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Recent advancements in Voltage Source Converters (VSCs) of high-voltage and 

high-power rating had a significant impact on the development of Multi-Terminal HVDC 

(MTDC) power transmission systems. The U.S. Navy has proposed Multi-Zonal Medium 

Voltage DC (MVDC) Shipboard Power System (SPS) architecture for the next generation 

of their surface combatant. A Multi-Zonal MVDC SPS consists of several VSCs 

exchanging power through a DC network. Following a system fault or damage, the 

current flow pattern in the DC distribution grid will change and the DC voltages across 

the VSCs will assume new values. DC voltage reference or power reference settings of 

VSCs have to be determined, in advance, which can maintain the DC voltage within 

desired margins (usually 5% around the nominal value) in steady state, under the pre-

fault as well as the post-fault conditions. In this work, the reference settings have been 

pre-determined by: (1) Development of a sensitivity based algorithm for voltage control 

of VSCs of the DC system and (2) Development of an optimal algorithm for voltage and 
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power control of the VSCs. The algorithms have been tested on a simplified 

representation of the MVDC SPS architecture. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

The U.S. naval electric shipboard power systems have currently employed the 

radial AC distribution system architecture [1]. In order to maximize survivability, 

enhance operational flexibility, minimize size and weight, and decrease the overall cost, 

the U.S. Navy has proposed two alternative distribution architectures for their future 

shipboard [2] power systems: 

1. MVDC (Medium Voltage DC) distribution 

2. HFAC (High Frequency AC) distribution 

With recent developments in high-voltage, high-power, fully controlled Voltage 

Source Converters (VSCs) and their ability, in MVDC transmission system applications, 

to control real and reactive powers independently, the VSC based Multi-Zonal MVDC 

Shipboard Power System (SPS) architecture shows more promise and has drawn the 

attention of researchers working on naval shipboard systems. The VSC based MVDC 

SPSs are tightly-coupled, power-limited systems and their performance needs to be 

evaluated for security, reliability, and survivability.  

A Multi-Zonal MVDC SPS will employ several VSCs exchanging power through 

a DC network. The current flow pattern in the DC grid and the DC voltages across the 

1 
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VSCs will change under a system fault, accidental loss of a VSC, or system 

reconfiguration. The DC over-voltage may lead to failure in the solid-state switches and 

DC under-voltage may cause waveform distortion. Hence, DC grid voltage should be 

maintained within a narrow range (usually 5% around its nominal value) under the pre-

fault as well as post fault conditions. This requires determination of optimal settings of 

DC voltage reference and power reference of the VSCs. 

This thesis will focus on determining the reference settings such that the voltage 

at the DC terminal is maintained within a narrow range. In this thesis, a conventional 

optimization method and two of the heuristic algorithms (genetic algorithm and 

biogeography based optimization) have been used for solving the optimization problem. 

1.2 Objective of the Research 

With the U.S. Navy proposing the new architecture for the shipboard power, 

system utilizing the recent developments in the power electronic devices employing VSC, 

calls for more research to maintain the reliability and survivability of the system. When 

faults occur, as a result of battle damage or equipment failure it results in change in the 

DC voltage across the VSCs. This may lead to failure in the solid state switches. Hence, 

DC voltage should be maintained within a narrow range under steady state and also under 

transients. This requires pre-determination of optimal settings of DC voltage reference 

and power reference of the VSCs. Because of this need, it is desirable to find an accurate 

numerical method that solves the optimization problem quickly and determines the 

reference settings.

 2 
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1.3 Overview of Thesis 

The operation of point-to-point VSC-HVDC requires VSCs to operate in DC 

Voltage Regulator and Power Dispatcher modes [6,7]. An MTDC system generally 

consists of several VSCs, connected in shunt to a DC network, in Power Dispatcher mode 

except one in DC Voltage Regulator mode. A typical Multi-Terminal MVDC, based on 

VSC system, is shown in Figure 4.1[6]. The feedback control of the Power Dispatcher is 

configured so that it regulates the AC real power through it. The sign polarity of the 

power reference designates the direction of AC real power flow (positive for a rectifier 

and negative for an inverter). The feedback control of the DC Voltage Regulator is 

configured so that it regulates the DC voltage across its DC bus. Since the DC voltage 

across the DC bus depends on the charging of the DC capacitors, the DC Voltage 

Regulator controls the AC real power through it to null the error between the measured 

DC voltage and the DC voltage reference. The DC Voltage Regulator acts as a power 

slack because, while keeping the DC voltage charged to its reference setting, it maintains 

the power balance in the DC network. The DC Voltage Regulator takes on the 

complementary role (inverter or rectifier) as a power slack to maintain power balance in 

the DC system. 

The steady state DC bus voltage Vi of a VSCi (i=1,2,…N+1) depends on the 

resistance of the DC transmission lines and the Vref. For a given power setting  

(i=1,2…N), and Vref  for voltage regulator VSC, say at bus N+1, the voltages at the VSCi 

(i=1,2,…N) buses can be solved by the Newton-Raphson method, similar to  an AC 

power flow program [8]. The DC bus voltage Vi of VSCi must satisfy the voltage limits, 

Vmin  Vi  Vmax (i=1,2,…N). Vmax is set by the maximum safe voltage allowed across the 

3 
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solid-state switches, such as Insulated-Gate Bipolar Transistors (IGBT) [9]. The lower 

limit, Vmin, prevents the SPWM (Sinusoidal Pulse Width Modulation) control of the 

converter from becoming over-modulated [9], whereupon low frequency harmonics 

appear on the AC side. 

The worst case scenario consists of an accidental loss of a VSC. In the event of 

the loss of any converter, the power flow in the DC grid is redirected and, therefore, the 

bus voltages assume new values. As the surviving converters can be destroyed by over-

voltage within a fraction of a second, there is no time for the controls to reset Vref, or  , 

i=1,2,….N. For this reason, Vref, or  (i=1,2,….N) should be optimally selected, in 

advance, which can meet the voltage constraints before and after the loss of any 

converter. If VSC working as slack bus is out of service or destroyed, then VSC at some 

other bus will be working as reference bus. In this work, the slack bus is always assumed 

to be within the system. 

The reference settings have been pre-determined in two stages: (1) Optimal 

reference setting of voltage regulator based on a sensitivity based algorithm to ensure DC 

bus voltages at all the VSCs within acceptable margin under the pre-fault and post-fault 

conditions, and (2) Development of an optimization based algorithm to determine both 

optimal voltage reference and power reference settings of VSCs, in case the stage-1 

setting is unable to maintain the DC voltages within acceptable range. Each stage of the 

solution requires simulation of N cases of post-fault DC power flow problems to be 

solved simultaneously with the pre-fault DC power flow problem. As mentioned earlier, 

in order to reduce the complexity, this work has assumed that the lost VSC will not 

include the DC Voltage Regulator. 

4 
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1.4 Thesis Organization 

The content of the thesis is summarized as follows. Chapter II gives the 

background information of the architectures proposed by the U.S. Navy, and a general 

overview of the Voltage Source Converters (VSCs). It introduces the main circuits 

present in the two-terminal VSC, gives its advantages, and then discusses the 

characteristics of the MTDC system. 

Chapter III explains the problem statement, the test case used in this work, the 

methodology and the proposed algorithms. 

Chapter IV discusses a sensitivity based method for optimal voltage regulation. It 

explains the mathematical formulation of the Newton-Raphson method and the Voltage 

Sensitivity indices method. It also presents the test case results on a simplified model of 

the MVDC multi-zonal shipboard power system. 

Chapter V deals with the conventional optimization based method for optimal 

control of power and voltage. It explains the mathematical problem formulation and the 

optimal solution steps using Lagrange multiplier method. It presents the test case results 

on an MVDC shipboard system. 

Chapter VI and Chapter VII deal with the application of proposed heuristic 

algorithms for solving the optimization problems. Chapter VI explains in detail about the 

Genetic Algorithm (GA) and the genetic operators (selection, crossover, mutation) 

involved in the algorithm. The applicability of the GA algorithm to a simplified MVDC 

system is presented. Chapter VII explains in detail about the Biogeography Based 

Optimization (BBO), its operators (immigration and emigration), and the mathematical 

5 
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problem formulation. The application of proposed algorithm to a simplified MVDC 

system is presented. The BBO algorithm results are compared with the conventional 

method and genetic algorithms results, in terms of the final objective function values, for 

the analysis and validation of proposed algorithms. 

Chapter VIII presents the main conclusions of the present thesis work and few 

suggestions on the scope for improvement and some future research work based on the 

proposed techniques. 

6 
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CHAPTER II 

BACKGROUND 

2.1 Introduction 

The primary objective of the present research work is to design a higher 

hierarchical control for a Multi-Terminal Medium Voltage Direct Current (MTDC) 

system so that in the event of the loss of any one Voltage Source Converter (VSC), the 

DC voltage is maintain within a margin of about 5%. The MTDC system considered is a 

MVDC ring system based on VSC.  

The objective of this chapter is to present background related to power system 

architectures proposed by the US Navy and provide an overview of the control schemes. 

As the mathematical model and the equivalent circuit of the VSC, controlled by Pulse 

Width Modulation (PWM), are well known [9], section 2.3 of this chapter will only 

present a quick review. A two terminal MVDC link based on VSC stations is described. 

This chapter briefly introduces the main circuits of VSC-MVDC and the coordination of 

the pair of VSCs. 

2.2 Architectures Proposed by the U.S. Navy 

Advances in materials, controls, packaging and thermal management have played 

a significant role in improving efficiency, power density, availability of power, and other 

7 
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desirable metrics in electric power systems. The US Navy, leveraging these advances, 

and in cooperation with industry, is developing the necessary architectures and modular 

building blocks, consisting of power generation, power conversion, energy storage, 

power distribution, and power load modules [2]. Each of these building blocks add their 

own contribution to the system of the architecture. Their design also allows for technical 

insertion as technology matures and requirements change. The architecture or Next 

Generation Integrated Power System (NGIPS), as referred by the U.S. Navy has to be 

established, derisked, and developed in order to install the common set of modules which 

then leads to the delivery and employment of an affordable, highly efficient, power dense 

and reliable electric warship [2]. 

With the electric propulsion, large electric load, weapon and support systems 

demand for more electrical power, the United States Navy has been looking into 

employing new electric ship designs. The exploring of employing new designs of a 

shipboard electric power system, the most important aim is the survivability and 

continuity (reliability) of the electrical power supply [2]. Survivability relates to the 

ability of the power system, to support the ship’s ability to continue fulfilling its 

missions, even under threat of its damage. Power continuity (reliability) relates to ability 

of the power system to reliably provide power to the ship system under the normal 

operations. To meet the power requirements of the many classes of ship comprising the 

United States Navy, four different power architectures were presented [2]. 

1. Medium Voltage AC Power (Emphasizes Affordability) 

2. High Frequency AC power (Near Term – Emphasizes Power Density) 

3. Medium Voltage DC Power (Goal – Emphasizes Power Density) 

8 
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2.2.1 MVAC Architecture 

Figure 2.1 shows the notional Next Generation Integrated Power System (NGIPS) 

MVAC system architecture proposed by the U.S. Navy. A MVAC power architecture can 

be used where there is a requirement for high power density. 
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Figure 2.1 Notional NGIPS MVAC System [2] 

The MVAC system, proposed by the Navy, utilizes two main generators, two 

auxiliary generators, each of 36 MW and 4 MW, respectively. The generators are 

connected to an AC ring bus operating at 4.16 kV, 60 Hz. The propulsion motors are 
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connected to the ring bus and supplied by the generators directly. The DC starboard side 

and port side operate at 1 kV connected to the ring bus through the Power Conversion 

Modules (PCMs). With the growing electrical load requirements, the need for reducing 

the weight of the electrical equipment and maintaining the system reliability, two 

alternative distribution schemes (MVDC and HFAC) have been proposed by the U.S 

Navy. Because of the recent development in power electronic devices, the MVDC 

architecture is getting more attention. 

