+a-1)’ whose voltage is represented by the phasor Vi+a-1=Vi+a-1∠θi+a-1. 

From Fig. 5.2, the current in the link (not shown) connecting the ath VSC and 

its AC terminal bus is 

܉ܐܛ۷ = ܉ܐܛ܄)܉ܐܛܡ −  ૚)                                                     (5.1)ି܉ାܑ܄

where Vsha= Vsha ∠ θsha= ma c VDCa ∠ θsha, ysha= 1/Zsha , ܈sha = Rsha + jXsha, Rsha and 

Xsha  are the resistance and the leakage reactance of the ath  converter transformer, 
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respectively, ‘ma’ is the VSC modulation index and the constant ‘c’ is representative 

of the VSC architecture [11]. 

 

 

Fig. 5.1: Schematic diagram of an AC-MTDC system incorporating an IDCPFC 
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Fig. 5.2: Equivalent circuit of AC-MTDC system incorporating an IDCPFC 

 

Also, as already detailed in Chapter 3, from Figures 5.1 and 5.2, the net current 

injection at the AC bus ‘(i+a-1)’ connected to the ath (1 ≤ a ≤ p) converter can be 

written as 

Ii+a-1 = ∑ Y(i+a-1)k
n
k=1 Vk- yshaVsha                                                                           (5.2)  
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where Y(i+a-1)(i+a-1) = Y(i+a-1)(i+a-1)
old + ysha and 

Y(i+a-1)(i+a-1)
old = y(i+a-1)0 + ∑  y(i+a-1)k

n
k=1, k≠i+a-1    are the values of self admittances of 

bus ‘(i+a-1)’ with the ath VSC connected and the original ‘n’ bus AC system without 

any VSC, respectively. Similarly, ‘y(i+a-1)0’ accounts for the shunt capacitances of all 

the transmission lines connected to bus ‘(i+a-1)’. 

Now, in Fig. 5.2, the IDCPFC comprises ‘z’ (z ≤ q-1) variable DC voltage sources 

and it is assumed, without any loss of generality, that the wth variable DC voltage 

source ‘Vୈେୱ୵’ (1 ≤ w ≤ z) is connected in series with the link interconnecting the DC 

buses ‘1’ and ‘(1+w)’  (1 ≤ w ≤ z, ∀ z ≤ q-1). Then, from Fig. 5.2, the current and 

power in this link (connected between DC buses ‘1’ and ‘w+1’) is 

Iୈେଵ(୵ାଵ) = Yୈେଵ(୵ାଵ)[Vୈେ୵ାଵ − Vୈେ + Vୈେୱ୵]                       (5.3) 

Pୈେଵ(୵ାଵ) = Vୈେ  Iୈେଵ(୵ାଵ)                                                        (5.4) 

Further, with the IDCPFC, the net DC current injection at the 1st DC bus can be 

written as 

      Iୈେଵ = ∑ Iୈେଵ୳
୸ାଵ
୳ୀଵ,୳ஷଵ + ∑ Iୈେଵ୳

୯
୳ୀ୸ାଶ,୳ஷଵ                                                 (5.5)  

Writing Iୈେଵ୳ in the form of eqn. (5.3) and substituting in eqn. (5.5), we get 

Iୈେଵ = ෍ Yୈେଵ୳Vୈେ୳

୯

୳ୀଵ

+ ෍ Yୈେଵ୳Vୈେୱ(୳ିଵ)

୸ାଵ

୳ୀଵ,୳ஷଵ

                                      (5.6) 

In a similar manner, the net DC current injections at the other DC buses can also be 

written very easily. It can be shown that the net DC current injection at any arbitrary 

DC node ‘u’ (1 ≤ u ≤ q) can be generalized as 
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Iୈେ୳ = ∑ Yୈେ୳୴Vୈେ୴
୯
୴ୀଵ + ∑ Yୈେ୳୴Vୈେୱ(୴ିଵ)

୸ାଵ
୴ୀଵ,୴ஷଵ                        if u = 1                                                                   

  = ∑ Yୈେ୳୴Vୈେ୴
୯
୴ୀଵ − Yୈେ୳ଵVୈେୱ(୳ିଵ)                       if  2 ≤ u ≤ z + 1                                                        

  = ∑ Yୈେ୳୴Vୈେ୴                if   z + 2 ≤ u ≤ q୯
୴ୀଵ                              (5.7)     

 

5.3 Power Flow Equations of hybrid AC-MVDC systems 

incorporating IDCPFC  

 

From Fig. 5.2, at the AC bus ‘(i+a-1)’ pertaining to the ath VSC, it can be 

shown that the net active and reactive power injections are 

P୧ାୟିଵ = ෍ Vi+a-1VkY(i+a-1)k cos ቂθi+a-1- θk- ϕ(i+a-1)kቃ

n

k=1

- mac VDCaVi+a-1ysha cos(θi+a-1- θsha- ϕsha)  (5.8) 

Qi+a-1 = ෍ Vi+a-1VkY(i+a-1)ksin ቂθi+a-1- θk- ϕ(i+a-1)kቃ

n

k=1

 - mac VDCaVi+a-1ysha sin(θi+a-1- θsha- ϕsha)  (5.9) 

where ‘ϕsha’ is the phase angle of ysha. 

In addition, from Fig. 5.2, it can be shown that the active and reactive power flows at 

the terminal end of the link interconnecting the ath VSC to the AC bus ‘(i+a-1)’ are 

Psha= mac VDCaVi+a-1ysha cos൫θi+a-1- θsha- ϕsha൯ − V୧ାୟିଵ
ଶ ysha cos ϕsha                  (5.10) 

Qsha= mac VDCaVi+a-1ysha sin൫θi+a-1- θsha- ϕsha൯ + V୧ାୟିଵ
ଶ ysha sin ϕsha                    (5.11) 

Now, if all the VSCs as well as the IDCPFC are lossless, the AC-DC power balance 

equation for the ath (1 ≤ a ≤ q) VSC can be written using eqn. (5.7) as 
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(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ  − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ 

                 = − ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

        if z + 2 ≤ a ≤ q 

= − ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ VୈେୟVୈେୱ(ୟିଵ)Yୈେୟଵ         if 2 ≤ a ≤ z + 1 

= − ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

− ෍ VୈେୟVୈେୱ(୴ିଵ)Yୈେୟ୴

୸ାଵ

୴ୀଵ,୴ஷଵ

          if a = 1 

If VSC losses are considered, the above equation for the ath (1 ≤ a ≤ q) VSC becomes 

(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ 

                                  = − ∑ VୈେୟVୈେ୴Yୈେୟ୴ − P୪୭ୱୱୟ
୯
୴ୀଵ                                if   (z + 2) ≤ a ≤ q 

                                  = − ∑ VୈେୟVୈେ୴Yୈେୟ୴
୯
୴ୀଵ + VୈେୟVୈେୱ(ୟିଵ)Yୈେୟଵ − P୪୭ୱୱୟ      if 2 ≤ a ≤ z + 1 

                                  = − ∑ VୈେୟVୈେ୴Yୈେୟ୴
୯
୴ୀଵ − ∑ VୈେୟVୈେୱ(୴ିଵ)Yୈେୟ୴ − P୪୭ୱୱୟ

୸ାଵ
୴ୀଵ,୴ஷଵ      if a = 1 

or,  fଵୟ = 0      ∀ a,  1 ≤  a  ≤  q                                                                    (5.12) 

where, P୪୭ୱୱୟ represents the losses [18], [92] of the ath VSC as already detailed in 

Chapter 3 {eqn. (3.10)}.  

eqn. (5.12) represents ‘q’ independent equations. The detailed derivation of eqn. 

(5.12) is shown in Appendix A.  

Now, in the AC-MTDC system (Fig. 5.1) with ‘q’ VSCs, if it is assumed that the rth  

(1 ≤ r ≤ q) VSC is used for voltage control of its corresponding AC bus, we have  

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a = r                          (5.13) 
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Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (5.10) and 

(5.11)} can be specified, which give us ‘(2q-2)’ independent equations given as 

Psha
sp -Psha

cal =0                                                                          (5.14) 

Qsha
sp -Qsha

cal =0                                                                         (5.15) 

∀ a, 1 ≤ a ≤ q,  a ≠ r. 

Instead of PQ control mode, if a VSC operates in the PV one, eqn. (5.15) changes to 

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a ≠ r                          (5.16) 

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its 

voltage is controlled by the rth VSC. Thus, we get 

Q୧ାୟିଵ
ୱ୮ − Q୧ାୟିଵ

ୡୟ୪ = 0     ∀ a,   1 ≤  a  ≤  q,   a = r               (5.17)      

In eqns. (5.13)-(5.17), V
i+a-1
sp

,  Q୧ାୟିଵ
ୱ୮ , Pୱ୦ୟ

ୱ୮  and Qୱ୦ୟ
ୱ୮  are specified values while Vi+a-1

cal , 

Q୧ାୟିଵ
ୡୟ୪ , Pୱ୦ୟ

ୡୟ୪ and Qୱ୦ୟ
ୡୟ୪  are calculated values {using eqns. (5.9), (5.10) and (5.11)}. 

Now, in the DC network as shown in Fig. 5.2, the IDCPFC is represented by 

‘z’ variable DC voltage sources (incorporated in series with ‘z’ DC links). Hence, the 

inclusion of the IDCPFC in the hybrid AC-MTDC system introduces ‘z’ additional 

unknowns. To solve them would require ‘z’ specified or known quantities. It is 

important to note that if the IDCPFC is considered lossless, from Fig. 5.2, the power 

delivered by the IDCPFC is 

P୍ ୈେ୔୊େ = [Vୈେୱଵ{−Iୈେଵଶ} + Vୈେୱଶ{−Iୈେଵଷ} + ⋯ Vୈେୱ୸{−Iୈେଵ(୸ାଵ)}] = 0         (5.18) 
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eqn. (5.18) represents a single, independent equation. Thus, additional ‘(z-1)’ 

equations are required for a complete solution of the IDCPFC variables, which is 

similar to the degree of freedom of an IPFC [45]-[47]. These ‘(z-1)’ equations are 

obtained from the control objectives of the IDCPFC. [43] has implemented DC link 

power-flow control with an IDCPFC. In this chapter, both current and power-flow 

controls of the DC link(s) have been considered. 

With DC link current control, the line currents in all the ‘z’ DC links (containing the 

‘z’ variable DC voltage sources of the IDCPFC) except one, can be controlled. If it is 

presumed that the line current in the DC link containing the yth (1 ≤ y ≤ z) variable 

DC voltage source ‘Vୈେୱ୷’ is not being controlled by the IDCPFC, the control 

equations for the rest of the ‘(z-1)’ DC links are  

Iୈେଵ(୵ାଵ)
ୱ୮ − Iୈେଵ(୵ାଵ)

ୡୟ୪ = 0                                                     (5.19) 

In a similar manner, the control equations for the power-flow in the ‘(z-1)’ DC links 

are 

Pୈେଵ(୵ାଵ)
ୱ୮ − Pୈେ (୵ାଵ)

ୡୟ୪ = 0                                                     (5.20) 

eqns. (5.19) and (5.20) can be generalized as 

fଶ୵ = 0   ∀   w,   1 ≤ w ≤ z − 1, w ≠ y,   z ≤ q - 1                  (5.21) 

It may be noted that if the IDCPFC employs current control for some of the DC links 

and power-flow control for the rest, eqn. (5.21) would comprise both eqn. (5.19) and 

(5.20). 

In the above equations, Iୈେ (୵ାଵ)
ୱ୮  and Pୈେ (୵ାଵ)

ୱ୮   are the specified value of the current 

and power-flow in the DC link between the DC buses ‘1’ and ‘(1+w)’ (and containing 



182 
 

the variable DC voltage source ‘Vୈେୱ୵’), respectively, while Iୈେଵ(୵ାଵ)
ୡୟ୪  and Pୈେ (୵ାଵ)

ୡୟ୪  

are their calculated value obtained using eqn. (5.3) and (5.4), respectively. 

 

5.4 Implementation in Newton Power Flow Analysis 

If it is assumed that there are ‘g’ generators connected at the first ‘g’ buses of 

the ‘n’ bus AC system with bus 1 being the slack bus, then, for the AC-MTDC system 

incorporating an IDCPFC with ‘z’ variable DC voltage sources and following DC 

slack bus control, the unified AC-MTDC power-flow problem is of the form 

Compute: ߠ, V, X 

Given:      P, Q, R 

with 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θୱ୦୯൧
୘

ܕ  , = ൣmଵ … m୯൧
܂
,  

۲۱܄  =  ൣVୈେଶ … Vୈେ୯൧
܂

 

ܛ۲۱܄ =  [Vୈେୱଵ … Vୈେୱ୸]܂  and  ܆ = [ીܐܛ
܂ ۲۱܄ ܂ܕ  

܂ ܛ۲۱܄  
܂  ܂[

۾ = [Pଶ … P୬]୘,  ۿ = [Q୥ାଵ … Q୬]୘,  ܐܛ۾ = [Pୱ୦ଶ … Pୱ୦୯],  ܐܛۿ = [Qୱ୦ … Qୱ୦୯] 

૚܎ = [fଵଵ … fଵ୯],  ܎૛ = [fଶଵ … fଶ(୸ିଵ)] 

and ܀ = V୧ା୰ିଵ P୍ ܐܛۿ  ܐܛ۾ ] ୈେ୔୊େ ܎૚ ܎૛]୘ 

It is presumed that in this model, DC slack bus control (master slave control) is 

adopted (‘Vୈେ ’ is specified). Also, the master VSC ‘r’ controls the voltage magnitude 
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of the AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ slave VSCs, which control the line 

active as well as reactive power flows. 

The Newton power flow equation can be written as 

۸[∆ી܂܄∆ ܂ ∆ીܐܛ
۲۱܄∆ ܂ܕ∆ ܂

ܛ۲۱܄∆܂
܂[܂ =  (5.22)     ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where J is the power-flow Jacobian. 

