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Abstract 

This thesis presents new control approaches for improving the performance, stability, and 

efficiency of a single-phase grid-connected voltage source inverter (VSI) with an LCL filter that 

is used in renewable energy power conditioning applications. There are two main controllers that 

need to be designed: an external DC-bus voltage controller to balance the power flow coming into 

the VSI, and an internal current controller to control the current injected by the VSI into the 

utility grid. This thesis aims to find well-tailored control approaches for the aforementioned 

control loops. 

First, the stability and behavioral characteristics of the open-loop VSI with an LCL filter 

are explored using a Poincaré map, and the open-loop system is found to have marginal stability. 

A current control method is proposed, called composite nonlinear feedback (CNF), which offers 

significantly improved overall performance compared to the state-of-the-art proportional resonant 

(PR) controller with state feedback.  

To reduce the overall number of sensors in the system, two different observers are 

implemented to estimate the VSI state variables: (1) the Luenberger observer (LO), and (2) the 

sliding mode observer (SMO).  

To balance the system power flow, a new DC-bus voltage droop control method is 

proposed, that provides fast performance during transients. This control approach includes a 

novel discrete DC-bus voltage sensing technique, which effectively removes the double 

frequency ripple from the DC-bus voltage signal and prevents it from propagating into the current 

control loop. A variant on the DC-bus voltage droop control method, called adaptive droop 

control is proposed, which adaptively changes the droop gains in order to regulate the DC-bus 

voltage to a constant value. Finally, another variant on the DC-bus voltage droop control method 

is proposed, called optimized adaptive droop control, which adaptively changes the gains of the 

controller in order to minimize the overall system power losses.  
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A stability analysis is conducted using the singular perturbation control theory, which 

allows a nonlinear dynamical system to be broken down into subsystems with different time 

scales. The results of the stability analysis confirm that the proposed closed-loop grid-connected 

VSI with an LCL filter is locally stable.  
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Chapter 1 

Introduction 

 

 

Renewable energy is the key to future global sustainability, and many endeavors are being made 

to harvest renewable energy in an efficient and profitable manner. Environmental concerns and 

diminishing fossil fuel reserves increase the urgency of transitioning towards clean renewable 

energies [1], [2]. This explains the exponential growth of wind turbine (WT) and photovoltaic 

(PV) usage in the past few years [3]-[5]. However, the variable and sometimes erratic nature of 

the power produced by WTs and PVs makes their controllability a challenge. Furthermore, when 

connecting renewable energies to the grid, increasingly stringent grid connection standards must 

be met. These standards emphasize the importance of fast control dynamics, the quality of the 

injected power into the grid, and robustness. Thus, two main issues must be addressed in order to 

bring grid-connected renewable energies into the mainstream: cost and controllability [6]-[8].   

 

Conventional power generation stations, which are situated far from the load, use large 

synchronous generators that operate with a fixed speed and frequency. These generators can be 

connected directly to the grid, and the techniques used to control their voltage and power factor 

are well established and understood by power system designers. Renewable energies, however, 

are classified as distributed generation (DG), which are smaller scale sources of renewable (or 

sometimes non-renewable) power located at or near the load site. They require a different setup 

when they are to be connected to the grid. Due to the variable nature of the power produced by 
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renewable energies, a power conditioning system is required to shape the power produced by the 

renewable energy source into a form where it is acceptable for grid connection.  

 

1.1 Grid-Connected Power Converters  

 

Power converters are used to provide the power conditioning when connecting DGs to the utility 

grid. Finding an appropriate controller for these power converters is the most important challenge 

to be solved before connecting the DG to the utility grid. To efficiently and reliably harness 

renewable energy, the DG should have an appropriate controller. A typical power converter for 

this application has two stages, and requires two separate control schemes [9], [10]. The first 

stage is the input-side converter, which is typically an AC-DC rectifier for WTs (Figure 1-1) or a 

DC-DC converter for PVs (Figure 1-2). The second stage is the grid-side converter, which is 

typically a DC-AC inverter for most systems. 

 

 

Figure 1-1: Conventional Structure of Two-Stage Power Converter for WT. 

 

 

Figure 1-2: Conventional Structure of Two-Stage Power Converter for PV. 
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The main tasks of the input-side converter controller are to achieve maximum power point 

tracking and to provide input current protection. The grid-side converter controller has to perform 

two main tasks. The first task of this controller is to ensure fast power tracking, so that all of the 

power produced by the DG can be transferred to the grid quickly despite grid voltage dips/swells 

and input power variations. To do this the voltage across the capacitor between the two stages, 

also called the DC-bus capacitor, must be regulated. The second task of the controller is to ensure 

the quality of the current injected into the grid. Finally, sometimes this controller is required to 

provide ancillary services, depending on the requirements of the grid operator. Ancillary services 

include reactive power compensation, local voltage and frequency regulation, voltage harmonic 

compensation, and active filtering [9].  

 

There are some additional elements, which must work in conjunction with the grid-side converter 

controller. One of these elements is a grid synchronization scheme, which is required to provide 

grid voltage phase information to the controller so that the injected current will be synchronized 

to the grid. Another element is a grid-monitoring scheme, which must continuously measure the 

grid voltage amplitude and frequency. This allows the DG to disconnect from the grid should 

there be any major grid disturbances. Finally, an islanding detection scheme is required to give 

notice to the DG if there is an islanding situation (i.e., if the grid has failed). A block diagram of 

the general structure of a DG is shown in Figure 1-3. 

 

The general structure of the controller for a grid-side converter consists of two cascaded loops, as 

shown in Figure 1-3. The first is a fast internal current loop, which is responsible for regulating 

the grid-side converter output current. Thus, it deals with power quality issues and current 

protection. The second is an external voltage loop, which is responsible for regulating the voltage 
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across the DC-bus capacitor in order to extract all of the power from the energy source. Thus, it 

balances power flow and usually has slower dynamics than the current loop.  

 

 

 

Figure 1-3: Block Diagram of Distributed Generation (DG) Structure. 

 

Single-phase grid-side converters are usually used for residential renewable energy applications, 

for the power range of up to a few kilowatts. Most grid-side converters are voltage source 

inverters (VSIs), which produce double frequency ripple across the DC-bus capacitor voltage 

when operating in single-phase. Thus, the controller must either greatly attenuate or eliminate the 

effects of the double frequency on the control loop for single-phase VSIs. Typically, a 

proportional-integral (PI) controller is used as the external voltage loop controller due to its 

simple and well-known structure. The PI controller must lower its bandwidth to deal with the 

double frequency ripple, which will introduce sluggishness into the control loop. Balanced three-

phase voltage source inverters do not produce a double frequency ripple. Thus, using a large 
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bandwidth PI controller to regulate the DC-bus capacitor voltage is acceptable and can be tuned 

to provide fast dynamics only for balanced three-phase VSIs. 

 

Figure 1-4: Synchronous Reference Frame Control Structure. 

 

 

Three-phase grid-side converters are used for higher power applications, due to the fact that they 

transfer power with fewer losses than three single-phase grid-side converters. Unlike the single-

phase grid-connected VSI, the three-phase grid-connected VSI can be implemented in three 

different reference frames. The first is the synchronous reference frame (also called the dq-

reference frame), which is very commonly used, as illustrated in Figure 1-4. In this reference 

frame, the control variables are DC values. This makes the control and filtering simpler to 

implement. The second reference frame is the stationary reference frame (also called the ab 

reference frame), in which the control variables are transformed into sinusoidal values. Although, 
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the closed-loop control system can be designed to achieve faster dynamics in the stationary 

reference frame, the controller design is more complex compared to the one in the synchronous 

reference frame. Finally, the third reference frame is the natural reference frame, which does not 

modify the control variables. With this approach, each phase is controlled individually making it 

ideal for handling unbalanced conditions in the three-phase system.  

 

1.2 Control of Grid-Connected Voltage Source Inverters 

 

An effective grid-connected VSI controller has specific design requirements. The first design 

requirement is high bandwidth, which is emphasized by grid connection standards [11]. High 

bandwidth allows the controller to respond very quickly to transients. Another design requirement 

is to have critical damping, such that there are no significant overshoots/undershoots during 

transients. Also, the controller must provide disturbance rejection of the grid voltage. The grid 

voltage acts as a low frequency sinusoidal disturbance in the control loop. Furthermore, if the 

controller being used is model-based, then the controller should be robust against parameter 

variations and system uncertainties. Finally, since a growing amount of research is focused on 

grid-side converters that are connected to the grid through an LCL filter, active damping must be 

provided by the controller to damp the resonance of this third-order filter.  

  

The bandwidth of the control loop determines how quickly the system responds to transients. 

Transients are caused by a sharp change in the system inputs, which applies a wide range of 

frequencies to the system. In order to achieve a good transient performance, the closed-loop 

control system should provide a high gain over a large bandwidth. The controller should also be 

able to reject disturbances in the control loop in order to provide perfect tracking. The disturbance 

that needs to be considered in this application is the grid voltage, which introduces a 60 Hz 
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disturbance into the control loop. Controllers must provide a very high gain at the frequency of 

the disturbance in order to reject the disturbance. By doing so, the sensitivity of the controller to 

the disturbance becomes zero, resulting in a perfect disturbance rejection. 

 

Many controllers are model-based, which means that they require information about the system 

model in order to formulate the controller. However, in general the model is ideal and does not 

incorporate the effects of structured and unstructured uncertainties. Unstructured uncertainties are 

those that arise from unmodeled parasitic elements, such as stray capacitances and inductances.  

Structured uncertainties arise from discrepancies between stated and actual component values, 

which are caused by different operating conditions, such as temperature, operating frequency, and 

etc. Thus, it is preferred that any model-based controller used in this application is robust against 

parameter variations.  

 

The current injected into the grid by the VSI contains switching harmonics. This is not acceptable 

according to grid connection standards, one of which is [11]. Thus, a filtering scheme is required 

to remove the switching harmonics from the current. Conventionally, L filters are used for this 

purpose. However, LCL filters are now being regarded as the better option. The circuit diagram 

of the LCL filter is shown in Figure 1-5. LCL filters provide better attenuation than comparably 

sized L filters (i.e., -60 dB/dec for LCL filters and -20 dB/dec for L filters). This is evident from 

the bode plots of the L filter and the LCL filter, as depicted in Figure 1-6. Although a much better 

harmonic attenuation can be achieved by an LCL filter, it introduces a resonance into the closed-

loop control system, which makes the design of the control system much more challenging. This 

resonance needs to be damped in order to prevent it from introducing instability into the control 

loop.  
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Figure 1-5: LCL Filter. 

There are two methods that may be used to provide damping: passive and active. Passive 

damping is achieved by inserting a resistor into the capacitive branch of the LCL filter, and is a 

simple approach used in many industrial applications (Figure 1-7). The disadvantage of the 

passive damping is that it is too lossy to be considered a preferable solution. Therefore, it cannot 

be used in applications where efficiency is of importance. Active damping is achieved through 

the controller, and is considered to be a much better option. Thus, when designing the controller 

for a grid-connected VSI with an LCL filter, active damping must be incorporated into the 

controller design. 

 

Figure 1-6: Bode Plot of L Filter and LCL Filter. 
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Figure 1-7: LCL Filter with Passive Damping. 

 

1.3 Problem Definition 

 

The existing control approaches for a grid-connected VSI with an LCL filter have one or more of 

the following drawbacks:  

¶ Most of the state-of-the-art control approaches for this system use a PR controller, which 

has a poor transient response due to its limited bandwidth 

¶ PR-based control techniques are incapable of handling the DC component in the closed-

loop system 

¶ Many control approaches lack robustness against parameter variations 

¶ Higher cost due to the use of several sensors, compared to the conventional L output filter 

¶ Sluggish DC-bus voltage control loop, particularly for single-phase systems due to the 

presence of a double frequency ripple in the DC-bus voltage 

¶ Poor stability margins due to the over-damping of the third order filter 
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¶ Poor steady-state performance due to the system power losses caused by high amount of 

ripple across the output filter inductor 

 

1.4 Thesis Contributions 

 

The contributions of this thesis are summarized as follows: 

¶ A geometrical analysis of the behavioral characteristics of a grid-connected voltage 

source inverter with an LCL filter through the use of Poincaré map 

¶ A composite nonlinear feedback controller for the current loop, which is able to provide 

active damping, very fast transient performance, disturbance rejection, and accurate 

steady-state performance 

¶ Two types of observers, the Luenberger observer and the sliding mode observer, which 

are able to quickly estimate the state variables when given measured state variables, in 

order to eliminate current sensors and provide a cost effective solution for the control of a 

grid-connected voltage source inverter 

¶ A new DC-bus voltage droop controller, which is able to quickly control the DC-bus 

voltage of a grid-connected voltage source inverter, and includes the following features: 

1. A discrete DC-bus voltage sensing technique, which effectively removes the DC-

bus voltage ripple from the DC-bus voltage signal used for control loop 

feedback. 

2. An adaptive droop control method, which is able to regulate the DC-bus voltage 

to a constant value by adaptively adjusting the droop controller gains. 

3. An optimized adaptive droop control method, which is able to minimize system 

power losses by optimizing the droop controller gains such that the current ripple 

across filter inductor is minimized. 
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¶ A stability analysis of the closed-loop grid-connected voltage source inverter using 

nonlinear techniques 

 

 

1.5 Thesis Outline 

 

In Chapter 2, a literature review of the research in the field of controlling grid-connected VSI is 

presented. In Chapter 3, a Poincaré analysis of a grid-connected VSI with an LCL filter is 

presented. Chapter 4 presents a current control scheme for a grid-connected voltage source 

inverter with an LCL filter, which is based on Composite Nonlinear Feedback. Chapter 5 presents 

a voltage control scheme, which is used to control the voltage across the DC-bus capacitor of the 

grid-connected VSI. In Chapter 6, a stability analysis of the closed-loop system is conducted 

through the use of singular perturbation control theory. Finally, a conclusion and future works are 

presented in Chapter 7. 
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Chapter 2 

Literature Review 

 

 

 

 

In this chapter, the state-of-the-art developments related to the control and design of a 

grid-connected VSI with an LCL filter are presented. However, first a description of the different 

components in this system and their associated challenges must be given. This will simplify the 

understanding of the contributions that have been made to date and the deficiencies that still exist 

in the control and design of this particular system. The first component in the system is the DC-

bus capacitor, which is a storage capacitor responsible for providing current to the VSI. The main 

challenge associated with the DC-bus capacitor is the regulation of its voltage, as this keeps the 

power balanced on both sides of the capacitor (i.e., all power is transferred from the input side to 

the VSI). Another challenge exists for single-phase systems: the voltage across the DC-bus 

capacitor has a double frequency ripple, which must be removed from the control loop. The 

second component in the system is the VSI, which shapes the input power so that it is suitable for 

connection to the utility grid. The main challenges associated with the VSI are controlling the 

quality of the output inverter current, and ensuring that this current controller recovers very 

quickly from transients. The third component in the system is the LCL filter, which is responsible 

for removing the switching harmonics from the output of the VSI. The main challenges 

associated with this filter are designing the filter such that it sufficiently removes the switching 

harmonics, providing active damping of the resulting resonance introduced into the control loop, 

and implementing an observer to remove some of the sensors required for the filter. Finally, the 
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fourth component of the system is the utility grid, which introduces a disturbance element into the 

control loop. The main challenge associated with the utility grid is to reject the disturbance it 

introduces into the control loop. The general structure of the system and its associated challenges 

can be seen in Figure 2-1. This chapter will be divided into the following subsections: System 

Modeling, LCL Filter Design, Control and Active Damping Strategies, and Observers.  

 

 

 

Figure 2-1: System Structure and Associated Challenges. 

 

2.1 Modeling 

 

Many controllers are model-based, which makes it essential to find an appropriate system model 

for designing the controller. Models can be divided into two categories: analog and discrete-time.   

Furthermore, there are some models that include the equivalent series resistance (ESR) of the 

filter inductors, and some that do not include the inductor ESRs in the model. One of the most 

common models of the grid-connected VSI with an LCL filter is shown in Figure 2-2. In this 

model, the ESRs of the passive components are neglected. The worst case of the system is 
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represented by not including the ESRs of the passive components, as this kind of modeling 

neglects the resonance damping resulting from the ESRs. This modeling approach is used in 

many papers, such as [12]-[16].  

 

Vinv VgC

Linv Lg

 

Figure 2-2: System Model without ESR. 

 

A more general model includes the ESRs of the inductors as shown in Figure 2-3. This model is 

adopted by several papers in the literature, such as [17]-[21]. Both of the aforementioned models 

can also be used for balanced three-phase systems, since a balanced three-phase system can be 

modeled by its per-phase equivalent. 

 

Vinv VgC

Linv Lg RgRinv

 

Figure 2-3: System Model with ESR. 
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Some authors choose to include the VSI in the model itself, by considering it to be a linear 

amplifier with delays caused by the nonlinear modulation process. In [16], the authors have a 

three-phase grid-connected VSI with an LCL filter. In this paper, the pulse-width modulated 

(PWM) VSI is modeled as a PI controller, due to its system gain and phase properties.  

