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ABSTRACT 

 
 

CHANDRA SEKHAR GOLI.  Comparative Analysis, Modeling, and Experimental Validation 

of Current Regulation Strategies for A Grid-Tied Inverter 

 (Under the direction of DR. MADHAV MANJREKAR) 
 

 

 Current regulation strategies for a grid-tied inverter with LCL filter in both stationary and 

synchronous reference frames are presented. Analytical models of the proportional-integral 

controller in the synchronous reference frame (Sy-PI), a stationary reference frame regulation 

strategy of synchronous reference frame current controller (St/Sy-PI), and the proportional 

resonant controller in the stationary reference frame (St-PR) are established. Detailed analysis 

reveals that these current regulators are inherently different. However, the perceived resemblance 

that appears in the literature amongst these three controllers is established by underlining the effect 

of cross-coupling elements which results in an identical forward path transfer function. A 

generalized current control strategy which encompasses all these three controllers has also been 

established. Bode plot and root locus analysis are presented to determine the stability limits of 

control parameters. The results of current regulation strategies are validated using PSIM and 

verified by employing controller hardware in the loop with Typhoon. 
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CHAPTER 1: INTRODUCTION 

1.1.  Introduction 

This chapter presents a brief introduction and organization of the thesis. The importance of a 

grid-tied inverter system and different stages of power processing from a renewable energy source 

have been presented in section 1.2. The motivation behind this thesis is presented in section 1.3. 

The organization of the thesis has been discussed in section 1.4. 

1.2. Grid-Tied Inverter 

Energy is available in different forms throughout the universe. Natural resources have been 

processed in different means to harness energy from their crude form. Fossil fuels have been 

processed all over the world to generate power at a larger scale for more than a century of the 

timeline. A global database of power plants [1] has reported there are approximately 30,000 power 

plants from 164 countries generating energy from coal, gas, oil, nuclear, biomass, geothermal, 

hydro, wind, solar, and other renewables. The thermal power plant utilizes any one or combination 

of several fossil fuel sources e.g., coal, gas, oil, nuclear, biomass, and geothermal to generate 

power. An electricity market report in [2] has mentioned approximately 70% of power generation 

is contributed by thermal power plants. A significant amount of toxic emissions is released by 

these power plants causing irrevocable damage to the earth. In this regard, a quest to increase the 

power generation from alternate resources e.g., solar, wind, and hydro has begun.  

Synchronous generators have been in use to generate power from coal, gas, nuclear, oil, 

biomass, geothermal, and hydro. Induction generators have been employed to generate power from 

wind and tidal. Power generated by these electric machines is transformed and synchronized to a 

standard specification of the grid. Thus, generators are tied to the grid after synchronization to 

transfer the power to consumers located in distant places. Solar panels are in use to transform solar 
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energy from the sun into electrical energy. Energy generated by solar panels is stored in a battery 

in the form of DC. Thus, energy in this form is required to be transformed into a standard AC to 

make it compatible with the application of end-users. An inverter has been used to transform power 

from DC to AC at a voltage and frequency of the grid. Thus, a solar energy source is tied to the 

grid by means of a power conversion apparatus called a grid-tied inverter. Grid-tied inverter serves 

as a virtual synchronous machine to match the voltage and frequency output of it to the standard 

specification of the distribution grid.    

1.3.Thesis Motivation 

Many countries have identified thermal power plants as a major cause of toxic emissions 

leading to global warming. Several countries have legislated to disintegrate thermal power plants 

from operation to address the cause of global warming.  In this regard, an increase in power 

generation contribution from renewable energy resources has been commissioned at larger scales. 

Solar energy is one of the renewable energy resources, could be utilized to harness power at larger 

scales in addition to the wind, hydro, and tidal. A grid-tied inverter is used to interface solar energy 

resources to the grid. A grid must be capable of handling the balance between power generation 

and consumption. Any change in the loading conditions of a grid will reflect onto the source of it. 

The power flow between the battery-powered solar panels and loads is required to be balanced. 

Any change in loading conditions will cause a change in current, swell or sag in the voltage and 

then power.  The grid-tied inverters can also be operated as STATCOM, UPFC, DVR, and SVC 

to address the voltage and current imbalances due to dynamic changes in the loading conditions of 

the grid. Most of these control strategies have an outer loop to control power or voltage and an 

inner loop to control the current.  
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The objective of this thesis has been limited to current control strategies in the stationary 

reference frame and synchronous reference frame. Analytical equations of the classical 

proportional-integral controller in the synchronous reference frame (Sy-PI), stationary reference 

frame regulation of synchronous reference frame proportional-integral controller (St/Sy-PI), and 

stationary reference frame proportional resonant controller (St-PR) of the grid-tied inverter have 

been synthesized to verify the equivalence between them which is lacking in the existing literature. 

The outcome of this analysis has been used to realize a generalized control strategy consisting of 

Sy-PI, St/Sy-PI, and St-PR. The motive of this thesis is to present a generalized current regulation 

strategy that may help as a better resource to understand the similarity and discrepancies between 

Sy-PI, St/Sy-PI, and St-PR.  

1.4.Organization of Thesis 

A brief overview of the organization of the thesis has been discussed in this section.  

Chapter 1: Introduction 

This chapter has been focused on detailing the importance of grid-tied inverters for renewable 

energy applications in Section 1.2. The motivation behind this thesis is discussed in Section 1.3. 

The organization of the thesis has been presented in Section 1.4.  

Chapter 2: Literature Review of Grid-Tied Inverters 

A literature review of the grid-tied inverter has been presented in this chapter. The basic 

topology of the grid-tied inverter has been discussed in Section 2.1. A review of the switching 

function model of the inverter is discussed in Section 2.2. A thorough review of the stationary 

reference frame and synchronous reference frame transformations is presented in Section 2.4. A 

review of different types of filters has been discussed in Section 2.5. A brief review of current 

regulation strategies and a discussion have been presented in Section 2.6 and Section 2.7. 
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Chapter 3: Description & Analysis of Current Controllers 

A detailed analysis of various current regulation strategies has been presented in this chapter. 

State-space analysis of the circuit topology of the grid-tied inverter has been presented in Section 

3.1. Analytical derivation of stationary reference frame proportional-integral controller (St-PI), 

synchronous reference frame proportional-integral controller (Sy-PI), stationary reference frame 

regulation of synchronous reference frame proportional-integral controller (St/Sy-PI), stationary 

reference frame proportional resonant controller has been presented in Section 3.2, Section 3.3, 

Section 3.4, and Section 3.5. A generalized current regulation strategy has been realized in Section 

3.5. 