 It may be noted that instead of the DC slack bus voltage ‘Vୈେଵ’, if the average 

voltage of all the DC terminals ‘Vୈେୟ୴’ is specified, the following modifications are 

required. 

۲۱܄ = ൣVୈେ … Vୈେ୯൧
܂

܀ , = V୧ା୰ିଵ Vୈେୟ୴ P୍ ܐܛۿ  ܐܛ۾ ] ୈେ୔୊େ ܎૚ ܎૛]୘. 

The individual elements of J have to be appropriately modified for the above case. 

 If ‘x’ IDCPFCs are present, ‘ܛ۲۱܄’ gets enlarged (with ‘xz’ elements) and 

‘P୍ ୈେ୔୊େ’ is replaced by a vector ‘۴۱۾۷۲۱۾’ having ‘x’ elements, each governed by an 

equation similar to eqn. (5.18). Also, the individual elements of J are appropriately 

modified. 

Fig. 5.3 depicts the flow chart of the proposed approach with IDCPFC. 

 
5.5   Case Studies and Results 
 
For validation of the above model, a large number of studies were carried out by 

employing diverse DC voltage control strategies on MTDC grids integrated with the 

IEEE 300-bus test system [104].  For all the VSC coupling transformers, Rsha =

0.001 p.u. and Xsha = 0.1 p.u. (∀ a,  1 ≤  a  ≤  q). For interconnections between DC 

terminals, Rୈେ୳୴ = 0.01 p.u. (∀  u, v,   1 ≤  u  ≤  q,  1 ≤  v  ≤  q,  u ≠ v),  throughout  
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Fig. 5.3:  Flow chart of the proposed approach with IDCPFC 

the chapter [83]. The converter loss constants ‘a1’, ‘b1’ and ‘c1’ are chosen to be 

0.011, 0.003 and 0.0043, respectively [18], [92], [95]. The initial values of all the  

variable DC voltage sources (Vୈେୱ୷ ∀ y,  1 ≤  y  ≤  z) were chosen as 0.001 p.u. In all 

occurrences, a termination error tolerance of 10-10 p.u. was selected. ‘NI’ and ‘CT’ 

denote the number of iterations and the computational time in seconds, pertaining to a 

1.99 GHz Dell PC. In all the results given in Tables 5.1 - 5.6, the values of bus 

voltage magnitudes, current magnitudes, active and reactive powers and droop control 

gains are denoted in p.u. while phase angles of voltage phasors are denoted in 

degrees.  

5.5.1 Study of three terminal VSC-HVDC network incorporating 

IDCPFC  

Case I:  DC link current control using IDCPFC 
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In this study, at first, a three terminal VSC-MTDC grid is integrated with the IEEE-

300 bus test system at buses 266, 270 and 271 and the AC-MTDC power-flow is 

carried out.  For this analysis, DC slack bus control is assumed (‘Vୈେଵ’ is specified). 

The power-flow solution is shown in the first row of Table 5.1, with the line current in 

the DC link between DC buses 1 and 2 computed to be 0.093 p.u. Subsequently, a 

IDCPFC (having two variable DC voltage sources) is incorporated in the 3-terminal 

VSC-MTDC grid integrated with the IEEE 300-bus test network and the AC-MTDC 

power-flow is again carried out. The IDCPFC is used to control the line current in the 

DC link between DC buses 1 and 2 to a specified value of 0.12 p.u. (the DC link 

current without any IDCPFC is 0.093 p.u.). The specified quantities for this study are 

shown in the rows 3-11 and columns 1-2 of Table 5.1. The power flow solution with 

the IDCPFC is shown in the rows 3-11 and columns 3-4 of Table 5.1.  

Table 5.1 

Study of IEEE 300 bus system with three terminal VSC HVDC network 
incorporating IDCPFC in DC current control mode 

AC-MTDC power-flow without any IDCPFC  (VSCs connected to AC buses  266, 270 and 271) 
Pୱ୦ଶ = 0.3; Qୱ୦ଶ = 0.1; Pୱ୦ଷ = 0.2; Qୱ୦ଷ = 0.09;Vୈେଵ = 3.0; Vୈେଶ = 2.9991; 

Vୈେଷ = 2.9992; Iୈେଵଶ = 0.093; NI=6; CT=1.45; 
AC-MTDC power-flow with IDCPFC 

Given 
quantities 

Solution 
AC buses VSCs 

Vଶ଺଺ 1.02 

Vଶ଻଴ = 1.0202; 
Vଶ଻ଵ = 1.0619; 

θଶ଺଺ = −11.3851; 
θଶ଻଴ = −11.4005; 
θଶ଻ଵ = −12.6900; 

 

θୱ୦ଵ = −14.2881;  θୱ୦ଶ = −9.7713; 
θୱ୦ଷ = −11.6866; Vୈେଶ = 2.9991; 

Vୈେଷ = 2.9989; mଵ =  0.9894; 
mଶ = 0.9721; mଷ = 1.0099; 

Vୈେଵ 3.0 
Pୱ୦ଶ 0.3 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.2 IDCPFC 
Vୈେୱଵ = −0.000254; Vୈେୱଶ = 0.00056; 

Iୈେଵଷ = 0.0548; Pୈେଵଶ =  0.36; 
 Pୈେଵଷ = 0.1645; 

Qୱ୦ଷ 0.09 

IDCPFC DC power 
Pୈେଵ = 0.5245; 

Pୈେଶ = −0.3124; 
Pୈେଷ = −0.2118; 

Converter Loss (%) 
P୪୭ୱୱଵ = 1.44; 
P୪୭ୱୱଶ = 1.23; 
P୪୭ୱୱଷ = 1.18; Iୈେଵଶ 0.12 

NI=6; CT=1.52; 
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Subsequently, a study is conducted on the same AC-MTDC network but with the 

VSCs now connected to AC buses 268, 272 and 273. The AC-MTDC power-flow 

solution without any IDCPFC is shown in the first row of Table 5.2, with the current 

in the DC link between the DC buses 1 and 3 computed to be 0.1098 p.u. 

Subsequently, a IDCPFC (having two variable DC voltage sources) is again 

incorporated in the 3-terminal VSC-MTDC grid integrated with the IEEE 300-bus test 

network and the AC-MTDC power-flow is again carried out. The IDCPFC maintains 

the DC current between DC buses 1 and 3 to a value of 0.12 p.u (the DC link current 

without any IDCPFC is 0.1098 p.u.). The specified quantities for this study are shown 

in the rows 3-11 and columns 1-2 of Table 5.2. The AC-MTDC power flow solution 

with the IDCPFC is shown in the rows 3-11 and columns 3-4 of Table 5.2. 

 

Table 5.2 

Study of IEEE 300 bus system with three terminal VSC HVDC network 
incorporating IDCPFC in DC current control mode 

AC-MTDC power-flow without any IDCPFC  (VSCs connected to AC buses  268, 272 and 273) 
Pୱ୦ଶ = 0.35; Qୱ୦ଶ = 0.1; Pୱ୦ଷ = 0.3; Qୱ୦ଷ = 0.1;Vୈେଵ = 3.0; Vୈେଶ = 2.9988; Vଶ଺଼ = 0.98; 

 Vୈେଷ = 2.9989; Iୈେଵଷ = 0.1098; NI=6; CT=1.45; 
AC-MTDC power-flow with IDCPFC 

Given quantities 
Solution 

AC buses VSCs 
Vଶ଺଼ 0.98 

Vଶ଻ଶ = 1.0086; 
Vଶ଻ଷ = 1.0366; 

θଶ଺଼ = −39.1739; 
θଶ଻ଶ = −31.2289; 
θଶ଻ଷ = −6.7581; 

 

θୱ୦ଵ = −43.2336;  θୱ୦ଶ = −29.2839; 
 θୱ୦ = −5.1793; Vୈେ = 2.9988;  

Vୈେଷ = 2.9989; mଵ =  0.9418; 
 mଶ = 0.9615; mଷ = 0.9874; 

Vୈେଵ 3.0 
Pୱ୦ଶ 0.35 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.3 IDCPFC 
Vୈେୱଵ = 0.00016; Vୈେୱଶ = − 0.00014; 

Iୈେଵଶ = 0.0815; Iୈେଵଷ =  0.0933;  Pୈେଵଶ = 0.2444; Qୱ୦ଷ 0.1 

IDCPFC DC power  
Pୈେଵ = 0.6754; 

 Pୈେଶ = −0.3628; 
Pୈେଷ = −0.3124; 

Converter Loss (%) 
P୪୭ୱୱ = 1.54; 
 P୪୭ୱୱଶ = 1.26; 
P୪୭ୱୱଷ = 1.23; Iୈେଵଷ 0.12 

NI=6; CT=1.51; 
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The convergence characteristics corresponding to the base case, study of row 1 of 

Table 5.1 (without IDCPFC) and rows 3-5 of Table 5.1 (with IDCPFC) are shown in 

Figures 5.4, 5.5 and 5.6 respectively.  

Similarly, the convergence characteristic plots for the study of row 1 of Table 5.2 

(without IDCPFC) and rows 3-5 of Table 5.2 (with IDCPFC) are shown in Figures 

5.7 and 5.8 respectively. From Figures 5.4-5.8, it is observed that the AC-MTDC 

power-flow solutions with the IDCPFC demonstrate quadratic convergence 

characteristics, similar to the base case power-flow. Also, the convergence pattern is 

independent of the MTDC grid location and the IDCPFC operating point 

specifications.  

 

 

 

Fig. 5.4: Convergence characteristic for the base case power flow in IEEE-300 bus 

system 

1 2 3 4 5 6

10
-10

10
-5

10
0

Number of iterations

Variation of Error with Number of Iterations

E
rr

o
r 

in
 p

.u
.



188 
 

 

 
 

Fig. 5.5: Convergence characteristic for the case study of row 1 in Table 5.1 
 
 
 
 
 
 

 
 
 

Fig. 5.6: Convergence characteristic for the case study of rows 3-11 in Table 5.1 
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Fig. 5.7: Convergence characteristic for the case study of row 1 in Table 5.2 
 
 
 
 

 
 

 
 

Fig. 5.8: Convergence characteristic for the case study of rows 3-11 in Table 5.2  
 

 

The bus voltage profiles for the studies of Table 5.1 and Table 5.2 are depicted in 
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bus voltage profiles of the AC-MTDC system including IDCPFC do not alter much 

from that of the base case except the AC buses at which the VSCs are connected. 

 

Fig. 5.9: Bus voltage profile for the study of Table 5.1 

 

Fig. 5.10: Bus voltage profile for the study of Table 5.2 
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Case II: DC link power control using IDCPFC 

In this study, at first, a three terminal VSC-MTDC grid is integrated with the 

IEEE-300 bus test system at buses 266, 270 and 271 and the AC-MTDC power-flow 

is carried out.  For this analysis, DC slack bus control is assumed (‘Vୈେଵ’ is specified). 

The power-flow solution is shown in the first row of Table 5.3, with the sending end 

line power in the DC link between DC buses 1 and 3 computed to be 0.2454 p.u. 

Subsequently, a IDCPFC (having two variable DC voltage sources) is incorporated in 

the 3-terminal VSC-MTDC grid integrated with the IEEE 300-bus test network and 

the AC-MTDC power-flow is again carried out. The IDCPFC is used to control the 

sending end power in the DC link between DC buses 1 and 3 to a specified value of 

0.28 p.u. (the sending end DC link power without any IDCPFC is 0.2454 p.u.). The 

specified quantities are shown in rows 3-11 and columns 1-2 of Table 5.3. The AC-

MTDC power flow solution with the IDCPFC is shown in the rows 3-11 and columns 

3-4 of Table 5.3. 

Subsequently, a study is executed on the same three terminal AC-MTDC 

network but with the three VSCs connected to AC buses 268, 272 and 273. The AC-

MTDC power-flow solution without any IDCPFC is shown in the first row of Table 

5.4, with the sending end power flow in the DC link between the DC buses 1 and 2 

computed to be 0.3461 p.u. Subsequently, a IDCPFC (having two variable DC voltage 

sources) is incorporated in the 3-terminal VSC-MTDC grid integrated with the IEEE 

300-bus test network and the AC-MTDC power-flow is again carried out. The 

IDCPFC is used to control the sending end power in the DC link between DC buses 1 

and 2 to a specified value of 0.36 p.u. (the sending end DC link power without any 

IDCPFC is 0.3461 p.u.). The specified quantities are shown in the rows 3-11 and 
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columns 1-2 of Table 5.4. The AC-MTDC power flow solution with the IDCPFC is 

shown in the rows 3-11 and columns 3-4 of Table 5.4. 