 

Finally, there are discrete-time models, such as in [22]-[23], where a model is derived in discrete 

time for a two-level three-phase voltage source inverter with an LCL filter. The authors of these 

papers present the classical discrete-time control model (or zero-order hold model). The 

following approximation is used to obtain the discrete-time model: 

kgokDCkokk UCUdBAXX ,,1 ++=+        (2-1) 

where dk represents the duty ratio, UDC,k represents the DC voltage, and Ug,k represents the grid 

voltage. This zero-order hold model, although generally considered sufficient for designing the 

controller, is not accurate for all duty ratios. Due to the nonlinear nature of the modulation, this 

model is only accurate when the duty ratio value is zero or one.   

 

2.2 LCL Filter Design  

 

The LCL filter removes the switching frequency harmonics from the output current of the VSI in 

order to deliver a high quality current to the utility grid. There are different criteria affecting the 

filter design. In [17], the LCL filter is designed based on the following constraints: 

1. The capacitor value should be chosen such that the decrease in the power factor is 

negligible (not more than 5%). 

2. The inductance should be less than 0.1 p.u., so that the voltage drop across the filter is 

limited. 
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3. The resonant frequency should be placed between the line frequency and the switching 

frequency. More specifically, it is usually placed between ten times the line frequency 

and half of the switching frequency. 

 

In [24], a step-by-step LCL filter design procedure is given for a grid-connected VSI. The design 

procedure for the filter capacitor is based on minimizing the amount of reactive current and in 

turn the VSI rating. The converter-side inductor is designed in order to minimize the amount of 

current ripple produced by the VSI. Finally, the grid-side inductor is designed such that the 

current injected into the grid complies with the regulatory standards.  

 

In [18], a new iterative design procedure for L and LCL filters is proposed for low-voltage active-

front-end PWM two-level voltage source converters. Using Bessel functions, the converter 

harmonic voltages are defined, and the filter parameters are designed according to the maximum 

grid current harmonics. Various designs are also derived for different resonant frequencies. 

Finally, the final filter design is selected such that the energy stored in the passive components of 

the filter is minimized.  

 

In [12], a general design procedure is followed for the LCL filter design of a three-phase shunt 

active power filter. The procedure is based on current harmonic compensation, and the resonant 

frequency of the filter is placed such that these harmonics are compensated while having 

sufficient switching harmonic suppression.  

 

In [14], the conclusion is reached that the resonant frequency should be placed between half and a 

quarter of the switching frequency in order for the system to maintain reasonable stability 

margins. 
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In [26], it is shown that the filter capacitor value is minimized if the grid-side inductor and the 

inverter-side inductor are equal. However, this criterion usually hurts the stability of the system 

and the rule of thumb is to make the grid-side inductor as small as possible in order to push the 

resonant frequency to a higher frequency range.  

 

2.3 Control and Active Damping Strategies  

 

The control system for a grid-connected VSI used in renewable energy system applications 

usually consists of two loops: a fast internal current control loop and a slow external voltage 

control loop.  

 

The internal current controller is responsible for regulating the current injected into the utility 

grid. As such, it is also responsible for the power quality. Furthermore, since the LCL filter 

introduces a resonance into the control loop, the controller is responsible for actively damping 

this resonance to guarantee stability.  The controller must also provide disturbance rejection, in 

order to ensure perfect tracking. Finally, the current controller should be fast in order to comply 

with grid connection standards, such as IEEE 1547 [11]. Keeping these criteria in mind, various 

approaches have been taken by different publications to deal with these challenges.  

 

The DC-bus voltage needs to be regulated in order to balance the power transfer of the power 

conditioning system. By regulating the DC-bus voltage, the power extracted from the input-side 

will be equal to the power delivered to the load. The challenge for the DC-bus voltage controller 

in single-phase systems is the double frequency ripple present at the DC-bus. Therefore, the 

control system should remove the double frequency ripple from the closed-loop control system. 

This leads to a very low bandwidth controller for the DC-bus voltage control. Unbalanced three-
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phase systems also produce a similar ripple. Thus, this challenge must be dealt with for both 

cases, as it is difficult to ensure that a three-phase system stays balanced at all times. 

 

Although the LCL filter provides better attenuation than the commonly used L filter, it has the 

disadvantage of introducing a resonant peak into the system. This resonant peak causes instability 

if it is not properly damped. Passive damping, achieved by placing a resistor in series with the 

filter capacitor, is a simple but lossy strategy used to handle the LCL filter resonance. The 

effectiveness of the damping is proportional to the value of the resistance, making passive 

damping too lossy to be a preferred method. Therefore, an ideal solution is to have active 

damping, which is provided by the controller. There are several different strategies used to 

provide active damping, most of which fall under the category of multi-loop control strategies 

and filtering.  

 

In [25], an active damping technique is introduced for a three-phase active rectifier with an LCL 

filter that eliminates the need for extra sensors (only the grid voltage and the converter-side 

current are sensed). The LCL filter is tuned based on a genetic algorithm. The optimized 

parameters are calculated offline in order to optimize the performance of the converter. 

 

In [27], a direct power control (DPC) strategy for a three-phase grid-connected VSI with an LCL 

filter is proposed. In this control strategy, the reference values for the active and reactive power 

are given to the controller and the controller determines the switching scheme. In this control 

technique the filter capacitor current is used as feedback in order to provide active damping. The 

controller is designed in the synchronous reference frame using the phase angle derived from the 

PLL. Figure 2-4 illustrates the block diagram of the proposed DPC control system used for a 

three-phase grid-connected VSI with an LCL filter. 
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Figure 2-4: Block diagram of the modified DPC control system [27]. 

 

In [28], a control system for a balanced three-phase grid-connected VSI with an LCL filter is 

proposed. In this control strategy, a conventional synchronous reference frame PI controller is 

used to control the injected output current. Additionally, active damping is provided by 

estimating the filter capacitor voltage and subtracting the capacitor voltages from the current loop 

after passing through a low-pass filter (LPF). Essentially, active damping is provided because the 
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resonance is injected in anti-phase into the control system. The block diagram of the proposed 

control system is shown in Figure 2-5. 
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Figure 2-5: Block diagram of the proposed control system in [28]. 

 

In [21], the authors proposed a different current control feedback method for a single-phase grid-

connected VSI with an LCL filter, which they name the LCCL method. The authors mention that 

in conventional control strategies, either the inverter current or grid current is used as feedback. 

However, by splitting the filter capacitor into two capacitors and feeding back the current in 
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between these capacitors, a weighted average of the inverter current and grid current is available 

for the controller. Therefore, only one current sensor is required to have information about both 

the inverter current and the grid current. In [29], also, the same approach is adopted in the control 

scheme. The block diagram of this approach is illustrated in Figure 2-6. 
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Figure 2-6: Block diagram of the control system proposed in [21]. 

 

An explicit model predictive current controller is proposed in [22], where the controller tries to 

minimize a cost function defined for the current tracking error. The minimization problem is 

solved off-line and the result is a function, which describes the duty ratio with respect to the 

control states. The proposed controller is implemented in discrete form and the simulation and 

experimental results seem to demonstrate satisfactory performance. However, in general the 

control law depends on the system parameters and requires a precise knowledge of the passive 

components. 

 

In [19], a two-current-loop controller is proposed to control the grid current while introducing 

active damping into the control system. The proposed controller is actually a PI controller 

combined with partial state-feedback in order to control the grid current. The first loop is a 

proportional controller for the filter capacitor current and the second loop is a PI controller for the 
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grid current. Also, the procedure used to design the coefficients of the controller is given in detail. 

Authors show that the proportional feedback loop for the filter capacitor current is able to 

effectively damp the resonance created by the LCL-filter. Figure 2-7 shows the two-current-loop 

approach proposed in this paper.   

 

A robust partial state-feedback control system is proposed in [30] for a three-phase VSI with an 

LCL-filter. In the proposed approach the filter capacitor voltage and the inverter output current 

are sensed as the feedback signals. The coefficients of the partial state-feedback controller are 

designed based on the linear matrix inequality (LMI) approach. The experimental results show 

the satisfactory stable operation of the proposed control system. However, the transient response 

does not appear to be very fast. Figure 2-8 shows the robust partial state-feedback controller 

proposed in [30]. 
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Figure 2-7: Block diagram of the control technique proposed in [19]. 
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Figure 2-8: Block diagram of the control technique proposed in [30]. 

 

In [31], active damping for the LCL-filter is introduced by using the rotating p-q-r reference 

frame (instantaneous power theory [49]). The control system is the same as the conventional PI 

controller in the synchronous reference frame with an external DC-bus voltage controller, which 

calculates the reference value for the d-axis current. In this paper, it is shown that the currents 

include three components: the first component is the fundamental component (60Hz), the second 

component is the switching component, and the third component is the result of the LCL-filter 

resonance. The reflection of the fundamental component after the p-q-r transformation is purely 

DC values on the d-axis and the q-axis. Therefore, the resonance current can be separated using a 

high-pass filter. Thus, active damping is introduced into the control loops for the d-axis and q-

axis current by appropriately injecting the resonant components of the currents into the control 

loops. Simulation results in this paper show the effectiveness of the proposed technique. 

However, the control loop is highly sensitive to the resonant current feedback and if this feedback 

is not adjusted properly, the loop may head towards instability. Figure 2-9 shows the control 

technique proposed in [31]. 
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Figure 2-9: Block diagram of the proposed PQR control technique in [31]. 

 

In [32], a very comprehensive study is performed on different active damping techniques used to 

handle the resonance introduced by the LCL-filter. This paper also explains some practical issues 

related to the implementation of the active damping techniques for LCL-filters. In this paper, it is 

shown that both the filter capacitor current and filter capacitor voltage can introduce damping into 

the closed-loop control system. In particular, the proportional feedback of the filter capacitor 

current and the derivative feedback of the filter capacitor voltage can yield active damping. The 

authors show that the behavior of the damping highly depends on the ratio of the resonant 

frequency and the switching frequency. It is shown that for high resonant frequencies only the 

filter capacitor feedback can effectively introduce damping, whereas for medium resonant 

frequencies, both techniques can be effective and demonstrate good performance. For lower 

resonant frequencies both methods do not demonstrate very good performance even though the 
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resonance with the voltage feedback is slightly lower. Therefore, generally speaking, the stability 

gets worse for the lower resonance frequencies. Figure 2-10 shows the block diagram of the 

proposed control approach in [32] with filter capacitor current feedback and with filter capacitor 

voltage feedback. 
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Figure 2-10: Block diagram of the proposed control approach in [32], (a) with filter 

capacitor current feedback, (b) with filter capacitor voltage feedback. 

 

In [33] different filter-based active damping methods are investigated to alleviate the resonance 

introduced by the LCL filter. Generally, a filter is placed in the control loop to either attenuate the 

resonance created by the LCL-filter or to compensate for the phase angle and provide a stable 
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closed-loop system. In particular, the performance of four types of filters is analyzed: low-pass 

filter, lead-element, notch filter, and Bi-quad filter. It is shown that the notch filter is the most 

flexible and effective active damping technique out of all other filter-based approaches.  Figure 2-

11 shows the general block diagram of the filter-based active damping technique. 
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Figure 2-11: General block diagram of filter-based active damping [33]. 

 

 

2.4 Observers 

 

A standard single-phase grid-connected VSI with a conventional L filter requires a minimum of 

three sensors (one dc voltage, one ac current, and one ac voltage). A standard three-phase grid-

connected VSI with a conventional L filter requires a minimum of five sensors (one dc voltage, 

two ac currents, and two ac voltages), assuming that the system is completely balanced. Sensors 

introduce phase delay and noise distortion into the measured signal, particularly Hall-effect 

current sensors, which are also very costly. Thus, the application of sensorless methods for the 

purposes of removing some of the sensors from the system has many advantages and has received 

significant attention [34]-[43]. Sensorless methods, such as linear observers and the Kalman 

filter, reduce costs while producing a cleaner estimated signal than those measured by sensors. 
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In [22], a Kalman filter is used as an observer for a three-phase grid-connected VSI to estimate 

the state variables given the measured grid currents and DC-bus voltage. Furthermore, an 

observer is used to estimate the grid voltages. This observer uses the error between the measured 

grid current and the estimated grid current as a corrective term added to the grid voltage state 

variable equation when calculating the estimated grid voltage. 

 

In [28], the line and filter capacitor voltages are estimated for a three-phase grid-connected PWM 

rectifier with an LCL filter. To estimate the filter capacitor voltage, instantaneous power theory is 

used to calculate the estimated voltage drop across the converter-side inductor. This is then added 

to the voltage reference of the PWM rectifier to find the estimated filter capacitor voltage. To 

estimate the line voltages, the authors derive an equation that requires the measured voltage 

across the DC-bus capacitor, the duty ratios of the space vector modulator, and the estimated 

voltage drop across the converter-side inductor.   

 

In [40], the authors use a modified Kalman filter to estimate the state variables for a three-phase 

grid-connected VSI by measuring the grid current. The modification made to the Kalman filter 

allows it to estimate the state variables for a discrete-time system one sample in advance, 

removing any delays from the estimation process. It does this by substituting the sampled output 

at time instant k, with the sampled output at time instant k+1 into the Kalman filter algorithm. 

This output sample at time instant k+1 is generated through an intermediate variable, which does 

not burden the processor.  

 

Reference [44] focuses on LCL-filtered distributed generation inverters, and presents a sensorless 

method for estimating the line voltage. The sensorless method is based on an adaptive observer in 

discrete-time, which estimates the internal model dynamics based on the gradient descent method. 
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2.5 Chapter Summary 

 

This chapter provided a literature review of the state-of-the-art developments related to the 

control and design of a grid-connected VSI with an LCL filter. First, the various types of system 

models used in the literature were presented, and fell into two categories: analog and discrete-

time. Both types of models could be further subdivided into those that contained the ESRs of the 

filter inductors and those that did not. The system model that did not contain the ESRs of the 

filter inductors, while less accurate, represented the worst case due to the lack of damping 

provided by the resistors. The analog system model was more commonly seen in the literature, as 

it was a simpler representation. 

 

The next part of the chapter covered the various strategies used in the literature for designing the 

LCL filter. Although there were many different types of design criteria covered in the literature, 

the most commonly used criteria were oriented towards achieving the following: ensuring the 

harmonics injected into the grid met the regulatory standards, optimizing the placement of the 

resonant frequency such that the controller could have a higher bandwidth, and designing the 

filter capacitor such that the power factor is kept as close to unity as possible. 

  

For grid-connected converters with an LCL filter, active damping is essential in order to maintain 

system stability. Therefore, active damping should be incorporated into the closed-loop control 

system. Several different control strategies with active damping were investigated in this chapter. 

Also, this chapter covered different sensorless techniques that are used in the literature to 

minimize the number of sensors required for measuring vital signals in grid-connected converters.  

 

In summary, the proposed control techniques have one or more of the following drawbacks:  

¶ Limited bandwidth and poor transient performance for current control loop 
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¶ Complex control algorithms that reduce system reliability 

¶ Higher cost due to the use of several sensors 

¶ Very slow voltage control loop for single-phase grid-connected converters, due to the low 

bandwidth enforced by the presence of second harmonic ripple on the DC bus 

¶ Poor stability margins caused by the third order filter 

¶ Poor steady-state performance due to the system power losses caused by high amount of 

ripple across the converter-side filter inductor 
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Chapter 3 

System Analysis of Grid-Connected VSI with LCL Filter 

 

 

 

In this chapter, first the system model of a grid-connected VSI with an LCL filter is presented. 

Then, the system is analyzed from a geometric viewpoint. This geometric analysis entails finding 

the system flow and extracting the Poincaré map in order to analyze the stability and behavioral 

characteristics of the grid-connected VSI with an LCL-filter. 

 

3.1  System Model 

 

In order to analyze and design the system, a system model is required. Figure 3-1 shows the 

schematic of a grid-connected voltage source inverter (VSI) with an LCL filter. According to this 

figure, the dynamical model of the system is given by: 
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Finding the canonical form of the state space equations of the system is a standard and simple 

approach to take when performing different matrix calculations on the state space equations. 

Given that this system is a third order system, it is described in canonical form as follows: 
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 Figure 3-1: Grid-connected VSI with LCL filter. 

 

Eqs. (3-4)-(3-7) represent the dynamics of a system with a periodic external excitation. The 

system is naturally oscillatory due to the presence of the LCL filter, and the natural frequency is 

denoted by ɤ0. Also, the system is forced by the external periodic sources vinv and vg, which 

represent the inverter voltage and grid voltage, respectively. The parameter ɖ(t) represents the 
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external periodic source. The interaction between the natural resonance of the system and the 

external periodic sources creates some subtle attributes in the system dynamics that can be 

analyzed geometrically by using the first recurrence map, also called the Poincaré map.    