Chapter 4: Modeling & Simulation of A Grid-Tied Inverter 

Modeling and simulation of various current controller strategies have been discussed in this 

Chapter. An introduction to the modeling and simulation of the grid-tied inverter is presented in 

Section 4.1. A schematic block diagram of the circuit topology of the grid-tied inverter in the PSIM 

simulation platform is presented in section 4.2. Analog to digital conversion and modeling of 

phase-locked loops are discussed in Section 4.3 and Section 4.4. Reference current generation and 

current control strategies in the stationary reference frame and synchronous reference frame have 

been discussed in Section 4.5, Section 4.6, Section 4.7, and Section 4.8. A brief overview of the 

sinusoidal pulse width modulation technique is presented in Section 4.9. Simulation models of St-

PI, Sy-PI, St/Sy-PI, and St-PR have been presented in Section 4.10, Section 4.11, Section 4.12, 

and Section 4.13. A simulation model of generalized current regulation strategy has been presented 

in Section 4.14.  
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Chapter 5: Simulation Results 

This chapter is focused on presenting the simulation results of the various current control 

strategies. An introduction detailing the consideration of reference currents in respective reference 

frames is presented in Section 5.1. Simulation results of St-PI, Sy-PI, St/Sy-PI, and St-PR have 

been presented in Section 5.3.1, Section 5.3.2, Section 5.3.3, and Section 5.3.4. These simulation 

results are discussed in Section 5.4. 

Chapter 6: Experimental Validation of Current Regulation Strategies 

This chapter has been allotted to detail experimental setup and to report experimental results. 

An introduction to the experimental setup is presented in Section 6.1. Different stages of controller 

hardware in the loop (C-HIL) have been discussed in Section 6.2.  Details of the power stage, 

analog to digital conversion and a serial communication interface to process the reference signals 

have been discussed in Section 6.2.1, Section 6.2.2, and Section 6.2.3. Experimental setup and 

experimental results have been presented in Section 6.3. and Section 6.4.  A discussion on 

experimental validation is presented in Section 6.5. 

Chapter 7: Conclusion 

This chapter consists of a conclusive discussion on the outcome of comparative analysis, 

modeling, and experimental validation of current regulation strategies for a grid-tied inverter with 

an LCL filter. A summary of research outcomes discussed in this thesis has been reported as an 

overview in Section 7.1. A future scope detailing a generic current regulation strategy is presented 

in Section 7.2. 

All the references used in this thesis have been listed in bibliography. 
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CHAPTER 2: LITERATURE REVIEW OF GRID-TIED INVERTERS 

2.1. Introduction 

A literature review of the grid-tied inverter has been presented in this chapter. The basic 

topology of the grid-tied inverter has been discussed in Section 2.1. A review of the switching 

function model of the inverter is discussed in Section 2.2. A thorough review of the stationary 

reference frame and synchronous reference frame transformations is presented in Section 2.4. A 

review of different types of filters has been discussed in Section 2.5. A brief review of current 

regulation strategies and a discussion have been presented in Section 2.6 and Section 2.7. 

2.2. Switching Function Model of Inverter 

A literature review of the basic circuit topology of a three-phase inverter/rectifier has been 

presented in many papers. The three-phase inverter/rectifier consists of two switches in each 

phase-leg as shown in figure.2.1. These switches are operated in a specific logic by employing 

pulse width modulation to invert DC into AC or to rectify AC into DC. Thus, the input and output 

of a three-phase inverter/rectifier are related through a switching function. The switching function 

concept of the three-phase inverter presented in [3], [4], [5], [6], and [7] has been reviewed to 

detail the basic principle of operation in this section.  

A switching function that relates the input and output of a specific phase or phase to the phase 

of an inverter/rectifier is discontinuous, time-varying, and nonlinear. Thus, switching functions of 

three phases of an inverter/rectifier are required to be averaged over a cycle to translate them as 

time-continuous functions in a three-phase stationary reference frame. However, the time-varying 

and non-linear behavior of the currents and voltages of the average model of the inverter/rectifier 

are difficult to track. Thus, an improvised average model of inverter/rectifier is realized in a 

synchronous reference frame or rotating reference frame at grid frequency by applying 

transformation techniques presented in [8], [9], [10], and [11]. The time-continuous currents and 
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voltages relating to the input and output of a three-phase inverter in a synchronous reference frame 

are easy to track because of their time-invariant nature. The small-signal analysis is performed on 

currents and voltages of the three-phase inverter to linearize the model. Thus, a switching function 

model of a three-phase inverter/rectifier is required to be analyzed in four steps listed here to ease 

the process of control [6], 

1. Switching model: time-discontinuous, time-varying, and nonlinear 

2. Average model in a stationary reference frame: time-continuous, time-varying, and 

nonlinear  

3. Average model in a synchronous reference frame: time-continuous, time-invariant, and 

nonlinear  

4. Small-signal model: time-continuous, time-invariant, and linear  

A three-phase inverter/rectifier topology presented in [6] has been considered to establish 

switching functions relating to input and output.  

 

Figure.2.1. A schematic of circuit topology of switching model of three-phase 

inverter/rectifier [6].   

The schematic of circuit topology of a switching function model of a three-phase inverter/rectifier 

is shown in figure.2.1. consists of six switches, three-current sources, and a battery source. 
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Rectifier mode of operation of the circuit topology has been considered to establish the analytical 

switching functions. Thus, a phase-leg switching function may be defined as, 

𝑆𝑖 = 𝑆𝑖𝑝 = 1 − 𝑆𝑖𝑛;     𝑖 ∈ {𝑎, 𝑏, 𝑐} (2.1) 

The phase-leg switching function of each phase of the three-phase inverter/rectifier may be 

expressed as, 

𝑆𝑎 = 𝑆𝑎𝑝 = 1 − 𝑆𝑎𝑛 (2.2) 

𝑆𝑏 = 𝑆𝑏𝑝 = 1 − 𝑆𝑏𝑛 (2.3) 

𝑆𝑐 = 𝑆𝑐𝑝 = 1 − 𝑆𝑐𝑛 (2.4) 

Each phase-leg of the three-phase inverter/rectifier consists of two switches e.g., 𝑆𝑎𝑝 and 𝑆𝑎𝑛of phase a. Two 

switches under the same phase leg are not operated simultaneously to avoid short circuits. As an 

example, for a specific sequence of switches 𝑆𝑎 = 0, 𝑆𝑏 = 1, and 𝑆𝑐 = 0 or  𝑆𝑎𝑝 = 0 & 𝑆𝑎𝑛 = 1, 

𝑆𝑏𝑝 = 1 & 𝑆𝑏𝑛 = 0, and 𝑆𝑐𝑝 = 0 & 𝑆𝑐𝑛 = 1, dc current through the battery may be expressed as 

𝑖𝑑𝑐 = 𝑖𝑏 (2.5) 

Phase to phase voltages of the three-phase rectifier may be expressed as, 

𝑣𝑎𝑏 = −𝑣𝑑𝑐 (2.6) 

𝑣𝑏𝑐 = 𝑣𝑑𝑐 (2.7) 

𝑣𝑐𝑎 = 0 (2.8) 

  Thus, based on the different combinations of switches, currents and voltages at the input and 

output of the three-phase rectifier may be expressed as shown in table 2.1.  
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Figure.2.2. Schematic of modified circuit topology of switching model of a three-phase 

inverter/rectifier [6]. 