Table 5.3 

Study of IEEE 300 bus system with three terminal VSC HVDC network 
incorporating IDCPFC in DC power control mode 

AC-MTDC power-flow without any IDCPFC  (VSCs connected to AC buses  266, 270 and 271) 
Pୱ୦ଶ = 0.3; Qୱ୦ଶ = 0.1; Pୱ୦ଷ = 0.2; Qୱ୦ଷ = 0.09;Vୈେଵ = 3.0; Vୈେଶ = 2.9991; 

 Vୈେଷ = 2.9992; Pୈେଵଷ = 0.2454; NI=6; CT=1.45; 
AC-MTDC power-flow with IDCPFC 

Given 
quantities 

Solution 
AC buses VSCs 

Vଶ଺଺ 1.02 

Vଶ଻଴ = 1.0202; 
Vଶ଻ଵ = 1.0619; 

θଶ଺଺ = −11.3850; 
θଶ଻଴ = −11.4005; 
θଶ଻ଵ = −12.6899; 

 

θୱ୦ଵ = −14.2879; θୱ୦ଶ = −9.7712; 
 θୱ୦ଷ = −11.6866; Vୈେ = 2.9990;  

Vୈେଷ = 2.9992; mଵ =  0.9894; 
 mଶ = 0.9721; mଷ = 1.0097; 

Vୈେଵ 3.0 
Pୱ୦ଶ 0.3 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.2 IDCPFC 
Vୈେୱଵ = 0.00018; Vୈେୱଶ = − 0.00016; 

Iୈେଵଶ = 0.116; Iୈେଵଷ =  0.0933; Pୈେଵଶ = 0.3481 ; Qୱ୦ଷ 0.09 

IDCPFC DC power  
Pୈେଵ = 0.5244; 

 Pୈେଶ = −0.3124; 
Pୈେଷ = −0.2118; 

Converter Loss (%) 
P୪୭ୱୱଵ = 1.44; 
 P୪୭ୱୱଶ = 1.23; 
P୪୭ୱୱଷ = 1.18; Pୈେଵଷ 0.28 

NI=6; CT=1.53; 

 

Table 5.4 

Study of IEEE 300 bus system with three terminal VSC HVDC network 
incorporating IDCPFC in DC power control mode 

AC-MTDC power-flow without any IDCPFC  (VSCs connected to AC buses  268, 272 and 273) 
Pୱ୦ଶ = 0.35; Qୱ୦ଶ = 0.1; Pୱ୦ଷ = 0.3; Qୱ୦ଷ = 0.1;Vୈେଵ = 3.0; Vୈେଶ = 2.9988; Vଶ଺଼ = 0.98; 

 Vୈେଷ = 2.9989; Pୈେଵଶ = 0.3461; NI=6; CT=1.45; 
AC-MTDC power-flow with IDCPFC 

Given quantities 
Solution 

AC buses VSCs 
Vଶ଺଼ 0.98 

Vଶ଻ଶ = 1.0086; 
Vଶ଻ଷ = 1.0366; 

θଶ଺଼ = −39.1738; 
θଶ଻ଶ = −31.2288; 
θଶ଻ଷ = −6.7581; 

 

θୱ୦ଵ = −43.2335; θୱ୦ଶ = −29.2837; 
 θୱ୦ଷ = −5.1792; Vୈେଶ = 2.9989;  

Vୈେଷ = 2.9989; mଵ =  0.9418; 
 mଶ = 0.9615; mଷ = 0.9874; 

Vୈେଵ 3.0 
Pୱ୦ଶ 0.35 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.3 
IDCPFC 

Vୈେୱଵ = −0.000064; Vୈେୱଶ =  0.000074; 
Iୈେଵଶ = 0.12; Pୈେଵଷ =  0.3571; Iୈେଵଷ = 0.119; Qୱ୦ଷ 0.1 

IDCPFC DC power  
Pୈେଵ = 0.6754; 

 Pୈେଶ = −0.3628; 
Pୈେଷ = −0.3124; 

Converter Loss (%) 
P୪୭ୱୱଵ = 1.54; 
 P୪୭ୱୱଶ = 1.26; 
P୪୭ୱୱଷ = 1.23; Pୈେଵଶ 0.36 

NI=6; CT=1.52; 
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The convergence characteristics corresponding to the studies of rows 3-11 of Table 

5.3 (with IDCPFC) and rows 3-11 of Table 5.4 (with IDCPFC), are shown in Figures 

5.11 and 5.12, respectively. From Figures, 5.11 and 5.12, it is observed that the AC-

MTDC power-flow solutions with the IDCPFC demonstrate quadratic convergence 

characteristics, similar to the base case power flow.  

The bus voltage profiles for the studies of Table 5.3 and Table 5.4 are shown 

in Figures 5.13 and 5.14, respectively. Again, from Figures 5.13 and 5.14, it is 

observed that the bus voltage profiles do not change much from that of the base case 

except at the AC terminal buses to which the VSCs are connected.  

 

 

Fig. 5.11: Convergence characteristic for the case study of rows 3-11 in Table 5.3  
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Fig. 5.12: Convergence characteristic for the case study of rows 3-11 in Table 5.4 
 
 
  
 

 

Fig. 5.13: Bus voltage profile for the study of Table 5.3 
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Fig. 5.14: Bus voltage profile for the study of Table 5.4 

5.5.2 Study of five terminal VSC-MTDC network incorporating 

IDCPFC 

Case I: DC current control by using IDCPFC 
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between DC buses 1 and 2 computed to be 0.111 p.u. Subsequently, a IDCPFC 
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power-flow is again carried out. The IDCPFC is used to control the current in the DC 
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and columns 1-2 of Table 5.5. The AC-MTDC power flow solution with the IDCPFC 

is shown in the rows 3-11 and columns 3-4 of Table 5.5. 

The convergence characteristic for the study of row 1 of Table 5.5 (without IDCPFC) 

and rows 3-11 of Table 5.5 (with IDCPFC), are shown in Figures 5.15 and 5.16, 

respectively. From Figures 5.15 and 5.16, it is observed that the proposed AC-MTDC 

model incorporating IDCPFC in line current control mode possesses quadratic 

convergence characteristics, similar to the base case power flow.  

 

  

Table 5.5 

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating IDCPFC in DC current control mode 

AC-MTDC power-flow without any IDCPFC 
Pୱ୦ଶ = 0.3; Qୱ୦ = 0.2; Pୱ୦ଷ = 0.2; Qୱ୦ଷ = 0.09; Pୱ୦ସ =0.3; Pୱ୦ହ = 0.5; 

Vଶ଺଺ = 1.02; Vଶ଻ଶ = 0.99; Vଶ଻ଷ = 1.01; Vୈେଵ = 3.0; Vୈେଶ = 2.9953; Vୈେଷ = 2.9959;  
Iୈେଵଶ = 0.111; NI=6; CT=2.13; 

AC-MTDC power-flow with IDCPFC 
(VSCs connected to AC buses  266, 270, 271, 272 and 273) 

Given quantities 
Solution 

AC buses VSCs 
Vଶ଺଺ 1.02 

θଶ଺଺ = −11.5366; 
θଶ଻଴ = −11.5562; 
θଶ଻ଵ = −5.2515; 
θଶ଻ଶ = −3.5532; 
θଶ଻ଷ = 0.8651; 
Vଶ଻଴ = 1.0206; 
Vଶ଻ଵ = 1.0137; 

θܐܛ૚ = −18.8296; θܐܛ૛ = −9.9487; θܐܛ૜ = −4.1515; 
θܐܛ૝ = −1.7755; θܐܛ૞ = 3.6692; 

Vୈେଶ = 2.9982; Vୈେଷ = 2.9979; Vୈେସ = 2.9983;  
 Vୈେହ = 2.9982; mଵ =  1.0059;  mଶ = 0.9819; 

mଷ = 0.9652; mସ = 0.9247 ; mହ = 0.9546; 

Vଶ଻ଶ 0.99 
Vଶ଻ଷ 1.01 

Vୈେଵ 3.0 

Pୱ୦ଶ 0.3 
IDCPFC 

Vୈେୱଵ = 0.0005; Vୈେୱଶ = 0.0023; 
Iୈେଵଷ = −0.0255; Pୈେଵଶ =  0.39; Pୈେଵଷ = −0.0766; 

Qୱ୦ଶ 0.2 
Pୱ୦ଷ 0.2 
Qୱ୦ଷ 0.09 
Pୱ୦ସ 0.3 

DC power 
Pୈେଵ = 1.3517;  

Pୈେ = −0.3127; 
Pୈେଷ = −0.2119; 
Pୈେ = −0.3125; 
Pୈେହ = −0.5138; 

Converter Loss (%) 
P୪୭ୱୱ = 2.37;  
P୪୭ୱୱଶ = 1.26 ; 
P୪୭ୱୱଷ = 1.19; 
P୪୭ୱୱସ =  1.24; 
P୪୭ୱୱହ = 1.35; 

Pୱ୦ହ 0.5 
IDCPFC 

Iୈେଵଶ 0.13 

NI=6; CT=2.19; 
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Fig. 5.15: Convergence characteristic for the case study of row 1 of Table 5.5 
 
 
 
 

 

Fig. 5.16: Convergence characteristic for the case study of rows 3-15 in Table 5.5  
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Fig. 5.17: Bus voltage profile for the study of Table 5.5 

Case II: DC link power control using IDCPFC 

In this study, at first, a five terminal VSC-MTDC grid is integrated with the IEEE-300 

bus test system at buses 266, 270, 271, 272 and 273 and the AC-MTDC power-flow is 

carried out.  DC slack bus control is assumed (‘Vୈେ ’ is specified). The power-flow 

solution is shown in the first row of Table 5.6, with the sending end line power in the 

DC link between DC buses 1 and 3 computed to be 0.3127 p.u. Subsequently, a 

IDCPFC (having two variable DC voltage sources) is incorporated in the 5-terminal 

VSC-MTDC grid integrated with the IEEE 300-bus test network and the AC-MTDC 

power-flow is again carried out. The IDCPFC is used to enhance the sending end 

power-flow in the DC link between DC buses 1 and 3 to a specified value of 0.35 p.u. 

(the sending end DC link power without any IDCPFC is 0.3127 p.u.). The specified 

quantities are shown in rows 3-11 and columns 1-2 of Table 5.6. The AC-MTDC 

power flow solution with the IDCPFC is shown in the rows 3-11 and columns 3-4 of 

Table 5.6. 
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The convergence characteristic plot for the study of rows 3-11 of Table 5.6 (with 

IDCPFC) is shown in Fig. 5.18. From Fig. 5.18, it is observed that the proposed AC-

MTDC model including IDCPFC employing DC link current control possesses 

quadratic convergence characteristics, similar to the base case power flow. The bus 

voltage profile for the study of rows 3-11 of Table 5.6 is shown in Fig. 5.19. From 

Fig. 5.19, it is observed that the bus voltage profile with the IDCPFC does not change 

much from that of the base case power-flow, except at the AC terminal buses 

connected to the VSCs. 

 

 

Table 5.6  

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating IDCPFC in DC power control mode 

AC-MTDC power-flow without any IDCPFC 
Pୱ୦ଶ = 0.3; Qୱ୦ଶ = 0.2; Pୱ୦ଷ = 0.2; Qୱ୦ = 0.09; Pୱ୦ସ =0.3; Pୱ୦ = 0.5; 

Vଶ଺଺ = 1.02; Vଶ଻ଶ = 0.99; Vଶ଻ଷ = 1.01; Vୈେଵ = 3.0; Vୈେଶ = 2.9953; Vୈେଷ = 2.9959;  
Pୈେଵଷ = 0.3127; NI=6; CT=2.13; 

AC-MTDC power-flow with IDCPFC 
(VSCs connected to AC buses  266, 270, 271, 272 and 273) 

Given 
quantities 

Solution 
AC buses VSCs 

Vଶ଺଺ 1.02 

θଶ଺଺ = −11.5366; 
θଶ଻଴ = −11.5564; 
θଶ଻ଵ = −5.2517; 
θଶ଻ଶ = −3.5534; 
θଶ଻ଷ = 0.8649; 
Vଶ଻଴ = 1.0206; 
Vଶ଻ଵ = 1.0137; 

θܐܛ૚ = −18.8301;  θܐܛ૛ = −9.9489;  
θܐܛ૜ = −4.1517; 

θܐܛ૝ = −1.7757; θܐܛ૞ = 3.6690; 
Vୈେଶ = 2.9977; Vୈେ = 2.9982; Vୈେସ = 2.9983;  
 Vୈେହ = 2.9981; mଵ =  1.0059; mଶ = 0.9821; 

mଷ = 0.9651; mସ = 0.9247 ; mହ = 0.9546; 

Vଶ଻ଶ 0.99 
Vଶ଻ଷ 1.01 

Vୈେଵ 3.0 

Pୱ୦ଶ 0.3 IDCPFC 
Vୈେୱଵ = 0.0026; Vୈେୱଶ = 0.0006; 

Iୈେଵଶ = −0.0294;  Iୈେଵଷ =  0.1167; Pୈେଵଶ
= −0.0883; 

Qୱ୦ଶ 0.2 
Pୱ୦ଷ 0.2 
Qୱ୦ଷ 0.09 
Pୱ୦ସ 0.3 

DC power 
Pୈେଵ = 1.3518;  

Pୈେ = −0.3127; 
Pୈେଷ = −0.2119; 
Pୈେ =  −0.3125; 
Pୈେହ = −0.5138; 

Converter Loss (%) 
P୪୭ୱୱଵ = 2.37;  
P୪୭ୱୱ = 1.26; 
P୪୭ୱୱ = 1.19; 
P୪୭ୱୱ =  1.24; 
P୪୭ୱୱହ = 1.35; 

Pୱ୦ହ 0.5 
IDCPFC 

Pୈେଵଷ 0.35 

NI=6; CT=2.17; 
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Fig. 5.18: Convergence characteristic for the case study of rows 3-15 in Table 5.6  

 

 

 
Fig. 5.19: Bus voltage profile for the study of Table 5.6 

 
5.6 Conclusions  
 
This chapter presents a generalized approach to the development of unified Newton 

power-flow models of VSC based hybrid AC-DC systems incorporating IDCPFCs. 
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The IDCPFC is a DC power-flow controller used for the power-flow management of 

DC grids. The proposed model has been implemented with IDCPFC in three and five 

terminal MTDC grids integrated with the IEEE 300-bus test network. The 

convergence characteristics validate the model. 
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Chapter 6 

Newton Power Flow Modeling of Voltage Source 
Converter (VSC) Based Hybrid AC-DC Systems 

with Renewable Energy Sources 

 

6.1 Introduction 

Due to the ever increasing demand of electrical energy and environmental 

concerns, both the industry and the academia have been focusing on the harnessing of 

renewable energy sources, particularly the integration of offshore renewable energy 

sources [19]-[21]. In order to integrate such remotely located energy sources with the 

AC grid, multi-terminal VSC based HVDC (MVDC) systems have been proposed 

over conventional HVDC which can connect different offshore stations at the same 

voltage or at different voltages.  

Now, for planning, operation and control of AC-MVDC systems integrated 

with renewable energy sources, their Newton power-flow models are required. As 

already discussed in the previous chapters, MVDC systems can employ DC slack bus 

control or DC voltage droop control for operation. A power-flow model should 

include both these control strategies for completeness.  

6.2 Modeling of AC-MVDC systems incorporating renewable energy 

sources 

The assumptions adopted for modeling are similar to those in Chapter-3 of this thesis. 