2.2.2 HFAC Architecture  

HFAC power generation architecture has been proposed as one of the future 

architectures for the ship service distribution systems. In this, power is generated at a 

frequency greater than 60 Hz. and less than 400 Hz. The distribution voltage will be 

either 4.16 kV or 13.8 kV using a high impedance ground [2]. Some of the benefits 

offered are 1) it reduces the weight of transformer core (windings not included), 2) it 

minimizes or eliminates harmonic filters, 3) it minimizes or eliminates switching losses, 

4) it has higher reliability, 5) it results in low dv/dt stress on insulation and 6) it 

minimizes acoustic noise. The main challenges faced by employing HFAC system are 1) 

requirement of higher switching speed by the power devices, 2) Electro Magnetic 

Interference (EMI) effect will worsen, 3) higher ground fault current, 4) power factor is 

lower as compared to the MVAC system, 5) requirement of large cabling, and 6) less 

infrastructure availability. 
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2.2.3 MVDC Architecture  

Figure 2.2 shows the notional NGIPS MVDC system architecture. In MVDC 

architecture, the main power distribution can utilize DC supply at standard voltages 

ranging between ± 3000V DC to ± 10,000V DC using high-impedance ground.  

The architecture for a MVDC power system is identical to the HFAC system. The 

primary difference is that instead of distributing HFAC power throughout the ship, the 

system distributes MVDC power [2].  

A notional shipboard MVDC power system architecture, as proposed in [3], is 

shown in Figure 2.2. This MVDC architecture utilizes a medium voltage DC ring bus, 

operating at 5 kV, fed from the two main and the two auxiliary generators (MTG1, 

MTG2, ATG1, and ATG2) through transformers and rectifiers. The DC power is 

distributed along the length of the ship in five zones. The loads, converters, Power 

Conversion Modules (PCMs), and Power Distribution Modules (PDMs) are distributed in 

these zones. 

Loads, requiring 800V DC, are supplied with the help of PCM1, which converts 

5000V DC power to 800V DC. PCM4s are typically connected to the generators for AC 

to DC conversion. Other zonal loads, which require AC (such as propulsion motor load), 

are fed with the help of PCM2, which converts DC to AC. It also has converter-driven 

energy storage devices, such as a bank of capacitors or fuel cells; a pulsed load device, 

such as the charging circuit for a free electron laser gun; and high power sensors, such as 

a radar array. This study has considered a simplified model of the Multi-Zonal MVDC 

shipboard power system architecture. For the simulation purpose, all the loads are 

considered as lumped loads on the DC busbar. 
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Figure 2.2 Notional NGIPS MVDC System [2] 

2.3 Voltage Source Converter 

2.3.1 Introduction 

Figure 2.3 shows the circuit diagram of a 6-pulse VSC, which is the building 

block of the VSC-MVDC. Assuming that there exists a DC voltage, Vdc, across the DC 

bus, the three phase AC voltages Vsa(t), Vsb(t), Vsc(t) are produced by the ON-OFF 

switching of the IGBTs (GTOs) in each leg of the bridge converter. 
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To derive the relation between AC and DC voltages, it is assumed that the IGBT 

switches of the VSC in Figure 2.3 have ideal ON/OFF characteristics and their actions 

are described by three switching functions, Sa(t), Sb(t), and Sc(t), which are defined as 

follows: 

  

where, the subscript refers to each of the 3 phases, i.e., =a,b,c. 

Figure 2.3 Voltage Source Converters (VSC) [7] 

The 3-phase AC voltages on the AC side with respect to the grounded midpoint of 

the DC capacitors are given by 
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   (2.1) 

   

2.3.2 Pulse Width Modulation 

There are many Pulse Width Modulation (PWM) techniques for generating the switch 

function signal Sa(t) of Figure 2.4(a) from the modulating input signal ma(t) in Figure 

2.4(b). Irrespective of the method, it is important that when the high frequency harmonics 

are filtered from the switch function signal Sa(t), the residual signal is the modulating 

signal ma(t) of the a-phase. The switch function Sa(t) is sent to the triggering circuits of 

the IGBTs of the a-phase, such that  Vsa(t)=0.5Sa(t)Vdc, according to Equation (2.1). The 

waveform of Vsa(t) is a replica of Figure 2.4(b). 

A usable PWM technique is one in which all the significant switching harmonics 

reside in the high frequency end of the spectrum where these can be filtered 

economically. 

After filtering 

Sa(t)=K1ma(t) (2.2) 

where, K1 is proportionality constant.  

The a-phase filtered voltage w.r.t ground is given as: 

Vsa(t)=Gma(t) (2.3) 

where, the linear gain is G=0.5K1Vdc 
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Figure 2.4(a) Typical switch function, Sa(t) and (b) Input Signal, ma(t) [9] 

2.3.3 VSC Voltage Control 

By electronically generating the modulating signal to have the form: 

   

The a-phase voltage of the VSC is: 

Vsa(t)=G  

 (2.4) 

(2.5) 
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Each phase voltage has electronic control over the magnitude M, the 

frequency  , and the phase angle  . 

 Similarly, for the other phase, the modulating signals are generated.  

       

       

The balanced 3-phase voltages Vsa(t), Vsb(t) and Vsc(t) are produced by the VSC. 

Figure 2.5 shows the three ideal voltage sources Vsa(t), Vsb(t) and Vsc(t), which 

are the AC side equivalent voltages of the VSC of Figure 2.3. These voltages are the 

amplified form of the modulating signals ma(t), mb(t), and mc(t), the gain being 

G=0.5K1Vdc. 

2.3.4 Injected DC Side Current  

When AC currents ia(t), ib(t) and ic(t) enter the VSC from the AC side, it can be 

shown from current continuity that the DC current flowing into the upper DC bus is, 

Idc=0.5[Sa(t)ia(t)+ Sb(t)ib(t)+ Sc(t)ic(t)]  (2.6) 

The ideal current source Idc in Figure 2.5 is the equivalent circuit of the VSC on the DC 

side. 

Multiplying Vdc in the R.H.S of Equation (2.6), 

R.H.S=0.5[Sa(t)ia(t)+ Sb(t)ib(t)+ Sc(t)ic(t)] Vdc  (2.7) 

Substituting Equation (2.1) in Equation (2.7), it follows: 

R.H.S= Vsa(t)ia(t)+ Vsb(t)ib(t)+ Vsc(t)ic(t) =Pac  (2.8) 
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Figure 2.5 Equivalent circuit of VSC 

Multiplying the L.H.S of Equation (2.6) by Vdc 

L.H.S=VdcIdc=Pdc  (2.9) 

Since L.H.S=R.H.S the power balance equation Pdc=Pac confirms the correctness of the 

formula of Idc in (2.6). 

As seen from the DC side, the VSC is an ideal current source. This property is 

important because it enables VSC stations in MVDC to be connected in parallel across a 

DC bus without any problem. In order to appreciate this advantage, one compares it with 

the thyristors based MVDC station in which the equivalent circuit on the DC side is an 

ideal voltage source. Paralleling thyristor based MVDC stations is problematic because 

communication channels are required to coordinate their DC voltage magnitudes to 

achieve balance. 
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2.4  Two Terminal VSC-MVDC 

2.4.1 Main Circuits 

Two VSC stations, connected back-to-back (on their DC sides) or through a long 

DC overhead line or cable, constitute point-to-point (two terminal) VSC-MVDC. As 

shown in the single line schematic in Figure 2.6, each VSC station consists of a VSC of 

Figure 2.3, a series filter (Rf, Lf—transformer leakage or reactor added between the VSC 

and the connected AC system), a DC capacitor C, and a carrier frequency filter (LHF-

CHF). AC and DC circuit breakers, required for protection, are not shown. 

Figure 2.6 Two Terminal VSC-MVDC [7] 

A. Voltage-Source Converter (VSC) 

The basic building block of the VSC-MVDC is the IGBT (or GTO) bridge shown in 

Figure 2.3. PWM control, with a carrier frequency of 2 kHz, is considered acceptable 

from switching loss viewpoint. As the control requires fast response, the carrier 

frequency of 2 kHz assures a bandwidth of 2000/3 Hz for the signal channels. 
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B. Transformer 

In the simulation models of the VSC station, the VSC is connected with the AC 

system via a wye-delta transformer. The functions of the transformer are: 

1. To transform the voltage of the AC system to match the voltage level at the AC 

terminal of the VSC. 

2. To prevent the zero-sequence current from entering the VSC during AC side 

faults. The AC system side of the transformer is wye connected with grounded 

neutral. The VSC side is delta connected and floats. Grounding on the VSC side is 

provided by the ground at the DC capacitor midpoint. The zero-sequence current 

of an unsymmetrical AC system fault has a path through the transformer wye-

grounded neutral. On the VSC side, the zero-sequence current will circulate 

around without leaving the delta connected windings. AC faults on the VSC side 

are considered to be statistically rare. 

3. To prevent “triplen switching harmonics” from entering the AC system since their 

associated currents cannot flow because of the transformer delta-connection. 

4. To contribute their leakage inductances from the primary and secondary windings 

to the series filter inductances between the VSC and the connected AC system so 

that Lf is sufficiently large for the Lf di /dt voltage ( =a, b, c) to transfer energy 

from the lower AC voltage to the higher DC voltage during rectifier operation. 

C. DC Capacitor 

The DC capacitor C is designed to maintain a smooth voltage on the DC side. From 

the cost and fast transient response viewpoints, C should be small. The size of C has 
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to be kept large to meet the maximum ripple tolerance in the DC voltage. The DC 

capacitor also provides a diversionary path during abrupt interruptions of Idc so that 

the large l dIdc/dt voltages in the distributed DC line inductance l will be lowered. Its 

stored energy,   , helps in smoothing the DC power flow transients.
 

D. Tuned L-C Carrier Frequency Filter 

The series filter inductance functions as a low-pass filter for the current. However, 

because of the large switching voltage harmonics at carrier frequency, the Total 

Harmonic Distortion (THD) in voltage exceeds the standard limits. THD compliance 

is achieved by placing a tuned LHF-CHF carrier frequency in shunt at the 

interconnection of the AC system with the transformer as shown in Figure 2.6 [37]. 

The filter consists of a series LHF-CHF circuit tuned to the carrier frequency, which 

“short-circuits” the carrier frequency voltage, so that it will not propagate beyond this 

point. 

E. DC line 

VSC-MVDC is vulnerable to DC faults and research work has been carried out to 

investigate economical ways of protecting VSC-MVDC against DC faults by IGBT 

circuit breakers or AC circuit breakers on the AC side has been discussed in [18]. 

VSC-MVDC is not intended for very long distance DC transmission as is the case for 

thyristor based MVDC because of the exposure of overhead lines to lightning, which 

commonly is the origin of many DC faults. For the time being, VSC-MVDC, is 

envisioned for back-to-back asynchronous links (where both the VSC stations can be 

housed under a shielded roof which is grounded), for underground and underwater 

transmission using cables where the DC lines are not exposed to lightning. 
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It is interesting to note that parallel to the advancement in the VSC technology is the 

development of the extruded DC cable [17], which is cheaper and lighter than the 

commonly used self-contained oil-filled cable or mass-impregnated DC cable. The 

extruded DC cable is sensitive to the voltage reversal and, thus, not usable in the 

thyristors based MVDC, where the DC current is unidirectional but power reversals 

require the reversal of Vdc. However, the extruded DC cable is very appropriate for VSC-

MVDC because the DC voltage, Vdc, is unidirectional and power reversals require the 

reversal of the direction of Idc. 

2.4.2 Control of VSC-MVDC 

Neglecting the distributed capacitance and inductance of the DC line but retaining 

Rdc to represent the DC line resistance and using the equivalent circuit of Figure 2.5 to 

represent each VSC station, Figure 2.6 is modeled by Figure 2.7.  

The following assumptions are made: the DC voltage of VSC1 is Vdc1 and Idc 

flows from VSC1 to VSC2. Then, from Kirchhoff’s voltage law, 

Vdc2=Vdc1-RdcIdc  (2.10) 

For the DC capacitor C of VSC1, by applying Kirchhoff’s current law, the dynamic 

equation is 

 
 

 (2.11) 
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Figure 2.7 Equivalent circuit of two-terminal VSC-MVDC 

where, 

Idc1=Pac1/Vdc1 (2.12) 

Pac1 is the AC side power of VSC1. 

For the DC capacitor of VSC2, the dynamic equation is: 

  
  

(2.13) 

where, 

Idc2=Pac2/Vdc2  (2.14) 

Pac2 is the AC side power of VSC2. 

2.4.3 Coordination of Real Power through VSC-MVDC 

On the AC side of a VSC station in Figure 2.7, any demand of reactive power Qac is not 

apparent on the DC side. Only the real powers Pac1 and Pac2 make their appearances as Idc1 and Idc2 

through Equations (2.12) and (2.14). The coordinated control of the VSC-MVDC system must be 

able to use local feedback control to satisfy the power balance equation: 
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    (2.15) 

The power balance can be maintained by making one VSC as a Power Dispatcher 

and the other as a DC Voltage Regulator. 

