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ABSTRACT 

Various configurations based on 3-phase voltage source converters (VSC) are used 

for renewable energy sources like PV and fuel cell systems which inherently provide 

DC output and require power electronic converters for connecting the power in to the 

AC grid. In grid connected application, due to disturbances, transients and interruptions, 

voltage at point of common coupling (PCC), becomes unbalanced and/or fluctuates 

temporarily. In weak grid, due to large grid impedance, it is more likely to have voltage 

fluctuations at PCC. VSC used in grid integration, has to work in safe and controlled 

manner in such conditions. Hence, the control mechanism used for control of VSC in 

motor drive applications cannot be directly fitted in grid connected VSC application. 

For VSC to have stable operation in such voltage unbalance and distorted condition, a 

control mechanism with added functionality is required.  

The reliability and stability of VSC is affected by current control strategy as well as 

the technique used for grid synchronization. Therefore, grid synchronization methods to 

get stable phase detection of grid voltage and current control mechanism applied to 

weak grid connected VSC are the main focus of this research work. 

Usually, PLL implemented in synchronous reference frame (SRF-PLL) is used for 

phase detection of positive sequence component of grid voltage. However, in weak grid 

conditions, due to voltage fluctuation and distortion, the phase detection of SRF-PLL is 

affected. Also SRF-PLL is not stable to track the phase if grid voltage has harmonic 

components. In this research use of double synchronous reference frame PLL (DSRF-

PLL) with impedance conditioning is proposed. Impedance conditioned DSRF-PLL 

(ICDSRF-PLL) is able to synchronize the VSC at stronger PCC in weak grid that can 

give stable enhanced power transfer to grid. 

Another important part of VSC operation is current control technique. In presented 

work a robust predictive current control algorithm is used with ICDSRF-PLL to 

enhance the stability and power transfer capability of VSC in weak grid. Predictive 

current control is implemented in ABC reference frame so there is no need to have any 

parameter transformation in synchronous reference frame which usually the case with 

PI current control algorithm. In analysis it is found that predictive current control gives 

fast dynamic response and less current ripple in comparison with PI current control 
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mechanism. Both the concepts presented in this work are verified by MATLAB 

simulations and hardware using dSPACE. 
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CHAPTER – 1 

Introduction 

1.1 Introduction 

The demand of electrical energy is growing at a rapid rate since the last couple of decades 

and to fulfill this higher need of electricity, in the conventional power generation units, 

consumption of fossil fuels like coal, gas, oil etc. has been increased. This has increased the 

rate of depletion of fossil fuel in soil, because of which not only the cost of electricity has 

been increased but it has also provoked the other environmental issues like pollution and 

global warming. Due to this, power generation from renewable resources like solar, wind 

etc. is gaining more attention in place of conventional power generation. 

Another enabling factor for development in renewable power generation is intense research 

and improvement in power electronics converter technology. Renewable energy generation 

units are usually located near the consumer area and it is either supplying electricity in 

standalone mode or grid connected mode. In both modes of operation, this renewable 

generation requires aid of power electronic converter either to supply AC load or 

integrating power in to the grid. Various topologies of power electronics converters are 

being used in grid connected converter applications. However, the Voltage Source 

Converter (VSC) has been used more dominantly in three phase grid connected applications 

[1-3]. 

Two and/or three-level VSC topologies has been used for most of the existing grid 

connected VSC applications like grid integration of renewable energy sources, HVDC 

transmission, STATCOM, FACTs, etc. As this topology can also be implemented by series 

connection of a large number of semiconductor devices to work in high voltage 

applications, the rating of VSC can be from large power scale like HVDC system to small 
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scale in power factor correction (PFC). This flexibility of VSC illustrates that the same 

topology which is used for low voltage applications can also be used in the high voltage 

system [4-5]. 

Control techniques for VSC inspired from motor drive application does not seems to be fit 

for grid connected mode, in the case VSC connected to grid. Because when VSC is used for 

grid integration it will be exposed to transients and interruption coming in system and this 

will create transient unbalanced voltage condition in grid [6]. Especially in weak grid 

condition, point of common coupling (PCC) where VSC is going to be connected to grid is 

at far end of distribution system. Due to large distance, impedance of grid will be large and 

this will make unbalance in voltage more pronounced [7]. In increasing use of renewable 

energy sources, it demands more and more VSC to be connected to grid for integrating the 

electrical energy in to the grid generated by renewable sources especially in solar and fuel 

cell systems which provides DC electricity at output. Hence in increased number of VSC 

connected to grid, VSC also needs to be operating in such grid unbalanced and transient 

voltage conditions. VSC capable to be operated in this kind of weak grid condition is 

known as Low Voltage Ride-Through (LVRT) capability of converter. For VSC to operate 

in such a weak grid condition requires additional control which will increase the 

complexity of control mechanism. Due to extensive use, significant research attention 

towards development of control mechanism for VSC has been received.  

There is a wider range of control techniques possible, which have been applied to grid 

connected VSC. However, majority of control techniques have structure with two main 

components, grid synchronisation and current control algorithm as shown in FIGURE.1.1. 

With the assumption that VSC remains always connected to grid without any requirement 

of standalone operation and DC supply for VSC is maintained constant, each component of 

control technique of VSC can be briefly described as: 

Grid Synchronisation: 

When VSC required to be operated in grid connection mode, control system of converter 

requires the information about amplitude, frequency and phase of grid voltage at PCC. 

Therefore, the main role of Grid Synchronisation method is to detect information required-  
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FIGURE 1.1 Overview of main components of VSC control mechanism 

by control system of grid connected VSC. Although varieties of grid synchronisation 

techniques have been proposed, analysed and applied in literature, the most widely used 

and well known technique is three phase synchronous reference frame phase-locked loop 

(SRF-PLL) [22-23,25].  

Under unbalanced conditions of grid voltage, it is required to identify the information of 

positive sequence component of grid voltage. Either by implementing this feature in 

conventional SRF-PLL or by using techniques with symmetrical component separation to 

get information about positive sequence component of grid voltage in double synchronous 

reference frame PLL (DSRF-PLL) is very common under unbalanced grid voltage 

conditions [26-29]. Especially, in grid interface of VSC at weak PCC i.e. in weak grid 

condition, it is usual to have fluctuations in grid voltage. Hence for a weak grid condition, a 

grid synchronisation technique with added functionality needs to be investigated to get 

information of grid for stability of operation of VSC in unbalanced voltage condition. 
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Current control Algorithm: 

Current controller and reference current generation with active and reactive power control 

are the main building block of current control algorithm of the VSC. Usually current 

controller is controlling the current from filter inductor in closed loop as shown in FIGURE 

1.1. Based on type of current controller, the switching signals required by VSC can be 

provided by closed loop controller itself or it can be generated by a separate PWM signal 

generation block. Current controller directly providing switching signal is usually of non 

linear in nature and it uses variable frequency switching. While the current controller, 

having switching signal generation using PWM, gives constant frequency switching of 

VSC. For a high power VSC control, linear current control is preferred to avoid stress 

issues on semiconductor devices of VSC due to variable frequency switching. In weak grid 

connected mode of VSC operation, performance of traditional PI current control 

implemented in SRF gets deteriorated due to its slow dynamic response for unbalanced and 

fluctuated voltage conditions [6-9]. Although a wide range of current control techniques are 

proposed and analyzed for grid connected VSC, required performance in weak grid 

connection of VSC is not obtained. For a weak grid connected VSC, a current control 

technique needs to be investigated, which can give fast dynamic response to work with 

voltage fluctuations and unbalanced conditions as well as having reduced complexity to 

make digital implementation simple. In this research a performance comparison of PI 

current control and Predictive current control has been given and shown that the advantage 

of fast dynamic response in predicative current control, which is required for VSC to work 

in weak grid, can be achieved with reduced complexity by implementing it in ABC 

reference frame.   

1.2 Overview of Thesis 

Chapter 2 describes a literature study on the various components of control mechanism of 

VSC when operated in weak grid point of connection. It investigates the operation of VSC 

on some important aspects like grid synchronization methods, current control techniques, 

effect of weak grid on VSC performance etc. This chapter also serves as a basis for 

identifying the limitations of existing methods and to identify the research gap. Based on
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 gap the research problem has been defined as well as the objectives and scopes for the 

research work are presented. 

 

Chapter 3 presents the comparative analysis of SRF-PLL and DSRF-PLL grid 

synchronization methods. The impact of weak grid on performance of these methods is 

discussed and an impedance compensation technique is presented to overcome the issue of 

large grid side impedance in weak grid. Performance of impedance compensated DSRF-

PLL (ICDSRF-PLL) is evaluated in voltage fluctuating condition.  

 

Chapter 4 is focused on predictive current control technique for control of VSC. Also 

performance of Predictive current controller is compared with conventional PI current 

controller and it has been shown that predictive current control technique can give faster 

dynamic response. The implementation of predictive current control in ABC reference 

frame is presented. Also, the ICDSRF-PLL method presented in chapter 3 for grid 

synchronization is applied with the predictive current control technique presented to control 

weak grid connected VSC. It has been shown that predictive current controlled VSC can 

have stable operation with enhanced power transfer capability in weak grid. 

 

In Chapter 5, a hardware prototype implementation of weak grid connected VSC is 

presented to demonstrate the workability of proposed control mechanism. To implement 

VSC system in real time, interfacing with computer system with the aid of dSPACE is 

presented. 

 

Finally, a summary of the work presented in thesis with concluding remarks and future 

scope from the research investigations is given in Chapter 6.  
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CHAPTER – 2 

Literature Survey 

Power electronic interface used for distributed energy sources mainly uses the VSC 

topology for power electronic converter. When VSC is used for grid integration it will be 

exposed to transient unbalanced and fluctuating voltage condition created by transients and 

interruption coming in to the system. Especially in weak grid condition where point of 

common coupling is at far end of distribution system and hence due to large grid 

impedance, fluctuation in voltage becomes more pronounced. For stable and safe operation 

of VSC during severe voltage unbalanced and fluctuating conditions, it requires control 

techniques with added functionality. In the last two decades, there has been intense research 

efforts made on various aspects of grid connected VSC. These aspects include grid 

synchronisation techniques, control mechanism in various reference frames, impact of weak 

grid on stability of converter, performance enhancement of converter etc. This Chapter is 

intended to discuss a brief overview of the earlier contributions that constitute the main 

basis for the proposed research work presented in this Thesis. 

2.1 Grid connected VSC 

2.1.1 Overview of VSC topology 

In grid-connected distributed generation (DG) systems, three phase pulse-width-modulation 

(PWM) VSC is usually required for the purposes of power conversion, optimised power 

control and grid interfacing of electricity. The main role of grid connected VSC is to 

control the power flow in to the grid from converter and to maintain the output voltage and 

frequency of converter at the desired level. The VSC system is connected with the grid at 

PCC through a filter inductor, which is required to acceptably attenuate switching 
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harmonics in current fed into the grid [1-3]. FIGURE 2.1 shows a general schematic for 

grid connected VSC.  

 

FIGURE 2.1: General Schematic of grid connected VSC 

Two and/or three-level Voltage Source Converter (VSC) topologies has been used for most 

of the existing grid connected VSC applications like grid integration of renewable energy 

sources, HVDC transmission, STATCOM etc. This topology can also be implemented by 

series connection of a large number of semiconductor devices to work in high voltage 

applications, illustrating that the same topology which is used for low voltage applications, 

can also be used in the high voltage range [4-6]. 

2.1.2 Requirements for VSC grid integration 

Due to the increased number of distributed power generation systems connected to utility 

power grid, instability of these systems and of the grid itself can occur. As a consequence, 

more strict standards have been issued in respect to grid connected VSC of distributed 

power generation. Unlike motor drive applications, when VSC is required to work in grid 

connected mode, it will be exposed to disturbances as well as transients propagating 

through grid power system. Therefore, VSC has to work in transient voltage fluctuations
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 coming at PCC in power grid, instead of getting disconnected from grid for safety of 

converter. 

Table 2.1: IEEE 1547-2018 Standards for grid connected VSC 

Requirements for Grid Connection Permitted Limit 
as per IEEE 1547-2018  

Current distortion Limit 

h < 11 < 4% 

11 < h < 17 < 2% 

17 < h < 23 < 1.5% 

23 < h < 35 < 0.6% 

%THD < 5% 

Voltage Ride Through Capacity 0.7 pu < V < 1.2 pu 

Frequency Ride Through Capacity 
58.8 Hz < ƒ < 61.2 Hz 

49Hz < ƒ < 51Hz 

 

According to IEEE 1547-2018 standard [38], VSC has to be operating in grid connected 

mode for specified limits of voltage ride through capacity as well as frequency ride through 

capacity. An IEEE 1547-2018 standard for grid connectivity of VSC is mentioned in Table 

2.1. Since DG is not able to provide voltage as specified by IEEE standards, grid connected 

VSC also plays major role in quality of power fed in to the grid.  

Stable and safe operation of grid connected VSC can affected by various factors such as, 

grid synchronisation method, current control algorithm, impact of grid parameter of VSC 

control etc. Therefore, an extensive research efforts made by researchers on control of grid 

connected VSC to enhance its quality of output and voltage ride through capacity [7-12]. In 

next sub section, most important part of grid connected VSC; the grid synchronisation has 

been discussed.       

