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Chapter Two 

2 LITERATURE REVIEW  

2.1 Introduction 

The two most prominent types of converters are voltage source converter and current source 

converter, most of researchers mainly focus on voltage source converter, there are some advantage 

and disadvantages of voltage source converter and current source converters. 

2.2 Voltage Source Converter (VSC) 

On the basis of several recent power system projects, the VSC based technology has been 

nominated. This purpose of selection of this type of converter is that it has compact modular 

design, its system interface is easy, its controllability and low environment impact. For the first 

time VSC have been for high voltage DC transmission in a real network. The results of designing 

and commissioning of the transmission line shows that this technology has now reached the stage 

where we can build high voltage converters by utilizing IGBTs. The operation and system results 

proved that the properties that we have discussed for many years regarding voltage source 

converter for high voltage DC are a reality now. The advantage of this type of converter is that it 

includes the independent control of active and reactive power, operation against isolated 

alternating current network with no generation of their own. It requires very limited filters and no 

requirement of transformers for the conversion process. 







 

Figure 2:- Duty cycling of PWM 

Frequency of the signal is the second important term. It is the rate of change of cycles while the 

duty cycle is the ON time of the pulse. [11] 

The frequency can be calculated as follow 

𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  1
𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑜𝑖𝑑⁄  

𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 = 𝑜𝑛 𝑡𝑖𝑚𝑒 + 𝑜𝑓𝑓 𝑡𝑖𝑚𝑒    

Frequency can be set according to the requirement of the project.  

 

Figure 3:-  Frequency setting of duty cycle 

 





In the production of sinusoidal modulation, the ratio of the frequencies of the reference and carrier 

frequencies should be some integer that is 

2𝑁 =  
𝑓𝑐

𝑓𝑠
 

 

 

Figure 4 :- SPWM (Sinusoidal Pulse width modulation) 

 

2.2.2.3 Space Vector Pulse Width Modulation (SVPWM)  

In recent years, Space vector modulation (SVM) is used for controlling Single-phase PWM 

inverters. This is the one of the best available methods for PWM signals. It is an advanced 

control mechanism that generates single-phase AC voltages of the desired magnitude and 

frequency at the output of the inverter. To implement SVM a reference signal 𝑉𝑟𝑒𝑓 is sampled 

with frequency  

𝑓𝑠 (𝑓𝑠  = 1/𝑇𝑠) [2]. 

For generating switching patterns, the output voltages of the inverter are taken into account. 

The vectoral representation was first presented in the contributions of Park [3] and Kron [4]. 

2.2.2.4 Significance of IGBT for VSC 

 



An insulated-gate bipolar transistor is a three terminal device (a power semiconductor) 

which is used as an electronic switch and has high efficiency and fast switching.IGBT is a 

semiconductor device with four alternating layers P-N-P-N, controlled by a metal-oxide- 

semiconductor gate structure [1]. 

As IGBT is designed to turn ON/OFF rapidly it is used in high switching applications. IGBT`s 

are mostly used in variable frequency drives where quick switching is required [6]. It allows 

power flow in on state and stops power when it is in off state. Voltage is applied to the 

semiconductor component in order to drive the IGBT therefore changing its properties to 

allow/block an electrical flow [1]. 

Construction 

The insulated gate bipolar transistor is a three terminal device which combines a MOSFET 

which has an insulated gate N-channel with a PNP bipolar transistor output connected in a 

Darlington configuration [1]. 

A Darlington configuration is a compound structure which is made by two bipolar transistors 

which are connected in a way that the current which is amplified by first transistor is further 

amplified by the second transistor [1]. 

So, as a result the terminals of IGBT are as emitter, base and collector. Collector and emitter 

are interconnected with conductance path in such a way that they pass current while the 

gate controls the component. 

Characteristics 

IGBT is controlled by voltage i.e. it requires a small amount of voltage on its gate to maintain 

conduction through device unlike a bipolar junction transistor which requires continuous 

base current to maintain saturation. 

IGBT is a unidirectional device, it can only switch current in one direction that is from 

collector to emitter(forward) unlike MOSFETS which can switch in both directions (forward 

as well backwards) [6]. 

The current ratings of IGBT`s are much higher than that of the MOSFET`s due to the 

resistance by conducting channel when current flows through the device when it is in on 

state [6]. 

The IGBT`s are generally of high voltage capability, low on resistances, have fast switching 

and are easy to drive which makes them more suitable for high voltage applications such as 

pulse width modulation and variable frequency drives. 