Fig. 6.1 shows a ‘p’ bus HVDC grid integrated with a ‘n’ bus AC power system 

network. The interfacing of the HVDC grid with the AC network takes place at ‘q’ (q 
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≤ p) AC buses through ‘q’ VSCs and their respective converter transformers. The DC 

sides of these ‘q’ VSCs are connected in the PTP configuration and constitute part of 

the larger ‘p’ bus DC grid. The rest of the ‘(p-q)’ DC buses are appropriately 

interfaced (through AC/DC converters) with offshore wind farms (OWFs). Without 

loss of generality, it is assumed that the ‘q’ VSCs are connected to AC buses ‘i’, 

‘(i+1)’, and so on, up to bus ‘(i+q-1)’, through ‘q’ converter transformers and the ‘(p-

q)’ OWFs are interfaced with DC buses ‘(q+1)’, ‘(q+2)’ and so on, up to DC bus ‘p’. 

Wind Farm 1
AC/DC 

Converter 1

+
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-

+
VDC2

-

+
VDCq

-

DC Bus 1

DC Bus 2

DC Bus q

RDC

RDC
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Converter (p-q)

Wind Farm 2
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DC Bus 
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DC Bus p

 

 

Fig. 6.1: Schematic diagram of hybrid AC-MVDC system with offshore wind farms 

 

Fig. 6.2 shows the equivalent circuit for the network shown in Fig. 6.1. In Fig. 6.2, 

each of the ‘q’ VSCs is represented as a fundamental frequency, positive sequence 

voltage source. Thus, Vsha represents the voltage phasor pertaining to the ath (1 ≤ a ≤ 

q) VSC. Each converter transformer is represented by its leakage impedance. The ath 

(1 ≤ a ≤ q) VSC is connected to AC bus ‘(i+a-1)’ whose voltage is represented by the 
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phasor Vi+a-1=Vi+a-1∠θi+a-1, through the ath converter transformer. All the ‘(p-q)’ DC 

buses with renewable energy sources are represented as DC power injections.   

 

 

Fig. 6.2: Equivalent circuit of hybrid AC-MVDC system with offshore wind farms 

 

In Fig. 6.2, let Rsha and Xsha  be the resistance and the leakage reactance of the 

converter transformer of the ath (1 ≤ a ≤ q) VSC, respectively. Also, let ysha=1/Zsha , 

where ܈sha = Rsha + j Xsha. Then, from Fig. 6.2, the current in the link (not shown) 

connecting the ath VSC to its AC terminal bus ‘(i+a-1)’ is 

܉ܐܛ۷ = ܉ܐܛ܄)܉ܐܛܡ −  ૚)                                                                      (6.1)ି܉ାܑ܄
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where Vsha= Vsha∠ θsha= ma c VDCa ∠θsha. In the above equation, ‘ma’ and ‘VDCa’ are 

the modulation index and the DC side voltage of the ath VSC, respectively, while 

‘θsha’ is the phase angle of Vsha. ‘c’ is a constant which depends on the VSC 

architecture [11]. 

Again, from Fig. 6.2, the net current injection at the AC bus ‘(i+a-1)’ connected to the 

ath (1 ≤ a ≤ q) VSC can be written as  

Ii+a-1= ෍ Y(i+a-1)k

n

k=1

Vk-yshaVsha                                                                                      (6.2) 

Where Y(i+a-1)(i+a-1)=Y(i+a-1)(i+a-1)
old +ysha and 

Y(i+a-1)(i+a-1)
old =y(i+a-1)0+ ∑  y(i+a-1)k

n
k=1, k≠i+a-1  are the values of self admittances for the 

bus ‘(i+a-1)’ with the ath VSC connected and in the original ‘n’ bus AC system 

without any VSC, respectively. 

6.3 Power flow equations in the proposed model of hybrid VSC-

HVDC System with Renewable Energy Sources  

Now, from Fig. 6.2, at the AC bus ‘(i+a-1)’ pertaining to the ath VSC, it can be shown 

that the net active and reactive power injections are 

P୧ାୟିଵ = ෍ Vi+a-1VkY(i+a-1)k cos ቂθi+a-1- θk- ϕ(i+a-1)kቃ

n

k=1

- mac VDCaVi+a-1ysha cos(θi+a-1- θsha- ϕsha)  (6.3) 

Qi+a-1 = ෍ Vi+a-1VkY(i+a-1)ksin ቂθi+a-1- θk- ϕ(i+a-1)kቃ

n

k=1

 - mac VDCaVi+a-1ysha sin(θi+a-1- θsha- ϕsha)  (6.4) 

where ‘ϕsha’ is the phase angle of ysha. 
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In addition, from Fig. 6.2, it can be shown using eqn. (6.2) that the active and reactive 

power flows at the terminal end of the link interconnecting the ath VSC to the AC bus 

‘(i+a-1)’ are 

Psha= mac VDCaVi+a-1ysha cos൫θi+a-1- θsha- ϕsha൯ − V୧ାୟିଵ
ଶ ysha cos ϕsha                    (6.5) 

Qsha= mac VDCaVi+a-1ysha sin൫θi+a-1- θsha- ϕsha൯ + V୧ାୟିଵ
ଶ ysha sin ϕsha                    (6.6) 

Also, from Fig. 6.2, by virtue of the power balance on the AC and DC sides of the ath 

VSC,  

Re(܉ܐܛ۷ ܉ܐܛ܄
∗  ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୮

୴ୀଵ

= −P୪୭ୱୱୟ                                       (6.7) 

Substitution of eqn. (6.1) in eqn. (4.7) gives 

(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୮

୴ୀଵ

+ P୪୭ୱୱୟ = 0 

or, fଵୟ = 0       ∀  1 ≤ a ≤ q                                                                                               (6.8) 

Thus, for ‘q’ VSCs, ‘q’ independent equations are obtained. 

In eqns. (6.7) and (6.8), Yୈେୟ୴ = −
ଵ

ୖీి౗౬
, where ‘Rୈେୟ୴’ is the resistance of the DC 

link between DC buses ‘a’ and ‘v’. Also, ‘P୪୭ୱୱୟ’ represents the losses of the ath VSC 

as already detailed in Chapter 3 and is again given below.  

  P୪୭ୱୱୟ = aଵ + bଵ Iୱ୦ୟ + cଵ Iୱ୦ୟ
 ଶ                                                                                    (6.9) 

where ‘ܽଵ’, bଵ ‘’ and ‘ܿଵ’ are loss factors [18], [92] and 

Iୱ୦ୟ = yୱ୦ୟ [V୧ାୟିଵ
ଶ +  (mୟc Vୈେୟ) ଶ −  2 V୧ାୟିଵ ma c VDCa cos(θ୧ାୟିଵ − θୱ୦ୟ)] 

ଵ
ଶൗ     (6.10) 



207 
 

The derivation of eqn. (6.10) is given in Appendix A. 

Now, in the AC-MTDC system (Fig. 6.2) with ‘q’ VSCs, if it is assumed that the rth  

(1 ≤ r ≤ q) VSC is used for voltage control of its corresponding AC bus, we have  

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a = r                          (6.11) 

Also, not more than ‘(q-1)’ line active and reactive power flows {eqn. (6.5) and (6.6)} 

can be specified, which give us ‘(2q-2)’ independent equations given as 

Psha
sp -Psha

cal =0                                                                          (6.12) 

Qsha
sp -Qsha

cal =0                                                                         (6.13) 

∀ a, 1 ≤ a ≤ q,  a ≠ r. 

Instead of PQ control mode, if a VSC operates in the PV one, eqn. (6.13) changes to 

Vi+a-1
sp -Vi+a-1

cal =0       ∀ a,   1 ≤  a  ≤  q,   a ≠ r                          (6.14) 

Further, the net reactive power injection at AC bus ‘(i+r-1)’ can be specified as its 

voltage is controlled by the rth VSC. Thus, we get 

Q୧ାୟିଵ
ୱ୮ − Q୧ାୟିଵ

ୡୟ୪ = 0     ∀ a,   1 ≤  a  ≤  q,   a = r               (6.15)      

In eqns. (6.11)-(6.15), V
i+a-1
sp

,  Q୧ାୟିଵ
ୱ୮ , Pୱ୦ୟ

ୱ୮  and Qୱ୦ୟ
ୱ୮  are specified values while Vi+a-1

cal , 

Q୧ାୟିଵ
ୡୟ୪ , Pୱ୦ୟ

ୡୟ୪ and Qୱ୦ୟ
ୡୟ୪  are calculated values {using eqns. (6.4), (6.5) and (6.6)}. 

6.4 Modeling of AC-MTDC systems employing DC slack bus control 

In Fig. 6.1, if it is assumed that ‘g’ generators are connected at the first ‘g’ buses of 

the ‘n’ bus AC system with bus 1 being the slack bus, then the Newton-Raphson 
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power flow model of the ‘n’ bus AC system integrated with a ‘p’ terminal DC 

network with ‘(p-q)’ offshore wind farms is written as  

Compute: ߠ, V, X 

Given:     P, Q, R 

with  

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θୱ୦୯൧
୘
ܕ  , = ൣmଵ … m୯൧

܂
۲۱܄  , = [Vୈେଶ … Vୈେ୮]୘  

܆  = [ીܐܛ
܂ ۲۱܄   ܂ܕ   

܂  ܂[

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘, ܐܛ۾ = [Pୱ୦ … Pୱ୦୯] , ܐܛۿ = [Qୱ୦ଶ … Qୱ୦୯] 

૚܎ = [fଵଵ … fଵ୯], ۴܅۲۱۾ = [Pୈେ୛୊ଵ … Pୈେ୛୊(୮ି୯)], ܀ =  ୘[۴܅۲۱۾ ૚܎ V୧ା୰ିଵ ܐܛۿ ܐܛ۾]

In this model, DC slack bus control is assumed with the master VSC ‘r’ controlling 

the voltage magnitude of its AC terminal bus ‘(i+r-1)’ unlike the other ‘(q-1)’ slave 

VSCs which control the line active and reactive power flows. 

The Newton power flow equation is  

 ۸[∆ી܂܄∆ ܂ ∆ીܐܛ
۲۱܄∆ ܂ܕ∆ ܂

܂ ܂[ =  (6.16)                                  ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where J is the power-flow Jacobian. 

In eqn. (6.16), ‘∆ۿ∆‘ ,’۾’ and ‘∆܀’ represent the mismatch vectors while ∆ી, 

,܄∆ ∆ીܕ∆ , ܐܛ  and  ∆۲۱܄  represent the correction vectors. 

6.5 Modeling of AC-MTDC Systems with DC Voltage Droop Control 
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6.5.1 Types of DC voltage droop control 

As already mentioned in Chapter 4, in DC voltage droop control [24]-[29], 

multiple converters participate in the DC voltage control scheme. Droop control 

comprises either linear voltage droop characteristics like voltage-power (V-P) or 

voltage-current (V-I) droops or nonlinear voltage droop characteristics with dead-

bands and limits. 

1. Voltage-Power (V-P) Droop 

If the ath VSC follows a linear V-P droop characteristic, its rectifying power can be 

expressed as 

Pୈେୟ = Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Pୈେୟ

∗                                      (6.17) 

 

2. Voltage-Current (V-I) Droop 

If the ath VSC follows a linear V-I droop characteristic; the net DC current injection at 

its terminal can be expressed as 

Iୈେୟ = Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Iୈେୟ

∗                                      (6.18) 

Thus, the rectifying power of the VSC can be expressed as 

Pୈେ = Vୈେୟ [Rୟ(Vୈେୟ
∗ − Vୈେୟ) + Iୈେୟ

∗ ]                        (6.19) 

In eqns. (6.17), (6.18) and (6.19), ‘Vୈେୟ
∗ ’, ‘Pୈେୟ

∗ ’ and ‘Iୈେୟ
∗ ’ represent the DC voltage, 

power and current references of the droop characteristics, respectively while ‘Rୟ’ is 

the droop control gain.  

Computation of ‘ ஽ܸ஼௔
∗ ’ and ‘ ஽ܲ஼௔

∗ ’ 
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As already mentioned in Section 4.4 of Chapter 4, the values of the DC power 

and current references ‘Pୈେୟ
∗ ’ and ‘Iୈେୟ

∗ ’ in eqns. (6.17) and (6.18) for all the ‘q’ 

converters are either pre specified or obtained from a DC power-flow.  

3. Voltage-Power (V-P) Droop with dead-band  

As already described in Chapter 4, if the ath VSC (1 ≤  a  ≤  q) follows a nonlinear 

voltage droop characteristics with dead-band and voltage limits as shown in Fig. 6.3, 

the droop characteristic can be expressed as  

Pୈେୟ =  Rୟ ୫ୟ୶(Vୈେୟ ୫ୟ୶ − Vୈେୟ) + ൣRୟ ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ ୫ୟ୶൯ + Pୈେୟ

∗ ൧ for  Vୈେୟ ≥ Vୈେୟ ୫ୟ୶ (6.20) 

 

= Rୟ ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ൯ + Pୈେୟ

∗               for  Vୈେୟ ୦୧୥୦
∗ < Vୈେୟ  < Vୈେୟ ୫ୟ୶                          (6.21) 

 

= 0. ൫Vୈେୟ ୦୧୥୦
∗ − Vୈେୟ൯ + Pୈେୟ

∗          for Vୈେୟ ୪୭୵
∗ ≤  Vୈେୟ   ≤ Vୈେୟ ୦୧୥୦

∗                                  (6.22) 

 

= Rୟ (Vୈେୟ ୪୭୵
∗ − Vୈେୟ) + Pୈେୟ

∗         for Vୈେୟ ୫୧୬
∗ < Vୈେୟ < Vୈେୟ ୪୭୵

∗                                      (6.23) 

 

= Rୟ ୫ୟ୶(Vୈେୟ ୫୧୬ − Vୈେୟ) + [Rୟ (Vୈେୟ ୪୭୵
∗ − Vୈେୟ ୫୧୬) + Pୈେୟ

∗ ]    for Vୈେୟ ≤ Vୈେୟ ୫୧୬   (6.24) 

 

 

Fig. 6.3: Nonlinear Voltage Droop Characteristic of the ath VSC 
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4. DC voltage margin control 

As already discussed in Chapter 4, the V-P characteristic pertaining to the DC voltage 

margin control is shown in Fig. 6.4. 