Modified circuit topology of a three-phase inverter/rectifier may be realized from equation 

(2.1) is shown in figure.2.2. Instantaneous phase to phase voltages in terms of switching functions 

of the circuit topology shown in figure.1. may be expressed as, 

[

𝑣𝑎𝑏

𝑣𝑏𝑐

𝑣𝑐𝑎

] = [

𝑆𝑎 − 𝑆𝑏

𝑆𝑏 − 𝑆𝑐

𝑆𝑐 − 𝑆𝑎

] 𝑣𝑑𝑐 = [

𝑆𝑎𝑏

𝑆𝑏𝑐

𝑆𝑐𝑎

] 𝑣𝑑𝑐 (2.9) 

Similarly, instantaneous currents relating the output DC current and input AC phase currents 

of the three-phase rectifier/inverter may be expressed as, 

𝑖𝑑𝑐 = [𝑆𝑎 𝑆𝑏 𝑆𝑐] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] (2.10) 

Thus, the DC current may be expressed as, 

𝑖𝑑𝑐 = 𝑆𝑎𝑖𝑎 + 𝑆𝑏𝑖𝑏 + 𝑆𝑐𝑖𝑐 (2.11) 

𝑖𝑑𝑐 = 𝑆𝑎(𝑖𝑎𝑏 − 𝑖𝑐𝑎) + 𝑆𝑏(𝑖𝑏𝑐 − 𝑖𝑎𝑏) + 𝑆𝑐(𝑖𝑐𝑎 − 𝑖𝑏𝑐) (2.12) 

Where, 

[
𝑖𝑎𝑏

𝑖𝑏𝑐

𝑖𝑐𝑎

] = [
𝑖𝑎𝑏 − 𝑖𝑐𝑎
𝑖𝑏𝑐 − 𝑖𝑎𝑏

𝑖𝑐𝑎 − 𝑖𝑏𝑐

] (2.13) 
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Equation (2.12) is equivalent to equation (2.11) under balanced condition of 𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0. 

Thus, equation (2.12) may be modified as, 

𝑖𝑑𝑐 = 𝑖𝑎𝑏(𝑆𝑎 − 𝑆𝑏) + 𝑖𝑏𝑐(𝑆𝑏 − 𝑆𝑐) + 𝑖𝑐𝑎(𝑆𝑐 − 𝑆𝑎) (2.14) 

Therefore, DC current may be expressed in terms of line to line switching functions and line 

to line current as shown in below expression, 

𝑖𝑑𝑐 = [𝑆𝑎𝑏 𝑆𝑏𝑐 𝑆𝑐𝑎] [
𝑖𝑎𝑏

𝑖𝑏𝑐

𝑖𝑐𝑎

] (2.15) 

Phase to phase voltages in (9) and DC current in (2.15) may be represented in a generalized 

form as expressed below, 

𝑣𝑙𝑙 = 𝑆𝑙𝑙𝑣𝑑𝑐 (2.16) 

𝑖𝑑𝑐 = 𝑆𝑙𝑙
𝑇𝑖𝑙𝑙 (2.17) 

Where, 

𝑣𝑙𝑙 = [

𝑣𝑎𝑏

𝑣𝑏𝑐

𝑣𝑐𝑎

] (2.18) 

𝑆𝑙𝑙 = [𝑆𝑎𝑏 𝑆𝑏𝑐 𝑆𝑐𝑎] (2.19) 

𝑖𝑙𝑙 = [
𝑖𝑎𝑏

𝑖𝑏𝑐

𝑖𝑐𝑎

] (2.20) 

Input phase to phase voltages and output DC current in (2.16) and (2.17) are discrete switching 

functions. These functions are averaged over a cycle to realize continuous functions as shown 

below, 

Considering an average function of line voltage between phase a and phase b, 

𝑣𝑎𝑏 = 𝑆𝑎𝑏𝑣𝑑𝑐 (2.21) 
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Averaging the above function over a cycle of time period ‘T’ may result in the following 

expression, 

�̅�𝑎𝑏 =
1

𝑇
∫ 𝑆𝑎𝑏(𝜏)𝑣𝑑𝑐(𝜏)𝑑𝜏

𝑡

𝑡−𝑇

= 𝑆�̅�𝑏�̅�𝑑𝑐 = 𝑑𝑎𝑏�̅�𝑑𝑐 
(2.22) 

Where, 𝑑𝑎𝑏 is an average value of switching function called as modulation depth. Similarly, 

expression (2.17) of currents may be averaged to express it as an average time-continuous function. 

The generalized averaged functions of voltages and currents in time-continuous form may be 

expressed as, 

�̅�𝑙𝑙 = 𝑑𝑙𝑙�̅�𝑑𝑐 (2.23) 

𝑖�̅�𝑐 = 𝑑𝑙𝑙
𝑇𝑖�̅�𝑙 (2.24) 

Above functions are time-continuous, time-varying, and nonlinear. Thus, switching functions 

are transformed into continuous functions by averaging them. However, time-varying signals are 

difficult to track. Clarke’s transformation and Park’s transformation techniques are used to 

transform these time-varying functions into time-invariant or DC functions. These two 

transformation techniques are detailed in Section 2.3 and Section 2.4.   

2.3. Stationary Reference Frame 

 Three-phase time varying signals of 120 degrees of phase difference are represented by 

two orthogonal time-varying signals of 90 degree apart and a zero-sequence signal by applying 

Clarke’s transformation [7].  This transformation technique may be used to control the orthogonal 

currents and voltages corresponding to active and reactive components of power in the grid. 

Considering a set of three-phase instantaneous signals in equations (1) to (3), 

𝑥𝑎 = �̂� cos(𝜔𝑡) (2.25) 

𝑥𝑏 = �̂� cos (𝜔𝑡 −
2𝜋

3
) 

(2.26) 
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𝑥𝑐 = �̂� cos (𝜔𝑡 −
4𝜋

3
) 

(2.27) 

Resultant vector �̄� along a-phase may be represented as spatial vector sum of (2.25), (2.26), and 

(2.27). Thus, 

�̄� =
2

3
(𝑥𝑎 + 𝑥𝑏𝑒

𝑗
2
3
𝜋 + 𝑥𝑐𝑒

𝑗
4
3
𝜋) =

2

3
(𝑥𝑎 + 𝑎𝑥𝑏 + 𝑎2𝑥𝑐) (2.28) 

Where, a=𝑒𝑗
2

3
𝜋

 and a scaling factor of 2/3 has been included in the above equation to avoid a 

scaling factor while performing stationary reference frame to three-phase reference frame 

transformation. Thus, the resultant vector consists of real and imaginary components as given 

below, 

�̄� =
2

3
(𝑥𝑎 −

1

2
𝑥𝑏 −

1

2
𝑥𝑐) + 𝑗 (

1

√3
(𝑥𝑏 − 𝑥𝑐))=𝑥𝑑

𝑠 + 𝑗𝑥𝑞
𝑠 (2.29) 

Under unbalanced condition, a DC or zero sequence component exists in the above equation. Thus, 