 

3.2 Poincaré Map  

 

Parametric resonance is a resonance phenomenon that produces instability, which occurs in 

systems with time-varying coefficients (parametrically excited systems) or externally excited 

systems. Generally, in externally excited systems, a small excitation cannot produce a response 

unless the frequency of the excitation is close to one of the natural frequencies of the system 

(primary resonance). Externally excited systems with periodic external excitation are called 

“Forced Oscillation” systems [45]. It is of special interest to explore those forced oscillation 

systems that have complex eigenvalues, as they can produce parametric resonance when the 

forcing frequency is close to the imaginary eigenvalues of the system. In Figure 3-2, the resonant 

peak of a forced oscillation system with complex eigenvalues is shown. It is seen that damping 

can lower the amplitude of the resonant peak such that it does not produce instability when 

excited. 

 

According to (3-7), the grid-connected VSI with an LCL filter is a forced oscillation system with 

complex eigenvalues.  Since the LCL filter is a third order filter, it produces a resonant peak such 

as the one seen in Figure 3-2, and this resonance may introduce instability into the closed-loop 

without the presence of damping. Thus, analyzing the stability of this system can give insight into 

its behavior, and furthermore can aid in designing an appropriate controller. A well-known 

technique used to study the behavior of forced oscillation systems is the first recurrence map, also 

called the Poincaré map [46]-[53]. The idea, proposed by Henri Poincaré in 1899, is to study 
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continuous-time systems through an associated discrete-time system (map). This map is formed 

by finding the trajectory of the state variables, which is called the system flow, and periodically 

sampling this trajectory. The Poincaré map is particularly suited for analyzing forced oscillation 

systems, because their state variable trajectory forms a closed orbit due to the periodic nature of 

the external excitation.  
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Figure 3-2: Resonance of Forced Oscillation System with Complex Eigenvalues with and 

without Damping. 

 

The Poincaré map is used for two separate purposes in this chapter: (1) to determine the stability 

of the grid-connected VSI with an LCL filter, and (2) to obtain a geometrical representation of the 

aforementioned system that will show behavioral characteristics of the system flow, such as the 

harmonics resulting from the interaction between the forced input frequency and the natural 

resonant frequency of the system.  
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To find the Poincaré map, it is essential to first outline some related terminology. As previously 

stated, the state variable trajectory is called the system flow, and is a closed orbit for forced 

oscillation systems due to their periodic nature. Thus, let ‎ ὦe a period orbit of period T of some 

system flow, űt(x). Furthermore, the system flow is determined by its vector field, f, of the 

following system [45]: 

()xfx=#           (3-8) 

where (3-8) can be representative of any autonomous system. 

 

The Poincaré map is created by defining a hypersurface, Σ, which is transverse to the system flow 

at point p ɴ ‎. Roughly speaking, transverse to the surface implies that the system flow should go 

through the hypersurface (shown in Figure 3-3). In other words, if n(x) is the normal to Σ at x, we 

have 

0)().( ¸pnpf T
         (3-9) 

which implies that the system flow can never be perpendicular to the normal of the hypersurface, 

and therefore must pass through it.  

 

The Poincaré or first return map is the first return of the system flow to the hypersurface and 

defined as follows: 

() ()qqP

UP

tf=

S­:
          (3-10) 

where Ű is the time taken for the orbit starting from q to first return to Σ. 
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Figure 3-3: Visualization of a Poincaré Map. 

 

Although the concept of the Poincaré map is introduced for autonomous systems, it can be 

extended to non-autonomous systems under certain conditions. In particular, a non-autonomous 

forced oscillation system can be described as an autonomous system by introducing a dummy 

variable. Therefore, in order to construct the Poincaré map for forced oscillation systems, first the 
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system should be converted into the autonomous form. The forced oscillation non-autonomous 

system, 

( ) ( ) ( )txfTtxftxfx ,,,, =+=#        (3-11) 

can be rewritten as an autonomous system by introducing the variable  ̒as follows: 

( )

( ) 1,1
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qq
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#

#
       (3-12) 

Then the hypersurface Σ is defined as: 

( ){ }0:, 1 =³ÁÍ=S qq Sx         (3-13) 

This hypersurface guarantees that the flow is transversal to Σ. Then, the Poincaré map is 

determined by: 

() ( ) xontoprojectionxxP

P

t :0,.

:
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S­S

f
      (3-14) 

Figure 3-4 shows the construction of the Poincaré map for a forced oscillation system. 
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Figure 3-4: Construction of the Poincaré Map. 
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In order to derive the Poincaré map of the VSI with an LCL-filter, first the system should be 

rewritten in autonomous form as: 
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Then the system flow is calculated as follows: 
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By using (3-16), the flow of the system is calculated as given in (3-17).  
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Figure 3-5 illustrates the flow of the system in Ὑ . According to the system flow, given by (3-17), 

and Figure 3-5, the Poincaré map is given by (3-18). 
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Figure 3-5: Flow of the system in R
3
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3.3 Stability and Performance Analysis 

 

In order to investigate the stability of the system, the Jacobian matrix of the Poincaré map should 

be calculated around the fixed point. According to (3-18), the Jacobian matrix of the Poincaré 

map is given by: 
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The eigenvalues of the Jacobian matrix are calculated as: 
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          (3-20) 

The eigenvalues are on the unit circle. Thus, the system is marginally stable. A closed-loop 

stability analysis is conducted in Chapter 6, to show the effects of the proposed control methods 

on the stability of the closed-loop system. 

 

Figure 3-6 shows the Poincaré map of the VSI with an LCL-filter. This figure shows how the 

natural resonance of the LCL-filter affects the forced oscillation system. In order to fully clarify 

the Poincaré map, the projections of the map onto the x1-x2, x1-x3, and x3-x2 -planes are shown in 

Figure 3-7, Figure 3-8, and Figure 3-9, respectively. According to (3-20), the Poincaré map 

includes three eigenvalues on the unit circle. The eigenvalues with nonzero imaginary parts create 

an oval, which is shown in Figure 3-9, and the other eigenvalue skews the oval, which is shown 

in Figure 3-6. Figure 3-10 illustrates the evolution of the periodic flow in the Poincaré map. 

 

 



 

40 

 

 

Figure 3-6: Poincaré map of the system. 

 

 

Figure 3-7: Projection of Poincaré map of the system on x1-x2 plane. 
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Figure 3-8: Projection of Poincaré map of the system on x1-x3 plane. 

 

 

 

 

Figure 3-9: Projection of Poincaré map of the system on x1-x3 plane. 
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Figure 3-10: Evolution of the Poincaré map of the system. 

 

It is interesting to see the behavior of the x3-x2 plane during the system evolution. Figure 3-11 

shows the projection of the orbit onto the x3-x2 plane at t=0 and the rotation of the orbit through 

2ˊ/ɤ seconds. Since the projection of the orbit onto the x3-x2 plane is an oval, the rotation of the 

orbit through 2 ́ seconds is on a torus, as shown in Figure 3-12. This torus is invariant in the 

sense that the system orbits always remain on the torus. The interaction of the natural resonance 

of the VSI with an LCL-filter and the forced oscillation imposed by the input results in some 

subtleties in the system trajectories. These subtleties can be clarified by examining the Poincaré 

map. An assumption is made that the natural frequency is an integer multiplication of the forced 

input frequency, i.e. nɤ=ɤ0; n:integer. In this case the Poincaré map is rewritten as: 
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         (3-21) 

 

Therefore, every single point is a fixed point of the Poincaré map. This implies that if the 

trajectory starts from a point on Σ, it will pass the point after 2 ́seconds. The trajectory, actually, 

completes n cycles of natural resonances before reaching the same point on the Poincaré map. 

This creates an ultraharmonic of order n in the system trajectories. Figure 3-13 shows an 

ultraharmonic of order 10 on the flattened torus. 

 

 

 

Figure 3-11: Evolution of the projection of Poincaré map of the system on x3-x2 plane. 
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ɗ =ɤt 
Ŭ=ɤ0t 

 

Figure 3-12: The orbit of x3-x2 plane on a torus. 

 

 

If the natural frequency is a rational multiplication of the forced input frequency, i.e. rɤ=ɤ0; 

r=n/m: rational, the trajectory contains ultrasubharmonics, which means the trajectory takes n 

rotations as well as m revolutions to reach back to the same point on the Poincaré map. Figure 3-

14 shows the trajectory on the flattened torus for n=5 and m=2. Finally, if the ratio of the natural 

frequency and the forced input frequency is not rational, there are no periodic points on the 

Poincaré map. Thus, none of the trajectories close in on themselves and they wind around 

indefinitely. Since the trajectories are not closing in on themselves, the limit set of each trajectory 

is the whole torus. Therefore, trajectories wind densely on the surface of the torus. These 

trajectories are called irrational winding lines [45]. Irrational winding lines are quasi-periodic, 

since an irrational number can be approximated by a rational number. The densely wound torus is 

shown in Figure 3-15. 
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Figure 3-13: An ultraharmonic of order 10 on the flattened torus. 

 

 

 

Figure 3-14: An ultrasubharmonic on the flattened torus. 
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Figure 3-15: Densely wound torus. 
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3.4 Chapter Summary 

 

In this chapter, the system model of the grid-connected VSI with an LCL filter was presented. 

Then, an investigation into the behavioral characteristics of the grid-connected VSI with an LCL 

filter was conducted from a geometrical viewpoint in order to design an appropriate control 

approach for the system. The system flow of the grid-connected VSI with an LCL filter was 

plotted, and illustrates the harmonics resulting from the interaction between the forced input 

frequency and the natural resonant frequency of the system. Using the system flow, a Poincaré 

map of the grid-connected VSI with an LCL filter was then constructed to determine the system’s 

stability. The Poincaré map is particularly useful for forced oscillation systems, and is a mapping 

of the system flow onto a hypersurface. Through this map, it was determined that the grid-

connected VSI with an LCL filter has marginal stability due to the parametric resonance caused 

by the third-order filter. A closed-loop stability analysis is conducted in Chapter 6, to show the 

effects of the proposed control methods on the stability of the closed-loop system. Also, the 

Poincaré analysis gives insight into the structure of the system flow and the design of an 

appropriate controller for the system.  
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Chapter 4 

Current Control and Estimation of Grid-Connected VSI with LCL Filter 

 

 

 

 

 

This chapter explores the salient features and drawbacks of the existing state-of-the-art method 

used for the current control of a grid-connected VSI with an LCL filter. In order to overcome the 

drawbacks of the state-of-the-art current control approach, a new current control method is 

introduced, which is called composite nonlinear feedback (CNF). The CNF current controller 

demonstrates significantly improved overall performance. The proposed control method 

combines linear and nonlinear feedback signals to improve the closed-loop transient and steady-

state response of the system.  

 

The grid-connected VSI with an LCL filter requires two current sensors in order to provide a 

stable control system. Current sensors, particularly Hall-effect current sensors, are not only 

costly, but they can also introduce phase delay and noise into the measured signals. Thus, an 

observer is introduced, which is able to reduce the number of current sensors required for the 

grid-connected VSI with an LCL filter. Two different observers are implemented: (1) the 

Luenberger observer (LO), and (2) the sliding mode observer (SMO). The performance of the 

observers are compared and analyzed in this chapter. Both observers provide fast and accurate 
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estimations of the VSI state variables, while reducing the costs, noise, and phase delay introduced 

by the use of current sensors. 

4.1 Current Control of Grid-Connected VSI with LCL Filter 

 

One of the main control challenges related to the grid-connected VSI is to find a suitable current 

controller. The current controller is responsible for regulating the output current of the VSI, such 

that a high quality sinusoidal current is injected into the utility grid. A block diagram of the basic 

current controller structure is given in Figure 4-1. After deriving the system model and 

conducting a system analysis by finding the Poincare map in Chapter 3, it is concluded that 

special consideration needs to be taken while designing the current controller. The main current 

control challenges for a grid-connected VSI with an LCL filter are the following:  

¶ Transient performance,  

¶ Active damping for LCL filter resonance, 

¶ Performance during parameter uncertainties in the system model, and 

¶ Disturbance rejection.  

Thus, the success of any proposed controller can be measured by the extent of its ability to deal 

with these challenges. 
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Figure 4-1: Block Diagram of General Current Controller. 

The existing state-of-the-art current control method for the grid-connected VSI is the proportional 

resonant (PR) controller. The transfer function for the PR controller is written as follows: 
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=  (4-1) 

The PR controller has a very high gain, theoretically infinite, at the resonant frequency, wn. This 

allows the PR controller to offer perfect tracking of the reference current and disturbance 

rejection of the grid voltage, given that the resonant frequency is tuned to the grid frequency. 

However, this method does not address two other main control challenges, which are transient 

performance and active damping for the LCL filter resonance. This method, while adequate for a 

grid-connected VSI with an L filter, would not be suitable for a grid-connected VSI with an LCL 

filter due to its lack of active damping. 

 

In order to address the shortcoming of this method in terms of active damping, a modified 

approach has been presented in [54]-[62], which can be seen in Figure 4-2. In this modified 

approach, state feedback is added to the PR controller, which introduces active damping into the 
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control loop. The system model is defined by a set of linear differential equations, which are 

represented as,  
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The state feedback is defined by the following equation: 

KXvu -=  (4-3) 

where, v represents the current controller output and K represents the state feedback coefficients. 
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Figure 4-2: Block Diagram of PR Current Controller with State Feedback. 

 

Although there are several different methods that can be used to calculate the state feedback 

coefficients, a common one for this application is the linear quadratic regulation (LQR) method.  
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The idea behind this method is to find the optimal state feedback coefficients that minimize the 

energy of the LQR cost function. The cost function for the LQR method is defined as the 

following:  

ñ
¤

+=
0

22
)()(: dttutzJLQR r  (4-4)

 

where the term  represents the energy of the controlled output,  represents the 

energy of the control signal, and ɟ is a positive constant. LQR seeks to find the appropriate state 

feedback coefficients that will minimize both of these energy terms by using the Ricatti equation 

(RE) to solve the cost function. However, there is a tradeoff in the design of the state feedback 

coefficients. The tradeoff results from the fact that minimizing the energy of the controlled output 

maximizes the energy of the control signal, and vice versa. The constant ɟ is used to establish this 

tradeoff by placing a lesser or greater emphasis on one of these conflicting energy terms in the 

LQR cost function. In practical terms, ɟ is used to adjust the damping ratio of the state feedback 

controller.  

 

By adding the state feedback, active damping is inherently provided through the feedback 

coefficients, K. It also has good tracking performance and disturbance rejection. Thus, the PR 

controller with state feedback is considered to be the existing state-of-the-art control solution for 

the grid-connected VSI with an LCL filter. There are, however, a few shortcomings with this 

control method. The first drawback of this control method is its sub-standard transient 

performance. This is due to the fact that the PR controller has a very limited bandwidth. The PR 

controller is essentially a band-pass filter. Thus, by increasing its bandwidth, its performance in 

terms of tracking and disturbance rejection is compromised, because widening the band causes its 

peak to be lowered. Furthermore, by widening the band, the controller may introduce a phase 

delay to the error signal, leading to a deteriorated performance and poorer stability margins.  
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The second drawback of the PR controller with state feedback is that it fails to compensate for 

any DC components that may be introduced into the control loop through, for example, Hall-

effect current sensors. There is very strict regulation in terms of the amount of DC current that 

can be injected into the grid [11]. This problem arises due to the fact that the DC component is 

filtered out by the resonant controller, since it is basically a band-pass filter. The final drawback 

of this control method is that the gain of the PR controller, while theoretically infinite, is limited 

in practice. Thus, the tracking performance and disturbance rejection of this control method are 

limited by its actual gain at the resonant frequency.   

In the following section, a current control method will be presented that has been developed as a 

much better alternative for the grid-connected VSI with an LCL filter: the composite nonlinear 

feedback (CNF) control method. This method provides superior transient performance, active 

damping, perfect tracking, great performance under parameter uncertainties, and disturbance 

rejection for the grid-connected VSI with an LCL filter.  

 

4.2 Composite Nonlinear Feedback  

 

Normally, the linear state feedback controller used in conjunction with the PR controller, should 

have a high damping ratio characteristic, otherwise, the transient response will be oscillatory and 

the steady state current will contain a ripple. Thus, a small damping ratio is not acceptable for the 

grid-connected VSI with an LCL filter and the control system is usually designed as a well 

damped closed-loop system. However, a high damping ratio results in a very sluggish transient 

response. The main problem is caused by the fact that the closed-loop system is forced to have a 

fixed damping ratio. Therefore, either the transient response is compromised with a high damping 

ratio, or the steady-state response is affected with a low damping ratio. 
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The control method proposed in this section provides the flexibility to have different damping 

ratios during the transient and steady-state. This flexibility is created by incorporating a nonlinear 

feedback on top of the linear feedback. In particular, this control method consists of a linear 

feedback part with a small damping ratio to achieve a very fast response, and a nonlinear 

feedback part to increase the damping ratio as the system approaches the reference value. This 

control method is called the CNF method, and it was introduced by Lin et al. [63] and further 

developed in [64]-[66].  