2.2 Grid Synchronization 

To control power flow from DG source to Grid, the current injected from VSC needs to be 

synchronized with the phase of grid voltage at PCC. The major role of grid synchronisation 

is to obtain the phase and frequency information of grid voltages. Various algorithms are
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 being used for grid synchronization. The magnitude and angle of the positive phase 

sequence voltage is used for the synchronization of the VSC output variables and for the 

transformation of state variables from natural reference frame into rotating reference frame 

and vice versa. There are various three-phase and single-phase PLLs proposed and 

discussed in literature [13]–[24] to improve the performance of PLL synchronisation during 

non-ideal grid voltage conditions. Regardless of the method used in the grid voltage 

information detection, the amplitude and the phase of the positive phase sequence 

component must be fast and accurately obtained, even though the grid voltage is distorted 

and unbalanced. 

In [13-14], Timbus et al. has discussed and analysed various method of grid 

synchronisation and confirmed that Synchronous reference frame phase-locked loop (SRF-

PLL) is appropriate for grid connected VSC system. Hence SRF-PLL is a most commonly 

used three-phase grid synchronisation method in grid connected VSC applications. The 

SRF-PLL is required to estimate the frequency and phase of the grid voltage. Vikram Kaura 

and Vladimir Blasco has presented basic SRF PLL operation in [15] and also analysed 

operation of basic SRF-PLL under distorted and unbalanced grid voltage condition. 

FIGURE 2.2 shows the basic scheme of a conventional SRF-PLL. In this PLL, the three-

phase input voltages taken from PCC are transformed to the synchronous reference frame 

by using a combination of Clark and Park transformations. Thereafter with the help of a 

feedback loop, the angular position of the synchronously rotating reference frame is 

regulated to get either the d-axis or q-axis component becomes zero. In ideal condition of 

grid, SRF-PLL is capable of sensing phase and frequency adequately with quite good 

dynamic response but in non ideal condition of grid i.e. when voltage unbalance occurs or 

involves harmonic distortion its performance gets degraded [16-17]. 

 
FIGURE 2.2: Basic scheme of a conventional SRF-PLL [16]
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For precise phase detection under unbalanced or distorted grid voltage conditions, several 

advanced PLLs have been proposed in [16, 18-20] as an alternative to the traditional SRF-

PLL. The main concept in advanced PLL is to employ the specific techniques to extract the 

fundamental frequency positive-sequence voltage component which is then being fed to a 

traditional SRF-PLL. Golestan et al. has presented a detailed study of advanced PLL like 

multiple reference frame based PLL (MRF-PLL), dual second-order generalized integrator 

based PLL (DSOGI-PLL), multiple complex-coefficient-filter-based PLL (MCCF-PLL) etc 

[15, 19]. In all these advanced SRF-PLL, similar approach of selecting the positive 

sequence voltage is used in different reference frame. In [17] Rodriguez et al. has presented 

a decoupled double synchronous reference frame PLL (DDSRF-PLL). In this method also 

to eliminate the effect of negative sequence grid voltage component, positive sequence 

component is extracted and applied to SRF-PLL. However, all these approaches fail to give 

accurate and stable grid synchronization in weak grid condition where the magnitude of 

grid impedance is high. To overcome the instability issue in PLL due to influence of high 

grid impedance in weak grid and its consequence, the VSC operation, on the voltage 

measurements at PCC used for grid synchronization, a voltage sensor-less method for 

synchronizing VSC to a remote PCC in a weak grid was proposed in [21]. This approach of 

Virtual Flux-based estimation has shown significant improvement in the VSC stability 

range and the power transfer capability of VSC in a weak grid. Voltage sensor less method 

also reduces the cost by reducing the number of sensor required. However, voltage sensor 

less approach requires dedicated estimation method or an additional impedance-based 

control loop to be added in VSC control system as well as it also affects the stability margin 

of the system [21, 56]. Bin Yuan et al. has presented an approach of applying alternative 

damping factors in PLL. It has been shown that stability of VSC synchronization depends 

on impedance angle of grid impedance parameter [22]. In [23] Xiuqiang et al. has clarified 

that the grid impedance voltage drop has a significant effect on the transient stability of 

VSC, as it introduces an offset term in the q-axis voltage applied to PLL input. Suul et al 

has presented an approach of grid synchronization using SRF-PLL with impedance 

conditioning and has achieved significant improvement in power transfer capacity at PCC 

[24-25]. However, in presence of harmonics and unbalanced condition in grid voltage at 

PCC, SRF-PLL is not able to provide either accurate phase of positive sequence voltage or
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constant frequency detection. Hence, it is required to make further investigation for the 

issue of Grid synchronization during weak grid connection of VSC and to extend the 

concept of grid synchronization to improve its stability for enhanced power transfer from 

VSC in weak grid conditions. 

2.3 Impact of Weak Grid on VSC Performance 

Major issue in distributed generation is that the points of common coupling (PCC) for VSC 

grid connection are usually located far away from the energy consumption area. At these 

locations grid is usually have high impedance looking back into the grid, which can be 

characterized by weak grid. The strength of the grid is characterized by the Short Circuit 

Ratio (SCR) at PCC. SCR is defined by the short circuit power capability of system (SCC) 

at the PCC and the rated power capacity (SN) of the installed renewable energy source 

required to be connected to grid as given in [26,33], 

                                                                 푆퐶푅 =                                                                 (2.1) 

The short circuit power capability can be defined from the rated grid voltage Vg, and the 

grid impedance Zg by SCC = Vg2/Zg. Hence SCR can be given in terms of grid voltage and 

grid impedance as, 

                                                              푆퐶푅 =
×

                                                              (2.2) 

From the equation (2.2), we can see that for the higher value of grid side impedance Zg, 

SCR will be smaller and it will make grid to be weaker. Interaction of power from VSC 

with grid becomes more complicated when SCR is low i.e. the impedance of grid is large, 

which makes grid system weak at PCC [34-35]. Standard IEEE 1204-1997 [37] has defined 

a Weak Alternating Current (AC) power grid from two aspects, including static as well as 

dynamic performance:  

1. AC system impedance may be high relative to AC power at the point of connection, 

i.e. short-circuit power at the point of connection may be low.  

2. AC system mechanical inertia may be inadequate relative to the AC power in feed. 

According to IEEE standard 1204-1997, a grid having SCR less than 3 is considered as 

weak grid and for higher value of SCR a grid is said to be stronger. Measured voltage level
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and stability of converter at PCC is dependent on strength of grid. In [27] Gaunglu et al. has 

shown that when the AC grid is strong, the PCC voltage can be treated as constant and 

when the AC grid is not strong enough, Vg at PCC will be a function of power flow and 

circuit parameters as V = f(P, Q, SCR,ϕ). Cheng Wan et al. has presented a study of two 

VSC systems interacting through PCC in weak grid [28]. Aswad Adib et al. has presented a 

study of impacts of the grid, control scheme, and filter parameters on the stability of active 

power (P) and reactive power (Q) controlled grid-connected VSCs and it has been 

demonstrated that how the inverter system moves from stable to unstable region of 

operation as the grid impedance increases depending on the grid R/X ratio [29]. It has been 

pointed out that VSC gives stable operation when both of them separately connected to grid 

but when two VSC connected simultaneously at PCC, output voltages and input currents 

have been noticed with low-frequency oscillations. In [33] Fundamental review about weak 

grid is presented and used for an analysis of the effects of wind turbine (WT) power 

injection in regard to voltage level and grid stability depending on the grid strength. In very 

weak grids with a SCR less than 2, the operation of a WT becomes challenging or even 

impossible. Weak grid systems experience significant fluctuations in voltages at PCC, both 

in steady-state and dynamic events. Also under weak grid condition, the voltage sensitivity 

in respect of reactive power is high, which reflects in larger voltage deviations for the same 

amount of reactive power injection or absorption. In weak interconnected grids, Voltage 

unbalance is also prone to be higher [34]. In [35] analysis of small signal model of grid 

connected VSC system for impact of grid strength is carried out and it has been shown that 

as grid strength decreases (i.e. decreasing value of SCR) voltage control at PCC is 

increasingly desirable in order to reduce power quality issues. Jiayuan et al. has also 

presented impedance based stability criterion to analyze impact of grid impedance on 

performance of grid connected VSC [36]. They have compared the stability phase margin 

with traditional and reconstructed impedance based stability criterion and shown that 

stability of the VSC (represented as equivalent current source) depends only on whether the 

grid synchronization technique (phase locked loop) is stable, irrespective of the inverter 

control loop parameters. In all literature, it has been presented the analysis of weak grid 

condition effect on performance of VSC, and has shown that for a stable operation of VSC
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in high impedance grid a grid synchronization technique needs to be investigated, which 

can give accurate phase detection in fluctuating voltage condition at PCC. 

2.4 Current controller for VSC 

Grid connected voltage source converter can equivalently be represented as controlled 

current source as most of control structure comprising an internal current control loop. 

Basic requirements to be fulfilled by any CCT (Current Control Technique), as presented in 

[39] are listed out in appendix C. A current control mechanism applied to grid connected 

VSC must possess characteristics like, fast dynamic response, no amplitude or phase error 

and should have constant switching frequency operation. The performance of the VSC 

converter system significantly depends on the quality of the applied current control 

technique, which can be broadly classified in to two categories: (1) Non-Linear current 

controller and (2) Linear current controller [39-41].  

2.4.1 Non Linear Current Controller 

Non linear current controller like conventional hysteresis current controller (HCC) has 

mainly two drawbacks. First is the requirement of variable switching depending on load 

characteristics; and second is the having degradation in its accuracy when control is 

implemented on digital platforms. A predictive hysteresis control approach based on the 

oversampled estimation of the utility voltage with frequency locked loop (FLL) and the 

prediction of the VSC output current within a sampling period of the measured signal with 

a higher sampling rate has been presented in [41]. In this approach the predicted current is 

used to generate the required gating signals instead of measured phase current of the VSC. 

This approach has overcome limitation of conventional HCC up to some acceptable level 

i.e. it gives inherent over current protection as well as  there is a possibility to control the 

mean switching frequency of power devices in VSC.  

Bin Lu et al. has presented non linear control applied to unified power flow controller. VSC 

controlled by non linear controller requires power devices having large switching frequency 

capability as well as high rate of rise of voltage capacity, as non linear control is giving 

variable frequency switching [42]. From the comparative analysis it has been shown that 

hysteresis and model predictive control (MPC) can give faster dynamic response in
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condition of sudden changes in grid voltages. However, it suffers from the drawback of 

variable switching frequency. 

2.4.2 Linear Current Controller  

Linear controllers are mainly either PI based or Predictive current regulation based 

controllers. PI current controller suffers from steady state error while Predictive current 

Regulation based controller can give precise current tracking with high immunity to load 

parameter variation. In the linear current controller the error between the reference current 

and the measured current is processed by controller to generate the reference voltages. This 

reference voltage is used by modulator to generate the gate drive signals for the inverter 

switches [43-44]. Daniel et al. has proposed P+Resonant controller in [45], and shown that 

a PI controlled current regulation in stationary reference frame can also give zero steady-

state error and good transient performance by transforming the regulator transfer function 

instead of the ac current error i.e. to transform a desired DC compensation network into an 

equivalent AC compensation network. Another linear controller is predictive current 

control, whose basic principle control comprises the calculation of the required converter 

voltage to reduce the error on the controlled variables (i.e. phase current) to zero in a finite 

amount of discrete steps of digital platform. In [46] Lynn Verkroost et al. have shown that 

predictive current control of VSC can give fast dynamic response compared to PI 

controller.  

To enhance the performance of conventional PI controller, Shoji Fukuda et al. has 

presented PI controller with S regulator (regulator having sine wave transfer function 

inside) [47]. It can track any number of harmonic components, dc component and 

fundamental frequency reference signals with a zero steady-state error. A current control 

with impedance phase shaping for a LCL filtered inverter connected to non ideal grid has 

been reported in [48]. Authors also have proved that, for the typical grid current control, a 

contradiction between high bandwidth and high robustness exists and the robustness of 

control is endangered by the voltage distortions and the grid impedance variation.  

The control algorithm with repetitive control which nullifies the oscillating component of 

the instantaneous active power at the poles of the converter gives a good performance
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regarding harmonic distortion factor [49]. An improved repetitive control scheme using FIR 

filter is effective to improve the tracking performance and reduce the harmonic distortion 

for the grid connected VSC systems [50]. Olve Mo et al. has presented a control method 

with active damping of oscillations between components of LC-filter for grid connected 

current controlled PWM voltage source converters. The main benefit of this method is that 

the higher frequency oscillation in filter components can be controlled independently of 

remaining converter control [51].  

Behrooz et al. has proposed a vector control strategy for the current control of the grid-tied 

VSCs using the nonparametric open-loop and closed-loop transfer matrices of VSC system. 

It is able to track the reference current signals with zero steady-state error and also have 

better dynamic performance compared to the previously proposed approaches [53]. For the 

control of weak grid connected VSC, conventional vector control approach suffers from 

stability and performance problems. [28, 52, 61]. Hence, Xueguang Zhang et al. has 

presented an improved feed forward current control method including PLL dynamics in 

[54]. This method has enhanced the stability of grid-connected inverters under weak grid 

conditions and it has also reduced the impact of PLL perturbations on performance of grid-

connecting VSC. Zhixun Ma et al. has presented a constant switching frequency predictive 

current control (CSF-PCC) in [55] and have shown that dynamic as well as steady state 

performance of VSC got improved. Also with the combination of CSF-PCC and voltage 

feed forward control, disturbances of weak grid can be suppressed [58].  