�̄� =
2

3
(𝑥𝑎 −

1

2
𝑥𝑏 −

1

2
𝑥𝑐) + 𝑗 (

1

√3
(𝑥𝑏 − 𝑥𝑐)) +

1

3
(𝑥𝑎 + 𝑥𝑏 + 𝑥𝑐) (2.30) 

Above equation may be expressed in a matrix form as given below,  

[
𝑥𝑑

𝑠

𝑥𝑞
𝑠

𝑥𝑜

] =

[
 
 
 
 
 
2

3
−

1

3
−

1

3

0
1

√3
−

1

√3
1

3

1

3

1

3 ]
 
 
 
 
 

[

𝑥𝑎

𝑥𝑏

𝑥𝑐

] 

 

(2.31) 

A generalized consolidated form of above expression is given below, 

𝑥𝑑𝑞𝑜
𝑠 = 𝑇𝑎𝑏𝑐𝑥𝑎𝑏𝑐  (2.32) 

 Where, Clarke’s transformation matrix 𝑇𝑎𝑏𝑐 may be expressed as, 

𝑇𝑎𝑏𝑐 =

[
 
 
 
 
 
2

3
−

1

3
−

1

3

0
1

√3
−

1

√3
1

3

1

3

1

3 ]
 
 
 
 
 

 

 

(2.33) 
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Thus, three-phase functions may be transformed into stationary reference frame by applying 

(2.32). These functions in stationary reference frame may be transformed into three-phase 

reference frame by applying the transformation given below, 

𝑥𝑎𝑏𝑐 = 𝑇𝑎𝑏𝑐
−1 𝑥𝑑𝑞𝑜

𝑠  (2.34) 

 

2.4. Synchronous Reference Frame 

Despite the advantage of decoupling of the functions, stationary reference frame functions are 

time-varying in behavior. Thus, tracking time-varying sinusoidal signals is difficult and may prone 

to steady state errors. Orthogonal components in stationary reference frame are time-varying and 

rotates at speed of fundamental frequency of the system. The magnitude of stationary reference 

frame functions 𝑥𝑑
𝑠  and 𝑥𝑞

𝑠 have been marked on respective stationary reference frame axes 𝑑𝑠 and 

𝑞𝑠 as shown in figure.2.3. (a). These stationary reference frame functions look steady or time-

invariant when they are observed from a reference frame that is rotating at the same speed or 

frequency as stationary reference frame. The angle between stationary reference frame of axes 𝑑𝑠 

& 𝑞𝑠 and rotating reference frame axes 𝑑𝑒 & 𝑞𝑒  is considered as 𝜃. 

 

Figure. 2.3. (a). Graphical representation of magnitudes of stationary reference frame 

functions.  

(b). Graphical representation of magnitudes of synchronous reference frame functions. 
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This angle 𝜃 between them remains constant if the rotating reference frame is at a speed of 

system frequency 𝜔. Thus, resultant vector �̄� in stationary reference frame and rotating reference 

frame may be expressed as, 

�̄� = 𝑥𝑑
𝑠 + 𝑗𝑥𝑞

𝑠 = 𝑥𝑑
𝑒 + 𝑗𝑥𝑞

𝑒 (2.35) 

Where, 𝑥𝑑
𝑒  & 𝑥𝑞

𝑒 are the magnitudes along the respective d-axis and q-axis of rotating reference 

frame 𝑑𝑒 & 𝑞𝑒 as represented in the figure.3. (b). A relationship between magnitudes of functions 

𝑥𝑑
𝑠  & 𝑥𝑞

𝑠 of stationary reference frame and  𝑥𝑑
𝑒  & 𝑥𝑞

𝑒 may be expressed as an equation given below. 

[
𝑥𝑑

𝑒

𝑥𝑞
𝑒] = [

cos  𝜃 − sin 𝜃  
sin 𝜃  cos  𝜃

] [
𝑥𝑑

𝑠

𝑥𝑞
𝑠] (2.36) 

A generalized form of rotating reference frame functions may be expressed as, 

𝑥𝑑𝑞𝑜
𝑒 = 𝑇𝑥𝑑𝑞𝑜

𝑠  (2.37) 

Where, ‘T’ is a time dependent matrix called as Park’s transformation matrix, 

𝑇 = [
cos  𝜃 − sin 𝜃  
sin 𝜃  cos  𝜃

] (2.38) 

For an unbalanced system, rotating reference frame functions may be expressed as, 

[

𝑥𝑑
𝑒

𝑥𝑞
𝑒

𝑥𝑜
𝑒

] = [
cos  𝜃 − sin 𝜃  0
sin 𝜃  cos  𝜃 0

0 0 1
] [

𝑥𝑑
𝑠

𝑥𝑞
𝑠

𝑥𝑜
𝑠

] 
(2.39) 

Rotating reference frame also called as synchronous reference frame if it rotates at system 

frequency. Thus, a set of functions in rotating reference frame are time-continuous, time-invariant 

or DC, and nonlinear in behavior. Small signal analysis [5] is performed on these functions to 

linearize the system which is not covered in this review. Large signal analysis is considered in this 

thesis to analyze the current regulation control strategies.  

2.5. Filter Topologies 

Output voltages and currents of a three-phase voltage source inverter/rectifier discussed in the 

previous sections are pulsating DC in behavior, consists of harmonics. A three-phase filter is 

required to filter out these harmonics. Different types of filters are employed depending up on the 
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application of the three-phase inverter. A simple inductive filter is used in motor control 

applications. Voltage source inverter with LC filter topology has been employed in applications of 

line interactive UPS or DVR where sensitive load voltage needs to be tracked while inductor or 

capacitor current will be the main feedback [12]. The current source inverter with CL filter 

topology has been employed in static synchronous compensators (STATCOM) to control the 

output current to track a specified current or power [13]. The voltage source inverter with LCL 

filter topology is employed to interface utility to the grid of distributed generation to control the 

power flow by regulating the output current [14, 15]. The output currents and voltages of the 

inverter will be smoothened further using an LCL filter.  

Majority of the existing literature has been limited to the analysis of grid-tied inverter with simple 

inductive filter consists of a second-order transfer function. Few of the authors have extended this 

analysis to LC, CL, and LCL filter. However, the respective transfer functions of several filter 

topologies have been analyzed in a three-phase reference frame to avoid the complexity of 

transforming multiple variables associated with the LCL filter in a synchronous reference frame 

[15].  

A battery-fed, three-phase inverter with an inductive filter for motor applications conists of a 

pair of cross coupling between d-axis and q-axis in synchronous reference frame. Thus, a system 

with a filter consisting of multiple enrgy storage elements results in multiple cross coupling 

between d-axis and q-axis in synchronous refernce frame. Thus, analysis of a grid-tied inverter 

with an LCL filter in synchronous reference frame becomes more complex. A system with energy 

storage elements poses the risk of the resonance at a frequency other than system frequency [16]. 

In addition to current control, a damping control strategy is required to be employed because the 

grid-tied inverter with an LCL may allow the signals into the grid at a frequency other than system 
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frequency due to energy storage elements [17]. Several ways to regulate the effects of the 

resonance caused by energy storage elements have been presented in the literature [17]. 