 

The CNF controller can be represented by the following equation: 

NLCNF uuu +=  (4-5) 

where uL is the linear part and uN is the nonlinear part. 

 

The linear part of the CNF is a state feedback controller, which can stabilize the control loop by 

placing the closed-loop poles to the open left half plane. The nonlinear part of the CNF is 

designed such that the damping ratio is being increased as the output converges to the reference 

value. Therefore, the controller aggressively steers the system at the start of transients, and it 

becomes less aggressive as the output approaches to the reference value. This leads to a very fast 

transient response, while producing no overshoot, and a well-damped system during the steady-

state operation. Thus, both the transient response and the steady-state performance are improved. 

The controller is designed in the following steps:  

 

(1) Reference Generator 

In order to achieve perfect tracking and disturbance rejection for the grid voltage, the reference 

generator should be added to the closed-loop control system according to the internal model 
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principle [67]-[69]. In addition, an integrator should be added to the control loop to eliminate the 

DC disturbance as well as the uncertainties in the system parameters. The reference generator is 

given by: 
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Ar should be determined such that Ɇrg has two complex conjugate eigenvalues at ɤl (line 

frequency) and one at zero, in order to remove DC components from the current loop. Through a 

simple calculation, ɫrg is given by: 
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where e1, e2, and e3 are the integral of the error, error and the derivative of the error respectively. ζ 

represents the damping term, and γ1, γ2, and γ3 represent the error coefficients. 

 

(2) Linear Controller 

The linear state feedback, KF, is designed so that the matrix A+KFB is stable and has eigenvalues 

with a small damping ratio to achieve a quick response. The state feedback KF is derived such 

that:  

1. A+BKF is asymptotically stable; 

2. The transfer function of ig/r has a very small damping ratio. 

 

(3) Nonlinear Controller 

The nonlinear controller is given by: 

),( yyKu dNN =  (4-8) 
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KN is a nonlinear function of the output and the reference. Intuitively, this function should 

increase the damping as the output y approaches the reference yd. The exponential function is 

chosen as the nonlinear feedback, given by: 
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where k1 is a positive constant. 

The block diagram of the whole control system is seen in Figure 4-3. 
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Figure 4-3: Block Diagram of CNF Controller. 

 

4.3 Performance Analysis of CNF through Simulation 

 

This section contains the simulation results for the CNF control method that have been obtained 

using PowerSim V9.2.1 (PSIM) software. For the sake of comparison, simulation results of the 

PR controller with state feedback are presented first. Simulations have been performed for both 

the closed-loop with a high damping ratio and the closed-loop with a low damping ratio using the 
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PR controller with state feedback. Figure 4-4 shows the transient response of the closed-loop 

control system when the damping ratio is high. According to this figure, the transient response of 

the control system is sluggish with respect to the step change in the reference current. Figure 4-5 

shows the transient response when the damping ratio is small. This figure confirms that the 

response is fast but very oscillatory. Therefore, the linear state-feedback controller either results 

in a very sluggish transient response or a very oscillatory response, depending on the damping 

ratio. 

    

 

Figure 4-4: Transient response of the closed-loop control system with a high damping ratio. 
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Figure 4-5: Transient response of the closed-loop control system with a small damping 

ratio. 

 

 

Figure 4-6 shows the transient response of the CNF-based controller. This figure shows a much 

faster response compared to Figure 4-4, and a well-damped steady-state performance compared to 
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the oscillatory response of the Figure 4-5. Also, there are no overshoots/undershoots in the 

transient response. 

 

    
 

 

   

 

Figure 4-6: Transient response of the CNF-based control system. 
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Figure 4-7: Performance of the closed-loop CNF controller under parameter uncertainties 

(40% increase in L1, 35% increase in L2 and 10% increase in C). 

 

 

Figure 4-7 illustrates the performance of the closed-loop controller under parameter variations. 

This figure shows that the proposed controller is robust against parameter variations. The 

robustness is the result of having a very high gain at the frequency of the reference signal, which 
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is produced by the reference generator in the closed-loop control. The reference generator creates 

a very high gain through the complex conjugate poles tuned on the frequency of the reference 

signal. This gain causes the sensitivity function (i.e., Error/Reference transfer function) to be zero 

in the presence of any uncertainties in the system.  

 

  

4.4 State Variable Estimation 

 

Standard single-phase grid-connected voltage source inverters with an output L filter require three 

sensors (one ac current, one ac voltage, and one dc voltage). Single-phase grid-connected voltage 

source inverters with an output LCL filter require four sensors (two ac currents, one ac voltage, 

and one dc voltage). Sensors, particularly Hall-effect current sensors, introduce phase delay and 

noise distortion into the measured signal. They also significantly contribute to the overall cost of 

the system. Thus, the application of sensorless methods to the grid-side controller has recently 

received significant attention [34]-[43]. Sensorless methods can avoid the disadvantages 

introduced by sensors through effectively and rapidly estimating the necessary signals. Observers 

are widely used to estimate state variables based on the system model. In this particular 

application, there are certain requirements that need to be fulfilled in order to replace a sensor 

with an observer. The first requirement is that the observer should estimate the signal very 

quickly, with a speed that is much faster than that of the system controller. The second 

requirement is that the observer should provide a very accurate and clean replication of the 

estimated signal. Finally, the observer is required to be robust against any parameter variations. 

Since the estimation is based on the system model, any discrepancy between the actual model and 

the calculated model may result in a poor estimation of the state variables. Therefore, robustness 

must be a key attribute of the observer for this particular application. In this section, first the 
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observability of the system is investigated, and then different state observers suited for this 

particular application are presented.   

4.4.1 Observability of the Grid-Connected VSI with LCL Filter 

 

In this section, the observability of the single-phase grid-connected VSI is analyzed in detail. 

Generally, it is more beneficial to eliminate current sensors rather than voltage sensors. Voltage 

sensors are usually cheaper and are easier to implement than current sensors.  For this application, 

specifically, low frequency current sensors are required. These sensors are either Hall-effect 

sensors or resistive current sensors. Resistive current sensors are lossy, and therefore are rarely 

used in this application. Hall-effect current transducers are widely used in this application, but 

they are costly and introduce noise and delay into the measured signal. They also introduce a DC 

bias into the measured signal, which is variable based on the operating conditions. Therefore, an 

initialization routine must be performed at the start-up in order to remove the DC-bias.  

 

The state observer is designed based on the dynamical equations of the system. The dynamical 

equations of the single-phase grid-connected VSI are rewritten as follows: 
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 (4-10) 

where c3g2inv1 vxixix === ,, . 

The first endeavor is to check for system observability when vc is measured, and the two current 

signals, i inv and ig, are estimated. If the system is observable under these conditions, then two low 
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frequency current sensors can be eliminated from the closed-loop control system. System 

observability is determined by checking whether the following matrix is full rank: 
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When vc is the only measured signal, then,  
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Therefore, the observability matrix is calculated as follows, 
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This matrix is full-rank if R1 and R2 are not zero. However, since R1 and R2 are very small, the 

system is marginally observable. Therefore, this observer is not able to adequately comply with 

the robustness requirements of this system. Therefore, at least one current sensor should be used 

to make the system observable. Either the inverter output current or grid current has to be 

measured for observability to be achieved. The grid current is chosen to be measured for this 

application for the following reasons: (1) the grid current signal has fewer harmonics than the 

inverter current signal, and (2) the current controller in this application controls the grid current. 

Considering ig as the measured signal, the output is given by:  
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Thus, the observability matrix is calculated as follows, 
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According to (4-15), the observability matrix is full rank when ig is the measured signal and the 

system is observable. Therefore, a partial-state observer is designed for the closed-loop control 

system, which measures ig and estimates i inv and vc.  

 

4.4.2 Luenberger Observer for Grid-Connected VSI with LCL Filter 

 

Based on (4-10), the grid-connected VSI system model is linear. The Luenberger observer can 

provide a robust estimation of state variables based on the measurement of some state variables. 

Therefore, a Luenberger observer is designed to estimate the state variables based on the system 

model given in (4-10) and the ig measurement. The Luenberger observer for the single-phase 

grid-connected VSI is given by: 
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 (4-16) 

where l1, l2, and l3 represent the Luenberger observer gains. The block diagram of the closed-loop 

control system based on the Luenberger observer is shown in Figure 4-8.  
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Figure 4-8: Closed-loop control system with Luenberger observer. 

 

In this observer, the error between the measured and estimated value of ig helps to compensate for 

any parameter uncertainties in the system model. Therefore, this observer is fairly robust towards 

parameter uncertainties. The gains of the observer determine the degree of robustness. Usually, a 

high gain observer is designed in order to provide quick estimation and a high degree of 

robustness. However, a high gain may result in an unstable observer, due to the nonlinear 

behavior of the inverter. Also, it can be challenging to design l1, l2, and l3 in order to achieve a 

satisfactory performance for the observer. 

 

4.4.3 Sliding Mode Observer for Grid-Connected VSI 

 

In order to increase the robustness, a sliding mode observer can be used. The sliding mode 

observer provides a higher gain compared to the Luenberger observer, leading to a more robust 

performance. The sliding mode observer determines the sign of the error term and multiplies it 

with the gain terms. Thus, when the error converges towards zero, the speed of the sliding mode 
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observer is much greater than that of the Luenberger observer. The sliding mode observer for the 

single-phase grid-connected VSI is given by: 

  

( )
( )
( )ö

ö
ö

÷

õ

æ
æ
æ

ç

å

-

-

-

+

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

-
+

ö
ö
ö
ö
ö

÷

õ

æ
æ
æ
æ
æ

ç

å

+
ö
ö
ö

÷

õ

æ
æ
æ

ç

å

ö
ö
ö
ö
ö
ö
ö

÷

õ

æ
æ
æ
æ
æ
æ
æ

ç

å

-

--

--

=

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

223

222

221

2

1

3

2

1

22

2

11

1

3

2

1

ˆsgn

ˆsgn

ˆsgn

0

1
0

0

0

1

ˆ

ˆ

ˆ

.

0
11

1
0

1
0

ˆ

ˆ

ˆ

xxl

xxl

xxl

v
L

v

L

x

x

x

CC

LL

R

LL

R

x

x

x

ginv

#

#

#

 (4-17) 

where l1, l2, and l3 represent the sliding mode observer gains. The block diagram of the closed-

loop control system based on the sliding mode observer is illustrated in Figure 4-9.  
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Figure 4-9: Closed-loop control system with sliding mode observer. 

 

Although, the sliding mode observer is able to provide a very robust performance against 

parameter variations and unmodeled dynamics, the estimation performance can suffer from 

chattering. Chattering happens in a tight neighborhood of the sliding surface where the sliding 

term changes the gain very fast. The chattering problem can be alleviated by reducing the 

observer gains l1, l2, and l3. This may compromise the tracking performance of the observer. 
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4.4.4 Simulation Results 

 

This section presents the simulation results for the closed-loop control system with different 

partial state observers using PowerSim V9.2.1 (PSIM) software. Table 1 contains the parameters 

used to conduct the simulation for the closed-loop grid-connected VSI with an LCL filter. 

 

 

Table 1: SIMULATION PARAMETERS FOR CURRENT CONTROL. 

Symbol Parameter Value 

Po Output Power 1KW 

vdc Input Voltage 400-450VDC
 

vg Grid Voltage 85-264VAC 

fsw Switching Frequency
 

20 kHz 

L1 Inverter Side Inductance 2.56mH 

R1 Inverter Side Resistance 35mΩ 

L2 Grid Side Inductance 0.307mH 

R2 Grid Side Resistance 15mΩ 

C LCL-Filter Capacitance 10µF 

CBUS DC-BUS Capacitance 2*470µF 

 

 

In Figure 4-10, the estimation performance of the Luenberger observer is presented, where the 

three state variables (i inv, ig and vc) are estimated given that ig is measured. In this figure, there is a 

transient at t=0.08s in order to examine the transient performance of the Luenberger observer. 

According to this figure, the Luenberger observer provides a quick and accurate estimation of the 

state variable signals. Figure 4-11 shows the estimation errors of the state variables when using 

the Luenberger observer. 
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Figure 4-10: Simulation results with Luenberger Observer. 

 

 

Figure 4-11: Estimation Errors of the Luenberger Observer. 

 

In order to examine the performance of the Luenberger observer under parameter uncertainties, 

the three parameters (L1, L2, and C) are increased by 20%. Figure 4-12 shows the performance of 
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the Luenberger observer under these parameter changes. It is seen that the good performance of 

the observer is maintained despite the parameter variations, and the closed-loop control system 

demonstrates stable operation.  

 

As mentioned in Section 4.4.2, the Luenberger observer is not able to maintain stability when the 

observer gains are very high. Thus, in Figure 4-13 and Figure 4-14, the performance of the 

Luenberger observer is examined when the observer gains are high. According to these figures, 

the Luenberger observer loses its stable operation for very high observer gains.  

 

 

 

 

Figure 4-12: Simulation results with Luenberger Observer when there is a 20% uncertainty 

in the converter parameters. 
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Figure 4-13: Unstable Performance of the Luenberger Observer when the observer gain is 

large. 

 

 

 

Figure 4-14: Unstable Performance of the Luenberger Observer when the observer gain is 

large (enlarged version). 

 

 

In Figure 4-15, the estimation performance of the sliding mode observer is examined. According 

to this figure, the sliding mode observer is able to quickly and accurately estimate the state 
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variables (iinv, ig and vc). Comparing this figure to that of the Luenberger observer, it is seen that 

the performance of both observers are more or less the same. Figure 4-16 contains the estimation 

errors of the state variables when using the sliding mode observer. Compared to the estimation 

errors of the Luenberger observer, it is seen that the Luenberger observer has marginally less 

estimation error. This is due to the fact that the sliding mode observer produces chattering in its 

estimated signals. Depending on the gain of the sliding mode observer, this chattering may be 

large. Therefore, the gain of the sliding mode observer cannot be too large in order to avoid 

excessive amounts of chattering.  

 

 

 

Figure 4-15: Simulation results with sliding mode observer. 
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Figure 4-16: Estimation errors of the sliding mode observer. 

 

Figure 4-17 shows the performance of the sliding mode observer when there is a 20% uncertainty 

in the parameters of the system model. This figure shows that the sliding mode observer 

demonstrates a robust performance against parameter variations.  

 

 

Figure 4-17: Simulation results with sliding mode observer when there is a 20% uncertainty 

in the converter parameters. 
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The main problem with the sliding mode observer is the chattering phenomenon it produces. In 

particular, when the observer gains are very high, the chattering is very pronounced. Figure 4-18 

(a) and Figure 4-18 (b) show the chattering that is produced by the sliding mode observer when 

its gains are high. 

 

 

(a) 

 

(b) 

Figure 4-18: Performance with chattering of sliding mode observer with high gain. 
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4.5 Experimental Results 

 

In order to verify the performance of the proposed closed-loop system a 1kW experimental 

prototype of a single-phase grid-connected VSI has been prepared. The VSI specifications are 

presented in Table 2. Figure 4-19 shows the block diagram of the implemented grid-connected 

single-phase VSI. According to this block diagram the power circuit includes a DC-bus capacitor, 

a full-bridge inverter, and an LCL-filter connected to the grid. The proposed control system is 

implemented digitally using Field-Programmable Gate Array (FPGA). In particular, the Altera 

Cyclone IV FPGA has been used to realize the control system. This FPGA is able to provide a 

very fast and reliable solution for this application. Also, different signal conditioning circuitry has 

been used in order to provide appropriate feedback signals for the analog-to-digital converters.  
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Figure 4-19: Block diagram of the implemented single-phase grid-connected VSI. 
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Table 2: VSI SPECIFICATIONS FOR CURRENT CONTROL. 

Symbol PARAMETER Value 

Po Output Power 1KW 

vdc Input Voltage 400-500VDC
 

vg Grid Voltage 170-264VAC 

fsw Switching Frequency
 

20 kHz 

Io,max Maximum output current 10A 

L1 Inverter Side Inductance 2.56mH 

R1 Inverter Side Resistance 35mΩ 

L2 Grid Side Inductance 0.307mH 

R2 Grid Side Resistance 15mΩ 

C LCL-Filter Capacitance 10µF 

CBUS DC-BUS Capacitance 2*470µF 

  

 

The full-bridge inverter is implemented using a high density power module. The power module 

includes the power MOSFETs as well as the drive/isolation circuitry. The parameters of the 

power module are given in Table 3. Figure 4-20 shows the prototype of the power module.  

 

Table 3: POWER MODULE PARAMETERS. 

Symbol PARAMETER Part Number/Value 

Si Power MOSFETs SPW47N60CFD 

DR MOSFET  Drivers
 

UCC27322D 

- Optical Isolation  HCPL 7723 

Csnubber Snubber Capacitor
 

1.5nF 
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Figure 4-20: Prototype of the power module. 