Another method of current control with proportional resonant controller has been reported 

in [56] by Changliang Xia et al. In PR controller by giving a suitable current reference, the 

issue of ac-side line-current asymmetry can be resolved, and also the effect of unbalanced 

grid voltages on the VSC system can be avoided. Digital current control with active 

damping of LC resonance can give high bandwidth current control as well as reduces the 

effect of cross-coupling components to enhance the performance of VSC [57]. Predictive 

current control approach is widely used in motor drive application and grid connected VSC. 

A predicative current control in α-β reference frame with constant switching gate signal 

using space vector PWM (SVPWM) can give reduced steady state error [59-60]. To 

overcome the problems in grid connected operation of VSC, an improved
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current control scheme has been proposed, in which the fundamental and harmonic currents 

are independently controlled by a PI decoupling controller and a predictive controller, 

respectively [65]. The proposed control method can compensate the uncertainties caused by 

the grid voltages with fast dynamic response. However, as two separate controllers are used 

for fundamental and harmonic current, complexity of control method has increased. 

Another approach of current control with decoupling multi frequency power has been 

presented in [66]. This control method can give better output current THD at converter 

output. Ujjwol Tamrakar et al. has presented a comparative analysis of most widely used 

control techniques [67].  

In this Section, various current control techniques published by researchers has been 

presented. It has depicted numerous problems associated in linking the DG system to a grid, 

i.e., grid instability, harmonics in the waveform, fluctuations in grid voltages, issue of large 

grid impedance in case of weak grid. Also as mentioned in Section 2.4.1, Non linear current 

controllers can give faster dynamic response, but it has limitation of variable switching 

frequency operation of VSC. This imposes the stress on switching power semiconductor 

devices used in VSC. Hence, in order to overcome these problems and to provide stable 

operation of VSC, especially in weak grid condition, appropriate controller with fast 

dynamic response, compatible and less complex algorithm, ability to remove steady state 

errors, constant switching frequency, smooth current tracking capability etc. needs to be 

investigated. Also to enhance the stability of VSC in weak grid, as discussed in Section 2.2, 

an investigation has to be carried out to implement a grid synchronization technique which 

can give stable and accurate phase detection of grid voltage measured at PCC. Hence the 

research work presented in this thesis is focused on investigation of control mechanism, 

specifically grid synchronization technique and current controller to get stable operation of 

VSC in weak grid condition. 

2.5 Definition of the Problem 

Day by day use of grid connected VSC are increasing due to rapid development in the field 

of distributed energy sources. With this increasing number of grid connected VSC 

applications, to achieve control of VSC, grid synchronization technique and current control 

strategy has received significant attention. However, the issues related to control of VSC in
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unbalanced and distorted voltage condition, especially for weak grid connection of VSC 

has escaped their attention. The issues for weak grid connected VSC control can be listed as 

follows: 

 Grid synchronization technique should be able to detect phase and frequency 

of voltage adequately and should not have effect of voltage variation at 

PCC. 

 Current control applied to VSC in coordination with grid synchronization 

method should be simple in design and less complex to implement. 

 Stability of weak grid connected VSC should be increased for enhanced 

active power transfer to grid.  

Hence, the problem can be defined as, 

“To develop and implement a grid synchronization technique and a simple yet 

stable current control mechanism for weak grid connected voltage source 

converter that enhances the active power transfer to the grid while minimizing the 

effect of grid impedance.” 

2.6 Objective & Scopes of Research 

The operation of the grid connected voltage source converter mainly affected by 

effectiveness of control strategies and phase detection by the technique used for grid 

synchronization. Hence reliability and stability of VSC is affected by the stability of control 

strategies as well as grid synchronization methods. Thus different objectives of proposed 

research work can be listed out as,  

 To design and develop a grid synchronization method which can give precise 

phase detection of grid voltage at weak PCC of grid in unbalanced and distorted 

voltage conditions.  

 To implement a current control strategy for voltage source converter in ABC 

reference frame that can achieve stable control of VSC during weak grid 

conditions.
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 To develop a hardware setup to test the combined algorithm of current control 

and grid synchronization to check the performance of VSC in weak grid 

connection. 

To achieve these objectives, the scope of the work includes following  

 Compare the performance of SRF-PLL and DSRF-PLL techniques in weak 

point of common coupling with voltage fluctuating condition. Also test it for the 

effect of variation in local load on voltage at PCC. Based on the investigation of 

issues to arrive at solutions that can overcome it. 

 Investigate predictive current control mechanisms that can give stable operation 

of VSC in non ideal grid condition. 

 Implement a combined robust control structure that includes predictive current 

control and grid synchronization with virtual grid impedance correction. 

2.7 Original Contribution By Thesis 

Main contribution of the work presented in this synopsis can summarized as, 

 Comparison of performance of SRF-PLL and DSRF-PLL under fluctuating 

voltage condition due to weak grid has been carried out to find phase detection 

issues.   This work has shown that DSRF-PLL gives precise phase detection 

under voltage unbalanced as well as fluctuating conditions while SRF-PLL fails 

to do so.  

 A corrective action in DSRF-PLL to overcome the problem of weak grid 

condition namely, a  virtual impedance conditioning block to obtain proposed 

grid synchronization method named ICDSRF-PLL (Impedance conditioned 

double synchronous reference frame PLL) has been developed in this research 

work.  

                  Phase detection by ICDSRF-PLL is evaluated under various conditions like, 

 Local load switching at point of common coupling 

 Change in active power transfer from VSC to grid.
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 Unbalanced voltage condition at PCC.  

 This work has implemented predictive current control in ABC reference frame 

without use of any parameter transformation for grid connected VSC which 

makes it simpler and gives faster dynamic response compared to basic PI current 

controller. 

 Combined control mechanism with ICDSRF-PLL and predictive current control 

algorithm is developed in MATLAB simulation and tested for various condition 

of weak grid.  

Moreover, stability of control mechanism is tested for enhanced active power 

transfer capability by VSC in low SCR (large grid side impedance) point of 

common coupling of weak grid. 

 Experimental setup for grid connected VSC is developed and results are 

obtained to validate the proposed control mechanism combining the ICDSRF-

PLL and Predictive current control presented in this research work.
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CHAPTER – 3 

Impedance Compensated Grid Synchronization in 
Weak Grid 

This Chapter represents the technical aspects of impedance compensated grid 

synchronization method considering VSC operation in weak grid. The chapter starts with 

an outline of basic introduction and comparison of most widely used synchronous reference 

frame (SRF) PLL and double synchronous reference frame (DSRF) PLL. The concept of 

impedance compensation is then presented in detail. It is also pointed out that previously 

presented SRF-PLL based impedance compensated grid synchronization suffers from the 

problem of having limited ability to follow grid phase voltage; in the case grid voltage is 

distorted due to presence of harmonics. This limitation has got overcome in impedance 

compensated double synchronous reference frame (ICDSRF) PLL.       

3.1 System Configuration of SRF-PLL and DSRF-PLL 

In grid-connected applications of VSC, the magnitude and angle of the positive-sequence 

grid voltage at PCC, is required for the synchronization of the converter output variables to 

the grid. This information of grid voltage is usually extracted with the help of PLL. For 

three-phase grid-connected VSCs, a variety of PLLs have been developed and analysed in 

literature. Here two most commonly used PLLs are presented for their performance 

comparison. 

3.1.1 Synchronous Reference Frame PLL (SRF-PLL) 

The basic configuration of SRF-PLL is shown in FIGURE 3.1. The phase voltages Vabc are 

obtained from sensor signals measured at PCC. This stationary reference frame (ABC 

reference Frame) voltages are then transformed to α-β reference frame voltages Vαβ using
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Clarke’s transformations. Then using Equation 3.2 of Park transformations Vαβ is 

transformed to synchronously rotating reference frame voltages Vdq [16]. The angle θ* used 

in park transformation is obtained by integrating a frequency output ω of PLL. If the 

angular frequency ω is same as utility angular frequency, then the voltages Vd and Vq 

emerge as dc values.  

 

FIGURE 3.1: Basic Structure of SRF-PLL 

With d-q reference frame voltage, a PI feedback controller with feed forward component of 

ω = 2πf (nominal grid frequency) is used to get synchronization with grid voltage. With 

proper tuning of PI controller, the grid parameter like voltage frequency and phase angle 

are detected.  

3.1.2 Simplified Model of SRF-PLL 

The phase voltages Vabc measured from PCC on grid and applied at the input of SRF-PLL 

when transformed to the synchronous frame of reference, it results in the voltage Vdq. Here 

SRF-PLL is represented with balanced and unbalanced input voltage condition separately. 

Case 1: SRF-PLL with balanced input voltage 

Considering a balanced three phase voltage, a simplified model of the SRF-PLL can be 

developed using the following Clarke and Park transformations [16, 61] e.g. Equations 3.2 

and 3.3: 

푉
푉
푉

=

푉  푐표푠(휃)
푉  푐표푠(휃 − )

푉  푐표푠(휃 − )
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푉
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푉
푉
푉

                                                 (3.2)
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푉
푉 =    cos휃∗       sin휃∗

− sin휃∗       cos휃∗
푉
푉                                                    (3.3) 

Where, θ is the phase angle of grid voltage and θ* is the estimated phase angle by PLL. By 

substituting value of Equation 3.1 and 3.2 in Equation 3.3 the synchronously rotating 

reference component of grid voltage Vd and Vq can be given as, 

푉
푉 = 푉  cos(휃 − 휃∗)

 sin(휃 − 휃∗)                                                    (3.4) 

When the difference between the grid voltage angle θ and the PLL output estimation θ* is 

set equal to zero, Vq = 0 and Vd = Vm. This makes immediate possibility for PLL to lock 

onto the grid voltage by regulation of Vq to zero. Also there is no need to have information 

of grid voltage magnitude.  

Case 2: SRF-PLL with unbalanced input voltage 

When input voltage of SRF-PLL is unbalanced three phase voltage, a simplified model of 

the SRF-PLL presented above can be reconstructed using the unbalanced grid voltage 

represented as its symmetrical components at input to the PLL: 

푉
푉
푉

=

⎣
⎢
⎢
⎢
⎡ 푉  푐표푠(휃) + 푉  푐표푠(−휃 + 휑 ) + 푉  푐표푠(휃 + 휑 )

푉  푐표푠 휃 −
2휋
3 + 푉  푐표푠 −휃 −

2휋
3 + 휑 + 푉  푐표푠(휃 +휑 )

푉  푐표푠 휃 −
4휋
3 + 푉  푐표푠 −휃 −

4휋
3 + 휑 + 푉  푐표푠(휃 +휑 )⎦

⎥
⎥
⎥
⎤

           (3.5) 

By substituting value of equation (3.5) in equation (3.2) α-β reference frame component of 

unbalanced grid voltage can be given as, 

푉
푉 = 푉  cos(휃)

 sin(휃) + 푉
 cos(−휃 + 휑 )
 sin(−휃 + 휑 )                                  (3.6) 

Equation 3.6, it makes clear that, grid voltage consists of two sub-vectors: one rotating in 

clockwise direction with magnitude Vm+ and other rotating in anticlockwise direction with 

magnitude Vm-. The amplitude and angular position of the resultant voltage vector in 

Equation 3.6 are derived using parallelogram rule of vector addition and given as,  

|푉| = (푉 ) + (푉 ) + 2푉 푉  cos(−2휃 + 휑−)                             (3.7) 

퐴푛푔푙푒 표푓 |푉| = 휃 + 푡푎푛
푉  sin(−2휃 + 휑−)

푉 + 푉  cos(−2휃 + 휑−)                                                (3.8)
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From Equation 3.7 and 3.8, it is clear that the resultant voltage vector, do not have constant 

magnitude or constant angular frequency under unbalanced grid voltage condition. This 

makes it impossible for SRF- PLL to lock onto the grid voltage by regulation of Vq to zero. 

Therefore, SRF-PLL is not an appropriate solution for the applications, where there is a 

requirement of high accuracy and a good dynamic response under unbalanced voltages.  

3.1.3 Simulation Results of SRF-PLL 

To demonstrate the performance of SRF-PLL grid synchronisation method shown in 

FIGURE 3.1 and discussed in previous sections, it is simulated in MATLAB/Simulink. 

This simulation carried out with balanced and unbalanced grid voltage conditions to 

evaluate SRF-PLL performance. The peak amplitude of three phase voltage in balanced and 

unbalanced condition used in simulation is mentioned in Table-3.1.  

Table 3.1: Peak Amplitude of three phase voltage used in Simulation of SRF-PLL 

Grid voltage condition Peak voltage 

Balanced Va=Vb=Vc=325 Volt 

Unbalanced  Va=360 Volt,  Vb=Vc=200 Volt 

 

 

FIGURE 3.2: (a) Three Phase Grid voltage and (b) Detected Phase output of SRF-PLL
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In all the results presented in this section to test the effectiveness of SRF-PLL in balanced 

and unbalanced grid voltage condition, a step change in grid voltage is applied after one 

second of simulation time. Hence, before one second simulation time balanced condition of 

grid voltage and on other side unbalanced condition of grid voltage is applied. In FIGURE 

3.2 it can be observed that during balanced condition SRF- PLL is able to get locked with 

grid voltage phase and provides perfect phase detection of the positive sequence component 

of grid voltage. However, when unbalance in grid voltage is applied, the performance of 

SRF-PLL gets deteriorated and not able to track exact phase of grid voltage.  