2.6. Current Regulation Strategies 

  The presence of steady-state error in a proportional-integral controller in a stationary reference 

frame has been discussed in the majority of the literature [18]. Steady-state error is imminent in 

the stationary reference frame since the feedback signals are time-varying and difficult to track 

[19]. Synchronous reference frame theory has been established to transform the time-variant 

feedback signals from the stationary reference frame to time-invariant signals. Time-invariant 

signals can be tracked easily without any steady-state error [20]. Thus, the current regulation 

strategy in the synchronous reference frame has been adopted widely.  

A traditional proportional-integral current regulation strategy in the synchronous reference 

frame had been implemented for motor control application with a simple inductive filter consisting 

of two cross-couplings between the d-axis and q-axis [8]. However, analysis of the current 

regulation strategy in the synchronous reference frame becomes more complex because the 

application of this control strategy to grid-tied inverter establishes multiple cross-couplings if the 

system has a filter with multiple energy storage elements [21]. 

Another current regulation strategy proposed in [22] may be operated in a synchronous reference 

frame or stationary reference frame by altering the index matrices of current or voltages as 

proposed by the authors. This regulation strategy establishes cross-couplings either on the 

controller or plant side of the system depending on the mode of regulation strategy [22]. A 

proportional resonant current regulator in the stationary reference frame involves no cross-

couplings either on the controller or plant side of the system [23]. This controller is required to be 

tuned precisely at grid frequency to operate at higher gains [24]. 
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CHAPTER 3: DESCRIPTION & ANALYSIS OF CURRENT CONTROLLERS 

3.1. Introduction 

A detailed analysis of various current regulation strategies is presented in this chapter. State-

space analysis of the circuit topology of the grid-tied inverter has been presented in Section 3.1. 

Analytical derivation of stationary reference frame proportional-integral controller (St-PI), 

synchronous reference frame proportional-integral controller (Sy-PI), stationary reference frame 

regulation of synchronous reference frame proportional-integral controller (St/Sy-PI), stationary 

reference frame proportional resonant controller has been presented in Section 3.2, Section 3.3, 

Section 3.4, and Section 3.5. A generalized current regulation strategy has been realized in Section 

3.5. 

3.1. State-space Analysis of Grid-Tied Inverter 

A standard topology of an 800 V battery-fed three-phase inverter with an LCL filter tied to 

the grid has been considered. The nomenclature of various parameters listed in table.3.1 has been 

used to analyze the current regulation strategies. A simplified schematic of the circuit topology 

of a grid-tied inverter and controller hardware in the loop (CHIL) of the grid-tied inverter has 

been shown in the figure.3.1. Typhoon 604 has been used to emulate the power stage of the 

system. DSP microcontroller TMS320F28035 has been employed to implement control 

algorithms.  State-space analysis of this topology has been presented in this section.  The circuit 

topology of the grid-tied inverter consists of a filter with nine energy storage elements. Each 

phase has three energy storage elements inductor 𝐿1, capacitor 𝐶, and inductor 𝐿2.  
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TABLE .3.1:NOMENCLATURE 

Parameter Explanation 

𝑖𝑎, 𝑖𝑏 , 𝑖𝑐  Inverter output currents 

𝑖𝑥, 𝑖𝑦, 𝑖𝑧 Per phase grid currents 

𝑣𝑎 , 𝑣𝑏 , 𝑣𝑐 Per phase inverter output voltages 

𝑒𝑎, 𝑒𝑏 , 𝑒𝑐 Per phase grid voltages 

𝑣𝑐𝑎 , 𝑣𝑐𝑏 , 𝑣𝑐𝑐 Per phase voltages across capacitors 

𝑑𝑎, 𝑑𝑏 , 𝑑𝑐 Per phase modulation depths 

𝐿1, 𝐿2 Per phase inductances of LCL filter 

𝑅1, 𝑅2 Resistance of inductors 𝐿1 and 𝐿2 

𝐶 Per phase capacitance of LCL filter 

𝐶𝑑𝑐 DC link capacitor 

𝑣𝑑𝑐 Input DC supply voltage 

𝑖𝑖𝑛 Input current form the DC source 

𝑖𝑑𝑐 Input current to the inverter 

𝑖𝑑
𝑠 , 𝑖𝑞

𝑠  & 𝑖𝑔𝑑
𝑠 , 𝑖𝑔𝑞

𝑠  Inverter and grid currents in the stationary frame 

𝑖𝑑
𝑒 ,𝑖𝑞

𝑒 , & 𝑖𝑔𝑑
𝑒 , 𝑖𝑔𝑞

𝑒  Inverter and grid currents in the synchronous frame 

𝑘𝑝, 𝑘𝑖 Proportional constant and proportional gain 

𝑘 Damping proportional constant 

𝜔 System frequency 
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The per-phase voltage output of the three-phase inverter in figure.3.1 may be expressed in terms 

of modulation depths (switching functions averaged over a cycle) as given below, 

𝑣𝑎 = 0.5𝑉𝑑𝑐𝑑𝑎 (3.1) 

𝑣𝑏 = 0.5𝑉𝑑𝑐𝑑𝑏 (3.2) 

𝑣𝑐 = 0.5𝑉𝑑𝑐𝑑𝑐 (3.3) 

Figure.3.2. shows an average model of a three-phase grid-tied inverter with an LCL filter [18-

22]. A simplified per phase equivalent circuit of an average model is shown in the figure. 3.3. This 

circuit topology consists of three energy storage elements resulting in three state variables. These 

three state variables corresponding to phase a are current 𝑖𝑎 through inductor 𝐿1, voltage 𝑣𝑐𝑎 across 

capacitor 𝐶, and current 𝑖𝑥 through inductor 𝐿2. Thus, a three-phase grid-tied inverter system 

consists of nine state-space equations corresponding to nine state variables.    

 

Figure.3.2. Simplified schematic of an average model of a three-phase grid-tied inverter with 

LCL filter. 

 It has been assumed that inductors 𝐿1  and 𝐿2 have a small value of resistances 𝑅1 and 𝑅2.  

Applying Kirchhoff’s voltage law to loop 1, loop 2, and loop 3 in figure.3.3.  results in the 
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equations (3.4) to (3.6). These equations are represented in a consolidated form (3.5) to account 

for state-space equations corresponding to three phases of the grid-tied inverter system. These 

equations have been transformed into respective reference frames in the frequency domain.  

 

Figure.3.3.  Schematic of per phase equivalent circuit of the simplified average model of grid-

tied inverter with LCL filter. 