A. Power Dispatcher 

For example, VSC2 of Figure 2.6 is assigned the role of the Power Dispatcher, 

which is charged with the duty of delivering a reference power Pref2. In this thesis, 

positive and negative signs for VSC power denote rectifier and inverter operation, 

respectively. The power error,    is then used in negative feedback 

through the modulation control signals to null the error. 

B. DC Voltage Regulator 

For example, VSC1 of Figure 2.6 is assigned the role of regulating the DC voltage. 

It is assigned a DC voltage reference Vdcref and the voltage error is used in negative 

feedback through the modulation control signals to null the error by injecting sufficient 

real power Pac1. The injected DC current is Idc1, obtained through Equation 2.12. When 

 Vdc1=Vdcref and from Equation 2.11 Idc=Idc1. Under steady state, -Idc1=Idc2. 

Multiplying Equation 2.10 by Idc, the power balance in Equation 2.15 is obtained. 

The DC Voltage Regulator serves the functions of [38]: 

(1) Providing a DC voltage reference in the DC network from which the DC voltage Vdc2 

of VSC2, for example, takes its value Vdc2=Vdcref-IdcRdc. 

(2) To satisfy the power balance equation in the system, it acts as a power slack. 
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2.5 Advantages of VSC 

Some of the advantages of employing the Voltage Source Converter (VSC) are as 

follows: 

1. Pulse-width modulation (PWM) switching technique permits rapid, independent 

control of active and reactive power  

2. The power flow can be reversed only by changing the direction of the DC current, 

without changing the polarity of DC voltage. 

3. Communications are not needed for the converters and it is helpful to build shunt 

multi-terminal DC systems with convenient power flow control and high reliability 

[58]. 

4. Control of both active and reactive power is bi-directional and continuous across the 

entire operating range [59, 60]. 

5. Reactive power control capability allows each converter to act as a Static 

Synchronous Compensator (STATCOM) to regulate the AC voltage at either terminal 

independently [58]. 

6. Converters can be located at points in the network with relatively low short circuit 

levels minimizing the need for network reinforcements or remedial measures. 

7.  DC capacitor can supply reactive power [58]. 

8. Faster responses are attained due to the increased switching frequency of the PWM 

control. 

9. Low-order harmonics are practically non-existent and, hence, the sizes of the 

harmonic filters are small. 
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2.6 Multi-Terminal MVDC (MTDC) 

The equivalent circuit of the VSC is an ideal current source, Idc, on the DC side 

(Figure 2.5). This feature makes it easy to integrate a number of VSCs in parallel on their 

DC sides to a DC grid. 

2.6.1 Characteristics of MTDC 

The MTDC system is, in effect, a natural extension of the two-terminal VSC-

MVDC. They share the common characteristics and operating principles, which are 

summarized as follows: 

1) The converter in a MTDC system can be either an inverter or a rectifier, depending on 

its power direction. In order to maintain power balance in the DC grid, at least one 

VSC must be assigned to operate as a DC Voltage Regulator, regulates the DC 

voltage across the network and automatically functions as a power slack and ensures 

that the power balance requirement of the DC grid is satisfied. The other VSCs 

operate as Power Dispatchers or inverters to passive loads. 

2) Each VSC is governed by its local control and operated independently. As a result, 

dedicated telecommunication channels are not needed to provide fast centralized 

multi-converter control of the MTDC system. For the Power Dispatchers, their real 

power reference settings are planned in DC Load Flow studies for the entire MTDC 

system. Their reactive power settings can be set at any values within the MVA rating 

limit of the individual VSC. In the DC load flow studies, the power slack of the DC 

Voltage Regulator must be adequate for a sudden demand for inverter or rectifier 
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power to make up for the power unbalance following an accidental loss of any one 

VSC station. 

3) If any one VSC is taken out of (or restored in) service, it is simple matter of 

disconnecting (or connecting) it with the DC grid. The power difference incurred by 

this change in connection will be made up by the DC Voltage Regulator, with care 

taken to ensure that the DC Voltage Regulator has the capacity to provide sufficient 

slack, or rescheduling power reference settings of the remaining Power Dispatchers. 

Therefore, the MTDC system is valued for this “plug-and-operate” capability. Within 

limits, the DC grid can keep on expanding by adding more VSCs. This is a valued 

feature since future expansion is difficult to predict. 

4) The DC grid allows variable frequency generation systems (such as microturbines, 

wind turbines, and photovoltaic DC in a micro grid applications) to be integrated. 

Mass storage systems often involve a storage stage via inverter-motor and recovery 

through generator-rectifier. Their inverter/rectifiers can be served by the VSC stations 

of MTDC, with the same AC machines acting as motors/generators. 

2.7 Summary 

This chapter has provided the background information of the architectures 

proposed by the U.S. Navy, and general overview of the Voltage Source Converters 

(VSCs). It introduces the main circuits present in the two-terminal VSC, including its 

advantages, and then discusses the characteristics of the MTDC system. 
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CHAPTER III 

PROBLEM DESCRIPTION AND TEST CASE 

This chapter presents the motivation behind the work. A simplified 

MVDC shipboard power system test case, used in this work, will be discussed. The 

methodology and the proposed algorithms for the optimal control of voltage and power, 

developed in this work will also be discussed in this chapter. 

3.1 Introduction 

The VSC based MVDC SPSs are tightly-coupled, power-limited systems and 

their performance needs to be evaluated for security, reliability, and survivability. A 

Multi-Zonal MVDC SPS will employ several VSCs exchanging power through a DC 

network. The current flow pattern in the DC grid and the DC voltages across the VSCs 

will change under a system fault, accidental loss of a VSC, or the system reconfiguration. 

The DC over-voltage may lead to failure of the solid-state switches and DC under-

voltage may cause waveform distortion. Hence, DC grid voltage should be maintained 

within a narrow range (usually 5% around its nominal value) under the pre-fault as well 

as the post-fault conditions. This requires the determination of optimal settings of DC 

voltage reference and power reference of the VSCs.
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3.2 Problem Statement 

The need for the optimal control of voltage and power at the voltage source 

converters has been stated in the previous sections. There is the need for calculating the 

DC voltage reference and power reference setting values in advance before sudden loss 

of any VSC, so that the DC voltage across all the VSCs will continue to lie within their 

desirable limits. 

The purpose of this research work is to develop a control algorithm to maintain the 

DC voltage across all the VSCs within its desirable limits in steady state and under any 

contingency. This has been formulated as an optimization problem. The proposed 

algorithms have been coded in MATLAB. 

3.3 Test Case 

This section gives an outline of the test case considered in this work.  

3.3.1 Simplified MVDC Multi Zonal Shipboard System 

Figure 3.1 shows a simplified model of the MVDC shipboard power system, derived 

from the notional MVDC shipboard power system, discussed in chapter II, and shown in 

Figure 2.2. In Figure 3.1, VSC5 is assumed to act as DC Voltage Regulator and bus 5 is, 

therefore, the slack bus and all other converters are considered to operate as Power 

Dispatchers. The VSC3 and VSC5 are assumed to act as rectifiers, connected to the main 

generators on the AC side. VSC1 and VSC2 are also assumed to act as rectifiers, 

connected to the auxiliary generators on the AC side. All the loads are assumed to be fed 

from VSC4, operating as an inverter. Assumptions of all the load at one VSC can be 

easily extended for several VSC’s with loads for more practical case studies. 
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Figure 3.1 Simplified MVDC Shipboard Power System 

The converter real power reference settings are given in Table 3.1 and the DC line 

parameters are given in Table 3.2. The DC line resistance will be a very small value as 

the cable length between the converters will be few meters and the value has been 

calculated as given in [19] for MVDC system of 5 kV voltage rating, and considering the 

DC resistance at 25oC as 0.011 ohms per 1000 feet . 

Table 3.1 Converter Power Reference Settings 

VSC Real Power (p.u) 

#1 0.01 

#2 0.02 

#3 0.25 

#4 -0.45 

#5 Slack bus 
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Table 3.2 DC Line Resistance of MVDC Network 

Line ID From Bus To Bus DC Line Resistance (p.u) 

L15 1 5 0.001 

L12 1 2 0.01 

L24 2 4 0.001 

L43 4 3 0.001 

L53 5 3 0.01 

3.4 Methodology & Proposed Algorithms  

The methodology followed in the thesis for the optimal control of power and 

voltage in a multi-zonal shipboard power system is discussed below. 

For the optimal control of DC voltages, Vdci, across every Voltage Source 

Converter, a sensitivity based method was employed for tuning the DC voltage reference, 

Vdcref, of the voltage regulator. This ensures that the DC voltage at every power 

dispatcher is within desirable limits under steady state conditions. To achieve initial 

operating conditions Newton-Raphson method was used for solving the power flow 

equations. Then a small perturbation was introduced in the DC voltage reference and a 

voltage sensitivity index was used for estimating the desired voltage reference, Vdcref. 

This numerical formulation and methodology will be discussed in chapter IV. MATLAB 

codes have been developed to solve the Newton-Raphson and Voltage Sensitivity 

methods. 
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In most of the cases, by tuning the Vdcref of the DC voltage regulator, the DC 

voltages at every converter can be kept within desirable limits using the method 

described above. However, under some circumstances, such as heavily-loaded long lines 

in the DC network, the method does not provide a feasible solution. In such cases, the 

power reference settings of the power dispatchers have to be revised. For the optimal 

control of power and voltage at every converter, the tuning of DC voltage reference of 

DC voltage regulator and adjusting power reference settings of power dispatchers have to 

be done simultaneously. There are two sets of constraints, which have to be met. An 

optimization problem has been formulated and discussed in detail in Chapters V.  For 

solving the optimization problem, three different formulations of the objective function 

have been used. The optimization problem has been solved using three different methods, 

based on a conventional and two evolutionary optimization base methods. Chapters V, VI 

and VII will discuss the three different algorithms in detail.  

A brief overview of the three algorithms used to solve the optimization problem is 

presented below. 

3.4.1 Conventional Method 

Chapter V discusses the conventional (Lagrange Multiplier) based optimization 

method for optimal control of power and voltage. MATLAB code has been developed to 

numerically solve the Newton-Raphson method and Lagrange multiplier method. 
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3.4.2 Genetic Algorithms 

Chapter VI discusses, in detail, the genetic algorithm approach for solving the 

optimization problem. A genetic algorithm was selected for solving the optimization 

problem because of the fact that this can be applied irrespective of the nature of the 

objective function and making it useful for functions that are highly nonlinear, 

noncontinuous. The genetic algorithm has the advantage that it does not get stuck on a 

local optimum, which may be the case with other algorithms. A MATLAB code for GA, 

available in [20], has been used. The optimization problem was defined in the separate .m 

file. Chapter VI presents the genetic algorithm terminologies, flowchart of the genetic 

algorithm operations. The chapter also discusses why evolutionary algorithm has been 

used to solve the optimization problem.  

3.4.3 Biogeography Based Optimization 

Chapter VII discusses, in detail, a Biogeography Based Optimization (BBO) 

method including its basic concepts, techniques (operators), and approach for solving the 

optimization problems. MATLAB code for BBO, available in [20], has been used. The 

optimization problem is defined in the separate .m file. Chapter VII presents the BBO 

terminologies, and a flowchart describing the BBO procedure. The BBO approach 

present in this work is one of the early attempts for solving the power system 

optimization problem. The chapter also demonstrates the performance of the BBO 

algorithm. 
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3.5 Summary 

This chapter provides an overview of the problem description, the need for 

optimal control, and the description of the simplified MVDC shipboard test case. A brief 

summary about the methodology followed to solve the optimization problem and the 

proposed algorithms used to find the optimal values of the power and voltage reference 

setting at power dispatcher and voltage regulator, respectively, are also given in this 

chapter. 
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CHAPTER IV 

A SENSITIVITY BASED METHOD FOR OPTIMAL VOLTAGE REGULATION 

This chapter explains, in detail, the tuning of DC voltage reference of the Voltage 

Regulator such that the DC voltages at all other VSCs are within desired limits. It also 

presents the concept of Newton-Raphson power flow, in brief, followed by the voltage 

sensitivity index calculation. The method is applied on the simplified MVDC power 

system and the results are presented in this chapter. 