 

The prototype is powered using a 12V DC power supply, and there is a programmable AC source 

along with a resistive load used to simulate the grid voltage. Figure 4-21 shows the block diagram 

of conducted experimental tests.  
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Figure 4-21: Block diagram of the test set-up. 
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Figure 4-22 (a) and Figure 4-22 (b) show the steady-state behavior of the CNF controller along 

with the sliding mode observer. In particular, Figure 4-22 (a) shows the waveforms in the line 

cycle scale and Figure 4-22 (b) depicts the waveforms in the switching period scale. These figures 

demonstrate the superior steady-state performance of the proposed closed-loop control system. 

The inverter current and the grid current are effectively stabilized by the state feedbacks. Also, 

the presence of the LCL filter significantly attenuates the switching harmonics in the grid current, 

ig, to provide a clean and harmonic-free current to inject into the utility grid. In addition, the 

sliding mode observer is able to accurately and quickly estimate i inv and vc, as evidenced by the 

measured grid current. The estimated inverter current i iinv has a similar waveform to ig except with 

additional switching harmonics.  
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Figure 4-22: Steady-state performance of CNF closed-loop control with sliding mode 

observer. 

 

 

In order to compare the transient response of the proposed CNF controller with the conventional 

control system, the software for both scenarios have been prepared and tested. In the first test, a 

very high gain PR controller with state feedback is used to control the converter. Figure 4-23 (a) 

shows the transient response using the high gain PR with state-feedback controller. This figure 

shows a very oscillatory response, which degrades the overall performance even during the 

steady-state. The waveforms are well aligned with the simulation results presented in the previous 

sections, in particular Figure 4-5. Also, Figure 4-23 (b) shows the enlarged version of Figure 4-23 

(a) to illustrate the oscillatory behavior. 
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(a) 

 

 

(b) 

Figure 4-23: Transient response of closed-loop control when using high gain PR controller 

with state-feedback. 
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In the next test, a low gain PR controller with state-feedback is used to control the converter. 

Figure 4-24 (a) shows the transient performance of this controller. According to this figure, the 

transient performance is very sluggish and it takes more than half a cycle to track the step change 

in the reference current. The sluggish behavior may result in an unstable operation of the closed-

loop control system. Also, Figure 4-24 (b) illustrates the transient response of the low gain PR 

controller with state-feedback when a step change is applied at a different point. Figure 4-24 (a) 

and Figure 4-24 (b) confirm the very sluggish performance of the closed-loop control system. The 

experimental waveforms are well aligned with the simulation results given in the previous 

sections (Figure 4-4).  

 

 

 

(a) 
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(b) 

Figure 4-24: Transient response of closed-loop control when using low gain PR controller 

with state feedback. 

 

In the last case the proposed CNF controller is used to control the grid-connected VSI. Figure 4-

25 (a) shows the transient response of the CNF controller when a negative step change is applied 

in the reference current. This figure shows the very fast response of the proposed CNF closed-

loop control approach. The results show a significant improvement in the transient response 

compared to the conventional PR controller with state-feedback. Figure 4-25 (b) illustrates the 

enlarged version of Figure 4-25 (a) in order to show the very fast transient response. Also, Figure 

4-26 (a) shows the transient response when a positive step is applied to the reference current. 

Figure 4-26 (b) is the enlarged version of Figure 4-26 (a). Experimental waveforms presented in 

this section demonstrate a substantial improvement in the transient response and superior 

performance of the proposed CNF controller compared to the conventional PR controller with 

state-feedback. 
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(a) 

 

(b) 

Figure 4-25: Transient response of closed-loop control when using proposed CNF 

controller. 
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(a) 

 

(b) 

Figure 4-26: Transient response of closed-loop control when using proposed CNF 

controller. 
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4.6 Chapter Summary 

 

In this chapter it was determined that a successful current controller must respond quickly to 

transients, provide active damping for the LCL filter resonance, perform robustly despite 

parameter uncertainties in the system model, and reject the grid disturbance. The state-of-the-art 

control approach of a PR controller with state feedback was shown to be inadequate during 

transients, due to its limited bandwidth. Furthermore, it fails to compensate for any DC 

components that may be introduced into the current control loop. Finally, its tracking 

performance and disturbance rejection are limited by its actual gain at the resonant frequency, 

which is not infinite in practice. 

 

A current control method was proposed, called composite nonlinear feedback (CNF), which 

produces significantly improved overall performance compared to the state-of-the-art current 

control approach of a PR controller with state feedback. The CNF current control method 

combines linear and nonlinear feedback signals to improve the closed-loop transient and steady-

state response of the system. The linear part of the CNF is a state feedback controller, which can 

stabilize the current control loop by placing the closed-loop poles into the open left-half plane. 

The nonlinear part of the CNF is designed such that the damping ratio is being increased as the 

output converges to the reference value. This leads to a very fast transient response, while 

producing no overshoot, and a well-damped system during the steady-state operation. Thus, both 

the transient response and the steady-state performance are improved. In order to verify the 

performance of the proposed closed-loop system, a 1 kW experimental prototype of the grid-

connected VSI is designed. The prototype includes a DC-bus capacitor, a VSI, and an LCL filter 

connected to the grid. The proposed control system is implemented digitally using Field-

Programmable Gate Array (FPGA). Different signal conditioning circuitry is used to provide 

appropriate feedback signals for the analog-to-digital converters. 
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An observer was proposed, which is able to reduce the number of current sensors required for the 

grid-connected VSI with an LCL filter. The observability of the grid-connected VSI with an LCL 

filter was analyzed in order to determine which state variables are observable. Two different 

observers were implemented: (1) the Luenberger observer (LO), and (2) the sliding mode 

observer (SMO). The performance of the proposed observers were compared and analyzed. It was 

shown that both observers provide fast and accurate estimations of the VSI output current, while 

reducing costs, noise, and phase delay introduced by the use of current sensors. The SMO 

provides a marginally faster estimation than the LO, at the cost of adding some chattering to the 

estimated signals.  
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Chapter 5 

DC-Bus Voltage Control of a Grid-Connected Voltage Source Inverter 

 

 

In this chapter, the design and implementation of a high performance DC-bus voltage controller is 

explained in detail. The DC-bus voltage controller is responsible for balancing the power between 

the input-side converter and the grid-connected VSI. A constant capacitor voltage ensures the 

flow of the full amount of power from the input-side converter to the grid. Basically, the external 

voltage loop produces the reference value for the inner current loop such that all the power 

generated by the energy source and processed by the first stage converter gets delivered to the 

grid. Therefore, from the input side point of view, the dynamics of the power flow is determined 

by the DC-bus voltage loop. This chapter deals with the challenges involved in controlling the 

DC-bus voltage and proposes a novel DC-bus voltage control technique that not only offers a 

very fast transient response, but also improves the steady-state performance of the grid-connected 

VSI.  

 

5.1 Conventional DC-bus Voltage Control of a Single-Phase VSI with LCL Filter 

 

Grid-connected VSIs for renewable energy applications are usually the second stage in a two-

stage power conditioning system. The first stage is an AC-DC converter for wind power 

conditioning systems, or a DC-DC converter for PV energy generation systems. Between the two 

stages, there is a DC-bus which is supported by a fairly large capacitor (depending on the 

specifications of the power conditioning system). This capacitor acts as an energy storage 

capacitor and provides the flexibility to alternate the instantaneous energy in the power 
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conditioning system [24]. For instance, the DC-bus capacitor can serve as a type of energy 

decoupling tool between the two stages, giving it the ability to absorb sudden changes in power 

coming from the input-side converter.  The erratic behavior of renewable energy sources demand 

a fairly robust control system in order to smoothen out the power flow between the two stages of 

the power conditioning system. In particular, the voltage across the DC-bus capacitor must be 

controlled such that it remains constant. By keeping this voltage constant, it is guaranteed that the 

power from the input-side is completely transferred to the grid-connected VSI. To show this 

mathematically, the equation for the energy balance of the DC-bus capacitor is analyzed. The 

energy stored in the capacitor is given by: 

2

2

1
BUSBUSC VCE =          (5-1) 

Power is the rate of change in energy and thus, the power contained in a capacitor is defined by 

the following equation. 

dt

dE
P C=           (5-2) 

Since, the captured power should be transferred entirely from the input side to the utility grid; this 

means that the power contained in the DC-bus capacitor should be zero. This entails the following 

equation to be satisfied: 

0. ==== BUSBUSBUS

BUS

BUS

CC VVC
dt

dV

dV

dE

dt

dE
P #      (5-3) 

Since the value of the capacitor, CBUS, is fixed, the voltage, VBUS, must be kept constant in order to 

guarantee the capacitor power balance. Thus, all of the power processed in the first stage of the 

power conditioning system is delivered to the grid by keeping the DC-bus voltage constant. 

 

Figure 5-1 shows a typical block diagram of the DC-bus voltage control system for a single-phase 

grid-connected VSI. According to this block diagram, the external voltage loop regulates the DC-
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bus voltage of the inverter. The DC-bus voltage controller basically determines the amplitude of 

the current to be injected to the grid such that the power balance between the first-stage and 

second-stage is satisfied, or equivalently the DC-bus voltage is maintained constant. Due to the 

fact that the voltage controller deals with DC signals, PI regulators are usually used to implement 

this controller. The main issue with this control approach is the presence of a double frequency 

ripple on the DC-bus voltage, stemming from the inevitable power ripple produced in single-

phase power conditioning systems (this ripple is also present in three-phase unbalanced systems) 

[70]-[73]. This double frequency ripple is caused by the instantaneous output power and reflected 

back onto the DC-bus voltage. The low frequency component is superimposed on top of the DC 

voltage component.  
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Figure 5-1: Block diagram of a typical DC-bus voltage control system for a single-

phase grid-connected VSI. 

 

 

The instantaneous power produced by the grid-connected VSI is given by: 

() ( )[ ]jwjjww ++=+= tCosCosVItICostVCostp 2
2

1
)().()(    (5-4) 

where V and I represent the amplitude of the grid voltage and grid current, respectively. Since the 

power on both sides of the VSI is equivalent, this power ripple is reflected back to the DC-bus. 

Since the power ripple is imposed on the DC-bus voltage, this causes challenges for the DC-bus 
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voltage controller. Namely, because the DC-bus voltage carries the double frequency ripple, this 

ripple propagates into the current loop if it is not removed by the DC-bus voltage controller. This 

is because the DC-bus voltage controller produces the current reference for the current controller. 

A double frequency ripple in the amplitude of the current reference gives rise to the injection of a 

third harmonic into the grid current.  

 

Removal of the double frequency ripple from the DC-bus voltage can have repercussions. The 

conventional DC-bus voltage controller is a PI controller, because it is an effective, well known, 

and easy to implement controller for DC applications [9]. However, in order for the PI controller 

to remove the double frequency ripple, its bandwidth must be lowered significantly. This results 

in very sluggish transient performance, and in an inability to deal with sudden load changes or 

changes in the input power.  Thus, when there is a sudden transient, the voltage across the DC-

bus capacitor considerably fluctuates. As a result, the DC-bus capacitor and VSI switches need to 

be overrated so that they can perform reliably and do not burn out. This not only causes an 

increase in system costs, but also results in very poor transient performance and marginal 

stability.  

 

In [74], a fast acting PI controller is proposed to improve the transient performance of the DC-bus 

voltage control loop. In this technique, the error signal processed by the PI controller is between 

the squares of the reference voltage and the DC-bus voltage. This way the PI controller directly 

controls the energy of the DC-bus capacitor. Also, the ripple frequency increases and its 

amplitude is effectively reduced. Therefore, a relatively faster response can be achieved. Also, a 

systematic technique to adjust the gains of the energy-based PI controller is proposed in this 

paper in order to avoid a tedious trial and error approach to find the appropriate gains [75]. 

Although the energy-based PI controller is able to improve the transient performance of the DC-
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bus voltage loop, the bandwidth of the control loop cannot be very high due to the presence of 

low frequency ripple in the control loop.  

 

In [76], a hybrid controller is proposed, which includes a Positive Feed-Forward (PFF) term as 

well as a conventional negative feedback term. It is proven that this controller can significantly 

improve the stability of the DC-bus voltage control loop. The stability problem stems from the 

fact that the inverter is connected to a DC source with finite Thevenin impedance (first stage). 

Therefore, the PFF term is added to the control loop in order to have the impedance exhibit a 

positive real part. Therefore, the stability margin can be effectively increased. However, this 

technique entails the feedback loop having a slightly lower bandwidth. Therefore, the transient 

response may be compromised.  

 

In [77]-[78], a control technique is proposed, which directly controls the DC-bus capacitor 

current in order to minimize the ripple current flowing through the capacitor. This control 

technique tries to equate the first stage current to the input current of the VSI. Therefore, the 

current ripple through the DC-bus capacitor is minimized. This technique can be effective for 

three-phase balanced systems. However, for single-phase systems, the low frequency ripple 

current inherently flows through the DC-bus capacitor.  

 

A predictive direct power control technique for a VSI is proposed in [79]. In this control 

technique, a predictive selection of the voltage vectors is combined with the direct power control. 

The reference value for the active power is generated by the DC-bus voltage controller. This 

controller is a conventional PI controller, which can have a high bandwidth only for balanced 

three-phase systems. Therefore, this method cannot offer fast dynamics for single-phase or 

unbalanced three-phase systems. There are other techniques proposed in the literature to improve 



 

91 

 

the dynamic performance of the VSI closed-loop control system. However, they are mostly 

effective for balanced three-phase systems, or they can only improve the bandwidth of the 

internal current control loop [80]-[88]. 

 

In this chapter, a new voltage controller is proposed, which is able to improve the transient 

response of the DC-bus voltage loop significantly. The proposed control technique is based on a 

droop algorithm in conjunction with a new sampling technique in order to control the mean value 

of the DC-bus voltage. The proposed control approach improves the transient response of the 

converter. The droop algorithm is modified to adaptively change the droop gains such that it can 

either produce a constant DC-bus voltage for hybrid renewable energy applications, or produce a 

variable DC-bus voltage where the overall system power losses are minimized.  

 

5.2 DC-bus Voltage Controller 

 

As explained in the previous section, the main control challenge faced by the DC-bus voltage 

controller in the single-phase grid-connected VSI is removing the double frequency ripple from 

the voltage control loop so that it does not propagate into the current control loop. In this section 

a novel control technique is proposed, which is able to significantly improve the performance of 

the voltage control loop. The proposed technique includes a new sensing technique, which can 

effectively remove the double frequency ripple and eliminate it from entering the closed-loop 

control system. This sensing technique functions by calculating the mean value of the DC-bus 

voltage and feeding this back to the DC-bus voltage controller in place of the actual DC-bus 

voltage. Therefore, the proposed control loop uses the mean value of the output voltage, vBUS,mean, 

instead of the output voltage, vBUS. Thus, the actual control parameter is the mean value of the 

output voltage given by:  
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2

min,max,

,

BUSBUS

meanBUS

vv
v

+
=         (5-5) 

The mean value calculator effectively eliminates the double frequency present in the output 

voltage, and ensures that the feedback signal to the controller is the purely DC component of the 

output voltage. This allows the voltage controller to have a very high bandwidth compared to the 

conventional controllers. Figure 5-2 shows the block diagram of the voltage control loop with the 

proposed sensing technique. The mean value calculator determines the maximum and minimum 

of the DC-bus voltage and calculates the mean value accordingly. Figure 5-3 shows the block 

diagram of the mean value calculator. According to this figure, the discrete value of the output 

voltage is used in this block. Then a discrete differentiator is used to extract the ripple of the DC-

bus voltage. The signal at the output of the discrete differentiator is 90° out of phase with the 

double frequency ripple of the DC-bus voltage. Then, the zero crossings of this signal are 

detected through a comparator. Based on the rising edge and falling edge of the comparator, two 

mono-stable multi-vibrators create the sampling instants of the DC-bus voltage sample/holds. 

These values correspond to the minimum and maximum of the DC-bus voltage. Finally, the mean 

value is calculated using the minimum and maximum values. 
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Figure 5-2: Proposed sensing technique for the voltage loop. 
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Figure 5-3: Mean value calculator. 

 

It is worthwhile to mention that the discrete differentiator produces a noise-free signal due to the 

fact that the high frequency switching noise has been removed from the DC-bus voltage by 

sampling the signal every switching cycle. Therefore, the discrete differentiator does not amplify 

the high frequency switching noise and produces a noise-free double frequency ripple. The digital 

implementation of this block is very simple when using an FPGA, and will be described in the 

experimental results. 

 

The mean value calculator can resolve the issue related to the double frequency ripple present in 

the DC-bus voltage. The other difficulty presented by this DC-bus voltage control system is that a 

fast integrator cannot be a part of the control approach; otherwise it saturates every cycle and 

leads to an unstable control loop. In addition, the control input and the DC-bus voltage do not 

have a linear relationship. Intuitively, when the DC-bus voltage is smaller than the reference 

voltage (resulting in a positive error), the output current should decrease in order to allow more 

current to be stored in the DC-bus capacitor and raise its voltage. Conversely, when the DC-bus 

voltage is greater than the reference voltage (resulting in a negative error), the output current 
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should increase in order to extract more current out of the DC-bus capacitor and lower its voltage. 