 
FIGURE 3.3: Grid Phase-A voltage, Detected Phase and Detected Phase A voltage of SRF-PLL 

 

FIGURE 3.4: Zoomed view part of FIGURE 3.3 during unbalanced condition
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In FIGURE 3.3 and FIGURE 3.4 phase-A voltage of grid voltage along with detected phase 

and detected phase voltage has been shown. During balanced condition of grid voltage, 

performance of SRF-PLL is good enough for operating grid connected VSC, while in 

unbalanced condition of grid voltage it is not able to detect exact phase of grid voltage and 

there is error in actual and detected phase information of grid voltage. Also when grid 

voltage is distorted due to harmonics, it is not able to track the positive sequence 

component of grid voltage.  Hence, this performance evaluation of SRF–PLL technique, 

demonstrates that it does not represent the appropriate solution for the control of grid 

connected VSC applications, as there is recurrently unbalanced condition can be observed. 

3.1.4 Double Synchronous Reference Frame PLL (DSRF-PLL)  

This method of grid synchronisation uses the double synchronous reference frame (DSRF), 

which is composed of two reference axes, one rotating with the clockwise direction having 

angular position θ*, and second rotating with the anticlockwise direction having angular 

position –θ* [18]. Hence, using park transformation on unbalanced voltage given in 

Equation 3.5 in voltage vector in each rotating reference can be given as, 

푉
푉 =    cos휃∗       sin휃∗

− sin휃∗       cos휃∗
푉
푉                                            (3.9푎) 

  
푉
푉 =  cos휃∗      −sin휃∗

 sin휃∗         cos휃∗
푉
푉                                             (3.9푏) 

Using value of Vαβ from Equation 3.6 in Equation 3.9, it can be simplified as, 

푉
푉 = 푉  푐표푠(휃 − 휃∗)

 푠푖푛(휃 − 휃∗) + 푉  푐표푠(−휃 +휑 − 휃∗)
 푠푖푛(−휃 + 휑 − 휃∗)                         (3.10a) 

      
푉
푉 = 푉  푐표푠(휃 + 휃∗)

 푠푖푛(휃 + 휃∗) + 푉  푐표푠(−휃 + 휑 + 휃∗)
 푠푖푛(−휃 +휑 + 휃∗)                         (3.10b) 

With proper tuning of PLL parameter is possible to get nearly zero error between grid 

voltage phase, θ and PLL output phase, θ*. Hence, with the assumption of θ ≈ θ* and θ+ 

θ*=2θ, Equation 3.10 can be rearranged as, 
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푉
푉 = 푉  1− ( ∗)

 (휃 − 휃∗)
+ 푉

 푐표푠(−2휃 + 휑 )
 푠푖푛(−2휃 +휑 )                            (3.11a) 

      
푉
푉 = 푉  푐표푠(2휃)

 푠푖푛(2휃) + 푉  푐표푠(휑 )
 푠푖푛(휑 )                                       (3.11b) 

In Equation 3.11, the term with constant values, corresponds to the amplitude on that axes 

and the term with 2θ is the cross coupling component of two vectors rotating in opposite 

direction to each other at double angular frequency. These oscillations at double angular 

frequency creates problem in detection of positive sequence component in unbalanced grid 

voltage condition. In order to remove these double frequency oscillations, a decoupling 

network has been presented in [18] and given below, 

 

FIGURE 3.5: Decoupling Network Positive (+Ve) 

FIGURE 3.5 shows the decoupling network for the reference axes rotating in clockwise 

direction and similar network can be developed for reference axes rotating in anticlockwise 

direction. This decoupling network is capable of giving exact results for the amplitude of 

positive sequence grid voltage 푉  and also able to provide good dynamic response of the 

PLL system. Incorporating the double synchronous reference frame and decoupling 

network, the block diagram representation of DSRF-PLL is shown in FIGURE 3.6. It can 

be divided in three part: (1) Obtain positive and negative symmetrical component of grid 

voltage for each reference frame (2) Remove the cross coupling of double frequency 
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component using decoupling network and (3) use conventional SRF-PLL to detect phase 

and frequency of positive sequence component.   

 

FIGURE 3.6: Block Diagram of DSRF-PLL 

3.1.5 Simulation Results of DSRF-PLL  

To demonstrate the performance of DSRF-PLL grid synchronisation method shown in 

FIGURE 3.6 and discussed in previous section, it is simulated in MATLAB/Simulink. This 

simulation has been carried out with balanced and unbalanced grid voltage condition.  

 

FIGURE 3.7: (a) Three Phase Grid voltage and (b) Detected Phase of DSRF-PLL
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To demonstrate the promising performance of DSRF-PLL, the peak amplitude of three 

phase grid voltage in balanced and unbalanced condition used here, is same as it was used 

for SRF-PLL and mentioned in Table-3.1. Similar to evaluation of SRF-PLL; here also a 

step change in grid voltage is applied after one second of simulation time and balanced and 

unbalanced input voltage is applied to PLL before and after 1 second of simulation time 

respectively. In FIGURE 3.7 it can be observed that during balanced condition as well as 

unbalanced voltage condition DSRF- PLL is able to accurately detect phase of the positive 

sequence component of grid voltage.  

 

FIGURE 3.8: Grid Phase-A voltage, Detected Phase and Detected Phase voltage of DSRF-PLL 

 

FIGURE 3.9: Zoomed view part of FIGURE 3.8 during unbalanced condition
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In FIGURE 3.8 and FIGURE 3.9, phase-A of grid voltage along with detected phase and 

detected phase voltage of DSRF-PLL has been shown. In zoomed view of detected phase, it 

can be observed that the decoupling network used in DSRF-PLL can remove cross coupling 

effect of the double frequency oscillations and able to track the grid voltage phase with 

more accuracy. Hence, there is no requirement of reduction in the bandwidth of PLL to 

obtain the exact amplitude of the positive sequence grid voltage component.  

DSRF-PLL has not only performed well in case of unbalanced condition, it can also 

provide accurate grid voltage phase, even if grid voltage get contaminated with harmonics. 

To demonstrate the performance of DSRF-PLL in distorted grid voltage condition, to 

represent distorted grid voltage, 3rd, 5th and 7th order harmonic component were added in 

fundamental. 10% magnitude of fundamental component is considered for magnitude of 

each harmonic component added. To evaluate behaviour of DSRF-PLL in distorted grid 

condition, it has been simulated with balanced as well as unbalanced distorted grid voltage 

condition. From the result of FIGURE 3.10, it can be observed that in distorted grid voltage 

condition due to harmonics, DSRF-PLL is capable of extracting and tracing the phase of 

positive sequence grid voltage component.  

 

FIGURE 3.10: (a) Distorted 3-Phase Grid voltage and (b) Detected Phase of DSRF-PLL
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FIGURE 3.11: Supply voltage, Detected Phase and voltage of DSRF-PLL in distorted grid 

 

FIGURE 3.12: Zoomed view part of FIGURE 3.11 during unbalanced distorted grid voltage condition 

It can be observed in FIGURE 3.11 and FIGURE 3.12 that, even though voltage at input of 

DSRF-PLL is distorted due to presence of harmonics in grid voltage, detected phase and 

detected phase voltage of DSRF-PLL perfectly follow the positive sequence component of 

grid voltage. In zoomed view of detected phase, it can be observed that the decoupling 

network used in DSRF-PLL stands effective to remove double frequency oscillations of 

cross coupling effect. From this performance analysis of SRF-PLL and DSRF-PLL, it has 
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been clarified, that for weak grid connection, grid synchronisation using DSRF-PLL will 

give better performance of VSC.  

3.2 Grid impedance impact on PLL performance  

In a grid connected VSC system, a PLL is used to detect the phase and frequency of voltage 

measured at PCC. FIGURE 3.13 illustrates the dynamic interaction between PLL, VSC and 

grid at PCC. The phase angle output of PLL is used to guide the phase of current fed by 

VSC to grid through grid impedance Zg. The current supplied by VSC will make a voltage 

drop across the grid impedance Zg. Due to this grid impedance drop, terminal voltage at 

PCC not able to stay stiff in magnitude as well as phase. Especially in weak grid condition, 

where grid impedance is considerably large, terminal voltage becomes more sensitive to the 

current fed by VSC. 

 

FIGURE 3.13: Illustration of interaction between voltage at PCC and PLL 

A grid connected VSC system model as presented in [23] can be developed to analyse the 

impact of grid impedance on stability of PLL. Following assumptions need to be considered 

for the model used for transient stability analysis.  

 DC voltage input to the VSC is maintained constant by DC-DC converter. 

 VSC can be considered as controlled current source with proper current control 

algorithm. 

 Grid is considered with ideal source and lumped impedance.
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 Transient behaviour of transmission line is neglected. 

With the transformation of the grid voltage Vg from the α-β reference frame into the  d-q 

reference frame of PLL gives d and q-axis voltages of grid voltage Vg as follows, 

V
V =    cosθ     sinθ

− sinθ    cosθ
V
V =    cosθ     sinθ

− sinθ    cosθ
V
0

                    (3.12) 

Considering Zg=Rg+jXg and neglecting the electromagnetic transient behaviour of 

transmission line, a mathematical relation between VSC terminal voltage and grid voltage 

can be developed as below, 

V
V =

V
V + R

I
I +ω∗L

−I
  I                                             (3.13) 

Where Vdq and Idq represent the VSC terminal voltage and current supplied into the grid by 

VSC respectively. It can be obtained by transforming the Vabc and Iabc into synchronous 

reference frame. Rg and Lg is used to represent the grid resistance and inductance 

component. From Equations 3.12 and 3.13, Vq component of VSC terminal voltage can be 

further obtained as, 

V = R I + ω∗L I − V sinθ = A − V sinθ                                  (3.14) 

In Equation 3.14, it can be seen that A is a constant term present in Vq. It can be found that 

A represents offset in Vq component of voltage (which is given at the input of PLL) and it 

is introduced because of grid impedance Zg. It has been shown in [23] that higher the 

absolute value of A, lower is the stability of PLL to track the phase of grid voltage. The 

absolute value of the offset term A depends on grid impedance and current supplied by 

VSC. Offset A increases along with increased value of the grid impedance Zg as well as it 

will have higher value for a large current due to high amount of power transfer from VSC 

in to the grid. Hence stable operation of PLL depends on magnitude of grid impedance as 

well as current supplied by VSC, which will become more severe in weak grid condition. 

Also during fault condition grid impedance becomes more pronounced and it will affect the 

stability of PLL 

.
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3.3 Impedance compensated DSRF PLL 

As described in previous section, larger grid impedance produces higher voltage drop and it 

affects the voltage measured at PCC, i.e. input voltage of PLL. Impedance compensation is 

achieved by subtracting the voltage drop across virtual impedance from the voltage 

measured at PCC, before it is applied to PLL. The combination of a virtual impedance 

compensating block and DSRF-PLL realises a grid synchronization method named as 

ICDSRF-PLL (Impedance compensated DSRF-PLL). In this method, PLL will get the 

voltage, after compensation of virtual impedance drop from the measured voltage of control 

system of VSC. The phasor diagram illustrating the scope of impedance compensation in 

grid synchronisation is shown in FIGURE. 3.14 

 

FIGURE 3.14: Phasor diagram illustrating scope of impedance compensation  

Due to impedance drop in line, there is a difference in phase of voltage measured at PCC 

and grid voltage. From the FIGURE 3.14 it can be seen that grid impedance drop separated 

in resistive and reactive drop can be added in to the grid voltage vectorially to obtain the 

voltage value at PCC. For a system with large grid impedance in the case of weak grid, for 

a higher current supplied from VSC to grid, PCC becomes weaker. Hence ordinary PLL is 

not in a position to synchronise the VSC at stronger point of coupling in to the grid. 

Impedance compensation is obtained by subtraction of voltage measured at PCC and an 
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estimated grid impedance drop across the virtual impedance considered in VSC control 

system. After compensating the virtual grid impedance voltage drop, voltage at the input of 

PLL can be given by Equation 3.15, 

V = V − IZ                                                   (3.15) 

By selecting proper value of Zvirtual appropriate to the value of grid impedance Zg, PLL can 

be synchronized at stronger point in to the grid. A virtual impedance compensation inspired 

from [24] is developed and added between the voltage sensor signals measured at PCC and 

input of DSRF PLL. Hence it will result in Impedance compensated DSRF-PLL (ICDSRF-

PLL). FIGURE 3.15 shows the block diagram of ICDSRF-PLL resulted from grid 

impedance voltage drop compensation. It can be observed that voltage at the input of 

DSRF-PLL is applied after compensating the virtual grid impedance drop and hence this 

will enable the PLL to synchronize at stronger point in to the grid.  

 
FIGURE 3.15: Block diagram of impedance compensated DSRF-PLL 

With proper selection of virtual impedance for compensation it is possible to synchronize 

VSC at phase θpll, which can be adjusted between grid voltage phase θg and phase at point 

of common coupling θpcc. However, it needs to be noted that grid impedance which 

required to be compensated is not a known parameter always and also it can change with 

variation in present grid connected condition i.e. with addition or removal of load and/or
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grid connected VSC grid impedance can have variation. Thus it will not be possible to 

compensate grid impedance drop completely but instead we can do partial impedance 

compensation in such a magnitude that VSC can be interacted at stronger position of grid. 