 

Fig. 6.4: Voltage Margin Characteristic of the ath VSC 
 

The inclusion of linear and nonlinear DC voltage droop control is accommodated in 

the AC-MTDC model with renewable energy sources as shown below. 

6.5.2 Implementation of DC voltage droop control in AC-MTDC 

systems integrated with offshore wind farms 

Let us assume now that all the ‘q’ VSCs in the AC-MTDC system shown in Fig. 6.1 

and 6.2 operate on droop control. To simplify matters, let all the ‘q’ VSCs follow 

linear V-P droops. Then, for the ath VSC (1 ≤ a ≤ q), from eqns. (6.17), we have  

Pୈେୟ = VୈେୟIୈେୟ = ∑ VୈେୟVୈେ୴Yୈେୟ୴ = Rୟ (Vୈେୟ
∗ − Vୈେୟ) + Pୈେୟ

∗  ୮
୴ୀଵ   

or, ∑ VୈେୟVୈେ୴Yୈେୟ୴ + RୟVୈେୟ − RୟVୈେୟ
∗ − Pୈେୟ

∗୮
୴ୀଵ = 0                                (6.25) 

or, fଶୟ = 0      ∀ a,    1 ≤  a  ≤  q                                                                               (6.26) 
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Eqn. (6.26) represents ‘q’ independent equations.  

Now, two distinctly different models can be realized depending on whether the values 

of ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ are specified or not. These are elaborated below. 

Model ‘A’: Values of ‘ ஽ܸ஼௔
∗ ’ and ‘ ஽ܲ஼௔

∗ ’are known apriori 

In some cases, the values of ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ for all the ‘q’ converters are pre-

specified [82], having been obtained from a DC power-flow, or otherwise. In such 

cases, the ‘q’ independent droop equations represented by eqn. (6.26)  along with  ‘(p-

q)’ specified values of rectified wind farm power injections (Pୈେ୛୊ୱ) are sufficient to 

compute the values of the DC bus voltages ‘Vୈେୟ’ directly, and subsequently, the DC 

bus power injections ‘Pୈେୟ’. Now, as already described in Section 4.5 of Chapter 4, 

once ‘Pୈେୟ’ are known, the active powers ‘Psha’ {eqn. (6.5)} in the lines joining the 

‘(q-1)’ VSCs to their corresponding AC buses cannot be specified for the AC-MTDC 

power-flow. This is not in line with practical considerations which are targeted to 

maintain a specified ‘Psha’. This is a major drawback of the model.  

Now, under the assumption that there are ‘g’ generators connected at the first 

‘g’ buses of the ‘n’ bus AC system with bus 1 being the slack bus, the unified AC-

MTDC power-flow problem corresponding to model ‘A’ is of the form 

Compute:  ી, V, X 

Given:       P, Q, R 

where 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ … θୱ୦୯൧
୘
ܕ  , = ൣmଵ … m୯൧

܂
܆   , = [ીܐܛ

܂  ܂[܂ܕ  

۾  = [Pଶ … P୬]୘,  ۿ = [Q୥ାଵ … Q୬]୘,  ܐܛۿ = [Qୱ୦ … Qୱ୦୯], ܎૚ = [fଵଵ … fଵ୯],  ܀ =  ୘[૚܎ V୧ା୰ିଵ ܐܛۿ]
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For this model, it is presumed that VSC ‘r’ controls the voltage magnitude of the AC 

bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which control the line reactive power 

flows. 

The Newton power flow equation is  

 ۸[∆ી܂܄∆ ܂ ∆ીܐܛ
܂[܂ܕ∆ ܂ =  (6.27)                                               ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where J is the power-flow Jacobian. 

In eqn. (6.27), ‘∆ۿ∆‘ ,’۾’ and ‘∆܀’ represent the mismatch vectors while ∆ી, 

,܄∆ ∆ીܐܛ and ∆ܕ represent the correction vectors. The elements of ‘J’ can be 

obtained very easily from eqn. (6.27). 

Thus, in Model ‘A’, if ‘Vୈେୟ
∗ ’ and ‘Pୈେୟ

∗ ’ are known, ‘Vୈେୟ’ (1 ≤ a ≤ p) can be 

solved using eqn. (6.25) and ‘(p-q)’ specified values of rectified wind farm power 

injections (‘Pୈେ୛୊ୱ’), independent of the AC-MTDC power-flow {eqn. (6.27)}. 

Subsequent to the AC-MTDC power-flow, the rest of the unknowns are also solved 

and the line active power-flows ‘Psha’ can be computed {using eqn. (6.5)}. 

To summarize, Model ‘A’ addresses the problem “given the DC voltage and 

power (or current) references of the VSC droop lines and the target line reactive 

power flows, what should be the line active power flow values?” 

Model ‘B’: Values of ‘ ஽ܸ஼
∗ ’ and ‘ ஽ܲ஼

∗ ’are not known apriori 

If the DC voltage (‘Vୈେ
∗ ’) and power (‘Pୈେ

∗ ’) reference values of the ‘q’ VSCs 

are not known, the DC bus voltages ‘Vୈେୟ’ (1 ≤  a  ≤  p) and hence the DC bus power 

injections ‘Pୈେୟ’ cannot be computed from the ‘(p-q)’ specified values of rectified 

wind farm power injections (‘Pୈେ୛୊ୱ’) only (it is assumed that q ≠ 0). This enables 
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the line active power-flow values ‘Psh’ to be specified control objectives, which is in 

line with practical MTDC control. This is an advantage over model ‘A’. 

For the above modeling strategy, the unified AC-MTDC power-flow problem is of the 

form 

Compute: ી, V, X 

Given:       P, Q, R 

with 

ી = [θଶ … θ୬]୘,  ܄ = [V୥ାଵ … V୬]୘,  ીܐܛ = ൣθୱ୦ଵ … θୱ୦୯൧
୘
ܕ  , = ൣmଵ … m୯൧

܂
۲۱܄ , =  ൣVୈେ … Vୈେ୮൧

܂
 

܆  = [ીܐܛ
܂ ۲۱܄  ܂ܕ  

܂  ܂[

۾ = [Pଶ … P୬]୘, ۿ = [Q୥ାଵ … Q୬]୘, ܐܛ۾ = [Pୱ୦ … Pୱ୦୯], ܐܛۿ = [Qୱ୦ଶ … Qୱ୦୯], 

૚܎  = [fଵଵ … fଵ୯], ۴܅۲۱۾ = [Pୈେ୛୊ ……Pୈେ୛୊(୮ି୯)] 

and ܀ =  ୘[۴܅۲۱۾   ૚܎  V୧ା୰ିଵ Vୈେୟ୴ ܐܛۿ  ܐܛ۾]

For this model too, it is presumed that VSC ‘r’ is employed for the control of the 

voltage magnitude of the AC bus ‘(i+r-1)’ unlike the other ‘(q-1)’ VSCs, which 

control the line active as well as reactive power flows. 

The unified AC-MTDC power flow equation is 

۸[∆ી܂܄∆ ܂ ∆ીܐܛ
۲۱܄∆ ܂ܕ∆ ܂

܂[܂ =   (6.28)                            ܂[܂܀∆ ܂ۿ∆ ܂۾∆]

where J is the power-flow Jacobian. 

The values of ‘Vୈେୟ’ (1≤  a ≤  p) are now obtained from the AC-MTDC 

power-flow {eqn. (6.28)} and the DC bus power injections ‘Pୈେୟ’ are computed. 
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Thereafter, the DC voltage (‘Vୈେୟ
∗ ’) and power (Pୈେୟ

∗ ) references of the droop lines of 

the ‘q’ VSCs can be computed from the ‘q’ droop equations along with the ‘(p-q)’ 

specified values of rectified wind farm power injections (‘Pୈେ୛୊ୱ’), as elaborated 

below. 

From eqn. (6.19),  

Pୈେୟ
∗ + RୟVୈେୟ

∗ − RୟVୈେୟ − Pୈେୟ = 0 

or,  ∑ Vୈେୟ
∗ Vୈେ୴

∗ Yୈେୟ୴
୮
୴ୀଵ + RୟVୈେୟ

∗ − RୟVୈେୟ − Pୈେୟ = 0                                (6.29) 

The values of ‘Vୈେୟ’ (1 ≤  a  ≤  p) and hence, ‘Pୈେୟ’ obtained from the AC-MTDC 

power-flow {eqn. (6.28)} are substituted in eqn. (6.29) above and the ‘p’ voltages 

‘Vୈେୟ
∗ ’ are solved using eqn. (6.29) along with the ‘(p-q)’ specified values of rectified 

wind farm power injections (‘Pୈେ୛୊ୱ’). The voltages (‘Vୈେୟ
∗ ’) corresponding to the ‘q’ 

VSCs are taken as their DC voltage references. From the values of ‘Vୈେୟ
∗ ’, the power 

references ‘Pୈେୟ
∗ ’ are computed. 

Figures 6.5 and 6.6 depict the flow charts of the proposed approach for droop control 

models A and Model B, respectively. 
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Fig. 6.5:  Flow chart of the proposed approach (Model A) 
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Fig. 6.6:  Flow chart of the proposed approach (Model B) 

 

6.6 Case Studies and Results 
 
For validation of the above models, a large number of studies were carried out by 

employing diverse DC voltage droop control strategies on MTDC grids embedded 

within the IEEE 300-bus network [104].  In all the occurrences, the VSC constant was 
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selected as c =
ଵ

ଶ√ଶ
  [11]. Also, for all the VSC coupling transformers, Rsha = 0.001 

p.u. and Xsha = 0.1 p.u. (∀ a,  1 ≤  a  ≤  q). The converter loss constants ‘a1’, ‘b1’ and 

‘c1’ were chosen as 0.011, 0.003 and 0.0043, respectively [18], [95]. For 

interconnections between DC terminals, Rୈେ୳୴ = 0.01 p.u. 

(∀  u, v,   1 ≤  u  ≤  q,  1 ≤  v  ≤  q,  u ≠ v),  has been selected throughout the chapter 

[83]. In all occurrences, a termination error tolerance of 10-10 p.u. was selected. ‘NI’ 

and ‘CT’ denote the number of iterations and the computational time in seconds, 

pertaining to a 1.99 GHz Dell PC. In all the results given in Tables 4.1- 4.8, values of 

bus voltage magnitudes, current magnitudes, active and reactive powers and droop 

control gains are denoted in p.u. while phase angles of voltage phasors are denoted in 

degrees.  

6.6.1 Study of five terminal MVDC network with offshore wind 

farms employing DC slack bus control 

In this study, at first, a base case power flow (without any MTDC network connected) 

was carried out. The results are shown in row 1 of Table 6.1. Subsequently, a five 

terminal VSC-HVDC network with DC slack bus control is integrated with the IEEE-

300 bus system at AC buses 266, 270 and 292. Two offshore wind farms are 

connected with DC buses ‘4’ and ‘5’ of the five terminal HVDC network. The master 

converter is connected to bus no. 266 and operates in bus voltage control mode. The 

slave converters are connected to AC buses 270 and 292 and operate in the PQ control 

mode. The specified quantities are shown in rows 2-5 and column 1 of Table 6.1.  The 

power-flow solution is shown in rows 2-5 and column 2 of Table 6.1.  

The convergence characteristic plots for the studies corresponding to row 1 of 

Table 6.1 (base case) and rows 2-5 of Table 6.1 are shown in Figures 6.7 and 6.8, 
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respectively.  From Figures 6.7 and 6.8, it can be observed that the proposed AC-

MTDC model with offshore wind farms demonstrates quadratic convergence 

characteristics, similar to the base case power-flow. The voltage profile corresponding 

to this study is shown in Fig. 6.9. From Fig. 6.9, it is observed that the bus voltage 

profile for the AC-MTDC power-flow is similar to the base case except at the 

terminals at which the VSCs are connected.  

 

 

Table 6.1 

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating OWFs (Slack control) 

Base case power-flow  (NI=6 and CT=0.56); 
૛૟૟܄ = 1.011∠ − ૛ૠ૙܄ ;11.24 = 1.011∠ − ૛ૢ૛܄ ;11.32 = 1 ∠ − 18.74 

AC-MTDC power-flow with OWFs (Slack bus control) 

Given quantities 
Power Flow Solution 

Master Converter 
θୱ୦ଵ = −9.0873; mଵ = 0.9766; 

Master Converter 
Vଶ଺଺ =1.02; 
Vୈେଵ =3.0; 

Slave Converters 
Vୈେଶ = 2.9996; Vୈେ = 2.9995; 

mଶ = 0.9692; mଷ = 0.9477; 
θୱ୦ଶ = −5.7444; θܐܛ૜ = −1.2441; 

Slave converters 
Pୱ୦ଶ = 0.45; 
Qୱ୦ଶ = 0.06; 
Pୱ୦ଷ = 0.55; 
Qୱ୦ଷ = 0.03; 

AC terminal buses 
θଶ଺଺ = −8.3208; 

૛ૠ૙܄ = 1.0206 ∠ − 8.1996; 
૛ૢ૛܄ = 1.00 ∠ − 4.3794; 

Wind farm terminals 
Vୈେସ = 3.0002; 
Vୈେହ = 3.0002; 

Rectifying power of 
offshore wind farms 

Pୈେ୛୊  =0.5; 
Pୈେ୛୊ଶ = 0.4; 

DC power 
Pୈେଵ = 0.1279; 

Pୈେଶ = −0.4634; 
Pୈେଷ = −0.5643; 

Converter Loss (%) 
P୪୭ୱୱଵ = 1.18; 
P୪୭ୱୱଶ = 1.32; 
P୪୭ୱୱଷ = 1.4; 

NI=6; CT=1.24; 
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Fig. 6.7: Convergence characteristic of row in Table 6.1 

 

 

 

Fig. 6.8: Convergence characteristic of rows 2-6 in Table 6.1  
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Fig. 6.9: Bus voltage profile for the study of Table 6.1  

 

6.6.2 Study of five terminal MVDC network with offshore wind 

farms employing DC voltage droop control 

Based on the quantities specified, two AC-MTDC power-flow models have been 

developed. These models are named as ‘Model A’ and ‘Model B’ and have been 

described in Chapter 4 of this thesis. 