 



IGBT Comparison 

 

 Characteristics Power of Bipolar 

Transistor 

Power of MOSFET Power of 

IGBT 

Rating Voltage <1kV <1kV >1kV 

Current <500A <200A >500A 

Input Drive I,hFE (20-200) V,VGS (3-10) V,VGE (4-8) 

Impedance Low Z High Z High Z 

Output Impedance Low Z Medium Z Low Z 

Switching Speed Us Ns us-ns 

 Cost Low Cost Medium Cost High Cost 

 

 (Comparison of IGBT with other Transistors) 

2.3 Current Source Converter  

In current source converter the input current remains constant and the voltage does not remain 

constant, it depends on the load. There are more output harmonics in current source converter. As 

the current is measured so due to mis firing of switches does not create a serious problem. To filter 

out harmonics and balance the unbalance load, a shunt compensator is connected in a distribution 

system in most general cases. The additional capability increases the initial cost of the 

implemented system. However, for the balanced clean loads although their reactive power demand 

varies rapidly the shunt connected compensator is required only for power factor correction. 

 

 



 

Figure 5 :- Basic idea of current source converter 

Figure shows the generalized circuit of current source converter having six fully controlled 

switches s1,s2,s3,s4,s5 and s6. These switches have unidirectional current carrying and 

bidirectional voltage blocking capability. For energy storage, the dc link reactor has been placed. 

The dc link reactor consists of dc link inductance and its internal resistance. Due to relatively high 

time constant of dc link circuit, the dc link current becomes relatively constant over a switching 

period. 

2.4 Comparison of voltage source and current source converter  

The voltage source converter and current source converter each one has its own significance like 

in voltage source converter the voltage remains same and current does not remain constants while 

in current source converter the current remains same but voltage does not remain same at varying 

load. The comparison table of voltage source and current source converter is shown below 

Voltage Source Converter  Current Source Converter  

The voltage maintains constant but the current 

may or may not be constant, it depends on load. 

The input voltage may change with the load 

but the input current is maintained constant. 



The amplitude of output voltage does not 

depends on the load but the amplitude of output 

current waveform depends on the load. 

The amplitude of current waveform is 

independent of load but the amplitude of 

voltage waveform depends on the load. 

The misfiring of switching devices may cause a 

short circuit and create a series problem. 

The input current is measured and the 

misfiring of switching devices does not create 

a serious problem. 

The peak current depends on power electronic 

devices and circuit and not be limited in voltage 

source converter. 

The input current is measured in a constant 

current of power devices is limited. 

There is no need of series reactor with the 

source in voltage source converter. 

A large series reactor is required in series with 

the source to obtain the constant current in 

current source converter. 

Due to absence of series reactor there are less 

losses in voltage source converter than current 

source converter. 

Due to the presence of series reactor, there are 

much higher losses in current source 

converter. 

 

 

 

 

 

 

 

 

 

 





 

Figure 6 :- Schematic Three phase VSC 

The switching state table of three phase voltage source converter is shown below 

State Sap Sbp Scp San Sbn Scn 

V1 0 0 1 1 1 0 

V2 0 1 0 1 0 1 

V3 0 1 1 1 0 0 

V4 1 0 0 0 1 1 

V5 1 0 1 0 1 0 

V6 1 1 0 0 0 1 

 



The two switches are connected in same leg and we cannot provide same signal at time to both 

IGBTs. 

The equation of switches become  

 

 

 

 

The voltage equation of star connected three phase balanced load can be expressed as 

 

 

 

Where Van, Vbn and Vcn are phase voltage of grid. 

By adding the above three equations the resultant becomes  

 

As the load is balanced so Van+Vbn+Vcn=0 the above six equations become 

 



 

 

 

 

Figure 7:-  Uncontrolled circuit of VSC 

Figure 7 shows the schematic voltage source converter which consist of six switches having six 

gate control signals. The sequence of all gate signals is on such a way that two IGBT of each lag 

does not turn on at a time, if we do so a short circuit occur at this lag. This circuit is without any 

control mechanism it just convert AC voltage to DC voltage, It is also called IGBT based three 

phase rectifier. 

3.1.2 Grid Filter 

While connecting a voltage source converter to a grid an inductor must be placed between the 

VSC, this inductor act as a stiff voltage source, and the grid which also act as a stiff voltage source. 

The most common and simplest grid filter is inductor filter in which three inductors are connected 

with the series of three phase, each inductor per phase. 



3.1.3 Modulation 

The main advantage of VSC is that it at low frequency it has low harmonic distortion which result 

in sinusoidal current. This is due to the fact that by switching IGBTs properly only high frequency 

harmonics remains. The six-pulse modulation technique is the simplest modulation technique, in 

which each phase switch twice per cycle. By introducing more switching instances the harmonics 

becomes more reduced. 