Also with higher compensation the voltage at converter terminal needs to be increased, that 

can reach the voltage limit of semiconductor device used in VSC. Hence in selection of 

virtual impedance value for grid impedance voltage drop compensation, VSC converter 

capability in terms of voltage and current handling capacity needs to be taken in to 

consideration.  

3.3.1 Simulation Results of  ICDSRF-PLL 

To demonstrate the effectiveness of proposed grid synchronisation technique, ICDSRF-

PLL, a weak grid connected VSC system with grid synchronisation performed by proposed 

method is simulated in MATLAB Simulink platform. A Grid connected VSC system with 

LC filter is considered for simulation of ICDSRF-PLL. It comprises of a two level VSC 

with constant DC source at input and it has been integrated to grid at PCC through LC 

filter. A grid is represented by using AC three phase voltage source with series connected 

grid impedance. The parameters of the grid connected VSC system used in the simulation 

study are mentioned in Table 3.2. 

Table 3.2: Ratings and Parameter of the System 

Parameters Ratings 

DC supply of VSC 680 V 

Filter Inductor 1 mH 

Filter Capacitor 25 µF 

Grid impedance (Normal) Rg = 0.1 Ω, Lg= 3 mH 

Grid impedance (Weak Grid) Rg = 0.2 Ω, Lg= 6 mH 

Line to Line voltage 415 V 

Nominal Frequency 50 Hz 
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The performance of ICDSRF-PLL is tested against the variation in current supplied by 

converter to grid due to power variation as well as against the change in grid impedance 

during stiff to weak grid condition. According to literature discussed in Chapter 2, grid 

stiffness is considered as per SCR ratio at PCC. In Table 3.3, grid impedance in weak and 

stiff grid condition is presented considering grid voltage at PCC to be 415 V.  Considering 

constant grid impedance of 3 mH in normal grid condition, the value of converter power 

which can be transferred from VSC to grid is calculated. VSC for this calculated power 

realise the stronger grid integration and it remains stable to transfer that power. Similarly, 

for the nominal VSC power of 30 kW, the value of grid impedance is calculated in order to 

define border value of grid impedance, to characterise grid as weak for impedance higher 

than it and as a stronger grid for impedance lower than border value.  

Table 3.3: VSC power and Zg in weak and stiff grid condition 

Parameter Stiff Grid 
condition 

Weak Grid 
condition 

SCR > 3 < 3 

Power for Lg=3mH < 60 kW > 60 kW 

Grid Impedance for P=30 kW < 5.9 mH > 5.9 mH 

The performance of grid synchronisation using ICDSRF-PLL method is evaluated in terms 

of stability of PLL to detect phase of grid voltage at PCC, during the event of grid 

impedance variation and also during the event of variation in active power supplied by VSC 

into the grid. As discussed in Section 3.2, in weak grid condition, stability of PLL is 

affected by grid impedance as well as current supplied by VSC to grid. Hence to examine 

the stability of PLL in detection of the phase of grid voltage against the variation in current 

supplied VSC, step change in active power from 50 kW to 70 kW supplied by VSC is 

applied at one second of simulation time in MATLAB/Simulink. Similarly, to examine the 

effectiveness of ICDSRF-PLL against the grid impedance variation, a step change in grid 

impedance is applied from 3 mH to 7 mH at one second of simulation time in 

MATLAB/Simulink. The results are presented with dq component of PCC voltage, angular 

frequency of PLL and detected phase of grid voltage θpll. 
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FIGURE 3.16: Vd and Vq component of voltage at PCC, Angular frequency of PLL(Wpll) and Detected 
phase without impedance compensation and step change in power is applied 

FIGURE 3.16 shows the results of grid synchronisation by DSRF-PLL without applying 

grid impedance compensation. Here no grid impedance compensation is applied in 

ICDSRF-PLL means it will become an ordinary DSRF-PLL and hence this results will be 

used to compare the performance of DSRF-PLL performance with performance of 

ICDSRF-PLL. It depicts Vd and Vq component of grid voltage measured at PCC, Angular 

frequency Wpll and grid voltage phase detected by PLL. It can be seen that the value of Vd, 

Vq and Wpll before application of step change in power, that their value remains constant 

and it results in accurate phase detection by PLL. Also it can be observed that Vq 

component of voltage at PCC is zero and represents balanced voltage at PCC. As soon as 

step change in power is applied at one second, Vd and Vq component of grid voltage 

becomes fluctuating and Vq component of grid voltage can be seen with average offset 

voltage as discussed in Section 3.2. This change in Vq component of sensed voltage at 

PCC, will affects the grid phase detection as well as Wpll provided by PLL. Now the 

performance of ICDSRF-PLL, with virtual impedance compensation applied in to voltage 

signal sensed at PCC before it is given to the input of DSRF-PLL, has been evaluated. 
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FIGURE 3.17: Vd and Vq component of voltage at PCC, Angular frequency of PLL(Wpll) and Detected 
phase with impedance compensation and step change in power is applied 

To demonstrate the effectiveness of grid impedance compensation applied in ICDSRF-

PLL, a virtual value of grid impedance is used for compensation of grid impedance voltage 

drop. As mentioned in Table 3.2, during normal condition of grid, Rg=0.1 Ω and Lg = 3mH 

is used. Hence to apply partial compensation of grid impedance voltage drop, a drop across 

virtual impedance of value R=0.1Ω and L=2.5 mH is applied for compensation in ICDSRF-

PLL. FIGURE 3.17 illustrates the effect of virtual impedance compensation on results of 

PLL. It can be observed that, when step change is applied in VSC power from 50 kW to 70 

kW at one second, momentarily there is a small change in Vd and Vq of grid voltage. This 

results in little change in phase detection of PLL for fractional period of time but because of 

virtual impedance compensation provided in ICDSRF-PLL, it is able to maintain its 

stability and provides accurate phase information of grid voltage. Hence, it can be observed 

that offset effect in Vq component of grid voltage at PCC due to grid impedance drop is 

avoided in ICDSRF-PLL to give precise detection of phase of grid voltage.     

Stability of ICDSRF-PLL in phase detection of grid voltage is also tested against the step 

change in grid impedance. As mentioned in Table 3.3, for grid inductance less than 5.9 mH, 
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grid can have stiff condition and above this value of grid inductance grid becomes weaker. 

Hence to examine the effectiveness of ICDSRF-PLL against the grid impedance variation, 

a step change in Lg is applied from 3 mH to 7mH at one second of simulation time. 

FIGURE 3.18 represents the Vd and Vq component of grid voltage measured at PCC, 

Angular frequency Wpll and grid voltage phase detected by PLL without grid impedance 

compensation.  

 

FIGURE 3.18: Vd and Vq component of voltage at PCC, Angular frequency of PLL(Wpll) and Detected 
phase without impedance compensation and step change in Zg is applied 

It can be observed from the result that Vd, Vq and Wpll before application of step change 

in grid impedance, remains constant. Also there is no any offset in Vq component of 

voltage and hence, it results in precise phase detection by PLL. After application of step 

change in grid impedance at one second, Vd and Vq component of grid voltage becomes 

fluctuating and also average offset component is reflected in Vq component of voltage 

sensed at PCC. This makes DSRF-PLL to become unstable and it results in variation in 

phase detection. Hence it demonstrates that DSRF-PLL without virtual grid impedance 

compensation is not able to precisely detect the grid voltage phase as well as angular 

frequency Wpll. 



Summary 
 

40 
 

 

FIGURE 3.19: Vd and Vq component of voltage at PCC, Angular frequency of PLL(Wpll) and Detected 
phase with impedance compensation and step change in Zg is applied 

To reveal the effectiveness of impedance compensation in weak grid condition, partial 

compensation of grid impedance voltage drop i.e. a drop across virtual impedance of value 

R=0.1Ω and L=2.5 mH is applied in ICDSRF-PLL. FIGURE 3.19 depicts the results of 

ICDSRF-PLL during step change of grid impedance from 3 mH to 7 mH. It can be 

observed that, because of virtual impedance compensation the input voltage of PLL 

becomes offset free and stable with this step change in grid impedance. This make it is 

possible for ICDSRF-PLL to track grid phase accurately. From the comparative results and 

discussion of DSRF-PLL with and without virtual grid impedance compensation, it can be 

concluded that ICDSRF-PLL can give stable and accurate grid synchronisation in weak 

grid condition. 

3.4  Summary 

In this chapter, two most widely used grid synchronisation techniques SRF-PLL and 

DSRF-PLL are presented and their performance is compared during various non ideal grid 

voltage condition. It has been observed that DSRF-PLL can give precise phase detection of 

positive sequence component of grid voltage in normal balanced grid voltage condition as
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 well as distorted grid voltage condition. Though performance of DSRF-PLL is acceptable 

in stiff grid having higher SCR, its performance deteriorates under weak grid condition. 

Hence, to make stable operation of VSC under weaker grid condition, a virtual impedance 

compensation concept is introduced here to make ICDSRF-PLL. It is observed that, 

because of the compensation of voltage drop across virtual impedance block, before the 

voltage gets applied to PLL, ICDSRF-PLL can give accurate phase detection of grid 

voltage in weak grid condition. Hence it is possible for VSC to give stable operation in 

weak grid condition with the use of ICDSRF-PLL.  
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CHAPTER – 4 

Control of VSC in Weak Grid 

This Chapter will present performance comparison of standard PI current control strategy 

and predictive current control strategy implemented in ABC reference frame based on 

ICDSRF-PLL grid synchronization method discussed in the previous chapter for the control 

of active power under weak grid conditions. In the control approach presented here, the 

active power control is achieved by calculating reference current corresponding to specific 

power objective and then inner current controller loop will be used to achieve required 

control of VSC. In presented investigation, the performance of current control strategies is 

evaluated based on dynamic response and simplicity in implementation on digital platform. 

The control mechanism with predictive current control in ABC reference frame has been 

simulated to investigate stability of VSC with enhanced active power transfer from 

converter to grid.  For this predictive control mechanism, based on ICDSRF-PLL and based 

on DSRF-PLL, has been simulated with increase in active power reference and comparison 

of results has been discussed. 

4.1 Power control strategy and current reference calculation 

To transfer certain amount of active and/or reactive power from VSC into the grid, 

instantaneous power strategy can be used to generate required reference current signal 

which needs to be supplied by VSC. Derivation of current reference can be started from the 

instantaneous active and reactive power formulation presented by Akagi et al [61]. 

Considering a three phase three wire system, instantaneous active and reactive power in 

vector notation can be given as [62], 

푃 = 푽 ∙ 풊 = 푉 푖 + 푉 푖                                                        (4.1)
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푄 = 푽 ∙ 풊 = 푉 푖 − 푉 푖                                                     (4.2) 

Where voltage vector V= [Vα Vβ]T and current vector i = [iα iβ]T and  an orthogonal vector 

of the original vector V is 푽 = [V  −V ] . Also here voltage and current are considered in 

stationary αβ reference frame obtained by clarke’s transformation. Equation 4.1 and 4.2 can 

be represented in matrix form as, 

푃
푄 =

푉 푉
푉 −푉

푖
푖                                                      (4.3) 

For the desired amount of active and reactive power, by rearranging the Equation 4.3, 

current reference can be calculated as, 

푖
푖    =

푉 푉
푉 −푉  푃

∗

푄∗                                               (4.4) 

Where P* and Q* is the active and reactive power reference objectives, which is required to 

be achieved by current controller loop. From the Equation 4.4, according to instantaneous 

power control theory, current reference can be given as, 

푖∗
푖∗    =

푃∗

푉 + 푉
 
푉
푉  +

푄∗

푉 + 푉
푉
−푉                                   (4.5) 

The voltage and current presented in stationary αβ reference frame can be transformed into 

the synchronous reference frame by using park’s transformation and active and reactive 

power in synchronous frame voltage and current components can be represented as, 

푃 =
3
2 (푉 푖 + 푉 푖 )                                                     (4.6) 

푄 =
3
2 (푉 푖 − 푉 푖 )                                                     (4.7) 

In matrix form above equations can be represented as, 

푃
푄 =

3
2
푉 푉
푉 −푉

푖
푖                                                  (4.8)
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The current reference in dq reference can be derived from the Equation 4.8 by rearranging 

the terms as follows, 

푖
푖    =

2
3
푉 푉
푉 −푉  푃

∗

푄∗                                           (4.9) 

As per instantaneous power theory and from Equation 4.9, the current reference in dq 

reference frame can be presented as, 

푖∗
푖∗    =

2
3

푃∗

푉 + 푉
 
푉
푉  +

2
3

푄∗

푉 + 푉
푉
−푉                          (4.10) 

From the presented analysis of current reference generation, it can be understood that 

instantaneous power theory can give current reference, which can be used to control VSC 

by inner current loop controller to maintain constant output power. 

4.2 Current control of grid connected VSC 

Performance of grid connected VSC is mainly influenced by grid synchronization 

technique used and inner loop current controller. Assuming grid synchronization techniques 

is designed to give required level of accuracy, the performance of current controller will 

play significant role in stability of VSC. In the following subsections, starting from the 

overview of current controller for VSC, traditional PI current controller and predictive 

current controller will be discussed.  