𝑑

𝑑𝑡
(𝑖𝑎) =

1

𝐿1
(𝑣𝑎) −

1

𝐿1
 (𝑣𝑐𝑎) −

𝑅1

𝐿1
(𝑖𝑎)  (3.4) 

𝑑

𝑑𝑡
(𝑖𝑥) =

1

𝐿2
 (𝑣𝑐𝑎) −

1

𝐿2
 (𝑒𝑎) −

𝑅2

𝐿2
(𝑖𝑥) (3.5) 

𝑑

𝑑𝑡
(𝑣𝑐𝑎) =

1

𝐶
 (𝑖𝑎) −

1

𝐶
 (𝑖𝑥) (3.6) 

Thus, state-space equations corresponding to three-phases of the grid-tied inverter may be 

expressed as, 

𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] =
1

𝐿1
[

𝑣𝑎

𝑣𝑏

𝑣𝑐

] −
1

𝐿1
[

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] −
𝑅1

𝐿1
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] (3.7) 

𝑑

𝑑𝑡
[

𝑖𝑥
𝑖𝑦
𝑖𝑧

] =
1

𝐿2
[

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] −
1

𝐿2
[

𝑒𝑎

𝑒𝑏

𝑒𝑐

] −
𝑅2

𝐿2
[

𝑖𝑥
𝑖𝑦
𝑖𝑧

] (3.8) 
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𝑑

𝑑𝑡
[

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] =
1

𝐶
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] −
1

𝐶
[

𝑖𝑥
𝑖𝑦
𝑖𝑧

] (3.9) 

Thus, a plant model the three-phase grid tied inverter is realized by these three equations.  

3.2. Stationary Reference Frame Proportional Integral Controller (St-PI) 

In this section, transformation of three-phase state-space equations (3.7), (3.8), and (3.9) into 

stationary reference frame is presented. These three-state space equations in stationary reference 

frame are used to realize a plant transfer function. A proportional integral controller is embedded 

with plant transfer function to determine the forward path transfer function and the corresponding 

closed loop transfer function in the stationary reference frame. In addition to current control 

strategy, a damping control strategy is discussed to counter the effect of resonance due to energy 

storage elements.  

Three-phase state-space equations may be transformed into stationary reference frame by 

applying the transformation shown in equations (3.9) and (3.10). 

[

𝑥𝑑
𝑠

𝑥𝑞
𝑠

𝑥0
𝑠

] = 𝑇𝑎𝑏𝑐 [

𝑥𝑎

𝑥𝑏

𝑥𝑐

] 

(3.9) 

Where, 𝑇𝑎𝑏𝑐 is a Clarke’s transformation matrix given below, 

𝑇𝑎𝑏𝑐 =

[
 
 
 
 
 
2

3
−

1

3
−

1

3

0
1

√3
−

1

√3
1

3

1

3

1

3 ]
 
 
 
 
 

 

 

(3.10) 

Thus, by multiplying equations (3.7), (3.8), and (3.9) with a transformation matrix 𝑇𝑎𝑏𝑐 of constant 

elements result in the following expressions. 
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𝑇𝑎𝑏𝑐

𝑑

𝑑𝑡
[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] =
1

𝐿1
𝑇𝑎𝑏𝑐 [

𝑣𝑎

𝑣𝑏

𝑣𝑐

] −
1

𝐿1
𝑇𝑎𝑏𝑐 [

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] −
𝑅1

𝐿1
𝑇𝑎𝑏𝑐 [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] (3.11) 

𝑇𝑎𝑏𝑐 ∙
𝑑

𝑑𝑡
[

𝑖𝑥
𝑖𝑦
𝑖𝑧

] =
1

𝐿2
𝑇𝑎𝑏𝑐 ∙ [

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] −
1

𝐿2
𝑇𝑎𝑏𝑐 ∙ [

𝑒𝑎

𝑒𝑏

𝑒𝑐

] −
𝑅2

𝐿2
𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑥
𝑖𝑦
𝑖𝑧

] (3.12) 

𝑇𝑎𝑏𝑐 ∙
𝑑

𝑑𝑡
[

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

] =
1

𝐶
𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] −
1

𝐶
𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑥
𝑖𝑦
𝑖𝑧

] (3.13) 

The transformation matrix 𝑇𝑎𝑏𝑐 of constant elements can be brought inside the derivative term 

because it has time independent elements. Thus, equations (3.11), (3.12), and (3.13) may be 

expressed in a modified form as given below, 

𝑑

𝑑𝑡
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑎
𝑖𝑏
𝑖𝑐

]]  =
1

𝐿1
[𝑇𝑎𝑏𝑐 ∙ [

𝑣𝑎

𝑣𝑏

𝑣𝑐

]] −
1

𝐿1
[𝑇𝑎𝑏𝑐 ∙ [

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

]] −
𝑅1

𝐿1
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑎
𝑖𝑏
𝑖𝑐

]] (3.14) 

𝑑

𝑑𝑡
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑥
𝑖𝑦
𝑖𝑧

]] =
1

𝐿2
[𝑇𝑎𝑏𝑐 ∙ [

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

]] −
1

𝐿2
[𝑇𝑎𝑏𝑐 ∙ [

𝑒𝑎

𝑒𝑏

𝑒𝑐

]] −
𝑅2

𝐿2
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑥
𝑖𝑦
𝑖𝑧

]] 
(3.15) 

𝑑

𝑑𝑡
[𝑇𝑎𝑏𝑐 ∙ [

𝑣𝑐𝑎

𝑣𝑐𝑏

𝑣𝑐𝑐

]] =
1

𝐶
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑎
𝑖𝑏
𝑖𝑐

]] −
1

𝐶
[𝑇𝑎𝑏𝑐 ∙ [

𝑖𝑥
𝑖𝑦
𝑖𝑧

]] 
(3.16) 

Thus, the three-phase currents and voltages in the above state-space equations are in the form of 

(3.9) may be transformed into stationary reference frame as expressed below, 

𝑑

𝑑𝑡
[

𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑜
𝑠

]  =
1

𝐿1
[

𝑣𝑑
𝑠

𝑣𝑞
𝑠

𝑣𝑜
𝑠

] −
1

𝐿1
[

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠

𝑣𝑐𝑜
𝑠

] −
𝑅1

𝐿1
[

𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑜
𝑠

] 
(3.17) 

𝑑

𝑑𝑡
[

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑖𝑜𝑔
𝑠

] =
1

𝐿2
[

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠

𝑣𝑐𝑜
𝑠

] −
1

𝐿2
[

𝑒𝑑
𝑠

𝑒𝑞
𝑠

𝑒𝑜
𝑠

] −
𝑅2

𝐿2
[

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑖𝑜𝑔
𝑠

] 
(3.18) 
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𝑑

𝑑𝑡
[

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠

𝑣𝑐𝑜
𝑠

] =
1

𝐶
[

𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑜
𝑠

] −
1

𝐶
[

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑖𝑜𝑔
𝑠

] 
(3.19) 

Considering a balanced load condition and neglecting the zero-sequence component in the state-

space equations (3.17), (3.18), and (3.19) result in the below expressions, 

𝑑

𝑑𝑡
[
𝑖𝑑
𝑠

𝑖𝑞
𝑠]  =

1

𝐿1
[
𝑣𝑑

𝑠

𝑣𝑞
𝑠] −

1

𝐿1
[
𝑣𝑐𝑑

𝑠

𝑣𝑐𝑞
𝑠 ] −

𝑅1

𝐿1
[
𝑖𝑑
𝑠

𝑖𝑞
𝑠] (3.20) 

𝑑

𝑑𝑡
[
𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠 ] =

1

𝐿2
[
𝑣𝑐𝑑

𝑠

𝑣𝑐𝑞
𝑠 ] −

1

𝐿2
[
𝑒𝑑

𝑠

𝑒𝑞
𝑠] −

𝑅2

𝐿2
[
𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠 ] (3.21) 

𝑑

𝑑𝑡
[
𝑣𝑐𝑑

𝑠

𝑣𝑐𝑞
𝑠 ] =

1

𝐶
[
𝑖𝑑
𝑠

𝑖𝑞
𝑠] −

1

𝐶
[
𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠 ] (3.22) 

The state variables and output parameters corresponding to theses state-space equations in time-

domain are expressed in a generalized form in as shown in equation (3.24) and (3.25). 