3.1.4 Working of voltage source converter  

This voltage source converter is used to convert the three phase AC voltage to DC voltage for 

battery storage application. In this circuit we will use six IGBTs for switching to generate the 

desired output. 

 

Figure 8 : working diagram of VSC 

Figure shows three parts of circuit one AC source connection, second is control signal generation 

circuit for IGBTs and third is three phase switching circuit based on IGBT.  

The RMS voltage standard follows in Norway = 230V AC 

The peak value is =1.41*230V =325V 

The nominal frequency = 50Hz 

To generate the gate driving signal we have used the scaling formula of  

(1/Vpeak *k) as Vpeak=325V    and k=1.2 



The modulation index is m and its formula is as follows 

M=f/fs     where f=fundamental frequency and     fs=Sampling frequency 

For SPWM signal we use one triangular wave and second is scaled sine wave signal  

 

Figure 9 :- SPWM signal generation using sine and triangular waveform 

Figure 9 shows three waveforms one is sinusoidal, triangular and the output is SPWM. By using 

the comparator with above two waveforms the output signal is generated for the gate of IGBT. 

The frequency of sine wave signal is 50Hz  

The frequency of triangular wave is 10KHz. We have used comparator to generate the SPWM 

signal for gate driving. 

If  Vrectangular   >Vsine       Then the IGBT gate is ON 

If  Vrectangular  <Vsine       Then the IGBT gate is OFF 

This method is used for all six switches  

For modulation it is important that if the modulating signal is continuous then the pulse width 

modulation is continuous pulse width modulation (CPWM). If the modulating signal is 

discontinuous then the PWM is discontinuous PWM (DPWM). 

While using comparator for sine wave and triangular wave the output SPWM signal is generated 

for one IGBT gate driving. 



 

Figure 10:- Output Voltage and current waveform VSC 

Figure shows the output curve of voltage source converter having the maximum DC voltage for 

battery charging is 700V and current changes with respect to load. At current load condition the 

current is almost 30A. Vout shows the output voltage curve and Iout shows the output current 

curve.  

3.2 Battery charging and discharging circuit 

There is a significance of two-way battery charger, because this single circuit can used for both 

purposes like charging and discharging of the battery. To make this circuit more effective we 

implement a PI controller for both charging and discharging. When the source is available the 

circuit start charging the battery and when the source is not available the battery act as source and 

start discharging. 



  

Figure shows the complete circuit of battery charging and discharging system, in which we have 

used two PI controller for charging and discharging purpose. The switch is used to shift the battery 

in charging and discharging mode on the availability of source. The two IGBTs are used for the 

switching on the basis of PWM. The third PI controller generate the PWM signal for battery 

charging. As we consider the battery internal resistance is constant. The battery characteristics that 

we have used are as follows. 

Battery Type is Li-ion. 

Nominal Voltage = 480V 

Nominal current =100AH 

Full charging voltage =560V 

Cut off voltage (deep discharge voltage) =360V 

Battery internal resistance= 0.048 ohm 

3.2.1 Battery charging  

For battery charging we have used one PI controller which is used to generate the reference current 

signal from refence and input signal and start charging the battery.  



 

The reference signal and VB generate the reference current signal for battery charging, the output 

reference current signal is generated by PI controller. 

 

Figure 11 graph of SOC without scaling 

This graph shows the SOC (state of charge), it shows the level of charge with respect to its capacity. 

The unit of SOC is in percentage which is between (0% to 100%). This is the graph of charging 

state SOC of battery. 



 

Figure 12 :- Battery charging graph 

As we have set the initial charge of 50% for battery so the battery start charging from 50% and 

gradually increase the charge of battery as the battery is in charging state. We have selected the 

Lithium-ion battery. 

3.2.2 Battery Discharging 

As the battery discharge depends on the load connected with the battery, we have used one PI 

controller to generate the battery discharging reference signal which take the input of reference 

signal and load voltage. This PI controller generate the reference current signal for discharging of 

the battery. 

 

 



 

Vload represent the voltage of load. 

 

Figure 13 :- Battery discharging graph of SOC 

This graph shows the SOC of discharging of the battery, as we know that the SOC decreases on 

the discharging state of battery. As the battery discharge the graph line falls down gradually and 

battery charge reduces. 



 

Figure 14 :- Battery discharging graph 

This graph shows the discharging of battery, as the battery starts discharging the graph line falls 

down gradually. We have connected the resistive load so the graph line is almost linear. If the load 

was inductive or capacitive the discharge graph line would different. 