This fact is also evident from the mathematical model of the system when the DC-bus voltage is 

taken as a system state variable. According to Figure 5-4, the average model of the grid-

connected VSI when the DC-bus capacitor is added to the state variables is given by: 
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Figure 5-4: VSI schematic. 
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The system dynamics is a control-affine nonlinear system due to the coupling between the control 

input, duty ratio, and the state variables.    

 

The proposed DC-bus voltage control system is based on the droop control approach. The 

identifying characteristic of droop control is reverse proportional gain. Thus, intuitively the 

controller output decreases as positive error increases, and the controller output increases as the 

negative error increases. The block diagram of the proposed control approach is shown in Figure 

5-5. According to this figure, the amplitude of the reference value for the grid current is 

calculated based on the droop controller as follows: 

vdroopiref ekIkI -= max          (5-10) 

where ki is used to scale Imax, kdroop is the droop gain and ev is given by: 

meanBUSv vVe ,max-=          (5-11) 

The operation of the proposed control technique is rather different than the conventional control 

loops. In the proposed droop control approach, the controller does not try to track a reference 

signal applied to the control loop. Instead, the maximum value of the DC-bus voltage is applied 

as the external signal to the voltage control loop and the equilibrium point of the system is 

determined based on the intersection of the droop controller profile and the load profile.  
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Figure 5-5: Proposed droop control technique for DC-bus controller. 
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This droop controller provides instant action during transients, which considerably increases the 

speed of the control system. Also, it improves the steady-state behavior of the grid-connected 

VSI, which will be elaborated on shortly. 

 

5.2.1 Steady-State Analysis 

 

In this section, the behavior of the proposed DC-bus voltage droop controller during steady-state 

is presented. During steady-state, the profile of the droop controller is given by: 

 vdroopi

ss

ref ekIkIprofiledroop -= max:       (5-12) 

The load profile during steady-state is determined by the DC power balance between the input 

and the output of the grid-connected VSI. The input and output powers are given by: 

dcmeanavgin IVP =,          (5-13) 

g

ss

refo VIP
2

1
=           (5-14) 

where Idc is the DC component of idc, and Vg is the amplitude of the grid voltage. Thus, the load 

profile is derived as: 

( )v
g

dcss

ref eV
V

I
IprofileLoad -= max

2
:       (5-15) 

Figure 5-6 shows the intersection of the load profile and the droop profile for a typical load. 

According to this figure, one line represents the load profile and the other shows the droop 

profile. The intersection of these lines determines the steady-state operating point of the closed-

loop control system. This figure is very informative in terms of designing the gain of the droop 

controller. The closed-loop system potentially has a stable equilibrium if the two lines intersect; 

otherwise there is no equilibrium point for the closed-loop control system. If there is an 

intersection point, it is derived as follows: 
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This point corresponds to the steady-state DC-bus voltage given by: 

gdroopdc

gdroopgiss
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VkI

VVkVIk
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=

2

maxmax
       (5-17) 

According to (5-17), the final value of the steady-state DC-bus voltage depends on different 

parameters, such as the droop controller characteristic (kiImax, and kdroop) as well as the input 

current and output voltage. 
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Figure 5-6: Steady-state operating point of the droop controller. 
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The coefficients of the droop controller should be designed such that the two lines have an 

intersection. Therefore, two conditions are considered: 

1- If (kiImax > 2IdcVmax/Vg), the droop controller must satisfy the following condition in order 

to guarantee an intersection: 

max

maxmax
max

2

V

Ik
k

V

VI
Ik i

droop

g

dc
i >> :      (5-18) 

2- If (kiImax < 2IdcVmax/Vg), the droop controller must satisfy the following condition in order 

to guarantee an intersection: 
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dc
i << :      (5-19) 

Either of the aforementioned conditions can guarantee an intersection to create a potentially 

stable equilibrium. However, the first condition is selected to design the droop profile. This is due 

to the fact that the input power and in turn idc can be zero. Therefore, the assumption pointed out 

in the second condition may not be satisfied. The droop gains should be designed such that all 

operating conditions are taken into consideration. Therefore, kiImax is designed as follows: 

min

max

max

max

2

g

dc
i

V

VI
Ik >          (5-20) 

Eq. (5-20) ensures that the assumption of the first condition is satisfied for the entire range of 

operation. Thus, the droop controller gain is found as: 

min

max2

g

dc
droop

V

I
k >          (5-21) 

Eqs. (5-20)-(5-21) guarantee an equilibrium point for the closed-loop system with the droop 

controller. 
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5.2.2 Dynamic Analysis 

 

In this section, the dynamic behavior of the proposed DC-bus voltage droop controller is analyzed 

during transients. The transient behavior of the DC-bus voltage droop controller can be 

characterized by the dynamical equation for the mean voltage. The dynamical equation for the 

mean voltage can be derived from the dynamical equation for the voltage across the DC-bus 

capacitor, seen earlier as Eq. (5-9). In order to derive the dynamical equation for the mean voltage 

across the DC-bus capacitor, it is necessary to find the average of Eq. (5-9) over a period of 2ɤt 

(ɤ is the line frequency), since the mean voltage is calculated over the same period.  Thus, it can 

be written tentatively as, 

( )
tT

inv

BUS

dc

BUS

meanBUS
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Cdt
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w2

,
12

11

=

--=       (5-22) 

In order to compute the average, the duty ratio, d, and the inverter current, i inv, need to be 

rewritten such that their average can be computed. To express the duty ratio in other terms, an 

expression for the inverter voltage is found as a product of the duty ratio in Eq. (5-23).  

( )BUSinv vdv 12 -=          (5-23) 

The inverter voltage can also be expressed in other terms, as in Eq. (5-24). 

g

ginv
inv v

dt

di
L

dt

di
Lv ++= 21         (5-24) 

Tikhonov’s theorem states [89] that this system can be divided into two parts: the fast internal 

current control loop, called the fast boundary layer, and the slow external voltage loop, called the 

slow quasi-steady state. From the vantage point of the slow quasi-steady state, the grid current 

can be seen to have reached the reference current because it is in the fast boundary layer and 

significantly faster in comparison. Thus, it can be rewritten as ()tIi refg wsin= . The grid voltage, 

vg, can be rewritten as a product of its amplitude and a sinusoidal signal, such that 
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()tVv gg wsin=  (it is assumed that the inverter only injects active power to the grid, therefore, 

the grid voltage and the grid current are considered to be in-phase). The inverter voltage can be 

rewritten as follows, 
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Given that 
dt

dv
Ci c

c =  and given that g

g

c v
dt

di
Lv += 2 , the expression for the inverter voltage 

can be rewritten again as follows, 
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Using Eq. (5-23) and Eq. (5-26), the duty ratio is found as follows, 
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After substituting Eq. (5-27) into Eq. (5-22), the dynamical equation of the mean voltage can be 

found as follows, 
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Given Eq. (5-10) and Eq. (5-11), Eq. (5-28) can be rewritten as follows, 
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where 
BUS

g

BUS v

V

C

1

2

1
=a  . The eigenvalue can then be found from the dynamical equation for 

the mean voltage, as follows, 

al droopk-=           (5-30) 
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5.3 DC-Bus Voltage Adaptive Droop Controller 

 

The DC-bus voltage droop controller proposed in the previous section changes the DC-bus 

voltage according to the input power. However, in some applications it is preferable to have a 

constant DC-bus voltage. This is particularly the case when the DC-bus feeds other converters, 

such as in hybrid renewable energy power conditioning systems. Thus, in this section an adaptive 

droop control approach is proposed to regulate the DC-bus voltage to a constant value. Changing 

the droop gain provides the control approach with the capability of regulating the DC-bus 

voltage. The idea behind the adaptive droop controller is illustrated in Figure 5-7. 
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Figure 5-7: Operating point with fixed voltage error of the adaptive droop 

controller. 
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According to this figure, the intersection point between the load profile and droop profile 

determines the error between the mean voltage and the maximum voltage. Furthermore, since the 

maximum voltage is a fixed value, the error actually determines the mean voltage. The DC-bus 

voltage can be made constant by placing the intersection point between the load profile and droop 

profile at a fixed error value, which is shown in Figure 5-7 as a vertical line. In order to place the 

intersection points along the vertical line, the droop gain must be varied adaptively. This is 

achieved by equating the load profile and droop profile equations with a fixed voltage error. This 

determines the droop gain, which is now given by: 

g
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i
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e

Ik
k 22 maxmax +-=         (5-31) 

where IDC and Vg represent the DC-bus current (DC value) and grid voltage amplitude, 

respectively. Eq. (5-31) describes the droop controller gain as a function of IDC and Vg. Figure 5-8 

shows the block diagram of the proposed DC-bus voltage adaptive droop controller.  
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Figure 5-8: Block diagram of proposed DC-bus voltage adaptive droop controller. 
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5.4 Optimized DC-bus Voltage Adaptive Droop Controller 

 

The adaptive droop controller proposed in the previous section regulates the DC-bus voltage to a 

constant value by adaptively changing the droop gain, which is advantageous for certain hybrid 

renewable energy power conditioning system applications. However, many renewable energy 

power conditioning systems do not require that the DC-bus voltage be regulated to a specific 

value. For these applications, it can be more beneficial to generate a variable DC-bus voltage that 

reduces the overall power losses of the system. Thus, an optimized adaptive droop controller can 

achieve a very high efficiency by varying the DC-bus voltage to decrease overall system power 

losses.  

 

The source of the most substantial power losses should be determined in order to design the 

optimized adaptive droop controller. For the grid-connected VSI, the majority of the power losses 

stem from the inductor(s) in the output filter. These losses are usually higher than 

switching/conduction losses. Therefore, the optimized adaptive droop controller needs to be 

designed such that it identifies the operating point for a particular droop and load profile that is 

most able to reduce power losses across the output filter inductor.  

 

Power losses that occur across the output filter inductor can be divided into two main categories: 

ohmic losses and core losses. Both types of losses are proportional to the output inductor current 

ripple. The overall losses related to the output inductor current ripple are given by: 

))())'&))())'&

Losses
Core

mcfe

Losses
Ohmic

hfhflflfcoreohmiclosses lABKIRIRPPP b)(22 D++=+=      (5-32) 

where 
2

lflf IR  represents low frequency ohmic losses, 
2

hfhf IR  represents high frequency ohmic 

losses, feK is a constant of proportionality that depends on the operating frequency, BD  is the 
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peak ac flux density, brepresents an exponent determined by the core manufacturer’s published 

data, cA represents the core cross-sectional area, and ml  represents the core mean magnetic path 

length. The low frequency ohmic losses cannot be reduced due to the fact that the low frequency 

current is determined by the load. However, both the high frequency ohmic losses and core losses 

can be greatly reduced by decreasing the output inductor current ripple. Both the high frequency 

ohmic losses and the core losses are functions of the output inductor current ripple, where the 

current ripple can be defined as follows: 

L

dTvv
I

gBUS )( -
=D

         (5-33)
 

where vBUS represents the DC-bus voltage, vg represents the grid voltage, d represents the duty 

ratio, T represents the switching period, and L represents the output filter inductance. The duty 

ratio, d, is determined by the controller, the grid voltage, vg, is determined by the users of the 

utility grid, while the switching period T and the output filter inductance L are constant. Thus, the 

only variable that can be used to decrease the output inductor current ripple is the DC-bus 

voltage, vBUS. Since the output current ripple is a function of the difference between the grid 

voltage and the DC-bus voltage, reducing this difference through the control of the mean DC-bus 

voltage would result in reducing the output inductor current ripple and its resulting power losses.  

 

The output inductor current ripple can be reduced by minimizing the voltage across the output 

inductor, according to (5-33). This voltage is directly determined by the difference between the 

DC-bus voltage and the grid voltage. Since the grid voltage cannot be controlled, the mean DC-

bus voltage should be controlled such that it is as close to the grid voltage as possible. However, 

it is important to consider that the mean DC-bus voltage must always be greater than the grid 

voltage so that the direction of power flow is from the VSI into the utility grid. To minimize the 

difference between the DC-bus voltage and the grid voltage while preserving the direction of 
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power flow, the optimized adaptive droop controller sets the mean DC-bus voltage as close as 

possible to the peak value of the grid voltage, without preventing the flow of power from the VSI 

into the grid, as seen in Figure 5-9. It can be seen in Figure 5-9 that the output current ripple is 

reduced by bringing the mean DC-bus voltage as close as possible to the grid voltage.  

 

The idea behind the optimized adaptive droop controller is illustrated in Figure 5-10. By 

adaptively changing the droop gain, the operating point can be placed where it will decrease the 

mean DC-bus voltage as the grid voltage decreases. By decreasing the mean DC-bus voltage, the 

error between the mean DC-bus voltage and maximum DC-bus voltage increases. Thus, the 

operating profile of the optimized adaptive droop controller is to increase the error when the grid 

voltage decreases such that the mean DC-bus voltage is set very close to the peak of the grid 

voltage. The result is a lower output inductor current ripple and reduced power losses.  
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Figure 5-9: Reducing current ripple by bringing the mean DC-bus voltage closer to 

the peak grid voltage. 
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Figure 5-10: Operating point with optimized adaptive droop controller. 

 

 

To calculate the optimized adaptive law, the rms value of the output current ripple must be found. 

The rms value of the output current ripple is found to be the following: 

3

I
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D
=D           (5-34) 

Using (5-34), the high frequency ohmic losses can be found to be the following: 
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By substituting (5-33) into (5-35), the high frequency ohmic losses can be rewritten as follows: 
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where the maximum duty ratio is given by: 
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Therefore, the high frequency ohmic losses are given by: 
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The core losses are defined as follows: 
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Thus, the core losses can be rewritten as: 
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The power losses are minimized by finding their partial derivative with respect to the DC-bus 

voltage and setting it to zero. This results in the following optimal operating point: 

max,gBUS VV =*

          (5-41) 

However, this operating point is practical only if there is no voltage drop across the output filter, 

the inverter gain is unity and the low frequency ripple on the DC-bus voltage is negligible. 

Therefore, for this grid-connected VSI with an output filter, these factors should be taken into 

account. Thus, the voltage drop across the output filter, the SPWM gain and the low frequency 

ripple are added to the DC-bus voltage in order to find the closest point to the optimal operating 

point. The SPWM inverter has a gain of unity (for linear modulation region) and the voltage drop 

across the inductor is given by: 

glgLL LIjIXV w==
GCC

,         (5-42) 

where L=L1+L2 and ɤl is the line frequency. 
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Also, the low frequency ripple of the DC-bus voltage is given by: 
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where VBUS is the DC value of vBUS.  

Thus, to counteract these voltage drops, the mean DC-bus voltage is determined to be the 

following: 
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Solving this equation for VBUS,mean, results in the following equation, which represents the optimal 

DC-bus voltage: 
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Figure 5-11 shows the trajectory of the optimal operating point along with the droop profile. 

According to this figure, the DC-bus voltage is at its maximum (and ev is at its minimum) at full-

load, where the inductor voltage drop and the low frequency ripple are at their maximum values. 

As the load decreases, the DC-bus voltage reduces (and ev increases) in order to keep the inductor 

ripple and in turn the losses as small possible.  

 

The adaptive law for the droop gain is derived using (5-45) and (5-31) as follows: 
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Figure 5-11: Operating point with optimized adaptive droop controller. 

 

 

Figure 5-12 illustrates different optimal trajectories for different grid voltages. The intersection of 

these trajectories and the droop profile determines the optimal operating point of the DC-bus 

voltage. Also, Figure 5-13 shows the optimal value of the DC-bus voltage for different load 

conditions and different grid voltages. 
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Figure 5-12: Optimal curves of the DC-bus voltage control loop (I g vs. ev). 

 

 

Figure 5-13: Optimal curves of the DC-bus voltage control loop (I g vs. VBUS,mean). 
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In Figure 5-14, the block diagram of the proposed DC-bus voltage optimized adaptive droop 

controller is shown. As seen in the figure, the adaptive law tries to minimize current ripple by 

adaptively changing the droop gain according to the droop and load profiles. 

 

 

 

 

Figure 5-14: Block diagram of proposed DC-bus voltage optimized adaptive droop 

controller. 

 

 

5.5 Performance Analysis through Simulation 

 

This section contains the simulation results for the DC-bus voltage control methods proposed in 

this chapter, and have been obtained using PowerSim V9.2.1 (PSIM) software. Table 4 contains 

the parameters used to conduct the simulation for the closed-loop grid-connected VSI with an 

LCL filter. In Figure 5-15, the DC-bus voltage and mean voltage produced by the proposed DC-

bus voltage droop controller is illustrated. The mean voltage is seen to take the average of the 

DC-bus voltage, producing a clean DC-bus voltage signal.   
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Table 4: SIMULATION PARAMETERS FOR DC-BUS VOLTAGE CONTROL. 