Case I: Model-A employing Linear V-P and V-I droop characteristics with 

offshore wind farms 

This study is similar to the study of Table 6.1 except that the VSCs are operated in the 

linear DC voltage droop control mode.  The VSCs connected to AC buses 266 and 

270 are operated in V-P droop while the VSC connected to AC bus 292 operates in 

the V-I droop. Two offshore wind farms with rectifying powers Pୈେ୛୊ଵ= 0.4 p.u. and  
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Pୈେ୛୊ଶ= 0.3 p.u. are injected into the DC grid at terminals 4 and 5, respectively. The 

droop control gains of VSCs 1, 2 and 3 are set to 20, 15 and 10, respectively [24].  

At first, a DC load flow is carried out to calculate the reference values of the droop 

lines of the three VSCs. The results are shown in rows 2-4 of Table 6.2. Subsequently, 

the DC grid bus voltages are computed by using the three droop equations and two 

values of offshore wind farm power injections (Pୈେ୛୊  and Pୈେ୛ ). The results are 

given in rows 5-7 of Table 6.2. Finally, an AC-MTDC load flow is carried out. The 

power-flow solution is shown in rows 8-10 of Table 6.2. 

The convergence characteristic corresponding to the study of Table 6.2 is shown in 

Fig. 6.10. From Fig. 6.10, it is observed that the AC-MTDC power-flow model with 

offshore wind farms demonstrates a quadratic convergence characteristic, similar to 

the base case. The bus voltage profile for this study is shown in Fig. 6.11. From Fig. 

6.11, it is observed that the bus voltage profile hardly changes except at the AC  buses 

connected to the VSCs. 

Subsequently, another case study is conducted on the same AC-MTDC system 

by varying the rectifying power of the OWF connected at DC terminal 5 while 

maintaining the rectifying power of the OWF connected at DC terminal 4 at a value of 

0.4 p.u. The droop control gains of the VSCs are maintained identical to the previous 

study of Table 6.2. Fig. 6.12 shows the variation of the voltage of the DC terminal-5 

with the variation of the rectifying power of OWF (Pୈେ୛୊ଶ) connected to it. It is also 

observed that the number of iterations ‘NI’ is independent of the variation of the 

injected value of Pୈେ୛୊ଶ as shown in Fig. 6.13.  
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Table 6.2 

Study of IEEE 300 bus system with five terminal VSC HVDC network 

incorporating OWFs (Model A) 

Base case power-flow (NI=6 and CT=0.56); 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૢ૛܄;11.32 = 1.00 ∠ − 18.74; 

DC power-flow 
Given quantities Solution 

Vୈେୟ୴
∗ =3; 

Pୈେଶ
∗ = 0.5; 

Pୈେଷ
∗ = 0.4; 

DC power-flow converged in three iterations 

Vୈେଵ
∗ = 3.0006; Vୈେଶ

∗ = 2.9997;   Vୈେଷ
∗ = 2.9997;  

Pୈେଵ
∗ = 0.9003;  Iୈେଷ

∗ = −0.1333; 
NI=3; CT=0.02; 

Computation of Vୈେ from droop eqns. 

Given quantities Solution 

Vୈେଵ
∗ = 3.0006; Vୈେଶ

∗ = 2.9997;   
Vୈେଷ

∗ = 2.9997; 
Pୈେଵ

∗ = 0.9003; 
Pୈେଶ

∗ = −0.5; Iୈେଷ
∗ = −0.1333; 

Rଵ = 20; Rଶ = 15; Rଷ = 10; 
Pୈେ୛୊ଵ =0.4; 
Pୈେ୛୊ଶ = 0.3; 

Vୈେଵ = 3.0114; Vୈେଶ = 3.0105; Vୈେଷ = 3.0104; 
Vୈେସ = 3.0112; Vୈେହ = 3.0111; 

NI=4; CT=0.08; 

AC-MTDC power-flow with linear voltage droop control 
(VSCs connected to AC buses  266, 270 and 292) 

Given quantities 
Solution 

AC buses VSC 

Vୈେଵ = 3.0114; 
Vୈେଶ  =  3.0105; 

Vୈେଷ = 3.0104; 

Vୈେସ = 3.0112; 
Vୈେହ = 3.0111; 

Vଶ଺଺ = 1.02; 
Qୱ୦ =0.1; 

Qୱ୦ଷ =0.05; 

θଶ଺଺ = −9.0287; 
૛ૠ૙܄ = 1.0209∠ − 8.8407; 

૛ૢ૛܄ = 1.00∠ − 1.8436; 

૛ܐܛ۾ = −૙. ૟૝ૠ૛ ; 
૜ܐܛ۾ = −૙. ૠ૙ૠૠ; 

θୱ୦ଵ = −12.8198; 
θୱ୦ = −5.3314; 
θୱ୦ଷ = 2.1761; 
mଵ =  0.9795; 
mଶ = 0.9708; 
mଷ = 0.9472; 

DC Power 
Pୈେଵ = 0.6852; 

Pୈେଶ = −0.6619; 
Pୈେଷ = −0.7230; 

Converter loss (%) 
P୪୭ୱୱଵ = 1.54; 
P୪୭ୱୱଶ = 1.47; 
P୪୭ୱୱଷ = 1.53; 

NI=6; CT=1.12; 



224 
 

 

 Fig. 6.10: Convergence characteristic of rows 8-10 in Table 6.2 

 

 

Fig. 6.11: Bus voltage profile for the study of Table 6.2 
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Fig. 6.12: Variation of the power generation of the OWF connected at bus 5 and the 
DC voltage 

 

Fig. 6.13: Variation of NI with the variation of  Pୈେ୛୊ଶ 
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grid. The powers specified for these two OWFs at terminals ‘4’ and ‘5’ are 0.5 and 

0.4, respectively. The other specified quantities are given in rows 3-9 and column 1-2 

of Table 6.3. The power flow solution is shown in rows 3-9 and columns 3-4 of Table 

6.3. Subsequent to the AC-MTDC power flow, the VSC droop equations are solved to 

calculate the reference values of droop lines. 

Table 6.3 

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating OWFs (Model B) 

  

Base case power-flow (NI=6 and CT=0.56);  
૛૟ૡ܄ = 0.9684∠ − ૛ૠ૛܄ ;21.01 = 0.9811∠ − ૛ૠ૜܄;19.46 = 1.0058∠ − 17.47; 

(VSCs connected to AC buses  268, 272 and 273) 
Power flow of AC-MTDC system with OWFs 

Given quantities 
Solution 

AC buses VSCs 

Vୈେୟ୴ 3.0 

θଶ଺଼ = −39.1737; 
θଶ଻ଶ = −31.2288; 
θଶ଻ଷ = −6.7581; 
Vଶ଻ଶ = 1.0086; 
Vଶ଻ଷ = 1.0366; 

θୱ୦ଵ = −43.2335;  θୱ୦ଶ = −29.2837; 
θୱ୦ = −5.1792;  mଵ =  0.9347 ; 

 mଶ = 0.931; mଷ = 0.9604; 
Vୈେ = 3.0008;  Vୈେଶ = 2.9996; 

Vୈେ = 2.9997; 
Wind farm terminals 

Vୈେସ = 2.9996; 
Vୈେହ = 2.9997; 

Vଶ଺଼ 0.98 

Pୱ୦ଶ 0.35 

Qୱ୦ଶ 0.1 

Pୱ୦ଷ 0.3 

Qୱ୦ଷ 0.1 

Rectifying power of 
offshore wind farms 

Pୈେ୛୊ଵ =0.5; 
 Pୈେ୛୊ଶ = 0.4; 

DC Power 
Pୈେଵ = 0.6754; 

Pୈେଶ = −0.3628; 
Pୈେଷ = −0.3124; 

Converter loss (%) 
P୪୭ୱୱଵ = 1.5445; 
P୪୭ୱୱଶ = 1.2643; 
P୪୭ୱୱଷ = 1.2315; 

NI=6; CT=1.22; 

Computation of references Vୈେ
∗  from droop eqns. 

Vୈେଵ = 3.0008; Vୈେଶ = 2.9996; 
Vୈେ = 2.9997; 

Rଵ = 20; Rଶ = 15;  Rଷ = 10; 

Vୈେ
∗ = 3.0008; Vୈେ

∗ = 2.9996; Vୈେଷ
∗ = 2.9997; 

NI=4; CT=0.08; 

 

The convergence characteristic corresponding to the study of rows 3-10 of 

Table 6.3 is shown in Fig. 6.14. From Fig. 6.14, it is observed that the proposed 

model demonstrates the quadratic convergence characteristics, similar to the base 

case.  



227 
 

 

Fig. 6.14: Convergence characteristic of rows 2-10 in Table 6.3 

The bus voltage profile of the study corresponding to rows 3-10 of Table 6.3 is 

shown in Fig. 6.15. From Figure 6.15, it is observed that by incorporating OWFs in 

the DC grid of the integrated AC-DC system, the bus voltage profile of the AC system 

does not change except at the AC buses connected to the VSCs. 

 

Fig. 6.15: Bus voltage profile for the study of Table 6.3 
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Table 6.4 

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating OWFs with Droop Control and Dead-band at Operating Point A 

 

Base case power-flow (NI=6 and CT=0.56); 
૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૢ૛܄;11.32 = 1.00 ∠ − 18.74; 

DC  power-flow to calculate DC reference values 
Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3; Pୈେଶ

∗ = − 0.5; 
Pୈେଷ

∗ = − 0.4; 

Vୈେଵ
∗ = 3.0006; Vୈେଶ

∗ = 2.9997; 
Vୈେଷ

∗ = 2.9997; Pୈେଵ
∗ = 0.9003; 

Iୈେଷ
∗ = −0.1333; 
NI=3; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear droop with dead-band 
(VSCs connected to AC buses  266,270, 292) 

Specified Quantities Power flow solution 

Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.014;  Vୈେ୦୧୥୦
∗ = 3.013;  Vୈେ୪୭୵

∗  = 

3.012; Vୈେ୫୧୬ = 3.009; 
Rଵ  =  20;  Rଶ  =  15;  Rଷ  =  10; 

R୫ୟ୶ = 30; 

Vୈେଵ = 3.0182; Vୈେଶ = 3.0174; 
Vୈେଷ = 3.0172; Vୈେସ = 3.0182; 
Vୈେ =  3.0181; Pୈେଵ= 0.5483; 
Pୈେଶ= -0.6178; Pୈେଷ= -0.9300; 

 
DC Power 

Pୈେଵ = 0.5483; 
Pୈେଶ = −0.6178; 

Pୈେଷ = −0.93; 

Converter loss (%) 
P୪୭ୱ = 1.42; 
P୪୭ୱୱଶ = 1.43; 
P୪୭ୱୱଷ = 1.73; 

Converter Control Mode VSCs 
θୱ୦ଵ = −11.0806;  θୱ୦ଶ = −4.5244; 

θୱ୦ଷ =  8.5203; mଵ = 0.9736; 
mଶ = 0.9664; mଷ =  0.9478; 

1 V-P droop 
2 V-P droop with dead-band 

3 V-I droop 

Vଶ଺଺ = 1.02;  Qୱ୦ଶ =0.08; 
Qୱ୦ଷ =  0.06;  Pୈେ୛୊ = 0.55; 

Pୈେ୛ = 0.45; 

AC terminal buses 
θଶ଺଺ = −8.0264; 

૛ૠ૙܄ = 1.0209∠ − 7.8054; 
૛ૢ૛܄ = 1.00 ∠ 3.3494; 

 

NI=6; CT=1.15; 

 
Case III: Study of non-linear droop characteristics with offshore wind farms 

This study is similar to the study carried out in Table 6.2 except that VSC 2 now 

employs a nonlinear V-P droop with dead-band. The droop control gains are kept 

identical to the studies of Table 6.2. At first, the reference values for the droop lines 

are computed by solving the droop equations. The results are shown in rows 2-4 and 

column 2 of Table 6.4.  Subsequently, an AC-MTDC power flow is conducted. The 
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results are shown in rows 5-9 and column 2 of Table 6.4. From the power flow results 

shown in Table 6.4, it is observed that the VSC connected at AC bus 270 operates at 

point ‘A’ of the characteristic (Fig. 6.3). The VSC connected to AC bus 270 is made 

to operate at different operating points of non-linear droop characteristic (Fig. 6.3) by 

varying the rectifying power of the OWFs. The results corresponding to the different 

operating points of the non-linear droop characteristic (Fig. 6.3) are shown in Table 

6.5. 

 

Table 6.5 

Different operating points for nonlinear V-P droop with dead band 

Pୈେ୛୊ଵ 

(p.u) 

Pୈେ୛୊ଶ 

(p.u) 

Vୈେଶ 

(p.u) 

θୱ୦୧ 

(deg.) 

θୱ୦୨ 

(deg.) 

θୱ୦୩ 

(deg.) 

Operating 
point 

0.55 0.45 3.0174 −11.0806 −4.5244 8.5203 A 

0.4 0.3 3.0136 −12.4818 −6.1537 4.5117 B 

0.35 0.3 3.0128 −12.7342 −6.3796 3.7126 C 

0.25 0.3 3.0119 −13.2508 −6.8028 2.0315 D 

0.2 0.2 3.0088 −13.9909 −7.5283 0.2422 E 

 
 
The convergence characteristic corresponding to the study of rows 5-13 of Table 6.4 

is shown in Fig. 6.16. From Fig. 6.16, it is observed that the proposed model 

demonstrates excellent convergence characteristics, converging in six iterations. The 

bus voltage profile for the studies of Table 6.4 is shown in Fig. 6.17. From Fig. 6.17, 

it is again observed that in the presence of MTDC grid with OWFs, the bus voltage 

profile do not alter much except at the AC buses at which the VSCs are connected.  
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Fig. 6.16: Convergence characteristic of rows 5-13 in Table 6.4 

 

Fig. 6.17: Bus voltage profile for the study of Table 6.4 
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identical to their values in Table 6.4. The droop gain of the converter connected to AC 

bus 270 is set to a value of 1000 for voltage margin control.  For voltage margin 

control, the maximum and minimum DC powers are set to values of 1.0 and -1.0 p.u, 

respectively. The power flow solution is shown in Table 6.6. From Table 6.6, it is 

observed that the convergence characteristic of the proposed model is independent of 

the power injections from the OWFs and the location of the MTDC grid in the AC 

system.  