3.3 Voltage source converter with grid connected BESSS 

Battery energy storage system has most significance now a days due to energy crises. Researchers 

introduce a new concept of grid connected BESSS. The battery is connected with the grid using 

two-way battery charger circuit. This circuit will charge the battery when source is available and 

discharge the battery when the source is not present. 

The basic connection of VSC with grid is shown below 



 

Figure 15 :- Basic circuit CSC 

 

Figure shows the basic structure of grid connected VSC in which the main modules are DC bus , 

inverter , filter , PCC and grid impedance matching circuit. 

3.3.1 Control Scheme: - 

We have adapted the control scheme of DQ synchronous frame reference which include the 

mathematical model. 

3.3.2 Mathematical model of three phase VSC 

From above figure the equations can be written as  

 

 

 

For the voltages at the filter in terms of grid voltages the above equations can be written. The 

matrix of these equation is shown below. 

 



 

3.3.3  DQ0 transformation 

For the designing of control system its good to have a constant value and for constant values 

conversion we use dq0 transformation. 

 

Figure 16 control schematic of VSC with harmonic oscillator 

In matrix form the abc co-ordinates are written as  

 

The formula for dq0 transformation is given by  

 

 

Figure 17 :- simulink block for PWM generation 



The transformation matrix P is given by. 

 

On both sides multiply the transformation matrix 

 

 

 

 

On the derivative of both terms apply the product rule 

 

 

Where  

 

 



 

And 

                        ( 3.3.1) 

Voltage equations for zero components are  

 

 

But  

 

From the transformation equation  

 

So the equation 3.3.1 can be simplified as  

 

The similar equations can be derived for the q and d components of Vf are. 

 



 

Where  

The final set of equations are  

 

 

By the following circuits the above set of equations can be represented  

    

 

 

 

 



 

Figure 18 :- complete diagram of VSC in grid connected mode 

This circuit shows the three-phase grid connected voltage source converter with BESSS. Here we 

have used the SPWM technique for the gate signal of IGBT. We have generated the SPWM signal 

by comparing sinusoidal wave form triangular waveform. The six SPWM signals are generated 

for 6 IGBTs. Two IGBTs are connected in the same leg of inverter and when cannot provide high 

signal to both IGBTs at a time.  

The sum of DC component and fundamental component using Fourier series is the switching 

function of switches. 

3.3.4 Instantaneous power expression 

The expression for apparent power is shown below 

S=VI 





This is one of the main objective of voltage source converter is to produce constant dc voltage at 

the output terminal for charging the battery. 

The expression for continuous modulating signals switching function can be expressed as  

 

 

 

Sap represent the IGBT S1, Sbp represent IGBT S2, Scp represent the IGBT S3. 

Map, Mbp and Mcp represents the modulating signals. 

 

The above equation represents the modulating signals of switching device S1. 

 

The above equation represents the modulating signals of switching device S2. 

 

The above equation represents the modulating signals of switching device S3. 





 

Figure 20 :- basic schematic of CSC 

The basic configuration of CSC based circuit is shown above in which we have used six fully 

controllable switches s1, s2, s3, s4, s5 and s6. The PWM signal for 6 IGBT is shown below 

 

As an energy storage element, a DC link reactor is having been placed in DC link. This reactor is 

composed of series connection of inductance and resistance. DC link current becomes constant 

due high time constant of dc link circuit. 



The line current can be express using following equations  

 

The converter line current Fourier series expansion is given by 

 

The modulation index is defined as  

 

A dominant harmonic current component at fundamental frequency is produced by CSC. In 

modulation index this harmonic component can be neglected. The fundamental component at the 

input of converter can be expressed in terms of modulation index M, dc link current Idc as by using 

above equations 

 

The steady state active power at the input is written as  

 

Since we assume that the power converter switches are lossless so the power loss in dc link reactor 

can be express as  



 

 

 

By substituting the value, the power equation becomes  

 

 

4.1.1 Control methods for current source inverter  

There are two types of control methods available, one is conventional controlled method which is 

based on PI controller and other is state feedback controller. 

4.1.1.1 Conventional control method  

The conventional control method is based on PI controller, in CSC converter is mainly based on 

two variables, modulation index and phase shift angle. 

4.1.1.2 Modern control method  

In this control method we require the state-space representation of CSC.we can obtain state space 

representation using d-q frame. Since it has a smaller number of state variables which become 

steady the dc quantities. This would make the analysis and design of control system relatively 

easy. 



 

By rearranging the above equation, the control input variables Md and Mq are represented as  

 

 

Where  

 

 

In first equation the state space equation contains the multiplication control variable input and state 

space variables. Between d and q component of the system there is cross coupling present, where 

dc link current depends on both input variables. 