Symbol Parameter Value 

Po Output Power 1.8kW 

vdc Input Voltage 400-450VDC
 

vg Grid Voltage 85-264VAC 

fsw Switching Frequency
 

20 kHz 

L1 Inverter Side Inductance 2.56mH 

R1 Inverter Side Resistance 35mΩ 

L2 Grid Side Inductance 0.307mH 

R2 Grid Side Resistance 15mΩ 

C LCL-Filter Capacitance 10µF 

CBUS DC-BUS Capacitance 470µF 

 

 

 

 

Figure 5-15: DC-bus voltage and mean voltage produced by proposed DC-bus 

voltage droop controller. 
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Figure 5-16 displays the grid current and reference current alongside the DC-bus voltage and 

mean voltage produced by the proposed droop controller. It is seen that the proposed DC-bus 

voltage droop controller produces a sinusoidal reference current, and the current controller tracks 

the reference current perfectly.  

 

 

Figure 5-16: Grid current and reference current with proposed DC-bus voltage 

droop controller. 

 

 

Figure 5-17 displays the output power of the grid-connected VSI alongside the DC-bus voltage 

and mean voltage produced by the proposed DC-bus voltage droop controller. It is seen that the 

output power tracks the changes in the DC-bus voltage. Furthermore, the closed-loop system 

shows a very good transient response due to the immediate action of the droop controller as well 

as sampling of the DC-bus voltage through the proposed sensing technique. 
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Figure 5-17: Output power of VSI with proposed DC-bus voltage droop controller. 

 

 

In Figure 5-18, the DC-bus voltage and mean voltage produced by the proposed DC-bus voltage 

adaptive droop controller are shown. The mean voltage is seen to take the average of the DC-bus 

voltage, producing a clean DC voltage signal. Furthermore, it can be seen that the adaptive droop 

controller is successful at keeping the mean voltage constant.  

 

 

Figure 5-18: DC-bus voltage and mean voltage produced by proposed DC-bus 

voltage adaptive droop controller. 
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Figure 5-19 displays the grid current and reference current alongside the DC-bus voltage and 

mean voltage produced by the proposed DC-bus voltage adaptive droop controller. It is seen that 

the proposed DC-bus voltage adaptive droop controller produces a sinusoidal reference current, 

and the current controller tracks the reference current perfectly.  

 

 

Figure 5-19: Grid current and reference current with proposed DC-bus voltage 

adaptive droop controller. 

 

Figure 5-20 illustrates the output power of the grid-connected VSI alongside the DC-bus voltage 

and mean voltage produced by the proposed DC-bus voltage adaptive droop controller. The 

changes in the output power result from the changing grid current rather than the DC-bus voltage, 

which is seen to be constant.  Furthermore, the output power does not contain any ripple, due to 

the fact that the mean voltage is being used by the proposed DC-bus voltage adaptive droop 

controller. 
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Figure 5-20: Output power of VSI with proposed DC-bus voltage adaptive droop 

controller. 

 

 

Figure 5-21 shows the DC-bus voltage and mean voltage, grid current and output power of the 

grid-connected VSI with the proposed DC-bus voltage optimized adaptive droop controller. This 

figure shows how the DC-bus voltage changes in order to minimize the ripple current of the 

inductor and in turn minimize the losses of the output filter.  

 

Simulation results, presented in this section, confirm the feasibility of the proposed DC-bus 

voltage control approach and demonstrate its superior performance compared to the conventional 

PI regulators. 
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Figure 5-21: DC-bus voltage, mean voltage, grid current, reference current, and 

output power of VSI with proposed DC-bus optimized adaptive droop controller. 

 

 

 

5.6 Experimental Results 

 

In order to examine the feasibility of the proposed DC-bus voltage controllers and evaluate the 

performance of the closed-loop control system, the controllers have been implemented using the 

1kW experimental prototype. The VSI specifications are presented in Table 5. The power module 

specifications are the same as those presented in Table 3. The proposed DC-bus voltage control 

algorithms have been implemented using VHDL. In order to investigate the performance of the 

DC-bus voltage controller, a DC/DC converter is used as the first stage of a two-stage power 

conditioning system.  
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Table 5: VSI SPECIFICATIONS FOR DC-BUS VOLTAGE CONTROL. 

Symbol PARAMETER Value 

Po Output Power 1KW 

vdc Input Voltage 400-450VDC
 

vg Grid Voltage 85-264VAC 

fsw Switching Frequency
 

20 kHz 

Io,max Maximum Output Current 10A 

L1 Inverter Side Inductance 2.56mH 

R1 Inverter Side Resistance 35mΩ 

L2 Grid Side Inductance 0.307mH 

R2 Grid Side Resistance 15mΩ 

C LCL-Filter Capacitance 10µF 

CBUS DC-BUS Capacitance 270µF 

 

 

In Figure 5-22, the transient response of the conventional DC-bus voltage PI controller is shown. 

According to this figure, the transient response is very sluggish, lasting several line cycles. This is 

due to the low bandwidth of the PI controller, which is necessary to remove the double frequency 

ripple. This also affects the quality of the current injected to the grid during transients, which can 

be seen in the figure.  
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Figure 5-22: Transient response of conventional DC-bus voltage PI controller. 

 

Figure 5-23 shows the transient response of the proposed DC-bus voltage adaptive droop 

controller, which produces a constant DC-bus voltage under a positive step change of 50%. This 

figure shows that the controller responds immediately to the step change and also maintains the 

DC-bus voltage constant. 
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Figure 5-23: Transient response of proposed DC-bus voltage adaptive droop controller with 

positive step change. 

 

 

Figure 5-24 shows the transient response of the proposed DC-bus voltage adaptive droop 

controller, which produces a constant DC-bus voltage under a negative step change of 50%. This 

figure also shows a very fast transient response. 
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Figure 5-24: Transient response of proposed DC-bus voltage adaptive droop controller with 

negative step change. 

 

Figure 5-25 shows the transient response of the proposed DC-bus voltage adaptive droop 

controller, including the inverter current, under a positive step change of 50%. And Figure 5-26, 

shows the transient response of the proposed DC-bus voltage adaptive droop controller, including 

the inverter current, under a negative step change of 50%. These figures confirm that the injected 

grid current is of very high quality and proves that the closed-loop system remains stable under 

severe transients. 
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Figure 5-25: Transient response of proposed DC-bus voltage adaptive droop controller with 

positive step change, showing inverter current. 
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Figure 5-26: Transient response of proposed DC-bus voltage adaptive droop controller with 

negative step change, showing inverter current. 
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The experimental results presented for the proposed adaptive droop controller demonstrate a very 

fast and stable transient performance. However, the controller does not reduce the current ripple 

as it is only responsible for keeping the DC-bus voltage constant. The current ripple for the DC-

bus voltage adaptive droop controller is shown in Figure 5-27 (a) and Figure 5-27 (b). These 

figures depict the high amount of ripple across the inverter-side inductor. This ripple greatly 

contributes to the system power losses. 
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(b) 

Figure 5-27: (a) Current ripple of proposed DC-bus voltage adaptive droop controller, (b) 

enlarged. 

 

 

The proposed DC-bus voltage optimized adaptive droop controller is able to reduce the ripple and 

in turn decrease the power losses of the grid-connected VSI. Figure 5-28 shows the transient 

response of the proposed DC-bus voltage optimized adaptive droop controller under a positive 

step change of 50%. According to this figure, the optimized adaptive droop controller determines 

the optimal value of the DC-bus voltage, such that the current ripple of the inverter-side filter 

inductor is minimized. Also, it shows a very fast transient response due to the immediate action of 

the controller. Figure 5-29 also shows the transients response of the proposed DC-bus voltage 

optimized adaptive controller under a negative step change of 50%.   
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Figure 5-28: Transient response of proposed DC-bus voltage optimized adaptive droop 

controller with positive step change. 
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Figure 5-29: Transient response of proposed DC-bus voltage optimized adaptive droop 

controller with negative step change. 
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Figure 5-30 shows the transient response of the proposed DC-bus voltage optimized adaptive 

droop controller, including the inverter current, under a positive step change of 50%. And Figure 

5-31, shows the transient response of the proposed DC-bus voltage optimized adaptive droop 

controller, including the inverter current, under a negative step change of 50%. These figures 

confirm that the injected grid current is of very high quality and proves that the closed-loop 

system remains stable under severe transients. 
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Figure 5-30: Transient response of proposed DC-bus voltage optimized adaptive droop 

controller with positive step change, showing inverter current. 
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Figure 5-31: Transient response of proposed DC-bus voltage optimized adaptive droop 

controller with negative step change, showing inverter current. 

 

Figure 5-32 shows the current ripple of the inverter-side inductor. Comparing this figure with 

Figure 5-27(b), it is concluded that the optimized adaptive droop controller results in a 

significantly lower current ripple across the inverter-side inductor. Therefore, the losses resulting 

from this current ripple are greatly reduced.  
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Figure 5-32: Current ripple of proposed DC-bus voltage optimized adaptive droop 

controller. 

 

 

Figure 5-33 presents the efficiency curve of the proposed DC-bus voltage optimized adaptive 

droop controller, and also presents the efficiency curve of the proposed DC-bus voltage adaptive 

droop controller with a constant DC-bus voltage. It is shown that the proposed DC-bus voltage 

optimized adaptive droop controller is able to increase efficiency by minimizing the power losses 

in the system particularly for light loads. 
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Figure 5-33: Efficiency curves of proposed DC-bus voltage optimized adaptive droop 

controller and proposed DC-bus voltage adaptive droop controller. 
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5.7 Chapter Summary 

 

In this chapter, a novel DC-bus voltage sensing technique was proposed, which effectively 

removes the double frequency ripple from the DC-bus voltage signal and prevents the ripple from 

propagating into the current control loop. This sensing technique calculates the mean value of the 

DC-bus voltage and feeds it back into the DC-bus voltage controller rather than the DC-bus 

voltage. The mean value of the DC-bus voltage does not contain any low frequency AC 

components, thereby eliminating the double frequency ripple from the now purely DC feedback 

signal. This allows the DC-bus voltage controller to have a very high bandwidth compared to the 

conventional controllers. 

 

A novel DC-bus voltage control method was proposed, that provides fast performance during 

transients. The proposed controller is based on a droop controller, which uses reverse 

proportional gain to decrease the controller output as positive error increases (and vice versa). 

This controller offers instant action during transients, which considerably increases the speed of 

the control system. A steady-state analysis of the system with the proposed controller is 

conducted, which is used to design the gains of the controller. Dynamic analysis of the proposed 

droop controller is also provided, which investigates its behavior during transients. 

 

A new DC-bus voltage control method was proposed, which is a variant on the droop controller-

based method. It is called an adaptive droop controller, due to the fact that the droop gains are 

adaptively changed in order to regulate the DC-bus voltage to a constant value. This controller is 

well-suited towards certain hybrid renewable energy applications, where a constant DC-bus 

voltage is required. 
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A novel DC-bus voltage control method was proposed, which is a variant on the proposed 

adaptive droop controller. For many applications, a constant DC-bus voltage is not required, and 

for these cases it is more beneficial to generate a variable DC-bus voltage that reduces the power 

losses of the system. The proposed controller is called an optimized adaptive droop controller, 

due to the fact that it adaptively changes the gains of the controller in order to minimize the 

overall power losses of the system and improve its efficiency. One of the main sources of the 

system’s power losses is the output filter inductor(s). The losses incurred by the output filter 

inductor(s) are proportional to the inductor current ripple. Thus, the optimized adaptive droop 

controller minimizes the inductor current ripple by adaptively changing the droop gain such that 

the operating point is set at a point that will keep the inductor current ripple as low as possible.   
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Chapter 6 

Stability Analysis of a Closed-Loop Grid-Connected VSI with LCL Filter 

 

 

 

 

Every control system must be able to demonstrate stable performance before it is seen as a viable 

option for industrial applications. Thus, in this chapter the stability of the proposed closed-loop 

control system is explored. For linear systems, the mathematical manifestation of stability occurs 

when all eigenvalues of the linear dynamical system, or poles of its characteristic polynomial, 

have a negative real value. For nonlinear systems, the proof of stability is not as straightforward 

as it is for linear systems. The use of Lyapunov’s stability theorem is the most common approach 

taken when analyzing the stability of a nonlinear system. However, finding the appropriate 

Lyapunov function can be very challenging for some systems, and there is no systematic way of 

finding a Lyapunov function. This is one of the main factors that prevents the use of nonlinear 

closed-loop control systems from becoming more prevalent.  

 

There is a solution which eases the challenge of proving stability for nonlinear closed-loop 

control systems. This solution is defined by the singular perturbation control theory, which allows 

a nonlinear dynamical system to be broken down into subsystems with different time scales [89]-

[93]. This approach is particularly suited towards systems with state variables that have different 

rates of change. The application of this theory towards grid-connected VSIs is advantageous, 

since certain state variables of this system have very different rates of change. For example, the 
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rate of change of the DC-bus voltage is much slower than the other state variables. Therefore, the 

grid-connected VSI system model can be divided into two distinct subsystems.  

 

The proposed closed-loop control system of the grid-connected VSI is composed of a slow 

external voltage loop and a fast internal current loop. The two loops can be divided into two parts 

with different rates of change (also referred to as different vector fields), as the current control 

loop has much faster dynamics than the comparatively slow voltage control loop. The current 

control loop has fast dynamics, and is duly named the fast boundary layer. The voltage loop has 

slow dynamics, and is named the slow quasi-steady state.   

 

In this chapter, first the mathematical model of the grid-connected VSI with an LCL filter is 

given and analyzed using singular perturbation control theory. Then, the system is divided into 

two subsystems with different dynamics and the stability of the entire system is analyzed 

accordingly. 

 

6.1 Mathematical Model Analysis 

 

In order to find the rate of change of state variables in the mathematical model of the grid-

connected VSI with an LCL filter, normalized state variables are used in the model equations. 

Therefore, the normalized dynamics are given by: 
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Eqs. (6-1)-(6-4) can be rewritten in the form given below: 
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pugpuinv iiuXf ,,3 ),( -= , and  

( )12),( ,,4 --= diiuXf puinvpudc . 

According to (6-5)-(6-8), the rate of change of 4x is much slower than the rate of change of the 

other state variables since iee>>4 , where .3,2,1=i   

 

6.2 Stability Analysis 

 

According to (6-1)-(6-4), the system has nonlinear dynamics due to the coupling between the 

control input and the state variables. Thus, the stability analysis of this nonlinear system is 

challenging. However, since this system can be expressed in the standard form set out by the 

singular perturbation control theory, as seen in (6-5)-(6-8), this theory can be used to analyze the 

stability of the slow dynamics and fast dynamics of the system separately.  

 

Due to the fact that iee>>4 , this confirms that the dynamics of the DC-bus voltage are much 

slower than the dynamics of the rest of the state variables. Intuitively, this is correct as it is known 

that the external voltage loop is much slower than the internal current loop. In order to separate 

the dynamics of the system some conditions should be satisfied. These conditions are laid out by 

Tikhonov’s theorem [89]. This theorem states that for the system defined below, 
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the singular limit, 0=m , is used to obtain the following system, 

),(

),,(

txz

tzxf
dt

dx

f=

=
          (6-10) 



 

136 

 

where the second of these equations is the solution of 0),,( =tzxg . Eq. (6-10) is called a 

degenerate system. When m converges to zero, the solution of system (6-9) tends to the solution 

of the degenerate system given by (6-10) if ),( txz f=  is a stable root of the adjoined system 

),,( tzxg
dt

dz
= .  

 

In this system, x represents the DC-bus voltage and z represents the other state variables (i inv, ig, 

and vc). Thus, according to singular perturbation theory, the current control loop can be treated as 

separate from the voltage control loop. The current control loop has fast dynamics and is called 

the fast boundary layer, while the DC-bus voltage control loop has slow dynamics and is called 

the slow quasi-steady state. From the perspective of the DC-bus voltage control loop, the grid 

current has almost immediately reached its final value, since it has much faster dynamics than the 

DC-bus voltage control loop. From the perspective of the current control loop, the DC-bus 

voltage is almost constant since its dynamics are so slow.  

 

Now, it must be shown that the conditions laid out by Tikhonov’s theorem are satisfied for this 

particular system. Figure 6-1 shows the general block diagram of the closed-loop control system 

for the grid-connected VSI. According to this figure, and Tikhonov’s theorem, the stability 

analysis of the system must begin with the current control loop as it is a part of the fast boundary 

layer. Once the stability of the fast boundary layer is established, then it is concluded that the 

conditions for Tikhonov’s theorem, and in particular the stability of the fast boundary layer 

solution, are satisfied. Therefore, the stability of the fast boundary layer must be proven. 

 

The open loop fast boundary layer is given by: 

BuAZZ +=#           (6-11) 
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Figure 6-1: General block diagram for closed-loop control system. 