4.2.1 Basic structure of current controller 

 
FIGURE 4.1: Basic structure of current control of grid connected VSC
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Control mechanism of grid connected VSC, mainly comprises of current reference 

generation, current controller and grid synchronization method. FIGURE 4.1 depicts the 

basic structure of control mechanism for a grid connected VSC, where in inner current 

controller is used to control the current injected into the grid according to current reference 

provided by current reference generation unit. The reference current is generated as to 

achieve control of instantaneous active power supplied by VSC to grid. For Grid 

synchronization of VSC, a PLL is employed to detect the phase of grid voltage at PCC. An 

output voltage reference required at terminal of VSC is obtained from the current 

controller. The reference voltage is then applied to the space vector pulse width modulation 

(SVPWM) in order to produce the corresponding output voltage at VSC terminal. 

Hereafter, the traditional current control for grid connected VSC will be discussed. 

4.2.2 Traditional PI current controller 

 
FIGURE 4.2: PI current control of grid connected VSC in synchronous frame [62]
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Proportional-Integral (PI) current control is a popular control method applied for grid 

connected VSC. The function of PI control is to minimize the error produced by 

comparison of reference current i* and VSC current Iconv sensed from PCC. Control 

structure of PI controller implemented in synchronous reference frame is shown in 

FIGURE 4.2. In the control scheme depicted, because of the PI control action the output 

current of the VSC follows a generated current reference signal. In this scheme, control is 

achieved by transforming the three phase converter currents measured at PCC into the 

synchronously rotating reference frame. Hence, with the use of Park’s transformation dq 

component of current is obtained and compared with reference current signal to generate 

the error signal. This error signal is processed by PI controller to provide voltage control 

signal for d and q axis. The d and q axis reference voltage required to be applied with 

SVPWM modulation, can be obtained considering cross coupling component as, 

푉 = 푉 + 휔퐿퐼∗ + 푉∗                                              (4.11) 

푉 = 푉 −휔퐿퐼∗ + 푉∗                                              (4.12) 

Where Vd and Vq are the grid voltage component, Vd* and Vq* are the voltage reference 

generated by PI controller. Id* and Iq* are the reference current generated according to 

active and reactive power reference. Hence, the control of average real power supplied by 

VSC to grid is achieved through control of d and q axis current with the help of PI current 

controller. 

4.2.3 Predicative current controller 

Predictive current control offers the advantage of precise current tracking with minimal 

distortion and can also be fully implemented on a digital platform. In this algorithm of 

predictive current controller, control is obtained by derivation of the necessary converter 

voltage to feed required current into the grid. In this control algorithm the switching 

frequency of converter remains constant as it is a linear control strategy. Algorithm to 

predict voltage at terminal of grid connected VSC can be derived as it is presented in [43] 

for AC load with back emf. From the circuit topology of grid connected VSC depicted in 

FIGURE 4.3, terminal voltage of inverter can be given as, 
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FIGURE 4.3: Circuit Topology of grid connected VSC  

푉 − 푉 = 퐿
푑푖
푑푡 + 푖푅                                               (4.13) 

Where Vi = VSC voltage, Vg = Grid voltage and L, R is the impedance parameter between 

grid and VSC. If i* is the reference current and Vi* is the VSC voltage that provides this 

current from VSC, then Equation 4.13 can be rewritten as, 

푉∗ − 푉 = 퐿
푑푖∗

푑푡 + 푖∗푅                                            (4.14) 

Considering R to be very small and negligible in grid connected converter, subtraction of 

Equation 4.13 from Equation 4.14 gives, 

푉∗ − 푉 = 퐿
푑푖∗

푑푡                                                        (4.15) 

Where 푖∗ is the current error generated based on the difference of actual inverter current i 

and reference current i*. In predictive current control algorithm, if a current error ie[k] 

exists at any particular sampled time k, a small correction term is get added to the required 

phase leg voltage vI[k] to eliminate this current error for the subsequent time interval ΔT[k] 

= T[k + 1] − T[k]. In the control algorithm presented here, instead of making current error 

zero in sampled time, it is considered to make it half of the previous two sample time error. 

This gives benefit of averaging effect of current error in noise reduction in sampled current 

signal. Hence deadbeat condition for current error can be given as, 
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 푖 [푘 + 1] =
푖 [푘] − 푖 [푘 − 1]

2                                       (4.16) 

To eliminate the current error ie[k] exists at any sampled time k, a small correction is 

required to be added in Vi*[k]. The expression of corrective term can be derived by 

transforming Equation 4.15 in difference form and substituting the deadbeat condition of 

Equation 4.16. Now Equation 4.15 in difference form can be given as, 

푉 [푘] = 푉∗[푘]−
퐿
∆푇 {푖 [푘 + 1] − 푖 [푘]}                          (4.17) 

Where 푉 [푘] is the average VSC voltage, 푉∗[푘] is the ideal VSC voltage for the interval 

of sampled time ∆푇 = 푇[푘 + 1] − 푇[푘]. 푖 [푘] 푎푛푑 푖 [푘 + 1] are the current error sampled 

at sample time T[k] and T[k+1]. Now considering deadbeat condition of Equation 4.16 in 

4.17 we get, 

푉 [푘] = 푉∗[푘] +
퐿
∆푇

푖 [푘] + 푖 [푘 − 1]
2                        (4.18) 

With application of linearly extrapolated relationship between previous sampled voltage 

and current information, more smoother estimation of VSC terminal voltage can be 

obtained and given as, 

푉 [푘] = − 푉 [푘 − 1] + 푉 [푘 − 2] + 푉 [푘 − 3] +
∆

푖 [푘 − 1]− 푖 [푘 − 2] − 푖 [푘 − 3]    

                                                                                                                     (4.19) 
This predictive algorithm, during T[k-1] sample time calculates average Vi required for the 

next sample time T[k] to nullify the current error. FIGURE 4.4 shows the predictive current 

controller implemented with the algorithm of Equation 4.19. Note that in this algorithm, 

last three sample time data of current and voltage at VSC terminal is utilized to predict the 

next sample time average terminal voltage required to be applied by VSC. FIGURE 4.5 

depicts the implementation of predictive current control of grid connected VSC in 

stationary ABC reference frame, where in active and reactive power reference, phase of 

grid voltage and grid voltage at PCC is utilized to generate current reference. Current error 

signal is generated with the help of comparison of generated current reference Iabc* and Iabc 

measured at PCC in ABC reference frame. This current error Ie and grid voltage Vabc will be
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processed by predictive algorithm presented in FIGURE 4.4 to give reference voltage Vabc* 

required by SVPWM modulation. 

 

FIGURE 4.4: Predictive current controller Algorithm   

 

FIGURE 4.5: Predictive current control of grid connected VSC in ABC frame  

The current control algorithm presented in previous discussion has been tested for their 

performance in weak grid condition and presented in next section here. 

4.2.4 Comparison of current control structure in weak grid 

To investigate the performance effectiveness of traditional PI current control and predictive 

current control algorithm, MATLAB simulation has been carried out by applying these
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current control techniques to implement control of VSC connected to weak grid. To avoid 

effect of power flow from VSC on performance of current controller, simulation has been 

carried out considering constant DC link voltage at the input of VSC. The parameters 

characterizing simulated system are summarized in Table 4.1. 

Table 4.1: Parameter of VSC system under investigation 

Parameter Value 

Grid voltage,Vg 415 V 

Grid Frequency, fg 50 Hz 

DC link Voltage, Vdc 680 V 

Filter Inductance,  L 1 mH 

Filter Capacitor, C 25 µF 

Grid Impedance, Lg 6 mH 

Switching Carrier Frequency, fc 10 kHz 

To observe the dynamic response of current controller, the VSC system is applied with a 

step change in d axis reference current reference id_ref from 10 A to 20 A, while keeping q 

axis reference current iq_ref remains at 0. To evaluate performance in weak grid, the weak 

grid is represented by an inductance of 6 mH. This grid inductance is very large than the 

filter inductance on converter side of PCC. Hence, it makes the voltages at the filter 

capacitors i.e. at PCC, which is used for grid synchronization method, to be influenced by 

the operation of the VSC itself. In the results presented here, the currents are measured at 

the grid side of the filter inductance of VSC. 

FIGURES 4.6 and 4.7 depict the results captured in dq reference frame current for the PI 

current controller and predictive current controller respectively. Similarly, FIGURE 4.8 and 

4.9 represents the results captured in stationary ABC reference frame current for the PI 

current controller and predictive current controller respectively. From the results presented 

both current controller, it can be noted that there is a slow response in current by PI 

controller during the transient applied by step change in current. While compared to PI 

controller, there is a fast dynamic response in current controlled by predictive current 

controller.
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Hence, predictive current controller would be a choice for weak grid connected VSC 

application.  

 
FIGURE 4.6: PI current controller response in dq current with the step change of 10 A to 20 A  

 

FIGURE 4.7: Predictive current controller response in dq current with the step change of 10 A to 20 A 
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FIGURE 4.8: PI current controller response in ABC current with the step change of 10 A to 20 A  

 

FIGURE 4.9: Predictive current controller response in ABC current with the step change of 10 A to 20 A  

From the structure of current controller, it can be observed that the PI current controller is 

implemented based on use of the phase angle from the PLL to transform the measured 

converter current into the synchronous reference frame and also to transform the voltage 

reference provided at output of the current controller into the stationary ABC reference 
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frame for the use of SVPWM signal generation. While in predictive current controller the 

phase angle is only used by current reference generation. Thereafter whole control 

algorithm has been implemented in stationary ABC frame, so there is no use of phase angle 

provided by PLL in controller process. Hence, this difference in interaction with phase 

angle provided by PLL in control algorithm influences the performance of controller.  

Hereafter, predictive current controller has been selected as current control technique 

applied in presented research as it gives good dynamic response in weak grid condition. In 

the next section, for the stability of VSC with ability to transfer enhanced active power into 

the grid, the performance of predictive current controller is tested and compared with the 

use of grid synchronization by DSRF-PLL and ICDSRF-PLL has been presented.  

4.3 Grid synchronization impact on performance of predictive current 

control 

In previous section, current control of weak grid connected VSC has been presented and it 

has been observed that predictive current control is capable of giving good dynamic 

response compared to traditional PI current control. Also in chapter 3, it has been observed 

that grid synchronization by ICDSRF-PLL can synchronize the VSC at stronger point in 

grid and able to give stable phase information of grid compared to ordinary DSRF-PLL 

method. Hence, control of weak grid connected VSC using predictive current control 

algorithm has been carried out with ICDSRF-PLL as well as DSRF-PLL grid 

synchronization method. In this section, VSC capability for enhanced active power transfer 

in to the grid has been discussed. Also results of VSC performance when heavy load 

switching occurs at PCC have been presented. 

 
FIGURE 4.10: Small Signal Equivalent model of Grid connected VSC System
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Grid connected converter is usually controlled with constant current to feed in to the grid, 

so it can be  represented as constant current source in small signal model used for 

understanding the power flow behavior of converter. On the other side power grid can be 

considered as constant voltage source in series with line impedance of grid [8-9]. FIGURE 

4.10 shows the impedance based small signal model of grid connected VSC system. From 

the small signal equivalent model, we can write the VSC output current as below, 

                                                퐼 =
퐼 푍

푍  + 푍
−

푉
푍  + 푍

                                                            (4.20) 

By rearranging the terms in equation we can write the converter as, 

                                             퐼 = 퐼푐 −
푉
푍

1

1 +
푍

푍
                                                         (4.21) 

For a constant grid voltage Vg, stability of converter current supplied in to the grid is 

depends on second terms of the Equation 4.21.  Hence grid connected VSC can stably 

supply the current to grid when ratio of grid impedance and converter output impedance 

satisfy Nyquist criterion of stability which can be achieved when grid impedance is low [8]. 

But for weak grid condition as the PCC is usually at very far end of Vg, the grid impedance 

will be of a considerable high value. Hence, in weak grid case active power transfer from 

VSC to grid is affected due to high grid impedance. To overcome this issue of weak grid 

condition as mentioned in previous chapter, in ICDSRF-PLL a virtual impedance 

conditioning is applied which make VSC connection at stronger PCC of grid and enhances 

the active power transfer capacity of VSC. To verify this, MATLAB simulation of weak 

grid connected predictive current controlled VSC with DSRF-PLL and ICDSRF-PLL has 

been carried out with active power reference increased in steps from 35 kW to 70 kW and 

results are presented in FIGURE 4.11. FIGURE 4.11(a) depicts the performance of 

predictive current controlled VSC with DSRF-PLL, where in it can be observed that up to 

55 kW VSC can transfer power with stable operation but from 60 kW power reference 

onwards, its operation becomes unstable. From the performance of VSC presented in 

FIGURE 4.11(b), it has been observed that when grid synchronization is achieved by 

ICDSRF-PLL which has virtual impedance conditioning term gives stable operation of 

VSC for larger active power 
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transfer and this can be clearly viewed from actual power transfer tracking the reference 

power.  

 

(a) Power transfer with DSRF-PLL 

 

(b) Power transfer with ICDSRF-PLL 

FIGURE 4.11: Simulation results to observe stable active power transfer limit of Predictive current 
controlled VSC
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To observe the effect of variation in local load connected at PCC on performance of VSC, 

its operation has also been tested against local load variation by keeping VSC power 50 kW 

and switching a local load of 50 kW power at PCC. It is found that when VSC is operated 

with conventional DSRF-PLL it becomes unstable to supply power to grid during sudden 

change in local load while in case of ICDSRF-PLL it can give stable performance even in 

transient switching of local load. 