Table 6.6 

Study of IEEE 300 bus system with five terminal VSC HVDC network 
incorporating OWFs with Droop Control and Voltage Margin 

 
Base case power-flow (NI=6 and CT=0.56); 

૛૟૟܄ = 1.011 ∠ − ૛ૠ૙܄ ;11.24 = 1.011 ∠ − ૛ૢ૛܄;11.32 = 1.00 ∠ − 18.74; 

DC  power-flow to calculate DC reference values 

Specified Quantities Power flow solution 

Vୈେୟ୴
∗  = 3; Pୈେଶ

∗ = − 0.5; 
Pୈେଷ

∗ = − 0.4; 

Vୈେଵ
∗ =  3.0006; Vୈେଶ

∗ = 2.9997; 
Vୈେଷ

∗ = 2.9997; Pୈେଵ
∗ = 0.9003; 

Iୈେଷ
∗ = −0.1333 ; 
NI=3; CT=0.02; 

AC-MTDC power-flow with linear voltage droop and nonlinear voltage margin 
(VSCs connected to AC buses  266, 270, 292) 

Specified Quantities Power flow solution 
Control parameters DC terminal buses 

Vୈେ୫ୟ୶ = 3.014; 
Vୈେ୦୧୥୦

∗ = 3.013; 

Vୈେ୪୭୵
∗  = 3.012; 

Vୈେ୫୧୬ = 3.009; 
Rଵ  =  20;  Rଶ  =  1000; 

 Rଷ  = 10; 

Vୈେଵ = 3.0166; Vୈେଶ = 3.0155; 
Vୈେଷ = 3.0156; Vୈେସ = 3.0166; 
Vୈେହ =  3.0166; Pୈେଵ= 0.5810; 

Pୈେଶ= -1.00; Pୈେଷ= -0.8804; 
 

DC Power 
Pୈେ = 0.5810; 
Pୈେଶ = −1.00; 

Pୈେଷ = −0.8804; 

Converter loss (%) 
P୪୭ୱୱ = 1.43; 
P୪୭ୱୱଶ = 1.79; 
P୪୭ୱୱଷ = 1.68; 

Converter Control Mode VSCs 
θୱ୦ଵ = −10.2907;  θୱ୦ଶ = −1.4338; 

θୱ୦ଷ =  8.3060; mଵ = 0.9638; 
mଶ = 0.9721; mଷ =  0.9469; 

1 V-P droop 

2 V-P droop with VM 
3 V-I droop 

Vଶ଺଺ = 1.02;  Qୱ୦ଶ = 0.1; 
Qୱ୦ଷ = 0.05; Pୈେ୛୊ଵ= 0.7; 

Pୈେ୛୊ଶ = 0.6; 

AC terminal buses 
θଶ଺଺ = ∠ − 7.0303; 

૛ૠ૙܄ = 1.0212∠ − 6.7475; 
૛ૢ૛܄ = 1.00∠3.4060; 

NI=6; CT=1.13; 
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 The convergence characteristics of rows 5-13 of Table 6.6 is shown in Fig. 

6.18. From Fig. 6.18, it is observed that the proposed algorithm demonstrates 

excellent convergence characteristics, converging in six iterations. The bus voltage 

profile for the study of Table 6.6 is shown in Fig. 6.19. From Fig. 6.19, it is again 

observed that in the presence of MTDC grid with OWFs, the bus voltage profile do 

not alter much except at the buses at which the VSCs are connected.  

 

Fig. 6.18: Convergence characteristic of rows 5-13 in Table 6.5 

 

Fig. 6.19: Bus voltage profile for the study of Table 6.5 
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In addition, the proposed model has also been compared with some other existing 

models and a comparison of the convergence features is shown in Table 6.7.  

Table 6.7 

 A comparison of convergence features with existing models 

Ref No. 
Tolerance 

(p.u) 
No. of buses 

NI CT 
AC DC 

[82] 10-8 29 5 Min:3 Max:15 
Min:0.37 
Max:0.99 

[78] 10-6 
9 4 6 0.2 

32 4 7 0.45 

Proposed 
Model 

10-10 300 

NIL 6 0.56 
5 

(slack) 
6 1.24 

5 
Linear droop 

6 
Model A 

1.12 
Model B 

1.22 

5 
Droop- DB 

6 1.15 

5 
Droop- VM 

6 1.13 

 

6.7   Conclusions  
 
In this chapter, a Newton Raphson power flow model of hybrid AC-MTDC systems 

integrated with offshore wind farms has been developed. The proposed model was 

investigated by including OWFs to different topologies of multi-terminal VSC-

MTDC grids and integrating them with the IEEE 300-bus test network. Diverse 

MTDC grid control techniques including linear and nonlinear DC voltage droop 

control have been employed. Both models ‘A’ and ‘B’ were implemented for droop 

control. Droop Model ‘B’ facilitates the specification of both line end active and 

reactive power-flows. The model displays excellent convergence characteristics 

independent of the DC grid topology, the DC voltage droop control employed, the 

location of the MTDC grid and the OWF power injections.  This validates the model.  
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Chapter 7 

Conclusions and scope of further work  

 

7.1 Conclusions 

The following conclusions are drawn based on the work reported in this thesis: 

 In the present thesis, an attempt has been made to develop Newton power-flow 

models of both LCC and VSC based hybrid AC-DC systems. 

 For LCC based hybrid AC-DC systems, both unified and sequential Newton 

power-flow models were developed. It is observed that based on the selection 

of the base quantities, different per-unit AC-DC system models can be 

developed. Different per-unit AC-DC system models affect the power-flow 

convergence in minor ways.  

 For LCC based hybrid AC-DC systems, it is also observed that different DC 

link control strategies affect the power-flow convergence in different ways. 

Nine different DC link control strategies were considered for a three-terminal 

HVDC network. It is observed that the power-flow convergence is affected by 

the location of the DC network and the operating point specifications. 

 For VSC based hybrid AC-DC systems employing DC slack bus control, both 

unified and sequential Newton power-flow models were developed. In both 

the models, the modulation indices of the VSCs are obtained directly from the 

power-flow solution. It is observed that unlike the sequential AC-DC power-

flow model, the convergence characteristic of the unified AC-DC power-flow 
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model is independent of location of the MTDC grid, the MTDC grid topology, 

the MTDC control strategy employed and the operating point specifications.  

 For VSC based hybrid AC-DC systems employing DC voltage droop control, 

two different AC-MTDC models were developed, depending upon the 

terminal end power specifications. It is observed that unlike droop model ‘A’, 

model ‘B’ facilitates the specification of both line end active and reactive 

power-flows. It is observed that both the proposed models demonstrate 

quadratic convergence characteristics. 

 A unified Newton power-flow model of VSC based hybrid AC-DC systems 

employing IDCPFCs was also developed. The IDCPFC is a DC power-flow 

controller used for power-flow management of DC grids.  

 A unified Newton power flow model of hybrid AC-DC systems integrated 

with offshore wind farms was developed. Both linear as well as nonlinear 

voltage droop control of the DC grid can be accommodated in the model. The 

convergence characteristic of the proposed model is independent of the DC 

grid topology, the DC voltage droop control employed, the location of the 

MTDC grid and the OWF power injections. 

 The VSC station losses and the losses in the converter transformers have been 

considered in all the models. 

 Feasibility studies of all the models have been carried out on the IEEE 300-

bus test system to validate their convergence characteristics. 

7.2 Some suggestions for further work 

The work reported in this thesis has been mainly concerned with the development of 

Newton power-flow models of both LCC and VSC based hybrid AC-DC systems. 
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However, during the course of the work reported in the thesis, it was realized that the 

work could open up further possibilities in the area, which can be taken up in the 

future. Some suggestions for further work are as follows:  

 Inertial support from wind turbine generators (WTGs) connected to AC grids 

through HVDC links is an important issue which needs to be addressed. This 

support is usually provided by controlling the power references of the WTGs. 

Incorporating this aspect in the power-flow modeling appears to be 

challenging. 

 For modeling of offshore wind farms integrated with the DC grid, their 

detailed power-flow modeling needs to be carried out. In addition, other 

sources of renewable energy can also be modelled in the existing AC-DC 

power-flow algorithm.  

 Power-flow modeling of AC-DC systems involving multiple AC grids 

interconnected through multi-terminal DC grids. 
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Appendix A 

 

A.1 Expression for the net active and reactive power injections by incorporating 

three terminals LCC HVDC system in an existing AC system by using Unified 

method  

For AC buses ‘i’, ‘j’ and ‘k’, the rectifier is connected at bus ‘i’. Two inverters ‘1’ and 

‘2’ are connected at buses ‘j’ and ‘k’ respectively.  

For control strategy ‘1’ and ‘5’ 

P୧ = ෍ V୧V୮Y୧୮ cos൫θ୧ − θ୮ − ϕ୧୮൯

୬

୮ୀଵ

+ Vୈୈ  ൬ 
2 Vୈୈ − Vୈେ୍ଵ − Vୈେ୍ଶ

Rୈେ
൰            (A. 1)  

Q୧ = ෍ V୧V୮Y୧୮ sin൫θ୧ − θ୮ − ϕ୧୮൯

୬

୮ୀଵ

+ Vୈୈ  ൬ 
2 Vୈୈ − Vୈେ୍ଵ − Vୈେ୍ଶ

Rୈେ
൰ tanΦୖ (A. 2) 

P୨ = ෍ V୨V୮Y୨୮ cos൫θ୨ − θ୮ − ϕ୨୮൯

୬

୮ୀଵ

− Pୈେ୍ଵ                                                             (A. 3)   

Q୨ = ෍ V୨V୮Y୨୮ sin൫θ୨ − θ୮ − ϕ୨୮൯

୬

୮ୀଵ

+ Pୈେ୍ଵtanΦ୍ଵ                                                 (A. 4)  

P୩ = ෍ V୩V୮Y୩୮ cos൫θ୩ − θ୮ − ϕ୩୮൯

୬

୮ୀଵ

− Pୈେ୍ଶ                                                          (A. 5)  

Q୩ = ෍ V୩V୮Y୩୮ sin൫θ୩ − θ୮ − ϕ୩୮൯

୬

୮ୀଵ

+ Pୈେ୍ଶtanΦ୍ଶ                                           (A. 6)   

A.1.2 Some typical elements and sub-matrices of Jacobian in eqn. (2.21) for 

control strategies ‘1’ and ‘5’ (Unified method) 

ப୔౟

ப୚ీి౅భ
=  − 

୚ీి౎

ୖీి
; 

ப୔౟

ப୚ీి౅మ
=  − 

୚ీి౎

ୖీి
; 

ப୕౟

ப୚ీి౅భ
=  − 

୚ీి౎

ୖీి
 tanΦୖ;  

ப୕౟

ப୚ీి౅మ
=  − 

୚ీి౎

ୖీి
 tanΦୖ; 
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ப୕౟

ப஍౎
=  Vୈୈ  ቂ

ଶ ୚ీి౎ି ୚ీి౅భି୚ీి౅మ

ୖీి
ቃ secΦୖ

ଶ ;   
ப୕ౠ

ப஍౅భ
=  Pୈେ୍ଵ  secΦ୍ଵ

ଶ ;   
ப୕ౡ

ப஍౅మ
=  Pୈେ୍ଶ  secΦ୍ଶ

ଶ ; 

Sub-matrix of control strategy ‘1’ for Model ‘1’ is given below 

܎∂
܆∂

=

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

−݇݇1 −݇݇1 −V୧cosαୖ 0 0 0 0 0
1 − ݇݇1 0 0 −V୨cosγ୍ଵ 0 0 0 0

0 1 − ݇݇1 0 0 −V୩cosγ୍ଶ 0 0 0
0 0 −V୧cosΦୖ 0 0 aୖ V୧ sinΦୖ 0 0
1 0 0 −V୨cosΦ୍ଵ 0 0 a୍ଵ V୨ sinΦ୍ଵ 0
0 1 0 0 −V୩cosΦ୍ଶ 0 0 a୍ଶ V୩ sinΦ୍ଶ

݇݇2 0 0 0 0 0 0 0
0 ݇݇2 0 0 0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

݇݇ଵ =
ଡ଼ౙ

ୖీి
;  ݇݇ଶ = −Vୈୈ + 2Vୈେ୍ଵ; 

Sub-matrix of control strategy ‘1’ for Model ‘2’ is given below 

܎∂
܆∂

=

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

−kଵ −kଵ − kଶ  V୧cosαୖ 0 0 0 0 0
1 − kଵ 0 0 −kଶV୨cosγ୍ଵ 0 0 0 0

0 1 − kଵ 0 0 −kଶV୩cosγ୍ଶ 0 0 0
0 0 −kଶV୧cosΦୖ 0 0 kଶaୖV୧  sinΦୖ 0 0
1 0 0 −kଶV୨cosΦ୍ଵ 0 0 kଶa୍ଵV୨  sinΦ୍ଵ 0
0 1 0 0 −kଶV୩cosΦ୍ଶ 0 0 kଶa୍ଶV୩  sinΦ୍ଶ

݇݇ଶ 0 0 0 0 0 0 0
0 ݇݇ଶ 0 0 0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

where kଵ = 3 
ଡ଼ౙ ୬ౘ

஠ ୖీి
 ;  kଶ =

ଷ√ଶ ୬ౘ

஠
 ; ݇݇ଶ = −Vୈୈା2Vୈେ୍ଵ; 