4.1.2 DC link reactor  

Magnetic storage element of current source converter is dc link reactor. We would try design a dc 

link reactor very small for fast transient response. 

 

The distortion in converter line current waveforms at the input of CSC, better approximation of dc 

link current to level current improves the RDD of input current waveform.  The switching 

frequency and u=inductance should increase to minimize the ripple in dc-link current. 

 

One we set the system frequency and voltage we can calculate the value of dc link reactor. 

4.2 GRID connected Current source converter with Battery energy storage 

system: - 

We have designed grid connected current source converter which has the functionality of bi-

directional power supply. When the grid is available CSC will charge the battery and when the 

grid is not available the supply the energy to grid. 



 

Figure 21:- complete schematic of grid connected current source converter with BESSS 

Figure 11 shows the complete schematic diagram of grid connected current source converter with 

BESSS. In this circuit we have used PLL for grid synchronization because CSC converter work in 

bi directional model, it would charge the battery and when required it would provide the power to 

the grid from battery. 

 

Figure 22 :- Control system for current source converter 



Figure 12 shows the control system of CSC in which we have generated 6 PWM signal for IGBTs 

to drive. We provide these six signals at the gate of IGBTs. The waveforms of signals are shown 

below. 

 

Figure 23 :- waveform of gate signal of IGBT 

4.2.1 Reference current calculation 

In case of unbalanced load, the power oscillations appear at the output waveform different 

sequence interaction of voltage and current. This create the requirement of injected current 

calculation strategies by the power converter into grid for the control of instantaneous active and 

reactive power. 

4.2.2 Battery charging  

In CSC the battery charging is low due to constant current of converter. We have set the initial 

charge of battery at 50%, so the battery start charging from 50%. We have used one switch which 

will decide mode of charging and discharging. When charging mode, the idea switch is connected 

to 1, on discharging mode the switch is connected to 0. 



 

Figure 24 :- Waveform of Battery charging 

For battery charging we required DC voltage so we convert the AC voltage into DC voltage for 

this purpose we have used grid connected current source converter. This converter start charging 

the battery which is connected with the bi directional converter. This bi direction converter work 

for both charging and discharging of battery. 

 



 

Figure 25 :- CSC voltage and current waveforms 

Figure 15 shows the DC output voltage and current of CSC in which we have seen that the voltage 

has a very small ripples and current waveform also has small ripples. The waveform of voltage is 

pure DC for battery charging and the current waveform has ripple factor. 

 

Figure 26 :- Output voltage and current waveform of CSC 

Figure 16 shows the waveform of the three-phase output voltage and current This is the output 

grid connected mode. The CSC converter which we have designed has the ability to do a bi 



directional operation. This converter charges the battery and when the grid required the battery 

will act as a source. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 RESULTS AND DISCUSSION 

We have simulated the VSC and CSC in MATLAB. The simulation results of VSC is 

comparatively good than VSC. In both cases we have connected the battery with converter using 

bi-directional charging and discharging in grid connected mode.  

   

Figure 27 :- Results of CSC for DC output       Figure 28 :- results of VSC for DC output 

Figure 19 and 20 shows the comparative results of VSC and CSC in which we have seen that the 

VSC has a very less ripple at the DC output waveform of voltage and current and the CSC output 

voltage is comparatively good but its current waveform has more ripples which will compromise 

the efficiency of converter. The current result of CSC is due to the problem in control system of 

converter which is not properly designed. 



 

Figure 29 : output wave form of CSC 

Figure 21 shows the waveform of CSC in which we have seen that CSC does not require external 

filter for harmonic elimination. Its output has a very low harmonics which increase the efficiency 

and converter. 

 

Figure 30 :- output waveform of VSC without filter 

Figure 22 shows the output wave form VSC in which we have seen that VSC require external filter 

to remove the harmonics. This is the disadvantage of VSC. 



6 CONCLUSION 

We have designed and simulated the VSC and CSC in which we have seen that both the converters 

have some advantages and disadvantages, like the CSC have built in short circuit protection and 

does not require external filter to eliminate the total harmonic distortion. CSC also have constant 

current which is good for battery charging. In grid connected mode the control design of CSC is 

very difficult and its very difficult to generate accurate output using reference current 

comparatively VSC. In VSC we must require the external filter to eliminate the harmonics in the 

output of converter. Other wise VSC does not work efficiently in grid connected mode. In grid 

connected mode we must introduce the grid filter at the output. So CSC has better performance 

than VSC, VSC is comparatively easy but require some extra components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