�̇� = 𝐴𝑥 + 𝐵𝑢 (3.23) 

𝑦 = 𝐶𝑥 + 𝐷𝑢 (3.24) 

Thus, the plant model of the three-phase grid-tied inverter system is represented using two 

generalized equations (3.25) and (3.26). Output voltages of the three-phase inverter and voltage 

source of the grid have been considered as inputs to the plant model of the three-phase grid-tied 

inverter system in stationary reference frame. The focus of this thesis is to implement various 

current control strategies. Thus, stationary reference frame equivalent currents of three-phase grid 

source have been considered as the output of the plant model. A four input and two output system 

is realized using the equations (3.25) and (3.26) of the plant model. Thus, the state-space equations 

of this plant model are scripted in MATLAB to find the plant transfer functions of the four input 

and two output system. 
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𝑑

𝑑𝑡

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠 ]

 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 −

𝑅1

𝐿1
0 0 0 −

1

𝐿1
0

0 −
𝑅1

𝐿1
0 0 0 −

1

𝐿1

0 0 −
𝑅2

𝐿2
0

1

𝐿2
0

0 0 0 −
𝑅2

𝐿2
0

1

𝐿2

1

𝐶
0 −

1

𝐶
0 0 0

0
1

𝐶
0 −

1

𝐶
0 0 ]

 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠 ]

 
 
 
 
 
 
 
 

+

[
 
 
 
 
 
 
 
 
 
 
1

𝐿1
0 0 0

0
1

𝐿1
0 0

0 0 −
1

𝐿2
0

0 0 0 −
1

𝐿2

0 0 0 0
0 0 0 0 ]

 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
𝑣𝑑

𝑠

𝑣𝑞
𝑠

𝑒𝑑
𝑠

𝑒𝑞
𝑠]
 
 
 
 

 

 

 

 

 

 

 

 

(3.25) 

[
𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠 ] = [

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

]

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑠

𝑖𝑞
𝑠

𝑖𝑑𝑔
𝑠

𝑖𝑞𝑔
𝑠

𝑣𝑐𝑑
𝑠

𝑣𝑐𝑞
𝑠 ]

 
 
 
 
 
 
 
 

+ [
0 0 0 0
0 0 0 0

]

[
 
 
 
 
𝑣𝑑

𝑠

𝑣𝑞
𝑠

𝑒𝑑
𝑠

𝑒𝑞
𝑠]
 
 
 
 

 

 

 

(3.26) 

These state-space equations of a three-phase grid-tied inverter are in the stationary reference frame 

and in time-domain. A plant model in s-domain may be realized by transforming state-space 

equations from time-domain to frequency domain. Thus, by applying Laplace transformation and 

readjusting the terms result in the equations (3.20) to (3.22). 
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 [
𝐼𝑑
𝑠(𝑠)

𝐼𝑞
𝑠(𝑠)

] =
1

(𝑅1 + 𝐿1𝑠)
[
𝑉𝑑

𝑠(𝑠)

𝑉𝑞
𝑠(𝑠)

] −
1

(𝑅1 + 𝐿1𝑠)
[
𝑉𝑐𝑑

𝑠 (𝑠)

𝑉𝑐𝑞
𝑠 (𝑠)

] (3.27) 

[
𝐼𝑑𝑔
𝑠 (𝑠)

𝐼𝑞𝑔
𝑠 (𝑠)

] =
1

(𝑅2 + 𝐿2𝑠)
[
𝑉𝑐𝑑

𝑠 (𝑠)

𝑉𝑐𝑞
𝑠 (𝑠)

] −
1

(𝑅2 + 𝐿2𝑠)
[
𝐸𝑑

𝑠(𝑠)

𝐸𝑞
𝑠(𝑠)

] (3.28) 

[
𝑉𝑐𝑑

𝑠 (𝑠)

𝑉𝑐𝑞
𝑠 (𝑠)

] =
1

𝐶𝑠
[
𝐼𝑑
𝑠(𝑠)

𝐼𝑞
𝑠(𝑠)

] −
1

𝐶𝑠
[
𝐼𝑑𝑔
𝑠 (𝑠)

𝐼𝑞𝑔
𝑠 (𝑠)

] (3.29) 

Thus, equations (3.27) to (3.29) have been used to realize the plant model shown in figure.3.4. 

 
Figure.3.4. Schematic of plant model of the three-phase grid-tied inverter system in the 

stationary reference frame. 

Thus, the plant transfer function from the plant model from the plant model shown in the 

figure.3.3 is expressed as, 

𝐼𝑑𝑔
𝑠 (𝑠)

𝑉𝑑
𝑠(𝑠)

=
𝐼𝑑𝑞
𝑠 (𝑠)

𝑉𝑞
𝑠(𝑠)

=
1

𝐿1𝐿2𝐶𝑠3 + (𝑅1𝐿2 + 𝑅2𝐿1)𝐶𝑠2 + (𝑅1𝑅2𝐶 + 𝐿1 + 𝐿2)𝑠 + 𝑅1 + 𝑅2
 (3.30) 
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An approximation of the transfer function (3.30) by neglecting resistance of the inductors result 

in the equation (3.31). 

𝐼𝑑𝑔
𝑠 (𝑠)

𝑉𝑑
𝑠(𝑠)

=
𝐼𝑑𝑔
𝑠 (𝑠)

𝑉𝑞
𝑠(𝑠)

≈
1

𝑠 (𝑠2 +
𝐿1 + 𝐿2

𝐿1𝐿2𝐶
)
 (3.31) 

Thus, the transfer function of the plant with LCL filter is vulnerable to have a low impedance 

path at a resonance frequency as expressed below in equation (3.32).  

𝑅𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦,  𝜔𝑟 = √
𝐿1 + 𝐿2

𝐿1𝐿2𝐶
 𝑟𝑎𝑑/𝑠 

(3.32) 

Thus, Bode plot of the transfer shown in figure.3.5 consists of a high gain in magnitude plot 

and a phase shift in the phase plot at a resonance frequency corresponding to the values of 𝐿1 =

8𝑚𝐻, 𝐿2 = 2𝑚𝐻, and 𝐶 = 15𝜇𝐹. 