Sub-matrix of control strategy ‘5’ for Model ‘1’ 

܎∂
܆∂

=

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

−݇݇1 −݇݇1 −aୖV୧ 0 0 0 0 0
1 − ݇݇1 0 0 −a୍ଵV୨ 0 0 0 0

0 1 − ݇݇1 0 0 −a୍ଶV୩ 0 0 0
0 0 0 0 0 aୖ V୧ sinΦୖ 0 0
1 0 0 0 0 0 a୍ଵ V୨ sinΦ୍ଵ 0
0 1 0 0 0 0 0 a୍ଶ V୩ sinΦ୍ଶ

݇݇2 0 0 0 0 0 0 0
0 ݇݇2 0 0 0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

where, ݇݇ଵ =
ଡ଼ౙ

ୖీి
;  ݇݇ଶ = −Vୈୈା2Vୈେ୍ଵ; 

Sub-matrix of control strategy ‘5’ for Model ‘2’ 
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܎∂
܆∂

=

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ۍ

−kଵ −kଵ −kଶaୖ V୧ 0 0 0 0 0
1 − kଵ 0 0 −kଶa୍ଵ V୨ 0 0 0 0

0 1 − kଵ 0 0 −kଶa୍ଶ V୩ 0 0 0
0 0 0 0 0 −kଶ aୖ V୧ sinΦୖ 0 0
1 0 0 0 0 0 −kଶ a୍ଵ V୎ sinΦ୍ଵ 0
0 1 0 0 0 0 0 −kଶ a୍ଶ V୩ sinΦ୍ଶ

݇݇ଶ 0 0 0 0 0 0 0
0 ݇݇ଶ 0 0 0 0 0 0 ے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

 

where kଵ = 3 
ଡ଼ౙ ୬ౘ

஠ ୖీి
;   kଶ =

ଷ√ଶ ୬ౘ

஠
; ݇݇ଶ = −Vୈୈା2Vୈେ୍ଵ; 

A.1.3 Initial values of variables in LCC based HVDC systems 

Table A.1 

Variables in LCC HVDC system Initial values 

DC bus voltage ஽ܸ஼
଴  

1 p.u (Model 1);   
2.3 p.u (Model 2) 

Converter transformer tap ratios aୖ
଴ , a୍ଵ

଴  and a୍ଶ
଴  1 

Firing angle of rectifier αோ
଴  cosαோ

଴ = 1 
Extinction angles of inverters γூଵ

଴  and γூଶ
଴  cosγூଵ

଴ = 1; cosγூଶ
଴ = 1 

Power factors  ܿߔݏ݋ோ
଴,  ܿߔݏ݋ூଵ

଴  and ܿߔݏ݋ூଶ
଴  0.9 

 

A.2 Expression for the magnitude of converter current (۷܉ܐܛ) for considering 

converter losses of ath VSC  

From eqn. (3.1), 

܉ܐܛ܁ = ܉ܐܛ૚  ۷ି܉ାܑ܄ 
∗ = ܉ܐܛܡ ] ૚ି܉ାܑ܄

∗ ܉ܐܛ܄) 
∗ − ૚ି܉ାܑ܄ 

∗ )]                                                          (A. 7)  

           = V୧ାୟିଵ ma c VDCa yୱ୦ୟ ∠ (θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) − V୧ାୟିଵ
ଶ  yୱ୦ୟ ∠ − Φୱ୦ୟ 

           = V୧ାୟିଵ ma c VDCa yୱ୦ୟ {cos( θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ ) +  j sin(θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ)} 

−V୧ାୟିଵ
ଶ  yୱ୦ୟ {cos Φୱ୦ୟ − j sin Φୱ୦ୟ} 

          = V୧ାୟିଵ ma c VDCa yୱ୦ୟ  cos( θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) – V୧ାୟିଵ
ଶ  yୱ୦ୟ cos Φୱ୦ୟ 

+ j { V୧ାୟିଵma c VDCa yୱ୦ୟ sin(θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) + V୧ାୟିଵ
ଶ  yୱ୦ୟ  sin Φୱ୦ୟ } 

          = α + j β 
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where, α = V୧ାୟିଵ ma c VDCa yୱ୦ୟ  cos( θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) – V୧ାୟିଵ
ଶ  yୱ୦ୟ cos Φୱ୦ୟ 

  and β=  V୧ାୟିଵma c VDCa yୱ୦ୟ sin(θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) +  V୧ାୟିଵ
ଶ  yୱ୦ୟ  sin Φୱ୦ୟ 

Sୱ୦ୟ
ଶ =  αଶ +  βଶ 

         = V୧ାୟିଵ
ଶ  Vୱ୦ୟ

ଶ  yୱ୦ୟ
ଶ + V୧ାୟିଵ

ସ yୱ୦ୟ
ଶ − 2 V୧ାୟିଵ

ଷ Vୱ୦ୟyୱ୦ୟ
ଶ  {cosΦୱ୦ୟ cos(θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ) −

sinΦୱ୦ୟ sin(θ୧ାୟିଵ − θୱ୦ୟ − Φୱ୦ୟ)  

Now, using formula cos A cos B - sin A sin B = cos (A+B) 

Sୱ୦ୟ
ଶ  =V୧ାୟିଵ

ଶ  Vୱ୦ୟ
ଶ  yୱ୦ୟ

ଶ + V୧ାୟିଵ
ସ yୱ୦ୟ

ଶ − 2 V୧ାୟିଵ
ଷ Vୱ୦ୟ yୱ୦ୟ

ଶ  cos (θ୧ାୟିଵ − θୱ୦ୟ) 

= yୱ୦ୟ
ଶ  [V୧ାୟିଵ

ସ + V୧ାୟିଵ
ଶ  (mୟc Vୈେୟ) ଶ −  2 V୧ାୟିଵ

ଷ  ma c VDCa cos(θ୧ାୟିଵ − θୱ୦ୟ)]  

Sୱ୦ୟ =  yୱ୦ୟ [V୧ାୟିଵ
ସ + V୧ାୟିଵ

ଶ  (mୟc Vୈେୟ) ଶ −  2 V୧ାୟିଵ
ଷ  ma c VDCa cos(θ୧ାୟିଵ − θୱ୦ୟ)] 

ଵ
ଶൗ  

Iୱ୦ୟ =
Sୱ୦ୟ

V୧ାୟିଵ
 

Iୱ୦ୟ = yୱ୦ୟ [V୧ାୟିଵ
ଶ +  (mୟc Vୈେୟ) ଶ −  2 V୧ାୟିଵ ma c VDCa cos(θ୧ାୟିଵ − θୱ୦ୟ)] 

ଵ
ଶൗ        (A. 8) 

A.2.2 Expression of power balance equation with converter losses of ath VSC 

using unified method 

From eqn. (3.14), 

For master converter, 

(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ aଵ +  bଵdଵ +  cଵdଵ
ଶ = 0                                                                                               (A. 9) 

Where dଵ = yୱ୦ୟ[V୧ାୟିଵ
ଶ +  mୟ

ଶcଶVୈେୟ
ଶ − 2 mୟ c VୈେୟV୧ାୟିଵ cos(θ୧ାୟିଵ − θୱ୦ୟ)]ଵ/ଶ 

For slave converter, 
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(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ + ෍ VୈେୟVୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ aଵ

+ bଵ  
ටPୱ୦ୟ

ୱ୮ ଶ
+ Qୱ୦ୟ

ୱ୮ ଶ

V୧ାୟିଵ
+ cଵ     

ۉ

ۇ
ටPୱ୦ୟ

ୱ୮ ଶ
+ Qୱ୦ୟ

ୱ୮ ଶ

V୧ାୟିଵ

ی

ۊ

ଶ

 = 0                                         (A. 10) 

A.2.3 Typical elements in Jacobian sub-blocks of eqn. (3.23) using Unified 

method 

For master converter, 

∂fଵୟ

∂θୱ୦ୟ
= mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ sin(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) +  bଵyୱ୦ୟ

dଷ

2 dଶ 
+ cଵyୱ୦ୟ

ଶ dଷ            (A. 11) 

Where dଶ = [V୧ାୟିଵ
ଶ +  mୟ

ଶcଶVୈେୟ
ଶ − 2 mୟ c VୈେୟV୧ାୟିଵ cos(θ୧ାୟିଵ − θୱ୦ୟ)]ଵ/ଶ  

dଷ = −2 mୟ c VୈେୟV୧ାୟିଵ sin( θ୧ାୟିଵ − θୱ୦ୟ) 

∂fଵୟ

∂Vୈେୟ
= 2 mୟ

ଶ cଶ Vୈେୟ yୱ୦ୟcosϕୱ୦ୟ − mୟc V୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) + ෍ Vୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ Vୈେୟ Yୈେୟୟ + bଵyୱ୦ୟ
dସ

2 dଶ 
+cଵyୱ୦ୟ

ଶ dସ                                                                      (A. 12) 

Where dସ = 2 Vୈେୟ mୟ
ଶcଶ − 2 mୟ c V୧ାୟିଵ cos( θ୧ାୟିଵ − θୱ୦ୟ) 

∂fଵୟ

∂mୟ
= 2 mୟ cଶ Vୈେୟ

ଶ  yୱ୦ୟcosϕୱ୦ୟ − c Vୈେୟ V୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ)

+ bଵ yୱ୦ୟ  
dହ

2 dଶ
 + cଵyୱ୦ୟ

ଶ dହ                                                                                      (A. 13) 

dହ = 2 Vୈେୟ
ଶ  mୟ cଶ − 2  c Vୈେୟ V୧ାୟିଵ cos( θ୧ାୟିଵ − θୱ୦ୟ) 

For slave converter in PQ control operation, 

∂fଵୟ

∂θୱ୦ୟ
= mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ sin൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯                          (A. 14) 
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∂fଵୟ

∂Vୈେୟ
= 2 mୟ

ଶ cଶ Vୈେୟ yୱ୦ୟcosϕୱ୦ୟ − mୟc V୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ + ෍ Vୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ Vୈେୟ Yୈେୟୟ                                                                                                                  (A. 15) 

∂fଵୟ

∂mୟ
= 2 mୟ cଶ Vୈେୟ

ଶ  yୱ୦ୟcosϕୱ୦ୟ − c Vୈେୟ V୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯      (A. 16) 

 

A.2.4 Typical elements in Jacobian sub-blocks of eqn. (3.30) using Sequential 

method 

From eqn. (3.27) 

∂fଶୟ

∂V୧ାୟିଵ
= - mୟ c Vୈେୟ ysha cos൫θsha - θi+a-1- ϕsha൯ − ቀPୱ୦ୟ

ୱ୮ ଶ
+ Qୱ୦ୟ

ୱ୮ ଶ
ቁ ቆ

−2 Rୱ୦ୟ

V୧ାୟିଵ
ଷ ቇ      (A. 17) 

From eqn. (3.28)ી 

∂fଷୟ

∂V୧ାୟିଵ
= - ma c VDCa ysha sin ൫θsha - θi+a-1- ϕsha൯ − ൫Psha

sp 2
+ Qsha

sp 2
൯ ൬

−2 Xsha

Vi+a−1
3 ൰       (A. 18) 

A.2.5 Initial values of variables in VSC based HVDC systems 

Table A.2 

Variables in VSC HVDC system Initial values 
DC bus voltage ஽ܸ஼௜

଴  3 p.u 

DC voltage reference for droop line of ith VSC ( ஽ܸ஼௜
∗ )଴ 3 p.u 

Modulation index of ith VSC ݉௜
଴ 1.0 

Magnitude of output voltage phasor of  ith VSC ௦ܸ௛௜
଴  1.0  p.u 

Phase angle of output voltage phasor of  ith VSC ߠ௦௛௜
଴  0 (degree) 

Variable ith DC voltage source of IDCPFC ஽ܸ஼௦௜
଴  0.001 p.u 

 

A.3 Expression of power balance equation with converter losses of ath VSC 

considering as a master converter by incorporating IDCPFC 

From eqn. (5.13) 
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(mୟc Vୈେୟ) ଶ yୱ୦ୟcosϕୱ୦ୟ − mୟc VୈେୟV୧ାୟିଵyୱ୦ୟ cos൫θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ൯ +

∑ VୈେୟVୈେ୴Yୈେୟ୴ + ∑ VୈେୟVୈେୱ(୴ିଵ)Yୈେୟ୴ + aଵ +  bଵdଵ + cଵdଵ
ଶ୸ାଵ

୴ୀଵ,୴ஷଵ
୯
୴ୀଵ = 0  if a =

1, z = 2  (A. 19)     

∂fଵୟ

∂Vୈେୟ
= 2 mୟ

ଶ cଶ Vୈେୟ yୱ୦ୟcosϕୱ୦ୟ − mୟc V୧ାୟିଵyୱ୦ୟ cos(θୱ୦ୟ − θ୧ାୟିଵ − ϕୱ୦ୟ) + ෍ Vୈେ୴Yୈେୟ୴

୯

୴ୀଵ

+ Vୈେୟ Yୈେୟୟ + ෍ Vୈେୱ(୴ିଵ)Yୈେୟ୴

୸ାଵ

୴ୀଵ,୴ஷଵ

+ bଵyୱ୦ୟ
dସ

2 dଶ 
+cଵyୱ୦ୟ

ଶ dସ                                                                                              (A. 20) 

∂fଵୟ

∂Vୈେୱ(୴ିଵ)
= ෍ Vୈେୟ Yୈେୟ୴

୸ାଵ

୴ୀଵ,୴ஷଵ

                                                   (A. 21)  

∂P୍ ୈେ୔୊େ

∂Vୈେୱ୸
= ൣVୈେ − 2 Vୈେୱ୸ − Vୈେ(୸ାଵ)൧Yୈେଵ(୸ାଵ)                                                              (A. 22) 

∂P୍ ୈେ୔୊େ

∂Vୈେ(୸ାଵ)
= − Vୈେୱ୸ Yୈେଵ(୸ାଵ)                                                     (A. 23) 
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