4.1. Introduction 

In a multi-zonal Voltage Source Converter (VSC) based Medium Voltage DC 

(MVDC) Shipboard Power System (SPS), one key issue is to ensure that the DC voltages, 

Vdci, across every Voltage-Source Converter (say ith VSC) lie within the desirable limits, 

Vmin  Vdci Vmax. This chapter presents, the formulation of a method in which the voltage 

reference, Vdcref, of the DC Voltage Regulator is adjusted until Vmin  Vdci Vmax are met, 

for given power reference settings of the Power Dispatchers [7, 21]. The lower limit, 

Vmin, ensures that the VSCs do not become over-modulated, where low frequency 

harmonics appear on the AC side. The magnitudes of the output AC voltages of the VSCs 

decrease with the decrease in the DC voltage. The upper limit, Vmax, ensures that the 

maximum safe voltage allowed across the solid-state switches, such as Insulated Gate 
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Bipolar Transistors (IGBTs), is not exceeded. It is always possible to increase Vmax by 

increasing the number of IGBTs, connected in series in the upper and lower switches in 

the VSC. Thus, increasing Vmax results in an increase in the cost.  

The proper operation of MVDC SPS requires that, at all times, the DC voltage 

constraints, Vmin  Vdci Vmax, are satisfied. For a given power reference setting to the 

Power Dispatchers, [Pref1, Pref2,… PrefN]T, the voltage reference, Vdcref, of the DC Voltage 

Regulator can be adjusted until Vmin  Vdci Vmax constraints are met. When the voltage 

reference, Vdcref, can not be found to satisfy the voltage limits, the power reference 

settings have to be revised, usually by lessening the loads or redispatching other 

generators. 

The voltage limits Vmin  Vdci Vmax have to be satisfied in steady-state and under 

contingencies. Following the loss of a VSC unit, the current flow pattern of the DC grid 

changes and DC bus voltages assume new values. As the surviving VSCs can be 

destroyed by over-voltages within a fraction of a second, there is no time to reset the 

VSC settings (i.e., the voltage reference, Vdcref, of the DC Voltage Regulator and the 

converter’s power references, [Pref1, Pref2,…,PrefN]T). For this reason, Vdcref, or [Pref1, 

Pref2,…PrefN]T , which can meet the voltage constraints before and after the loss of any 

VSC, should be determined in the very beginning before the loss of any converter. 

However, one does not know, which VSC will be lost. Hence, every possible case of a 

VSC being lost has been included except the loss of the DC Voltage Regulator. 

In a multi-zonal MVDC SPS, it is the responsibility of the DC Voltage Regulator 

(VR) to regulate the DC voltage across its DC bus to Vdcref. In fulfilling this 
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responsibility, the VR automatically serves as a slack bus to balance the power in the DC 

network. 

4.2 Methodology 

4.2.1. System Under Study 

Consider the multi-terminal MVDC system, as shown in Figure 4.1, which 

consists of N+1 VSC stations. The (N+1)th VSC station, VSC(N+1), is assumed to be 

operating as Voltage Regulator (VR) and serves as the slack bus to balance power in the 

DC network. The other converters are assumed to be operating as Power Dispatchers, that 

is, they regulate their real power outputs. The DC lines are represented by pure 

resistances. 

Figure 4.1 Typical (N+1) terminal VSC based MVDC system [6] 
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4.2.2. Network Equations 

For the multi-terminal MVDC system in Figure 4.1, the relationships between the 

DC bus voltages and currents can be written as follows: 

    

    
    (4.1)

    

 where, 

Idci is the dc current injected into the dc network at bus i 

Vdci is the dc voltage at bus i 

yii is the self admittance of bus i 

yij is the mutual admittance between bus i and j 

i,j = 1,2,….. (N+1) 

The steady state DC power injected at bus i, Pi, is expressed as 

Pi=VdciIdci 

Expressing the above relation in the matrix form, one obtains 

   
       (4.2)

  
    

Using Equation (4.1) to replace the vector of current injections in Equation (4.2), it 

follows that 

      

      
 

 
   (4.3)
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Equation (4.3) can also be expressed as 

           (4.4)
     

where, 

P = [P1,P2,……PN]T, 

Vdc = [Vdc1, Vdc2,……,VdcN]T 

yN = [y1(N+1), y2(N+1),……..yN(N+1)]T 

 

    

 
 

   
     
   

Rewriting Equation (4.4) as 

P= [ ] [Y] Vdc + Vdc(N+1)[ ] yN (4.5) 

PN+1= Vdc(N+1) 
 Vdc+V2

dc(N+1) y(N+1)(N+1) (4.6) 

Since the (N+1)th converter, VSC(N+1), is the DC Voltage Regulator, Vdc(N+1)=Vdcref. 

Furthermore, since VSC (N+1) is a power slack, 

  

Therefore, Equations (4.5) and (4.6) become 

P= [ ] [Y] Vdc + Vdcref [ ] yN (4.7) 

PN+1= Vdc(N+1) 
 Vdc+V2

dcref y(N+1)(N+1)  (4.8) 
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The (N+1)th order Equations (4.1) to (4.3) are reduced to a problem of N 

unknowns in the N tuple voltage vector Vdc of Equation (4.7). To solve the voltages, 

    in the nonlinear algebraic Equation (4.7), for a given N 

tuple power reference setting vector , one needs to use 

iterative techniques, such as the Gauss-Seidel or Newton-Raphson method. In general, 

the Newton-Raphson method is more preferred because of its quadratic convergence and 

numerical robustness. 

4.2.3. Power Flow Solution by Newton-Raphson Method 

As the Newton-Raphson method is well known, only an outline is presented here, 

with reference to solving the power flow of the DC network. 

The main steps are as follows: 

 1) Start with  
  at the jth iteration (j=1,2,..), and compute 

the power mismatch  between the vector of specified power setting  

  and the calculated power at the jth iteration 
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2)  Calculate the N x N Jacobian matrix in the jth iteration, [J(j)] 

     
     

      
   
     

 
   

  
 

  

3) Solve the following equation for voltage correction Vdc(j) 

  

4) Update the voltages 

   
 

The above process is repeated until    (where  is the error tolerance) 

or until the number of iterations exceeds a specified maximum. In this work, error 

tolerance is taken as 10e-3 p.u. on 100 MVA power base. 

4.2.4. Voltage Sensitivity Indices 

For an initial setting of the DC voltage reference,   and for a 

given specification of the power reference setting 

vector,  , let the solution of Equation (4.7), obtained by 

the Newton-Raphson method, be   
 
. When Vdcref 
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has a small perturbation change from  to  , one expects that the 

solution to Equation (4.7) will be of the form     

 . This selection derives the voltage sensitivities ,
 

i=1,2,….N, from analytic continuity, so that the perturbation DC voltage  at the ith 

VSC station, due to the perturbation  can be estimated from 

  .
 

Perturbing Equation (4.7) around   
 

  
 

 
 

  
 

      
             
    

        
 

 
  

 
     

   (4.8)

     
 

where, 

 is the perturbation of the voltage reference of the DC voltage regulator 

 is the Jacobian matrix evaluated at  

As all the VSCs, except the VSC(N+1), are Power Dispatchers, their real power 

perturbations are maintained through feedback control to be: 
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Therefore, equation (4.8) becomes 

 
   

  (4.9)

    
 

Premultiplying Equation (4.9) by  and rearranging the equation, one obtains 

   
    
        (4.10)

  
     

  

Since, by definition 

 
  
      

    
 

It follows that 

   
    

   (4.11)
  

    
  

Equation (4.11) gives the sensitivity of the voltage Vdci (i=1,2,…N) to the voltage 

reference Vdcref. This type of sensitivity information is very useful for estimating the 

expected voltage changes which result from the variation of the voltage reference. 

42 



www.manaraa.com

 

 

 

   

Theoretically, Equation (4.11) is accurate only in the vicinity of Vdc0, the steady-state 

operation point. When this operating point varies, the sensitivities should be re-

calculated. 

4.2.5. Estimating the Desired Voltage Reference 

Having derived the voltage sensitivities, the perturbation voltages   

  , i=1,2,…N, are readily estimated to form the voltage vector  
 

   . It is a matter of adjusting 

 in    until Vdci satisfies the constraints    

, i=1,2,…N. Before proceeding to show how  will be adjusted, it is 

necessary to introduce a superscript k to identify the operating conditions which have to 

be treated simultaneously. As has already been alluded to, all the reference settings, Vdcref 

and Prefi, i=1,2,….N must be determined so that the constraints   , 

i=1,2,…N are always* satisfied. This is because there is no time to reset the references 

under transients before the over-voltages would destroy the IGBTs. 

Note: Always* means, before the loss of a VSC station and after the loss of VSCk, 

k=1,2,….N. 

A. Pre- and Post-fault conditions 

The superscript k is used to identify the post-fault condition when the kth converter 

(VSCk) is lost. When the kth converter (VSCk) is permanently lost then the vector of 
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power reference setting of the kth VSC station is Pref k=0. The power reference setting 

 
vector is  

   . The 

 solution to Equation (4.7) is   . The pre-fault condition is 

identified by the superscript k=0. Thus, the vector of pre-fault power reference setting 

is   . The solution to Equation (4.7) is the voltage 

 vector   , where the superscript 0 in    

identifies it as pre-fault solution. 

B. Limits on ,  and  

The unknown voltages  and are solved using an initial guess of the DC 

voltage reference setting . The bus voltage solutions  (i=1,2,…N, and 

k=0,1,2,…N), in general, do not satisfy all    constraints. To bring the 

voltages back within their limits, one needs to find a new value of the DC voltage 

reference setting from the initial guess . Let  represent a small change 

 in . Then    and the new value of  is approximately 

   given by  . From Equation (4.11), is obtained by solving the
  

  
 N-voltage sensitivity vector     .

   

From the initial guess , one can infer what  should be from the inequality: 

   
     (4.12)

 

Subtracting throughout equation (4.12) yields, 

44 



www.manaraa.com

  

                                                       

     

  
        (4.13)

 

where, i=1,2,3…N and k=0,1,2,…N. 

Figure 4.2(a) The solution range for  [5] 

Figure 4.2 (a) illustrates the solution  , of an ith VSC (VSCi) for the kth case, 

which lies between the voltage limits Vmin and Vmax. In this illustration, the amount 

  before the upper limit Vmax is reached, means that there is room to 

increase Vref. Using the computed voltage sensitivity index, the upper limit, placed on 

Vdcref is, 

 
    

   (4.14)
 

 

The amount   before the lower limit Vmin is reached, means that the lower 

limit, placed on Vdcref is, 

 
    

   (4.15)
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Dividing Equation (4.13) by  
 

and using the definition of Equation (4.14) and 
 

Equation (4.15), the constraints placed on  are now placed on as, 

   

These are illustrated in Figure 4.2 (b). 

Figure 4.2(b) Allowed due to limits [5]  

C. Common Range of Vdcref 

Figure 4.3 illustrates some lower limits and upper limits 

taken from cases similar to Figure 4.2(b). The problem of finding the 

 
  , for which   i=1,2,…N and 

k=0,1,2….N, is reduced to finding the upper and lower bounds for Vdcref. These are, 

the upper bound, Vdcrefmax 

              (4.16) 

and, the lower bound, Vdcrefmin 

        (4.17) 
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Figure 4.3 The common range of subject to voltage limits on all  [5] 

Therefore, the suitable setting for Vdcref would be 

 
     (4.18) 
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Note that Equation (4.18) is obtained via the sensitivity (i=1,2,…N and
 

k=0,1,2….N), i.e., using the linear term of the Taylor series, which expands  in 

terms of Vdcref. Normally, it has sufficient accuracy to make  to comply 

with    . However, it is recommended to recalculate power flows with 

the selected  from Equation (4.18). If  is not able to derive the dc voltages 

to stay in the specified margin, it can be a new guess for Vdcref, then repeat the voltage 

sensitivity calculation and update Equation (4.18). 

4.3 Test Results 

The voltage sensitivity based approach was applied to a simplified model of the 

MVDC shipboard power system, shown in Figure 3.1, in chapter III. VSC5 is taken to 

operate in voltage regulator mode and other VSCs in power dispatcher mode. The 

acceptable range of reference settings of the voltage regulator  has been 

determined for all the conditions, including all VSCs in service and loss of any one of 

VSCs except for VSC operating as Voltage Regulator (i.e. VSC5).  The maximum of all 

Vdcrefmin and the minimum of all Vdcrefmax determined for all conditions are taken as the 

minimum and maximum values of the Vdcref. Table 4.1 lists the range of allowable Vdcref 

for k=0,1,2,3,4. 