 

 

According to Chapter 4, the closed-loop fast boundary layer is derived by inserting the control 

input as follows: 

KZvu -=           (6-12) 

Therefore, the inner current loop closed-loop dynamics are given by: 

BvZBKAZ +-= )(#          (6-13) 

where 
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and K1, K2, and K3 are the state feedback coefficients. 

 

The stability of the solution is determined by the eigenvalues of A-BK. In Chapter 4, K was 

designed such that A-BK has stable eigenvalues. This condition guarantees the assumptions of 

Tikhonov’s theorem. However, this is based on the assumption that only the linear feedback part 

of the CNF controller is considered for the closed-loop stability analysis. The nonlinear feedback 

part of the CNF controller brings more complexity into the stability analysis and changes the 

global stability to local stability, after linearization according to Lyapunov’s first theorem. 

Intuitively, the nonlinear feedback serves to increase the damping of the system, and in turn 

makes it more stable. However, this stability analysis can only show the local stability of the 

current control loop. Thus, different domains of attraction are considered in order to ensure the 

first assumption of Tikhonov’s theorem (that the initial point is within the domain of attraction). 

The worst-case scenario is when the nonlinear feedback is zero, as there is the least amount of 

damping at this point. As the control output approaches the reference value, the nonlinear 

feedback pushes the closed-loop poles further into the open left-half plane. Therefore, the domain 

of attraction is always approached, no matter where the initial value is, which ensures that the 

first assumption of Tikhonov’s theorem is always satisfied when using the CNF current 

controller. Therefore, it is concluded that the stability of the closed-loop can be restricted to the 

stability of the DC-bus voltage considering that the fast boundary layer has reached its final 

value. The final value of Z is given by: 
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This final value is substituted into the DC-bus voltage dynamics, as given in (6-4). Figure 6-2 

shows the general block diagram of the closed-loop voltage control system. Substituting (6-15) 

into the DC-bus voltage dynamics and averaging the system over half a cycle to derive the mean 

value reveals the voltage loop dynamics to be the following: 

aaa xkVkIki
Cdt

dx
droopdroopidc

BUS

-+-= maxmax

1
     

 (6-16) 

where 
BUS

g

BUS v

V

C

1

2

1
=a , and BUSv is considered to be constant from the point of view of the fast 

boundary layer, as it is a part of the slow quasi-steady state. The eigenvalue can then be found 

from the dynamical equation for the mean voltage, as follows, 

al droopk-=           (6-17) 

Since this eigenvalue is a negative value, the stability of the slow quasi-steady state is proven. 

Therefore, the overall stability of the system, considering that the fast boundary layer is also 

stable, is proven. 
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Figure 6-2: General block diagram of outer closed-loop voltage control system. 



 

140 

 

6.3 Chapter Summary 

 

In this chapter, the stability of the proposed closed-loop control system was analyzed. When 

including the DC-bus dynamics, the grid-connected VSI with an LCL filter is nonlinear, and it 

can be difficult to determine its stability by using the conventional method of Lyapunov’s 

stability theorem. However, since the internal current control loop and the external voltage 

control loop have significantly different rates of change, the Singular Perturbation Control Theory 

is used instead to determine whether the system is stable, which is a simpler approach in this case. 

This theory states that the whole system can be divided into two subsystems with different rates 

of change and analyzed accordingly. Thus, the internal current control loop is called the fast 

boundary layer, and the external voltage control loop is called the slow quasi-steady state. 

Tikhonov’s theorem states that if the fast boundary layer has stable roots, then the stability is 

confined to determining the stability of the slow quasi-steady state. In this chapter, the fast 

boundary layer is shown to have stable roots and the stability of the slow quasi-steady state is also 

confirmed through discovering that its eigenvalues are in the left-half plane. Thus, it is shown that 

the proposed closed-loop control system is stable by way of the Singular Perturbation Control 

Theory.   
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Chapter 7 

Conclusion 

 

 

 

In this thesis, the analysis, control, and design of a grid-connected VSI with an LCL filter for 

renewable energy applications has been presented. The main challenges of designing an 

appropriate control scheme for the grid-connected VSI with an LCL filter have been identified 

and addressed through the novel control approaches presented in this thesis.  

  

7.1 Summary of Contributions 

 

The main contributions of this thesis are summarized as follows: 

1. Determining the behavioral characteristics of the grid-connected VSI with an LCL filter 

gives insight into the process of designing an appropriate control approach for the system. 

In this thesis, the system has been analyzed from a geometric point of view. In particular, 

a Poincaré map of the grid-connected VSI with an LCL filter has been constructed. The 

Poincaré map has been used to determine the system’s stability, and has also been used to 

obtain a geometrical representation of the system that shows the behavioral 

characteristics of the system flow, such as the harmonics resulting from the interaction 

between the forced input frequency and the natural resonant frequency of the system. 

Through this map, it has been determined that the grid-connected VSI with an LCL filter 

has marginal stability due to the natural resonance caused by the third-order filter. 
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Furthermore, it has been shown that the ratio between the forced input frequency and the 

natural resonant frequency of the system affects the system’s geometry.  

2. A current control method has been proposed, called composite nonlinear feedback 

(CNF), which produces significantly improved overall performance compared to the 

state-of-the-art current control approach of a PR controller with state feedback.  The CNF 

current control method combines linear and nonlinear feedback signals to improve the 

closed-loop transient and steady-state response of the system. The linear part of the CNF 

is a state feedback controller, which can stabilize the current control loop by placing the 

closed-loop poles into the open left-half plane. The nonlinear part of the CNF is designed 

such that the damping ratio is being increased as the output converges to the reference 

value. This leads to a very fast transient response, while producing no overshoot, and a 

well-damped system during the steady-state operation. Thus, both the transient response 

and the steady-state performance are improved. In order to verify the performance of the 

proposed closed-loop system, a 1 kW experimental prototype of the grid-connected VSI 

has been designed. The prototype includes a DC-bus capacitor, a VSI, and an LCL filter 

connected to the grid. The proposed control system has been implemented digitally using 

Field-Programmable Gate Array (FPGA). Different signal conditioning circuitry has been 

used to provide appropriate feedback signals for the analog-to-digital converters. 

3. An observer has been proposed, which is able to reduce the number of current sensors 

required for the grid-connected VSI with an LCL filter. The observability of the grid-

connected VSI with an LCL filter has been analyzed in order to determine which state 

variables are observable. Two different observers have been implemented: (1) the 

Luenberger observer (LO), and (2) the sliding mode observer (SMO). The performance 

of the proposed observers have been compared and analyzed. It has been shown that both 

observers provide fast and accurate estimations of the VSI output current, while reducing 
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costs, noise, and phase delay introduced by the use of current sensors. The SMO provides 

a marginally faster estimation than the LO, at the cost of adding some chattering to the 

estimated signals.  

4. A discrete DC-bus voltage sensing technique has been proposed, which effectively 

removes the double frequency ripple from the DC-bus voltage signal and prevents the 

ripple from propagating into the current control loop. This sensing technique calculates 

the mean value of the DC-bus voltage and feeds it back into the DC-bus voltage 

controller rather than the DC-bus voltage. The mean value of the DC-bus voltage does 

not contain any low frequency AC components, thereby eliminating the double frequency 

ripple from the now purely DC feedback signal. This allows the DC-bus voltage 

controller to have a very high bandwidth compared to the conventional controllers. 

5. A novel DC-bus voltage control method has been proposed, that provides fast 

performance during transients. The proposed controller is based on a droop controller, 

which uses reverse proportional gain to decrease the controller output as positive error 

increases (and vice versa). This controller offers instant action during transients, which 

considerably increases the speed of the control system. A steady-state analysis of the 

system with the proposed controller has been conducted, which is used to design the 

gains of the controller. Dynamic analysis of the proposed droop controller has also been 

provided, which investigates its behavior during transients. 

6. A new DC-bus voltage control method has been proposed, which is a variant on the 

droop controller-based method. It is called an adaptive droop controller, due to the fact 

that the droop gains are adaptively changed in order to regulate the DC-bus voltage to a 

constant value. This controller is well-suited towards certain hybrid renewable energy 

applications, where a constant DC-bus voltage is required. 
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7. A novel DC-bus voltage control method has been proposed, which is a variant on the 

proposed adaptive droop controller. For many applications, a constant DC-bus voltage is 

not required, and for these cases it is more beneficial to generate a variable DC-bus 

voltage that reduces the power losses of the system. The proposed controller is called an 

optimized adaptive droop controller, due to the fact that it adaptively changes the gains of 

the controller in order to minimize the overall power losses of the system. One of the 

main sources of the system’s power losses is the output filter inductor(s). The losses 

incurred by the output filter inductor(s) are proportional to the inductor current ripple. 

Thus, the optimized adaptive droop controller minimizes the inductor current ripple by 

adaptively changing the droop gain such that the operating point is set at a point that will 

keep the inductor current ripple as low as possible.  

8. A stability analysis has been conducted using the singular perturbation control theory, 

which allows a nonlinear dynamical system to be broken down into subsystems with 

different time scales. The application of this theory towards grid-connected VSIs is 

advantageous, since certain state variables of this system have very different rates of 

change. Furthermore, this stability analysis approach is considerably simpler than the 

Lyapunov stability theorem. The results of the stability analysis have confirmed that the 

proposed closed-loop grid-connected VSI with an LCL filter is locally stable. It has been 

confirmed that the marginal stability of the system resulting from the natural resonance is 

rectified through the proposed DC-bus voltage and current control methods.   
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7.2 Future Work 

 

A continuation of this research can be conducted in the following areas: 

1. The proposed closed-loop control system can be applied to VSIs with unipolar 

modulation. Unipolar VSIs have very different dynamic behavior than bipolar VSIs. 

Thus, the application of the proposed closed-loop control system using a unipolar VSI 

can be advantageous due to the higher gains of the unipolar VSI. The proposed optimized 

adaptive droop controller used in combination with a unipolar VSI could potentially 

reduce system losses even further. 

2. The proposed closed-loop control system can be implemented using an Application 

Specific Integrated Circuit (ASIC). The ASIC is a good solution when it comes to the 

commercialization of grid-connected VSIs, as it is compact and has a lower cost for 

higher production volumes. The ASIC of the proposed closed-loop control system would 

contain a microprocessor, memory blocks, an analog-to-digital converter block, and any 

conditioning circuitry required for this application.    

3. The grid-connected VSI with an LCL filter has been tested using a DC/DC converter as 

the input stage to simulate a PV power conditioning system. However, the performance 

of the closed-loop control system for the VSI can be further investigated by testing it with 

a hybrid system, which includes a WT power conditioning system in addition to a PV 

power conditioning system.  

4. The proposed current control loop can be extended to three-phase systems, which are 

more common for higher power applications. Moreover, the proposed droop-based DC-

bus voltage control loop can also be extended to three-phase systems. However, the mean 

value calculator could be eliminated in this application, as the balanced three-phase 

system does not produce a double frequency ripple in the DC-bus voltage. 
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Appendix A: Phase-Locked Loop 

 

The grid-connected voltage source inverter requires synchronization between the grid voltage and 

the voltage or current synthesized by the converter. The grid synchronization algorithm is chiefly 

responsible for detecting the phase angle of the grid voltage vector. The phase angle of the grid 

voltage vector can then be used to synchronize the control variables of the grid-connected VSI. 

One of the most important uses of the phase angle is to control the power flow. The power flow is 

controlled by adjusting the phase of the output current relative to the grid voltage. In this work, 

the grid-connected VSI delivers active power to the grid, which means that it operates at unity 

power factor.  

 

Although not covered by this work, accurate phase angle information is also essential in order for 

the grid-connected VSI to provide reactive power compensation, harmonic current cancellation, 

etc. Without grid synchronization, the grid-connected VSI can suffer from poor performance or 

even instability. Preferably, the grid synchronization technique should be able to provide a clean 

synchronization signal despite the presence of noise, harmonic distortions, voltage unbalance, and 

frequency variations in the input signal. 

 

The phase-locked loop (PLL) is the most commonly used approach to achieve grid 

synchronization. The single-phase phase-locked loop consists of three main components (Figure 

A-1): a phase detection scheme, loop filter (LF), and voltage controlled oscillator (VCO). The 

phase detection scheme, generally implemented using a multiplier, is responsible for finding the 

difference between the phase angle of the input signal and the output signal.  The output of the 

phase detection scheme consists of two components. The first component is a function of the 

phase difference between the input signal and output signal and the second component is at a 
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frequency of twice the signal frequency (this is called the double frequency ripple). Since the 

second component of the phase detection scheme output is not useful, it can be partially removed 

using the loop filter. The bandwidth of the loop filter should be small so that it can remove both 

the double frequency ripple as well as any unwanted noise. However, if the bandwidth is too 

small, then this will affect the dynamics of the system. Thus, choosing a proper filter bandwidth 

is an important PLL design consideration. 

 

 

 

Phase Detection 
Scheme

Loop Filter VCO
Input

 

Figure A-1: Block diagram of a general single-phase phase-locked loop. 

 

The main drawback of the single-phase PLL is that the loop filter is not able to completely 

eliminate the double frequency ripple without noticeably slowing its performance. However, the 

method proposed in this previous work of [94], called the enhanced synchronous reference frame 

PLL, can be used to eliminate this problem by allowing for selective filtering of certain 

frequencies (Figure A-2). This method uses an adaptive notch filter (ANF) to selectively remove 

the double frequency ripple. The adaptive notch filter was proposed in [95], and is able to filter 

out a chosen sinusoidal component of a given signal. It is different from the notch filter in that the 

notch frequency is adaptive (due to the addition of a frequency estimation loop), allowing it to 

change the notch frequency based on the changing frequency of the input signal. This is a useful 

improvement on the conventional notch filter, as it can become less efficient or even inadequate if 

its bandwidth is very sharp and there is a change in the signal frequency. 
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Figure A-2: Block diagram of the enhanced synchronous reference frame phase-locked loop 

[94]. 

 

The block diagram of the digital control scheme for the grid-connected VSI with an LCL filter, 

including the PLL, is presented in Figure A-3. 
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Figure A-3: Digital Control of Grid-Connected VSI with LCL Filter including enhanced 

synchronous reference frame PLL. 
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Appendix B: LCL Filter Design 

 

To design the LCL filter, the following guidelines were used:  

1. The resonant frequency of the filter must be between the line frequency and 

switching frequency. 

 

It is preferable to have the resonant frequency as close as possible to the switching 

frequency. By setting one of the inductors to be much larger than the other, the 

resonant frequency becomes much higher than if the two inductors were of similar 

sizes.  

2. At the switching frequency, the filter should be designed such that the capacitor 

impedance is much lower than the grid-side inductor impedance. If the impedance 

of the capacitor is lower than the impedance of the grid-side inductor at the 

switching frequency, then the current through the capacitor must be higher than 

the current through the output inductor at that frequency. This allows the 

switching frequency current to be drained into the capacitor, instead of being 

injected into the grid. 

3. The total harmonic distortion output should be limited to the values given in the 

following table, according to [11]. 

Table 6: MAXIMUM GRID HARMONIC CURRENT INJECTION [11]. 

Individual harmonics 

order h (odd harmonic) 

h<11 11 h<17 17 h<23 23 h<35 35 h 

Percent (%) 4.0 2.0 1.5 0.6 0.3 

 

fl <fr <fsw
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4. The filter inductors must not be large enough to significantly impact the power 

factor of the grid-connected VSI. Thus, the voltage drop across L, where 

L=L1+L2, must be minimized by choosing filter inductors that are as small as 

possible in size. 

Based on these four design criteria, the design parameters for the LCL filter are given in 

the following table. 

 

Table 7: LCL FILTER COMPONENT DESIGN. 

Parameters Value 

Inverter output inductance (L1) 2.56mH 

Grid-side inductance (L2) 0.307mH 

Filter Capacitance (C) 10uF 
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Appendix C: Printed Circuit Board Schematics 

 

 

Two printed circuit boards (PCBs) were designed for the experimental implementation of this 

work using Altium Designer software. In Figure A-4, the PCB schematic for the power circuit of 

the grid-connected VSI and the conditioning circuitry for sensors are shown. 

 

 

 

Figure A-4: PCB Schematic for Grid-Connected VSI with LCL Filter. 
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An auxiliary power supply is required for the power circuit, which is necessary for providing 

isolated sources of power to different components of the power circuit. The PCB schematic of the 

auxiliary power supply is shown in Figure A-5.  

 

 

 

 

Figure A-5: PCB Schematic for Auxiliary Power Supply of Grid-Connected VSI. 
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Figure A-6 and Figure A-9 show the four different layers of the PCB layout. 

 

 

 

 

Figure A-6: PCB Layout for Grid-Connected VSI (Top Layer). 
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Figure A-7: PCB Layout for Grid-Connected VSI (Mid Layer 1). 
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Figure A-8: PCB Layout for Grid-Connected VSI (Mid Layer 2). 
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Figure A-9: PCB Layout for Grid-Connected VSI (Bottom Layer). 
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