 

FIGURE 4.12: Performance results of VSC with DSRF-PLL and Local load variation 

FIGURE 4.12 depicts the current supplied by VSC measured at converter side, grid voltage 

measured at PCC and current measured on grid side of VSC system when VSC is operated 

with DSRF-PLL. A three phase load with active power of 50 kW is switched at 0.2 second 

of simulation time to observe its effect on performance of converter system. It can observed 

that after sudden change in local load affects the voltage drop in grid side impedance and it 

will affects the operation of VSC system. With similar parameter condition performance of 

VSC using ICDSRF-PLL has been tested with sudden switching of local load and results 

are presented in FIGURE 4.13. It can be observed that VSC operation becomes insensitive 

or less sensitive to local load variation when ICDSRF-PLL has been used for providing 

grid synchronization.
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FIGURE 4.13: Performance results of VSC with ICDSRF-PLL and Local load variation 

4.4 Summary 
This chapter started with the discussion of reference current generation for the desired 

amount of active and reactive power transfer from VSC into the grid. After derivation of 

current reference, VSC system is required to be controlled by an inner current control loop 

for converter current to follow the generated reference current. For this implementation, 

both, the traditional current control algorithm with PI current controller and a predictive 

current control algorithm implemented in ABC reference frame have been presented. A 

comparative performance evaluation of both the current controllers in weak grid has been 

carried out with MATLAB simulation and from the presented results it has been observed 

that predictive current controller implemented in stationary ABC reference frame can have 

simpler implementation as well as it can give faster dynamic response in weak grid 

condition. Thereafter active power transfer limit of predictive current controlled VSC 

system has been tested with DSRF-PLL and ICDSRF-PLL grid synchronization methods. 

From the presented results of MATLAB simulation for the step increase in active power 

reference, it has been observed that when VSC system is operated with predictive current 

control and ICDSRF-PLL grid synchronization method, VSC can have enhanced active 

power transfer limit. At the end VSC system also has been tested to observe the effect of 
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transient switching of local load connected at same PCC. Results has verified that a weak 

grid connected VSC will be affected by local load variation when it is implemented with 

DSRF-PLL, but a VSC system with ICDSRF-PLL has the ability to give stable operation in 

the situation of local load variation. These investigations have revealed that a VSC system 

with predictive current control and ICDSRF-PLL grid synchronization method can be 

implemented in weak grid condition to obtain desire stable performance. 
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CHAPTER – 5 

Hardware Setup and Testing 

In the previous Chapter 4 a control of weak grid connected VSC using predictive current 

control algorithm with grid synchronization by ICDSRF-PLL has been discussed. In the 

simulation presented, to test the effectiveness of the proposed control mechanism, results 

were obtained. This Chapter discusses the prototype hardware implementation of a weak 

grid connected VSC system using dSPACE 1104 real time hardware interfacing tool. Due 

to power specification limitations of hardware setup developed, it was not possible to test 

for similar system parameters as used in simulation. Hence in this Chapter hardware results 

will be presented to demonstrate the effective implementation of proposed control 

mechanism for real time weak grid connected VSC system.      

5.1 Hardware setup description 

 

FIGURE 5.1: Hardware setup of grid connected VSC system 
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FIGURE 5.1 represents a picture of the prototype hardware setup which includes the 

component required to develop a grid connected VSC system using two level inverter 

modules like, current and voltage sensors, grid inductance and LC filter etc. It is important 

to remark here that in the experimental tests carried out in presented work, the DC link 

voltage has been generated using solar simulator Chroma 62150H-600S and it is supposed 

to be maintained constant during the test. A two level Semikron made inverter stack is used 

to realize the VSC for this work. To sense the converter current and grid voltage at PCC, 

LEM makes LA 100P and LV 20P sensors are used to prepare current and voltage sensor 

cards respectively. FIGURE. 5.2 depicts the picture of voltage and current sensor used for 

this work. A resistive voltage divider network has been used before voltage sensor to 

reduce the voltage applied at the input of voltage sensor. Grid side impedance has been 

realized with the help of three inductance coils connected in each phase of supply. LC filter 

and grid side inductance are depicted in FIGURE 5.3. 

 
FIGURE 5.2: Voltage and Current sensor board 

 
FIGURE 5.3: LC filter and grid side inductance
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5.2 Real time interfacing using dSPACE 1104 

To interface hardware and software, it is difficult to learn various complex coding and also 

it will be time consuming as well as costly solution to implement. Hence it is difficult to 

work with non software engineering people. Nowadays, the technologies have been 

developed to make real time interface between hardware and software part of 

implementation. Widely used software is MATLAB, which provides a platform to interface 

hardware using dSPACE to control power electronic systems. dSPACE is a hardware 

interface tool with Texas Instruments (TI) based DSP processor and many other features 

which can be programmed through MATLAB/SIMULINK. Hence research engineers can 

have an easier way of implementation for their model and algorithms from MATLAB into 

hardware without writing any complex coding. Control Desk virtual panel software 

provided by dSPACE can be used for monitoring, storing or analysis of data in real time 

performance. FIGURE 5.2 depicts the picture of the hardware interfacing module of 

dSPACE 1104, which has been used in prototype real time operation.  

The hardware setup has been tested for weak grid connected mode using low voltage low 

power operating condition for VSC system. The results obtained and discussion for 

observed results has been presented in the next section. 

5.3 Results and discussion 

The entire component for the grid connected VSC system has been checked one by one for 

its effective operating condition individually. Firstly, voltage and current sensor has been 

calibrated to give accurate grid voltage and current information. Then the inverter driver 

has been tested with a known input signal to check its output side signal quality.  

Grid synchronization by ICDSRF-PLL has been tested for normal grid voltage condition 

and also with the change in voltage magnitude applied. FIGURE 5.4 represents three phase 

grid voltage in normal condition and phase detected by ICDSRF-PLL. FIGURE 5.5 

represents three phase voltage captured during amplitude variation as well as phase 

detected in this condition. Magnified view of screen for result during amplitude variation in 

grid voltage has been shown in FIGURE 5.6. 
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FIGURE 5.4: ICDSRF-PLL phase detection in normal grid voltage condition 

 

FIGURE 5.5: ICDSRF-PLL phase detection with amplitude variation in grid voltage
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FIGURE 5.6: Magnified view of ICDSRF-PLL phase detection with amplitude variation in grid voltage  

From the result of grid synchronization, it can be observed that ICDSRF-PLL can be 

perfectly locked with grid frequency and is able to detect phase of grid voltage in normal 

voltage condition as well as amplitude varying condition of grid voltage. 

After the entire component of the VSC system has been tested for their appropriate 

functioning needs, the complete VSC system has been operated with grid connected mode 

to validate the effective implementation of control mechanism presented in the previous 

Chapter. As per the voltage and current parameter used in simulation results presented in 

Chapter 4, it is very difficult to test the system in laboratory experiments with that high 

value of current and voltage condition. Hence in this work a grid connected VSC has been 

tested with low voltage and current condition to observe effective implementation of 

control mechanism presented. Table 5.1 represents the parameters used during 

experimenting with weak grid connected VSC with predictive current control algorithms.
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Table 5.1: Parameter of hardware setup of VSC system  

Parameter Value 
Grid voltage,Vg 70 V 

Grid Frequency, fg 50 Hz 

DC link Voltage, Vdc 100 V 

Filter Inductance,  L 4 mH 

Filter Capacitor, C 25 µF 

Grid Impedance, Lg 4 mH 

Switching Carrier Frequency, fc 10 kHz 

For experimenting a weak grid connected VSC system, a three phase variac is used to fix 

the grid side AC voltage. DC link voltage has been maintained constant at defined value in 

Table 5.1. A point of common coupling has been realized by connecting the LC filter and 

grid side inductance between VSC system and variac. From PCC, the connection for 

voltage and current sensor has been made to get grid voltage and current information. 

MATLAB Simulink model has been prepared with the control interface block of dSPACE 

1104 and control code has been developed for the dSPACE processor. FIGURE 5.7 depicts 

the three phase current supplied by VSC and A phase current for VSC system operation 

under constant grid voltage condition. It can be observed that VSC is supplying almost 

sinusoidal current into the grid. 

      

(a)                                                                                    (b) 

FIGURE 5.7: (a) A phase voltage at PCC and three phase VSC current and (b) Magnified view of part (a)
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To observe the dynamic response of the VSC system, a step change in power reference has 

been given to realize change in current reference from 4 A to 8 A. FIGURE. 5.8 depicts the 

results observed during the step change in current and it can be observed that the control 

mechanism of the VSC system gives fast dynamic response and is able to follow step 

change in current. 

     
   (a)                                                                                    (b)   
FIGURE 5.8: (a) A phase voltage and three phase current for current variation from VSC and (b) Magnified 

view of part (a) 

The grid connected VSC system has been tested for the change in voltage at PCC. A local 

load of 1kW has been switched off to realize change in grid voltage at PCC and results for 

one of the phase voltage and three phase current has been captured. FIGURE 5.9 depicts 

the result captured in varying conditions of grid voltage. It can be observed that with 

switching of local load there is a rise in voltage at PCC, but the control mechanism is able 

to maintain transfer of reference amount of power by reducing the current magnitude. 

 
FIGURE 5.9: A phase voltage and three phase current of VSC with Voltage Variation at PCC



Summary 
 

66 
 

5.4 Summary 

In this chapter a brief description of the hardware prototype developed for testing of control 

mechanism of weak grid connected VSC has been presented. Also the real time hardware 

interfacing with computer system using the dSPACE 1104 tool has been described in brief. 

The experimental test results of weak grid connected VSC for low voltage and low current 

has been presented for constant grid voltage and changing voltage condition at PCC as well 

as with step change in current reference. From the presented experimental results it can be 

observed that the control mechanism discussed in Chapter 4 can have simple yet stable 

performance and also it can give fast dynamic response. Hence, it can be said that the same 

system can be used for large power grid connected applications. 
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CHAPTER – 6 

Conclusion and Future Scope 

This Chapter presents important conclusions for the work carried out and reported in this 

thesis. Also it will discuss the scope of future work in this field of grid connected inverter. 

6.1 Conclusion  

In this thesis, the control mechanism for voltage source converter (VSC) operating in weak 

grid connection has been investigated. The performance of grid connected VSC depends 

mainly on the performance of grid synchronization method and current controller used in 

the control mechanism of VSC. Especially in weak grid conditions due to large value of 

grid impedance, the performance of grid synchronization method gets affected. Ordinary 

SRF and DSRF PLL methods of grid synchronization can give appropriate phase detection 

in normal grid conditions but their performance gets deteriorated in weak grid conditions. 

Therefore, an approach of virtual impedance drop compensation for compensating the 

actual voltage drop in grid impedance has been introduced. The use of virtual impedance 

compensation before PLL has made it possible to synchronize VSC at the stronger point of 

common coupling in weak grid. An ICDSRF-PLL incorporating a virtual impedance 

compensation and DSRF-PLL can give accurate phase detection of positive sequence 

component of grid voltage required by the rest of the control mechanism of VSC. In weak 

grid conditions, there is a noticeable effect of switching local load connected at the same 

PCC where DG is connected to the grid. ICDSRF-PLL is also capable of giving precise 

phase of grid voltage in fluctuating voltage condition at PCC due to local load variation.  

Another important role in control of VSC is played by a current controller used to control 

the converter to follow the reference current in the weak grid. A predictive current 

controller in stationary ABC reference frame has been presented and it is found that in 
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weak grid condition predictive current control algorithm gives fast dynamic response 

compared to traditional PI current controller. Also the implementation of predictive current 

controller in ABC reference frame is less complex so it can have easier implementation on 

digital platforms. 

A combined control mechanism with ICDSRF-PLL and predictive current control 

algorithm has been tested for operation in weak grid conditions. From the results obtained 

in MATLAB simulation, it is found that the presented control mechanism can give stable 

operation of VSC for higher amount of active power transfer by VSC into the grid; whereas 

in case of VSC controlled by algorithm with DSRF-PLL becomes unstable at lower power. 

Experimental setup has been developed with the control mechanism of predictive current 

control and ICDSRF-PLL. From the experimental results, it can be concluded that in weak 

grid condition control of VSC by presented control mechanism can work efficiently and 

able to compensate the effect of large grid impedance. 

6.2 Future Scope 
In the work presented, a predictive current control algorithm with IDSRF-PLL grid 

synchronization method is proposed for weak grid connected VSC to obtain its operation 

stability in high impedance grid with higher active power transfer capability. It should be 

noted that the influence of variation in DC link voltage as well as significant change in grid 

frequency on the performance of VSC has not been investigated. Hence some suggestions 

for the further investigations in this field can be given as, 

 The stability of the control mechanism for weak grid connected VSC, including the 

outer power loop controllers with DC link voltage and also impact of the various 

active and reactive power control objectives, should be considered and investigated 

weak grid conditions.  

 Presented ICDSRF-PLL grid synchronization method can be further investigated 

with grid impedance parameter estimation technique, to give more accurate 

compensation of grid impedance. 

 To minimize the effect of grid parameter variation due to change in grid frequency, 
frequency adaptive control can be investigated for enhanced stability of weak grid 
connected VSC. 
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Appendix A 
Transformation of Coordinates for Three Phase System 

 

This appendix represents necessary transformations of coordinates to calculate voltage and 

current vectors from three-phase ABC reference frame quantities to αβ reference frame and 

vice versa as well as αβ reference frame quantities to synchronous dq reference frame and 

vice versa.  