From Table 4.1, it can be observed that the acceptable range for voltage reference 

setting of the VSC5 (voltage regulator) is 0.9516 p.u. to1.0485p.u. In order to verify the 

effectiveness of the common bound of Vdcref, Tables 4.2 and 4.3 list the corresponding 
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bus voltages when the voltage reference Vdcref is set to 0.9527p.u. and 1.0485p.u., 

respectively. 

Table 4.1 Allowable Vref for different conditions and common accepted bound for the 
reference setting of VSC5. 

No. Conditions Allowable Voltage Reference (p.u) 

Vdcrefmin Vdcrefmax 

1 All VSCs in service 0.9513 1.05 

2 Loss of VSC1 0.9516 1.0489 

3 Loss of VSC2 0.9513 1.0487 

4 Loss of VSC3 0.9473 1.05 

5 Loss of VSC4 0.9490 1.0485 

Accepted Common range for all 
conditions 

0.9516 1.0485 

Tables 4.2 and 4.3, show that all the DC bus voltages are within the specified 

limits, i.e., between Vmin (0.95 p.u.) and Vmax (1.05 p.u). This indicates that the calculated 

voltage reference bound satisfies voltage constraints in all the conditions in the given 

system. 
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Table 4.2 DC bus voltages with Vdcref=0.9527p.u. 

No. Conditions DC Voltage (p.u.) 

Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 

1 All VSCs in 

service 

0.9527 0.9526 0.9518 0.9515 0.9527 

2 Loss of VSC1 0.9527 0.95 26 0.9518 0.9516 0.9527 

3 Loss of VSC2 0.9526 0.9525 0.9518 0.9515 0.9527 

4 Loss of VSC3 0.9525 0.9523 0.9540 0.9501 0.9527 

5 Loss of VSC4 0.9529 0.9530 0.9530 0.95 41 0.9527 

Table 4.3 DC bus voltages with Vdcref=1.0485p.u. 

No. Conditions DC Voltage (p.u.) 

Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 

1 All VSCs in 

service 

1.0485 1.0484 1.0477 1.0473 1.0485 

2 Loss of VSC1 1.0485 1.0484 1.0477 1.0473 1.0485 

3 Loss of VSC2 1.0485 1.0484 1.0477 1.0473 1.0485 

4 Loss of VSC3 1.0484 1.0482 1.0426 1.0460 1.0485 

5 Loss of VSC4 1.0487 1.0489 1.0485 1.05 1.0485 
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4.4. Summary 

The proper operation of MVDC SPS requires that, all the times, the DC voltage 

constraints, Vmin  Vdci Vmax, are satisfied, even under the condition that any VSC station 

can be lost through an accidental fault. For a given power reference setting to the Power 

Dispatchers, [Pref1, Pref2,… PrefN]T, the voltage reference, Vdcref, of the DC Voltage 

Regulator can be adjusted until Vmin  Vdci Vmax are met. This chapter presented a voltage 

sensitivity method [5] for ensuring that all the DC voltages meet their voltage constraints 

by adjusting the DC voltage reference setting of the VSC acting as Voltage Regulator. 

This method has been applied to a simplified model of the Shipboard MVDC power 

system and the results are presented in this chapter. 
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CHAPTER V 

A CONVENTIONAL OPTIMIZATION BASED METHOD FOR OPTIMAL POWER 

AND VOLTAGE CONTROL 

This chapter gives a brief introduction to the conventional optimization based 

method, explains in detail the mathematical formulation of the optimization based 

method using conventional Lagrange multiplier approach, and the major solution steps 

for calculating the VSCs’ reference power settings. The three alternative formulations, 

with different objective functions, are considered in this work and are included in this 

chapter. At the end of this chapter, the results are presented with the three different 

objective functions. 

5.1 Introduction 

In most of the cases, by adjusting Vdcref of the DC Voltage Regulator (VR), the 

DC voltages can be kept within desirable margins, using the method described in the 

chapter IV. However, under certain circumstances, such as in heavily-loaded long lines in 

the DC network, the method does not provide a feasible solution. 

In such cases, the power reference settings of the Power Dispatchers have to be 

simultaneously revised. In this chapter, it is assumed that the Voltage Regulator (VR) has 

enough MVA rating to supply mismatch power and maintain power balance in the DC 
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network. In revising the power reference settings of the converter stations, it is necessary 

to consider that the power reference setting of each VSC is kept within its operational 

lower and upper limits, Pmini and Pmaxi, respectively. Thus, there are, now, two sets of 

constraints, which have to be met: 

1. The DC voltage constraints,   i=1,2,…N and k=0,1,2….N 

 The voltage vector  is the solution of equation (4.7) in 

chapter IV, for the power reference setting vector 

 
   

As discussed in chapter IV, the superscript k identifies the case when the kth VSC is lost. 

The case k=0, is for the pre-faulted case. 

2. The operational power limits of the VSCs, Pmini<Prefi<Pmaxi, i=1,2,….N. 

In the first place, there is a physical power constraint imposed on each VSC, 

which is dictated by the MVA rating. However, the constraints Pmini<Prefi<Pmaxi, 

i=1,2,….N, may also be applied to determine the operation of the multi-zonal MVDC. 

For example, Power Dispatchers may have to follow power schedules determined by the 

contracts and the limit set the envelope, Pmini<Prefi<Pmaxi, i=1,2,….N of the power 

schedules. Power Dispatchers, which serve sensitive loads (i.e. near-zero tolerance in 

power deviations), are given narrow power limits (Pmini ,Pmaxi). 

5.2 Proposed Optimization Based Problem Formulation 

In finding the power reference settings, which can satisfy both the voltage and the 

power constraints, the problem is formulated as an optimization problem, which is then 
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solved by the conventional Lagrange Multiplier method [12] in this chapter. In order to 

illustrate the basic concepts, a scalar example is first presented before proceeding to the 

vectorial formulation. 

A. An Example of Scalar Formulation 

Consider a Three-terminal VSC-MVDC with three VSC stations, VSC1, VSC2 

and VSC3, as shown in Figure 5.1. VSC3 is assumed to have enough MVA rating and 

operate as a DC Voltage Regulator, whose DC voltage is regulated at Vdcref. The DC 

voltage of VSC1 and VSC2, Vdci, i=1,2, has to be kept within limits, i.e., Vmin  

Vdci Vmax. The quadratic voltage function   
 

  

, with WVN and WVX being voltage penalty factors, has a minimum at   

   if (WVN=WVX), which is an acceptable solution since Vdci lies 

between the upper and lower limits. 

Figure 5.1 A Sample Three-Terminal VSC-MVDC system [7] 
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The power reference setting of VSC1, Prefi, i=1,2, has to be kept within power 

limits, Pmini<Prefi<Pmaxi. The quadratic power function   
  

  , with WPN and WPX being power penalty factors, has a minimum 

at     if (WPN=WPX), because it lies between the power limits 

is an acceptable solution. 

Therefore, the overall objective function to be minimized [5] is: 

  

 
 

 
 

 
 

 
 

However, Vdci is not an independent variable, being a solution in the nonlinear 

power equation F(Vdci,Prefi)=0, with Prefi being the truly independent variable. Treatment 

of this problem is well known and consists of transforming it into an optimization 

problem i.e., 

Minimize  

   
 

 
 

 
  

 
 (5.1) 

subject to 

F(Vdci,Prefi)=0 

Combining the function  and the constraint F(Vdci,Prefi)=0, the standard 

techniques is to minimize the following unconstrained function. 
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    (5.2) 

where is the Lagrange multiplier. 

B. Vectorial Formulation 

i) Pre-fault case: All VSCs in Service 

Recalling that the multi-terminal DC system of Figure. 4.1 consists of N+1 

converter stations and VSC(N+1) is assigned to operate as the DC Voltage Regulator 

(VR), the objective is to ensure 

1. The DC voltage at each VSC station satisfies the voltage constraints Vmin  Vdci Vmax, 

i=1,2,…N. 

2. The power at each VSC station satisfies the operational power limits Pmini<Prefi<Pmaxi, 

i=1,2,….N. 

Since the DC voltage of VR is regulated at Vdcref, the DC voltages of the other N 

converters, expressed by the N-tuple dc voltage vector    , 

are solutions to (4.7) for a power reference setting 

vector
 
. Equation (4.7) is expressed as F(P,Vdc)=0. 

Defining the vectors of voltage limits as, 

     

the voltage constraint expressed in vectorial form is, 

   

Defining the vectors of operational power limits to be, 
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the operational power constraint expressed in vectorial form is, 

  

The objective function to be minimized is, 

Minimize 

         

       (5.3) 

subject to 

   

where, 

 and   are diagonal penalty factor matrices for the voltages.  and 

 are diagonal penalty factor matrices for the converter powers. If a voltage or 

converter power constraint is violated, the corresponding penalty factor is given a large 

positive value. For converters that supply power to sensitive loads, their corresponding 

penalty factors are always assigned to be a large value and their upper and lower power 

limits are set to the same values, which force the converter power to be fixed at the 

specified targets. 

ii) Pre-fault and Post Fault cases k=0,1,2….N 

The voltage margins must be met not only when all the VSCs are in service but also 

when any one of the VSCs (except for the VR) is lost. The superscript k=0 in  is again 
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applied to denote the solution when all the VSCs are in operation. The superscript k in 

 is the solution when VSCk is lost. 

The power reference setting of the Power 

Dispatchers,    , must be determined from the very beginning 

before a VSC is lost. As each of the surviving VSCs continues to deliver the power assigned to it 

after the loss of VSCk for example, the power reference setting vector is   

 
   

 The solution to Equation (4.7) is  . The pre-fault conditions 

are identified by the superscript k=0. 

For all the cases, k=0,1,2,….N, (4.7) is expressed as 

        

where, 

  
 

 (k=0,1,2…N) denotes the DC voltages;  

  is the power flow equation when all the converter are in service; 

  is the power flow equation when the kth converter (VSCk) is lost; 

The requirements of the voltage constraints are, 

   (k=0,1,2….N) 

The requirements of the operational power limits are, 

  

With the above discussed formulation, three optimization formulations with different 

objective function were considered which are discussed below. 
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1.    Optimization Formulation [5] 

This formulation, as presented in [5], minimizes the deviation of power from its 

maximum and minimum limiting values (Vmin, Vmax) and the deviation of power from its 

maximum and minimum limiting values (Pmin, Pmax). 

The objective function to be minimized consists of the summation of all the (N+1) cases 

   

      

 

     
 

   
 

(5.4) 

subject to 

        

 where  and   are diagonal penalty factor matrices for the voltages , 

k=0,1,2….N. 

2. Alternative-1 Formulation 

This formulation tries to minimize the deviation of power from its target value (Ptar) 

and deviation of DC voltage from its target value (Vtar). The target value of the power can 

be the base case desired values of reference settings of dispatchers and the target value of 

DC bus voltages can be taken as the nominal value (1.0 p.u.). 

Minimize 
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    (5.5) 

subject to 

        

3. Alternative-2 Formulation 

This formulation minimizes the deviation of power from its maximum and 

minimum limiting values but the deviation of the DC voltage from its target value. 

Minimize 

 
  

 
    

   
   (5.6) 

subject to 

        

In this thesis, all the weight factors have been considered to be unity for the sake of 

testing the proposed algorithms. 

5.3 Optimal Solution Using Lagrange Multiplier Method 

The above optimization formulation can be solved by applying the Lagrange 

Multiplier method [22]. Adding an additional term to include the equality constraints 

yields an unconstrained function 

   (5.7) 
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where, , (k=0,1,….N) are unknown quantities, called Lagrange Multipliers. 

The necessary condition to minimize the unconstrained function is obtained by 

setting the partial derivatives of the function L, with respect to its variables, equal to zero 

i.e., 

 
 

  
 

 

     
(5.8) 

   
 

          (5.9) 

 

 
        (5.10) 

Eliminating  (k=0,1,2…N) in the above equations result in 

 
 

   

   
 
  (5.11) 

       (5.12) 

Note that Equation (5.12) is the original power flow equation of Equation (4.7). 

These are nonlinear algebraic equations and can be solved by the Newton-Raphson 

method. Equation (5.11) actually shows the sensitivity relationship between the function 

 
 and the control variables P, which can be defined as the gradient   
 

of   
 with respect to P, i.e.,  
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To minimize the function   
 , one can start with an estimated value  

of P(j) and compute the gradient . Then, using steepest decent approach, a new value, 

P(j+1), is found in the direction of negative gradient, i.e., 

=P(j) P(j+1) -  

where,  is a system dependent factor for modifying the step size. 

The process is repeated in the direction of negative gradient until the gradient  is less 

than a pre-specified accuracy, i.e. 

  

This algorithm is also known as the first order gradient method. 

5.4 Major Solution Steps 

The above three alternative formulations with different objective functions, along 

with the equality constraints, have been solved using Lagrange multiplier approach, 

based on first order gradient approach. 

The main steps for calculating the VSC power reference setting adjustment is 

summarized as follows: 

1. Start with an initial value P(j), j=1; 

2. Solve the power flow equation,          

 for           (k=0,1,2…N); 
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3. Examine if the voltage or converter power constraints are violated, an determine the 

penalty factors in  ,  ,  and ; 

 4. Compute the gradient  

 
 

  
     
    

5. Update VSC power reference setting using 

P(j+1)=P(j)-  
 , 

and advance iteration count, j=j+1. 

6. Repeat 2-5 steps until is less than a set tolerance. In this work, tolerance has 

been taken as 10e-3 p.u. on 100MVA power base. 

Note that, adjusting converter power reference setting always involves 

redistribution of power among converters. This may not be desirable in system operation. 

Therefore, it is applied only when no feasible voltage reference can be found to take care 

of the voltages. 

5.5 Results on MVDC System 

In order to simulate a situation, where voltage sensitivity based method is not able 

to provide optimal setting of voltage regulator to satisfy the DC voltage constraints at 

other buses, the DC line resistances of the test case, discussed in chapter III, were 

increased to 10 times their base values. In this work, for simplicity, the penalty weights 

are taken as 1.0 p.u. and the Ptar as 0.5 p.u. and Vtar as 1.0 p.u. The converter power 
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reference settings are the same as in Table 3.1 in chapter III. In addition, VSC4 is 

assumed to supply sensitive loads so that must be maintained at their set point. 

Table 5.1 presents the results with the voltage sensitivity method, described in chapter 

IV. As can be seen from this table, there is no feasible common range for Vdcref of the 

voltage regulator. To solve the problem, code was developed in MATLAB environment. 

Table 5.1 Allowed Vref for different cases 

No. Conditions Allowable Voltage Reference 
(p.u) 
Vdcrefmin Vdcrefmax 

1 All VSCs in service 0.9704 1.0056 
2 Loss of VSC1 0.9567 0.9658 
3 Loss of VSC2 0.9952 1.0801 
4 Loss of VSC3 0.9801 1.0234 
5 Loss of VSC4 0.9362 0.9856 
Accepted Common range for all 
conditions 

No Feasible Range Available 

Table 5.2 DC voltages subject to VSC power setting adjustment with Existing
                  formulation [5] 

No. Conditions DC Voltage (p.u.) 
Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 

1 All VSCs in 
service 

0.9825 0.96 0.9790 0.9546 1.0 

2 Loss of VSC1 0.9821 0.9659 0.9716 0.9643 1.0 
3 Loss of VSC2 0.9819 0.9586 0.9782 0.9632 1.0 
4 Loss of VSC3 0.9791 0.9532 0.9573 0.9576 1.0 
5 Loss of VSC4 1.0045 1.0095 1.0154 1.0188 1.0 

Adjusted Converter Power(p.u) 
Pref1=0.0041, Pref2 =0.0088, Pref3 =0.1222, Pref4 =-0.4600, Pref5 =0.3248
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Table 5.3 DC voltages subject to VSC power setting adjustment with New Alternative-1 
                  formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 

1 All VSCs in 
service 

1 0.9874 0.9954 0.9639 1.0 

2 Loss of VSC1 0.9918 0.9814 0.993 0.96 1.0 
3 Loss of VSC2 0.9935 0.9728 0.989 0.9542 1.0 
4 Loss of VSC3 0.9928 0.9712 0.964 0.9896 1.0 
5 Loss of VSC4 1.022 1.0369 1.034 1.0381 1.0 
Adjusted Converter Power(p.u) 
Pref1=0.0836, Pref2 =0.0905, Pref3 =0.2567, Pref4 =-0.4600, Pref5 =0.0293 

Tables 5.2, 5.3 and 5.4 present the results with the adjusted converter power 

settings, obtained by the proposed optimization based method, with the three different 

objective functions. The voltages are within desired limits in the pre-fault and all the 

post-fault cases. More importantly, power reference setting of VSC4 is still maintained at 

their original value, which ensures that the VSC4 will supply uninterrupted power to the 

sensitive load. From these tables, it can be observed that the Alternative-1 formulation 

gives the most optimal results as the DC voltages of the VSCs for both the pre- and post-

fault cases are closer to their nominal value 1p.u. 
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Table 5.4 DC voltages subject to VSC power setting adjustment for New Alternative-2
                  formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1 Vdc2 Vdc3 Vdc4 Vdc5 

1 All VSCs in 
service 

0.9826 0.9600 0.9790 0.9546 1.0 

2 Loss of VSC1 0.9821 0.9595 0.9716 0.9643 1.0 

3 Loss of VSC2 0.9819 0.9586 0.9782 0.9632 1.0 

4 Loss of VSC3 0.9791 0.9532 0.9573 0.9576 1.0 

5 Loss of VSC4 1.0045 1.0095 1.0154 1.0188 1.0 

Adjusted Converter Power(p.u) 
Pref1=0.0044, Pref2 =0.0091, Pref3 =0.1225, Pref4 =-0.4600, Pref5 =0.3240 

5.6 Summary 

This chapter has explained, in detail, the formulation of an Optimization based 

method using conventional Lagrange Multiplier approach for optimal control of power 

and voltage in the MVDC system. Three alternative formulations, with different objective 

functions, are discussed. The chapter summarized the steps for calculating the optimal 

reference power settings of VSCs. To demonstrate the successful implementation of the 

algorithm, the method has been applied to the simplified of a MVDC shipboard power 

system and the test results were presented with three different alternative objective 

functions. 
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CHAPTER VI 

A GENETIC ALGORITHM BASED OPTIMAL CONTROL OF POWER AND 

VOLTAGE 

This chapter discusses some basic concepts of Genetic Algorithms (GAs), 

including the terminology and its operators. The mathematical problem formulation and 

the application of a genetic algorithm to solve the optimal power and voltage control of 

the MVDC system are also dealt in this chapter. 

6.1  Introduction 

Genetic Algorithms (GAs) are part of the evolutionary algorithms family, which 

are meta-heuristic computational methods [27]. The genetic algorithms are powerful 

stochastic search algorithms based on the Darwin’s concept of natural selection and 

natural genetics, designed to find a global optimum solution for a wide range of 

problems. The genetic algorithms were invented by John Holland [28] in the early 1970s 

and applied to several practical optimization problems since late 1980s [29]. 

The mathematical model of a large power system network is nonlinear and 

nonconvex. One of the classical approaches to solve such problems has been the gradient 

method using Lagrange multipliers. The solution of a practical optimization problem may 

require solving very large systems expressed in terms of nonlinear equations. It is not 
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unusual to have 5,000 buses in a large practical power system with 10,000s unknown 

variables that must be constrained by as many equations. In addition there can be 10,000 

inequality constraints on these variables. Inverting the large matrices and solving the 

large matrix equations is very formidable task. The matrices are extremely sparse, and 

special numerical techniques may be employed to ensure accuracy and stability. The 

inequality constraints contribute an additional layer of difficulty to the problem [64]. 

Evolutionary algorithms avoid most of the above mathematical difficulties and 

consequently, these are being employed increasingly to the solution of large, intractable 

power system problems.  

In this work, the optimization problem is solved in two stages. First, numerical 

techniques, such as Newton-Raphson method, are used to solve the power flow problem. 

This part of the solution guarantees that the equality constraints, satisfying Kirchhoff’s 

laws, are met. Then the solution to this power flow problem is used as the starting point 

(initial guess) for the various numerical techniques used to solve the optimization 

problem. 

The genetic algorithm can be used to solve problems that are difficult to solve 

with the classical (conventional) algorithms. Independent of the objective function 

complexity, such as functions which are highly nonlinear, discontinuous, or has 

unreliable or undefined derivative, the algorithm can be applied and the more accurate 

optimal solution can be obtained. The genetic algorithms are more flexible than most of 

the conventional algorithms because they use only the objective function values (solution 

set) produced in the previous iteration as input to the present iteration, while most of the 

traditional optimization methods uses, the derivative information of the objective 
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function [26]. The main differences between genetic algorithms and other optimization 

methods are summarized in Table 6.1 [26]. 

Table 6.1 Differences between GAs and Traditional Algorithms [26] 

No. Traditional Algorithms Genetic Algorithm 
1. Generates a single point at each 

iteration. 
Generates a population of points at each 
iteration. 

2. The sequence of points (adaptive 
search) approaches an optimal 
solution. 

Searches the optimal solution through 
parallel computation. The best point in the 
population approaches an optimal solution. 

3. Selects the next point in the 
sequence by a deterministic 
computation 

Selects the next population by computation 
which uses random number generation. 

4. Inflexible method, because of lot of 
approximations in model 
representation 

More flexible and robust 

5. Generally requires objective 
functions to be continuous, smooth 
and differentiable. 

Applied to solve complex functions that are 
nonsmooth, noncontinuous and 
nondifferentialble. 

6. End search at local optimum. Search for global optimum point. 

6.2  Terminology 

Some of the genetic algorithm terminologies are [26] as following: 

1) Chromosome: Each possible solution point in a set of solution points is referred as 

chromosome. 

2) Gene: Each position in the chromosome is referred as a gene and its particular value 

represents a value for some variable of the problem. 
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3) Population size: It consists of chromosomes, which represent the solution set for the 

problem. The population size depends on the nature of the problem. Usually, it lies in 

the range of 30-100. 

4) Fitness: The fitness function is used as measure to evaluate the solution set. 

5) Initialization: The initial population (individual solutions) is randomly generated from 

the wide range of possible solutions. 

6) Selection: Based on the fitness value of the individual solutions, a proportion of the 

existing population is selected to breed a new generation. 

7) Crossover Operator: It is the main genetic operator. It operates on two individuals and 

recombines their genetic material to generate new individuals in the next population. 

Usually lies in the range of 0.5 to 1.0. 

8) Mutation: It is the background operator, which produces new population (individual 

solution) set by altering the value of few genes. Usually lies in the range of 0.001-

0.05. 

9) Reproduction: Offspring are created for the next generation population of solutions 

through genetic operators, such as crossover and mutation. 

10) Stopping rule: The generation of populations (individual solutions) is repeated until a 

stopping condition, such as the maximum number of generations (iterations) is 

reached and a solution satisfying the minimum criteria is found. 

11) Elitism Strategy: It is usually used to make sure that the best-fitted individual in a 

generation appears in the population of the next generation. 

The terminology is depicted in Figures 6.1. 
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Chromosome: 

Gene Gene …….…..…. Gene 
1 2 50 

Gene: 

0 1 1 …….. 0 1 

Single Point Crossover Type:

 Parent 1 Parent 2 

1 0 1 1 0 0 0 1 1 0 1 1 0 0 0 1 1 0 1 0 

Child 1 Child 2 

1 0 1 0 0 1 1 0 1 0 1 1 0 1 0 0 0 1 1 0 

Bit Mutation: 

Before 

After 

1 0 1 1 0 1 1 0 1 0 

1 0 1 0 0 1 1 0 1 0 

Figure 6.1 Genetic Algorithm Terminologies 
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6.3 Solution Steps with Genetic Algorithm 

A flowchart for solution of an optimization problem using the Genetic Algorithm 

is given in Figure 6.2. The outline of the algorithm is as follows: 

1) Randomly generate a set of initial population within the search space.  

2) Calculate the fitness for each chromosome in the population. 

3) The algorithm creates a new population in each iteration. At each step, to create the 

new population, the algorithm performs the following steps: 

(a) Compute the fitness values for each chromosome. 

(b) Based on fitness value of each individual, select them. 

(c) The individuals (chromosomes) with low fitness value are chosen from the 

current population and are passed to the next population. 

(d) Through crossover and mutation process, generate the new population. 