A.1 Transformation between ABC to αβ0 coordinates: 

 
FIGURE A.1: Phasor representation in ABC and αβ axis 

Clarke transformation will transform balanced three phase variables into balanced two 
phase variables. With power fixedness Clarke transformation can be expressed by 
following equations: 

퐼 =
2
3 퐼 −

1
2 퐼 −

1
2 퐼                                                    퐴. 1 

퐼 =
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3
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In matrix form we can write the transformation as, 

퐼
퐼
퐼

= 퐶
퐼
퐼
퐼

                                                                  퐴. 4 

Where CT is the transformation matrix and it is given by, 
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The transformation from a two-axis orthogonal stationary reference frame to a three-phase 

stationary reference frame is accomplished using Inverse Clarke transformation and with 

power fixedness, it can be expressed as, 

퐼
퐼
퐼

= 퐶
퐼
퐼
퐼

                                                                  퐴. 6 

Where 퐶  is the inverse matrix of CT and it can be given as, 
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A.2 Transformation between dq0 to αβ0 coordinates: 

 
FIGURE A.2: Phasor representation in dq and αβ axis
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The Park transformation used to transform coordinated from the stationary two-phase system 
into synchronously rotating two-phase system. Park transformation can be expressed by 
following equations: 

퐼 = 퐼 cos 휃 + 퐼  sin휃                                                          퐴. 6 

퐼 = −퐼 sin 휃 + 퐼  cos휃                                                       퐴. 7 

In matrix form we can write the transformation as, 

퐼
퐼 = 퐶

퐼
퐼                                                                     퐴. 8                            

Where Cp is transformation matrix and is given by, 

퐶 =    cos 휃       sin휃
− sin휃       cos휃                                                          퐴. 9 

The reverse transformation from a two-axis rotating reference frame to a two axis 

stationary reference frame is accomplished using Inverse park transformation and it can be 

expressed as, 
퐼
퐼 = 퐶

퐼
퐼                                                                  퐴. 10 

Where 퐶  is the inverse matrix of CP and it can be given as, 

퐶 =  cos 휃      −sin휃
sin휃         cos휃                                                          퐴. 11 
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Appendix B 

Basics of Space Vector PWM of VSC 

 
In Space vector PWM technique, gate pulse generation for VSC control is achieved to keep 

tracking between VSC output voltage and reference voltage space phasor. Voltage is 

delivered to the grid by a three-phase VSC with six semiconductor switches as shown in 

FIGURE B.1. Each of the three pole outputs of VSC can be in one of the two states, giving 

total eight switching states for the output.  

 
FIGURE B.1: Two level VSC connected to Grid 

The eight base vectors (six active vectors and two null vectors) are plotted on a vector 

diagram, which forms hexagonal star diagram. It can be seen that a three-phase VSC 

generates total eight switching states or vectors, which include six active vectors and two 

zero output states. The two switching vectors V0 and V7, for which pole voltages becomes 

either all plus or all minus, are referred to as null vectors and they are plotted at the center 

of the vector diagram. These vectors form a hexagon in vector diagram, which can be seen 

in FIGURE B.2, as consisting of six sectors, each one spanning 60° out of total 360° span. 

Table B.1 shows the possible switching states for each of active vectors and null vectors as 

well as it shows pole voltages for each switching vectors.  
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FIGURE B.2: Output voltage space vector diagram in dq frame 

Table B.1: Possible Switching Vectors and Pole Voltage of VSC 

Voltage 

Vector 

Switching States Pole Voltage 

a b c Vao Vbo Vco 

V0 0 0 0 0 0 0 

V1 1 0 0 2/3 Vdc -1/3 Vdc -1/3 Vdc 

V2 1 1 0 1/3 Vdc 1/3 Vdc -2/3 Vdc 

V3 0 1 0 -1/3 Vdc 2/3 Vdc -1/3 Vdc 

V4 0 1 1 -2/3 Vdc 1/3 Vdc 1/3 Vdc 

V5 0 0 1 -1/3 Vdc -1/3 Vdc 2/3 Vdc 

V6 1 0 1 1/3 Vdc -2/3 Vdc 1/3 Vdc 

V7 1 1 1 Vdc Vdc Vdc 

 

The reference vector which represents three-phase sinusoidal voltage is generated using 

SVPWM by switching between two nearest active vectors and zero vectors. To calculate 

the time of application of different vectors, consider FIGURE B.3 below, depicting the 

position of differently available space vectors and the reference vector in the first sector.
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FIGURE B.3: Principle of space vector time calculation in sector 

The time of application of active space voltage vectors and null vectors can be found from 
FIGURE B.3 above as given in equations here; 

푡 =
|푉∗|
|푉 |

푠푖푛 휋
3− 훼

푠푖푛 2휋
3

                                                                 퐵. 1 

푡 =
|푉∗|
|푉 |

푠푖푛(훼)
푠푖푛 2휋

3
                                                                      퐵. 2 

푡 = 푡 − 푡 − 푡                                                                              퐵. 3 

Where vector |푉 | = |푉 | = (2 3⁄ )푉푑푐 

In order to operate VSC at fixed switching frequency and to obtain optimum harmonic 

performance from Space vector PWM, each leg of inverter should change its state only 

once in one switching period ts. This is achieved by applying null vector followed by two 

active state vector in half switching period. The next half of the switching period is the 

mirror image of the first half i.e last vector is switched first and vice versa. The total 

switching period is divided into 7 parts, the zero vector is applied for 1/4th of the total zero 

vector time first followed by the application of active vectors for half of their application 

time and then again zero vector is applied for 1/4th of the zero vector time. This is then 

repeated in the next half of the switching period. This is how symmetrical SVPWM is 
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obtained. The leg voltage in one switching period is depicted in FIGURE B.4 for Sector I. 

The sinusoidal reference space vector forms a circular trajectory inside the hexagon. 

 

FIGURE B.4: VSC leg voltage and space vector disposition
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Appendix C 

Power Flow Formula and Basic Requirements of Current 

control Technique  
 

C.1 Power flow between two AC sources 

The exchange of active and reactive power between two AC sources can be given by 

following formulas,  

 

FIGURE C.1: Power flow between two AC sources 

Active power formula: 

푃 =
퐸푉
푍 cos(∅ − 훿) −

푉
푍 cos(∅)                                       퐶. 1 

Reactive power formula: 

푄 =
퐸푉
푍 sin(∅− 훿)−

푉
푍 sin(∅)                                       퐶. 2 

Where E and V are the RMS value of voltages of two sources, Z is impedance of line 

connecting the sources, ϕ is the impedance angle of Z, and 훿 is the phase angle difference 

between the two sources. 

C.2 Basic requirements of current control technique  

For a current control technique used for grid connected VSC operation, the basic 

requirements for current control are: 

 It should not have phase and amplitude errors over a large output frequency range. 

 It should be able to provide fast dynamic response of the system. 
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 It must have limited or constant switching frequency operation to give safe 

operation of VSC semiconductor power devices. 

 There should be less amount of harmonic content present. 

 Dc-link voltage utilization should be high. 
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Appendix D 

Voltage Source Converter (VSC) Topologies and Switching 

Scheme 
 

This appendix describes the operating principles and switching schemes of the most 

commonly used voltage source converter (VSC) topologies. A simplified classification of 

high power VSC is presented in FIGURE D.1. 

 

FIGURE D.1: Classification of VSC 

 

D.1 Two Level Converter 

FIGURE D.2 shows the schematic diagram of a 3-phase 2-level VSC and its output phase 

voltage with respect to the DC supply mid-point. This converter is known as a two-level 

converter because it can generate only two voltage levels, 1 ∕2Vdc and −1 ∕2Vdc, at the 

output phases ‘A’, ‘B’ and ‘C’ with respect to the supply mid-point i.e ground. Safe 
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operation of a two-level VSC requires the upper and lower switches of the same phase-leg 

to operate in a complementary manner. To ensure such complementary operation in a real 

application, a dead time is introduced to the gate signals of the upper and lower switches to 

prevent both switches from being simultaneously ON. 

 

FIGURE D.2: Schematic of 2-Level VSC 

D.1.1 Switching operation of VSC 

The voltage source converter can be operated in basically two operation mode, square mode 

of operation and PWM mode of operation.  

Square Mode of Operation: 

In the past there were two known methods to operate a three-phase VSC in square mode: 

the 180◦ conduction method, and the 120◦ conduction method. In the 180◦ conduction 

method, each switching device is turned on for 180◦ (or half of the fundamental period), 

with 60◦ phase shift between successive gate signals of the switching devices. In the 120◦ 

conduction method, each switch will conduct for 120◦  and gives the phase voltage of three 

levels (1 ∕2Vdc, 0 and −1 ∕2Vdc), rather than only two voltage levels as in case of 180◦  

conduction. 

PWM mode of Operation: 

Several pulse width modulation (PWM) strategies have been developed to control the 

magnitude of the fundamental component of the output voltage and to reduce the harmonic 

content in voltage and current waveforms. Some well-known modulation strategies in use 
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today are selective harmonic elimination (SHE), sinusoidal pulse width modulation 

(SPWM) and space vector modulation (SVM). Selective harmonic elimination explicitly 

defines the switching angles on the output phase voltage that are needed to set the 

magnitude of the fundamental component of the phase voltage and to eliminate specific 

harmonics. 

Sinusoidal pulse width modulation is a method widely used to control voltage source 

converters (single-phase and three-phase). This method is one of the simplest and most 

effective modulation methods that suppress all the harmonics far from the fundamental 

frequency (50 or 60Hz) range, hence allowing a small inductor to filter out the low-order 

harmonics to achieve sinusoidal currents. In essence, SPWM is a multi-pulse based 

modulation method that varies the pulse width of the converter output voltage in a 

sinusoidal manner following a target reference voltage. 

Space vector modulation maps all possible switch combinations of the two-level VSC into 

the 훼훽 plane. This mapping is achieved by transforming the converter output voltages 

(Va0, Vb0 and Vc0) corresponding to each switching combination into equivalent v훼 and 

v훽. This Switching scheme has been described in detail in Appendix B. 

D.2 Neutral Point Clamped Converter 

 

FIGURE D.3: Three Phase 3 Level NPC Converter 
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FIGURE D.3 shows the configuration of a three-phase three-level diode-clamped converter 

also known as neutral-point clamped (NPC) converter. It can generate three voltage levels 

(1 ∕2Vdc, 0 and −1 ∕2Vdc) at the output of each phase (a, b and c) relative to supply mid-

point or neutral-point ‘o’. Its proper operation requires the dc voltage across the dc link 

capacitors C1 and C2 at 1 ∕2Vdc to be maintained. The voltage stress across each switching 

device and clamping diode is equal to the voltage across the dc link capacitors, which is 

equal to 1 ∕2Vdc. Switches (Sa1, Sa3) and (Sa2, Sa4) represent two complementary switch 

pairs. 

D.3 Flying Capacitor Converter 

 

FIGURE D.4: Three Phase 3 Level flying capacitor converter 

FIGURE D.4 shows the configuration of a three-phase three-level flying-capacitor 

multilevel converter. It can generate three voltage levels 1 ∕2Vdc, 0 and −1 ∕2Vdc at each 

output phase relative to supply mid-point. The voltage across each clamping capacitor must 

be maintained at 1 ∕2Vdc. Considering phase A as an example, voltage level 1 ∕2Vdc is 

generated by turning on switch Sa1 and turning off Sa2, Sa3 and Sa4. A zero voltage level 

can be generated using two distinct switch combinations:  
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(a) Turning on switches Sa1 and Sa3, while turning off switches Sa2 and Sa4. Notice that 

this switch combination achieves zero voltage level as: 1 ∕2Vdc − Vc1, where Vc1 represent 

voltage across capacitor C1.  

(b) Turning on switches Sa2 and Sa4, while turning off switches Sa1 and Sa3. This switch 

combination produces zero voltage as: −1 ∕2Vdc + Vc1.  

Voltage level −1 ∕2Vdc is achieved by turning off switches Sa1 and Sa2, and turning on 

switches Sa3 and Sa4. Observe that the switch combinations that generate voltage levels 1 

∕2Vdc and −1 ∕2Vdc connect output phases directly to the positive and negative dc buses, 

and they do not affect the state-of-charge of the converter clamping capacitors. Only switch 

combinations that generate a zero voltage level will influence the state-of-charge of the 

flying capacitor. 

D.4 Cascaded Multilevel Converter 

 

FIGURE D.5: Three Phase 5-Level cascaded multilevel converter 

FIGURE D.5 shows the configuration of the three-phase cascaded multilevel converter. 

The concept of this inverter is based on connecting H-bridge inverters in series to get a 

sinusoidal voltage output. The output voltage is the sum of the voltage that is generated by 

each cell. The number of output voltage levels are 2n+1, where n is the number of cells. 

The switching angles can be chosen in such a way that the total harmonic distortion is 
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minimized. One of the advantages of this type of multilevel inverter is that it needs less 

number of components comparative to the diode clamped or the flying capacitor, so the 

price and the weight of the inverter is less than that of the two former types.  

The load voltage is equal to the summation of the output voltage of the respective modules 

that are connected in series. The number of modules (M) which is equal to the number of 

DC sources required depends on the total number of positive, negative and zero levels (m) 

of the CMLI. It is usually assumed that m is odd as this would give an integer valued M. In 

this work, load voltage consists of five levels which include +2VDC, +VDC, 0, -VDC and -

2VDC and the number of modules needed are 2. The equation that gives the relation 

between M and m is M= (m-1)/2. 

 