(e) Replace the current population with the new population to form the next 

generation. 

4) Check for feasibility of the solution, i.e. each chromosome should satisfy both the 

equality and inequality constraints. 

5) Go to step 3. 

6) Terminate, if the stopping criteria has been reached, and return the solution. 
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Figure 6.2 Flowchart showing the Genetic Algorithm [26]  
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6.4 Genetic Algorithm Applied to Optimal Voltage and Power Control 

6.4.1 Tunable Parameters 

As with most of the evolutionary algorithms, the operation of the genetic 

algorithm depends mostly on the tuning of multiple parameters. The parameter values 

must be such that the algorithm should provide an optimal solution while working 

quickly. In this work, the genetic algorithm parameters values considered are as follows, 

Number of genes=10 

Population size=50 

Selection Method=Elistim search 

Elitism parameter=2 

Crossover type=single point 

Mutation parameter=0.01 

Stopping criteria=maximum number of generations=50. 

6.4.2 The Optimization Problem Formulation 

The three optimization formulations, with different objective function, discussed 

in chapter V, are being summarized below for ready reference. 
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1. An Existing Optimization Formulation [5] 

The objective function to be minimized is: 

Minimize 

   

      

 

     
 

   
 

subject to 

        

2. Alternative-1 Formulation: 

The objective function to be minimized is: 

Minimize 

   

 

        
 

subject to 
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3. Alternative-2 Formulation: 

The objective function to be minimized is: 

Minimize 

 
  

 

   

 

      
 

subject to 

        

6.4.3  Results on MVDC System 

The above genetic algorithm based approach was applied to the simplified model 

of MVDC shipboard power system, shown in Figure 3.1 in chapter III, with DC line 

resistance values taken as in chapter V. MATLAB code for the GA used to generate 

results, available in [20], has been used. The optimization problem was defined in the 

separate .m file. 

Tables 6.2, 6.3 and 6.4 present the results with the adjusted converter power 

settings, obtained by the proposed optimization based method, with the three different 

objective functions. The voltages are within desired limits during pre-fault and all the 

post-fault cases. More importantly, power reference setting of VSC4 is still maintained at 

their original value, which ensures that the VSC4 will supply uninterrupted power to the 

sensitive load. 
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Table 6.2 DC voltages subject to GA based VSC power setting adjustment with Existing
                  formulation [5] 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

0.983 0.9833 0.9742 0.9664 1.0 

2 Loss of VSC1 0.985 0.97 0.9532 0.9544 1.0 
3 Loss of VSC2 0.9737 0.9501 0.9811 0.968 1.0 
4 Loss of VSC3 0.9711 0.9590 0.9637 0.9721 1.0 
5 Loss of VSC4 0.9981 1.002 1.019 1.018 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.0039, Pref2=0.0081, Pref3=0.13, Pref4= - 0.46, Pref5=0.35 

Table 6.3 DC voltages subject to GA based VSC power setting adjustment with New  
Alternative-1 formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

1.0199 0.9912 0.9817 0.976 1.0 

2 Loss of VSC1 0.9928 0.99 0.996 1.004 1.0 
3 Loss of VSC2 0.9866 0.9748 0.98 0.979 1.0 
4 Loss of VSC3 1.0008 0.985 0.9659 0.9853 1.0 
5 Loss of VSC4 0.9981 1.02 1.003 1.0095 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.09, Pref2=0.087, Pref3=0.174, Pref4= -0.46, Pref5= 0.109 
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Table 6.4 DC voltages subject to GA based VSC power setting adjustment for New 
                  Alternative-2 formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

0.967 0.97 0.9799 0.953 1.0 

2 Loss of VSC1 0.9855 0.999 0.9643 0.9721 1.0 
3 Loss of VSC2 0.982 0.9511 0.9844 0.9601 1.0 
4 Loss of VSC3 0.973 0.9709 0.9599 0.981 1.0 
5 Loss of VSC4 1.01 0.9989 1.009 1.019 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.005, Pref2=0.0089, Pref3=0.178, Pref4= -0.46, Pref5= 0.268 

6.5 Summary 

This chapter has provided an overview of genetic algorithm, the terminology 

used, and the major steps used in the algorithm. The algorithm was applied to the optimal 

power and voltage control problem with three different objective functions and the results 

on the MVDC shipboard power system has been presented in this chapter. 
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CHAPTER VII 

OPTIMAL VOLTAGE AND POWER CONTROL USING A BIOGEOGRAPHY 

BASED OPTIMIZATION METHOD 

This chapter describes, in detail, a Biogeography Based Optimization (BBO) 

technique and its application to optimal power and voltage control problem. BBO 

concept is mainly based on migration and mutation. The concept and mathematical 

formulation of migration and mutation steps will be defined in this chapter. At the end of 

the chapter, the results on MVDC power system will be presented. 

7.1 Introduction 

The main differences between the evolutionary algorithms and classical 

algorithms, along with the problems that arise in solving a complex optimization 

problem, using the classical approach, were presented in chapter VI. A GA based method 

was used to solve the optimal voltage and power control problem, which has been 

presented in chapter VI. Literature survey shows that a relatively new evolutionary 

method [23], known as Biogeography Based Optimization (BBO) method, provides 

better results as compared to the other evolutionary algorithms. This algorithm has not 

been attempted to solve the given power system optimization problem. An attempt has 

been made, in this chapter, to apply the Biogeography Based Optimization (BBO) 
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method to solve optimal power and voltage control problem. A MATLAB code, which is 

already developed in [20], has been used in this work. 

Biogeography Based Optimization (BBO) is a part of the evolutionary algorithms 

family. Biogeography is the study of the geographical distribution of biological 

organisms [23]. Similar to the other evolutionary algorithms, such as Genetic Algorithms 

(GAs), and Artificial Neural Networks (ANNs), which are based on the mathematics of 

biological genetics and the biological neurons, the mathematics of biogeography has 

inspired the development of a new approach called as the Biogeography Based 

Optimization (BBO) [23].  

Classical algorithms for solving the optimization problems rely strongly on initial 

values and convexity for their success in determining global optima. The algorithms 

frequently get trapped in local optima or diverge. Modern heuristic techniques, such as 

GA and, more generally, evolutionary algorithms, have proven to be effective in solving 

such problems [26]. These techniques are based on science and mathematics of biological 

genetics, which seek to understand and model the way populations in nature, such as 

insects, animals, and humans, “solve” evolutionary problems. In the BBO model, 

problem solutions are represented as islands, and the sharing of features between 

solutions is represented as immigration and emigration between the islands.  

The science of biogeography was first discovered and developed by Alfred 

Wallace [24] and Charles Darwin [25]. Until the 19th century, biogeography was mainly 

descriptive and historical. Eugene Munroe was the first to introduce mathematical models 

of biogeography in 1948 [27] and later in 1967s, Robert MacArthur and Edward Wilson 

were the first to introduce, to develop and to publish it [28]. The biogeography-based 
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optimization [23] is based on the observation that the migration of species among a group 

of neighboring islands, combined with mutation of the individual species, will tend over 

many generations to produce islands that attract and keep large numbers of species 

through immigration. Other islands will lose species through extinction or emigration and 

will sometimes become desolate. The Biogeography Based Optimization algorithm seeks 

to model this behavior in a way that causes an “optimal” island to emerge from the 

original population of islands. 

BBO has certain features in common with other population-based algorithms. 

Like Genetic Algorithm (GA) and Particle Swarm Optimization (PSO), BBO also shares 

information amongst the solutions but BBO does not involve in reproduction like GA. 

While GA solutions are lost at the end of the each iteration, BBO maintains its set of 

solutions from one iteration to the next like PSO. PSO solutions do not change directly; 

first their velocities are changed and then positions (solutions) are changed. However, 

BBO solutions are changed directly via migration from other solutions [23]. 

7.2 Biogeography Based Optimization Concepts 

Biogeography Based Optimization (BBO) [23] is founded on the observation that 

the migration of species among a group of neighboring islands, combined with mutation 

of the individual species, will tend over many generations to produce islands that attract 

and keep large numbers of species through immigration. Other islands will lose species 

through extinction or emigration and will sometimes become desolate. The BBO 

algorithm seeks to model this behavior in a way that causes an “optimal” island to 

emerge from the original population of islands. 

81 



www.manaraa.com

 

In a group of neighboring islands, species of plants and animals will migrate over 

time between the islands by various means, being carried along by driftwood, fish, birds, 

and the wind. Over evolutionary periods of time, some islands may tend to accumulate 

more species than others, because they possess certain environmental features that are 

more suitable to sustaining those species than islands with fewer species. This ability to 

sustain larger number of species can be associated with a fitness measure that one can 

quantify by assigning a Habitant suitability index (HSI) to each island. The value of the 

HSI depends on many features of the island. If a value is assigned to each feature, then 

the HSI is a function of these values. Each of these values is represented by a suitability 

index variable (SIV). These mappings are summarized as follows:  

Figure 7.1 Island Migration Rates vs. Species [23] 

An island, with a large number of species (a large HSI), has an abundance of 

species, which can emigrate to other islands, so its rate of emigration denoted by , is 

correspondingly large. The island is also less likely to be able to sustain further 

immigration of species because of the growing demand on its finite environmental 

resources, so its immigration rate, denoted by , is small. For many applications, it 
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suffices to assume a linear relationship between an island's HSI and its immigration and 

emigration rates and that these rates are the same for all islands under consideration (the 

population). Figure 7.1 shows the relation between the migration rate and the number of 

species. 

BBO concept is mainly based on Migration and Mutation. The concept and 

mathematical formulation of Migration and Mutation steps are discussed in next section. 

7.3 Biogeography Based Optimization Technique 

7.3.1 Migration 

The BBO algorithm [23] is similar to other population based optimization 

techniques, where population of candidate solutions is represented as vector of real 

numbers. Each real number in the array is considered as one SIV. Fitness of each set of 

candidate solution is evaluated using SIV. In BBO, a term HIS is used, which is 

analogous to fitness function in other population based techniques, such as GAs, to 

represent the quality of each candidate solution set. The solution (habitant), with more 

number of species, has high HSI value.  

Figure 7.2 shows a candidate solution to a sample problem. For simplicity it is 

assumed that each solution (habitat) has an identical species curve (i.e. E=I). From the 

Figure 7.2, it can be observed that S1 solution has low number of species, that means it 

has low HSI value compared to S2, which has a high HSI solution, i.e. it contains more 

number of species. From the Figure 7.2, it can be summarized that the S1 has higher 
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immigration rate 1 and lower emigration rate 1 as compared to the immigration rate 2 

and the emigration rate 2 for S2. 

The emigration and immigration rates of each solution are used to modify the 

solutions (habitats). Using Habitat Modification Probability, each solution is modified 

based on the other solutions. Immigration rate , of each solution is used to 

probabilistically decide whether or not to modify each SIV in that solution. After 

selecting the SIV for modification, emigration rate , of other solutions is used to 

probabilistically select which solutions among the population set will migrate [23]. 

Figure 7.2 A candidate solution [23] 

The main difference between recombination approach of evolutionary strategies 

(ES) and migration process of BBO is that, in ES, global recombination process is used 

to create a completely new solution, while in BBO, migration is used to bring changes 

within the existing solutions. In the immigration process, some of the solutions may get 

corrupted. To prevent this, few elite solutions are kept in BBO algorithm.  
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7.3.2 Mutation 

Due to some natural calamities or other events, HSI of a natural habitat can 

change suddenly and it may deviate from its equilibrium value. In BBO, this event is 

represented by the mutation of SIV and species count probabilities are used to determine 

mutation rates. The probability of each species count can be calculated using the 

differential equation (7.1) [23] given below: 

     
        (7.1) 

     

where, 

Ps: the probability of habitat contains exactly S species, 

Ps+1: the probability of habitat contains S+1 species, 

Ps-1: the probability of habitat contains S-1 species, 

s, s: the immigration and emigration rate for habitat contains S species, 

s+1, s+1: the immigration and emigration rate for habitat contains S+1 species, 

s-1, s-1: the immigration and emigration rate for habitat contains S -1species, 

Immigration rate (  and emigration rate (  can be evaluated by the Equations (7.2) 

and (7.3) [23], given below: 

   (7.2)
 

 
 

(7.3) 

Each population member has an associated probability, which indicates the 

likelihood that it exists as a solution for a given problem. If the probability of a given 
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solution is very low, then that solution is likely to mutate to some other solution. 

Similarly, if the probability of some other solution is high, then that solution has very 

little chance to mutate. Therefore, very high HSI solutions and very low HSI solutions are 

equally improbable for mutation, i.e. they have less chances to produce more improved 

SIVs in the later stage. But medium HSI solutions have better chances to create much 

better solutions after mutation operation. Mutation rate of each set of solution can be 

calculated in terms of species count probability using the Equation (7.4) [23]: 

  (7.4)
 

where, 

m(s) :  the mutation rate for habitat contains S species, 

mmax : maximum mutation rate, 

Pmax : maximum probability. 

This mutation scheme tends to increase diversity among the populations. Without 

this modification, the highly probable solutions will tend to be more dominant in the 

population. This mutation approach makes both the low and the high HSI solutions in 

comparison to their earlier values. Few elite solutions are kept in mutation process, to 

save the features of a solution, so if a solution becomes inferior after the mutation process 

then the previous solution (solution of that set before mutation) can go back to that place 

again, if needed. So, mutation operation is a high risk process. It is normally applied to 

both, the poor and the better solutions. Since medium quality solutions are in improving 

state, it is better not to apply mutation on such solution. 
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Here, mutation of a selected solution is performed simply by replacing it with randomly 

generated new solution set. 

7.4  Major Solution Steps of BBO 

A flowchart for the Biogeography Based Optimization (BBO) is given in Figure 

7.3. The main steps used in the BBO algorithm are as following [23]: 

1) Initialize the BBO parameters. 

2) The initial position of SIV of each habitat should be randomly selected, while 

satisfying different equality and inequality constraints of optimization problem. 

Several numbers of habitats, depending upon the population size, are being generated. 

Each habitat represents a solution to the given problem. 

3) Calculate the HSI i.e. value of objective function for each habitat of the population set 

for given emigration rate , immigration rate  and species S. 

In the Optimization problem HSIi indicates the objective function due to i-th set of 

generation value (i.e. i-th habitat). 

4) Based on the HSI value, elite habitant are identified. 

5) Modify each non-elite habitat using immigration and emigration rates. 

6) Update each habitant using Equation (7.2) and recalculate each HSI. 

7) Feasibility of a problem solution is verified, i.e. each SIV should satisfy equality and 

inequality constraints. 

8) Go to step-3 for the next iteration. 

9) Terminate if stopping condition has been reached. 
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Figure 7.3 Flowchart of the BBO 
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7.5  Application of the BBO Algorithm to Optimal Power and Voltage Control  

Problem 

7.5.1 Tunable Parameters 

As already discussed in this and previous chapters, that the operation of the GA 

and BBO algorithm depends on their tunable parameters. The optimal values of the 

tuning parameters of the BBO, considered in this work, are as follows, 

Habitat Modification Probability = 1; 

Mutation Probability=0.05, 

Maximum immigration rate, I=1, 

Maximum emigration rate, E=1, 

Step size for numerical integration, dt=1, 

Number of iterations=50, 

Maximum species count, Smax=10, 

Elitism parameter=2, 

Number of SIVs=number of Generations=10, 

 Number of habitats=10. 

7.5.2 The Optimization Problem Formulation 

The three optimization formulations, with different objective functions, discussed 

in chapter V, are summarized below for ready reference.
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1. An Existing Optimization Formulation [5] 

The objective function to be minimized is: 

Minimize 

   

      

 

     
 

   
 

subject to 

        

2. Alternative-1 Formulation: 

The objective function to be minimized is: 

Minimize 

   

 

        
 

subject to 
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3. Alternative-2 Formulation: 

The objective function to be minimized is: 

Minimize 

   

   

 

      
 

subject to 

        

7.5.3 Results with BBO on the MVDC System 

The above discussed BBO approach was applied to the simplified model of 

MVDC shipboard power system, shown in Figure 3.1 in chapter III, with DC line 

resistance taken as discussed in chapter V. MATLAB code used for the BBO, available in 

[20], has been used. The optimization problem is defined in the separate .m file. 

Tables 7.1, 7.2 and 7.3 present the results with the adjusted converter power 

settings, obtained by the proposed BBO based method, with the three different objective 

functions. The voltages are within desired limits under the pre-fault and all the post-fault 

cases. More importantly, power reference setting of VSC4 is still maintained at their 

original value, which ensures that the VSC4 will supply uninterrupted power to the 

sensitive load. 
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Table 7.1 DC voltages subject to BBO based VSC power setting adjustment with  
                  Existing formulation [5] 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

0.9856 0.9766 0.9742 0.9639 1.0 

2 Loss of 
VSC1 

0.9710 0.9596 0.9645 0.9634 1.0 

3 Loss of 
VSC2 

0.9564 0.9610 0.9781 0.9532 1.0 

4 Loss of 
VSC3 

0.9609 0.9799 0.983 0.9537 1.0 

5 Loss of 
VSC4 

0.9801 1.015 1.004 1.02 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.0042, Pref2=0.0072, Pref3=0.0993, Pref4= - 0.46, Pref5=0.3483 

Table 7.2 DC voltages subject to BBO based VSC power setting adjustment with New 
Alternative-1 formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

0.991 0.9817 0.9976 0.9509 1.0 

2 Loss of 
VSC1 

0.9864 0.97 0.9953 0.9670 1.0 

3 Loss of 
VSC2 

0.9610 0.9584 0.9714 0.9817 1.0 

4 Loss of 
VSC3 

1.003 0.9639 0.9836 0.9853 1.0 

5 Loss of 
VSC4 

0.9976 1.0084 1.007 0.9959 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.086, Pref2=0.091, Pref3=0.249, Pref4= -0.46, Pref5= 0.034 
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Table 7.3 DC voltages subject to BBO based VSC power setting adjustment for New  
                  Alternative-2 formulation 

No. Conditions DC Voltage (p.u.) 
Vdc1  Vdc2  Vdc3  Vdc4  Vdc5 

1 All VSCs in 
service 

0.967 0.97 0.9799 0.953 1.0 

2 Loss of 
VSC1 

0.9855 0.999 0.9643 0.9721 1.0 

3 Loss of 
VSC2 

0.982 0.9511 0.9844 0.9601 1.0 

4 Loss of 
VSC3 

0.973 0.9709 0.9599 0.981 1.0 

5 Loss of 
VSC4 

1.01 0.9989 1.009 1.019 1.0 

Adjusted Converter Power (p.u) 
Pref1=0.005, Pref2=0.0089, Pref3=0.178, Pref4= -0.46, Pref5= 0.268 

7.6 Comparison of BBO Results with Conventional Lagrange and GA Methods 

To demonstrate the performance of the BBO, the optimization results for three 

different objective functions, obtained by the BBO, are compared with the results 

obtained with a conventional method presented in chapter V and the genetic algorithm 

presented in chapter VI. The results are summarized in Table 7.4. The results have been 

compared in terms of the final objective function values, found with the three algorithms. 

Table 7.4 shows that the genetic algorithm provides the most optimal solution for the 

given optimization problem followed by the BBO.  However, performance of the BBO 

can possibly be improved further by attempting different combination of its parameter 

values. 
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Table 7.4 Comparison of final objective function values with different algorithms 

Objective Function With Conventional 
(Lagrange 

multiplier) Method 
(p.u) 

With GA Method 
(p.u) 

With BBO 
Method
 (p.u) 

Existing 
Optimization 
Formulation [5] 

3.1981 2.1493 2.4977 

New Alternative-1 
Formulation 

2.8467 2.0189 2.458 

New Alternative-2 
Formulation 

2.998 2.09 2.399 

7.7 Summary 

This chapter has provided an overview of BBO algorithm, along with various 

terminologies used, its basic concepts and the major solution steps. The algorithm was 

applied to the optimal power and voltage control problem, with the three different 

objective functions and the results are presented on the MVDC shipboard power system. 

The performance of the BBO has also been compared with the GA based and Lagrange 

Multiplier based methods, presented in the previous two chapters. 
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CHAPTER VIII 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

This research work is focused on developing an algorithm for optimal voltage and 

power control in a multi-zonal shipboard MVDC power system. The conditions of 

operation in the multi-zonal MVDC system are set by: 1) the DC voltage reference of the 

DC Voltage Regulator; and 2) the real power reference settings of Power Dispatchers. 

From the knowledge of the resistances in the DC network and the DC voltage reference, 

the DC voltages across each Power Dispatcher are solved from the algebraic quadratic 

equations considering a fixed value of their real power reference settings. In general, the 

DC voltages migrate upwards or downwards with the DC voltage reference of the DC 

Voltage Regulator (VR). In most of the cases, by “tuning” the DC voltage reference, it is 

usually possible to bring all the DC bus voltages between the upper and lower bounds. A 

Voltage Sensitivity method has been successfully determine the optimal reference setting 

of the voltage regulators and demonstrated in chapter-IV. 

In situations, where the “tuning” of voltage reference setting of the VR does not 

provide a feasible solution ensuring the DC bus voltage within limits, then it is necessary 

to adjust the real power reference settings of the Power Dispatchers until all the DC 
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voltages between the desired upper and lower bounds. The adjustment of the real power 

reference settings was formulated as an optimization problem and successfully solved on 

the MVDC system using a conventional approach in chapter-V and two evolutionary 

methods in chapters VI and VII.  

As the destructive over-voltages will have appeared before 1) the DC voltage 

reference of the DC Voltage Regulator and 2) the real power reference settings of the 

Power Dispatchers can be reset, their settings must be chosen in the very beginning to 

satisfy both the pre-fault and the post-fault condition, any one of the Voltage Source 

Converters (VSCs). Thus, the Voltage Sensitivity method and the Optimization method 

have been formulated for the combined pre-fault as well as the post-fault situations.  

In the first stage, a non-iterative voltage sensitivity based approach has been 

utilized to determine the optimal DC reference voltage setting of one of the VSCs, acting 

as Voltage Regulator, while keeping the other VSCs, in Power Dispatch mode, at their 

fixed power reference settings. Test results on a simplified representation of the multi-

zonal notional MVDC architecture, presented in chapter-IV reveals that the sensitivity 

based method effectively determines the range of reference setting of voltage regulator 

that maintains the DC voltage at other VSC buses within acceptable limits under the pre-

fault as well as the post fault conditions. However, in  certain conditions, such as the one 

simulated by assuming higher values of the DC line resistances in chapter-V, the 

sensitivity based approach is not able to determine any feasible range/setting for the 

voltage regulator, that satisfies the voltage constraints in all the cases. In such situations, 

the second stage of simulation, employing an optimization based approach, is effectively 

used to readjust and determine the optimal power reference settings of the power 
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dispatchers. Three alternative formulations, with different objective functions, were tried 

out and it was found that the new alternative-1 formulation provides the most optimal 

solution. The optimization problem is solved using three different methods 1) 

Conventional (Lagrange multiplier) method in chapter-V 2) Genetic Algorithm (GA) 

based method in chapter-VI and 3) Biogeography Based Optimization(BBO) based 

method in chapter-VII. The test results, obtained through the application of the three 

algorithms, were also compared in terms of final objective function. 

The major disadvantage of the heuristic method is the tuning of parameters. And 

also, their initial population can be randomly chosen. 

The main contributions of this research work are summarized as follows:  

1. The groundwork on multi-zonal MVDC shipboard power system architecture 

has been provided. 

2. The main objective of developing an algorithm for the optimal control of 

voltage and power in MVDC multi-zonal shipboard power system has been 

discussed. 

3. The two new alternative formulations of the optimization based approach to 

determine optimal reference power settings have been suggested. 

4. An initial attempt of applying BBO method for solving the optimization 

problem had been discussed and the test results were compared with a 

conventional and the genetic algorithm based methods. All the three methods 

have successfully provided the optimal reference power setting values to 

ensure the DC bus voltages within acceptable range. 
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5. The voltage sensitivity method, conventional (Lagrange Multiplier) method, 

the genetic algorithm and the biogeography based optimization method were 

successfully implemented in MATLAB and tested on the simplified model of 

MVDC shipboard power system. 

8.2 Future Work 

The performance of the genetic algorithm and the BBO algorithms can be 

improved by investigating different ways of generating initial population and by tuning 

their parameters to achieve even better optimal solution. 

In this thesis, a simplified model of the MVDC multi zonal shipboard power 

system model has been considered for the sake of proving the optimal voltage and power 

control concepts. A more practical and detailed representation of the MVDC model can 

be considered. 
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