 

Figure.3.5. Bode plot of the LCL transfer function of the three-phase grid-tied inverter 

system in stationary reference frame. 
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A damping control strategy has been analyzed to damp the resonance caused by LCL 

parameters. A damping controller has been embedded with the plant model in the figure.3.4. The 

current through the capacitor has been controlled through a proportional controller as shown in the 

figure.3.6. 

 
Figure.3.6. Schematic of damping controller embedded with plant model of the three-phase grid-

tied inverter system in the stationary reference frame. 

 

Thus, the transfer functions considering the damping controller in the figure.3.6 are expressed 

as, 

𝐼𝑑𝑔
𝑠 (𝑠)

𝐼𝑐𝑑
𝑠∗(𝑠)

=
𝐼𝑑𝑞
𝑠 (𝑠)

𝐼𝑐𝑞
𝑠∗(𝑠)

=
𝑘

𝐿1𝐿2𝐶𝑠3 + (𝑘𝐿2 + 𝑅1𝐿2 + 𝑅2𝐿1)𝐶𝑠2 + (𝑅1𝑅2𝐶 + 𝑘𝑅2𝐶 + 𝐿1 + 𝐿2)𝑠 + 𝑅1 + 𝑅2
 

 

(3.33) 
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𝐼𝑑𝑔
𝑠 (𝑠)

𝑉𝑑
𝑠(𝑠)

=
𝐼𝑑𝑞
𝑠 (𝑠)

𝑉𝑞
𝑠(𝑠)

=
1

𝐿1𝐿2𝐶𝑠3 + (𝑘𝐿2 + 𝑅1𝐿2 + 𝑅2𝐿1)𝐶𝑠2 + (𝑅1𝑅2𝐶 + 𝑘𝑅2𝐶 + 𝐿1 + 𝐿2)𝑠 + 𝑅1 + 𝑅2
 

 

(3.34) 

The Bode plot of the transfer function (3.34) with damping controller has been compared 

with the Bode plot of the LCL transfer function (3.31) as shown in figure.3.7. 

 

Figure.3.7. Bode plots of the plant model three-phase grid-tied inverter system with and 

without damping controller in the stationary reference frame. 

A spike in gain due to the resonance may cause the system to operate in unstable mode. Thus, 

higher gain at frequencies other than grid frequencies is avoided by considering a damping control 

strategy.  The plant transfer function with damping controller is embedded with a proportional-

integral controller to implement a closed loop current control strategy in the stationary reference 

frame (St-PI) as shown in the figure.3.8. Considering the loop 1, loop 2, and loop 3 of the closed-

loop control diagram, an open-loop transfer function is realized. This transfer function has been 

analyzed for different values of control parameters to identify the stability margins of the closed-
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loop St-PI control strategy.  This open-loop transfer function has been used to derive a closed-loop 

transfer function. The open-loop transfer function and closed-loop transfer function of the St-PI 

current control strategy are expressed in equations (3.35) and (3.36). 

 
Figure.3.8. Schematic of the closed-loop St-PI current control strategy of a three-phase grid-tied 

inverter system.  

Open-loop transfer function (OLTF) of the St-PI current control strategy has been expressed as, 

𝑒𝑖𝑑
𝑠 (𝑠)

𝐼𝑑𝑔
𝑠 (𝑠)

=
𝑒𝑖𝑞

𝑠 (𝑠)

𝐼𝑞𝑔
𝑠 (𝑠)

=
𝑘𝑝𝑘𝑠 + 𝑘𝑖𝑘

𝐿1𝐿2𝐶𝑠3 + (𝑘𝐿2 + 𝑅1𝐿2 + 𝑅2𝐿1)𝐶𝑠2 + (𝑅1𝑅2𝐶 + 𝑘𝑅2𝐶 + 𝐿1 + 𝐿2)𝑠 + 𝑅1 + 𝑅2
 

 

(3.35) 

Closed-loop transfer function (CLTF) of the St-PI current control strategy has been expressed as, 
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𝐼𝑑𝑔
𝑠 (𝑠)

𝐼𝑑𝑔
𝑠∗ (𝑠)

=
OLTF

1 + OLTF
 (3.36) 

Bode plot of the transfer functions has been analyzed for the values of LCL and control parameters 

listed in table.3.2.  

TABLE.3.1. SPECIFICATION OF LCL FILTER AND CONTROL PARAMETERS 

𝐿1 

(𝑚𝐻) 

𝑅1 

(𝑚Ω) 

𝐿2 
(𝑚𝐻) 

𝑅2 
(𝑚Ω) 

𝐶 

(𝜇𝑓) 

𝑘𝑝 𝑘𝑖 𝑘 

8 

 

1 

 

2 

 

1 15 

 

0.5 50 1 

 

Figure.3.9. Bode plots of the plant model three-phase grid-tied inverter system with and 

without damping controller in the stationary reference frame. 
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Thus, closed-loop St-PI current control strategy has an infinite gain margin and a phase margin 

of 0.035 degrees. The phase-cross over frequency doesn’t exists because of the phase never crossed 

the limit of -180 degrees which led to an infinite gain margin. Validation of the St-PI current 

regulation strategy using PSIM simulations and control hardware in loop is discussed in Chapter 

5 and Chapter 6.  

3.3. Synchronous Reference Frame Proportional Integral Controller (Sy-PI) 

A closed-loop current control strategy employing synchronous reference frame proportional-

integral controller (Sy-PI) is discussed in this section. The transformation of the three-phase 

functions into the stationary reference frame has been presented in the previous section. The 

voltage and current signals in the stationary reference frame are time-varying and difficult to track. 

Another transformation of these signals into a synchronous reference frame is presented in this 

section.  Rotating reference frame is also called as synchronous reference frame by considering 

the rotation of the vectors at system frequency.  

A generalized form of the synchronous reference frame functions may be expressed as, 

[
𝑥𝑑

𝑠

𝑥𝑞
𝑠] = 𝑇−1 [

𝑥𝑑
𝑒

𝑥𝑞
𝑒] (3.37) 

Where, ‘T’ is a time dependent matrix called as Park’s transformation matrix, 

𝑇 = [
cos  𝜃 − sin 𝜃  
sin 𝜃  cos  𝜃

] (3.38) 

Thus, by applying generalized form of the synchronous reference frame equation (3.37) to the 

state-space equations of stationary reference frame in the time-domain (3.20) to (3.22) result in the 

following expressions, 

𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]]  =

1

𝐿1
[𝑇−1 ∙ [

𝑣𝑑
𝑒

𝑣𝑞
𝑒]] −

1

𝐿1
[𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] −

𝑅1

𝐿1
[𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]] (3.39) 
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𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] =

1

𝐿2
[𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] −

1

𝐿2
[𝑇−1 ∙ [

𝑒𝑑
𝑒

𝑒𝑞
𝑒]] −

𝑅2

𝐿2
[𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] (3.40) 

𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] =

1

𝐶
[𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]] −

1

𝐶
[𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] (3.41) 

Multiplying the above equations (3.39) to (3.41) with the with the time-dependent 

transformation matrix 𝑇 results in expressions (3.42) to (3.44) given below, 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]]  =

1

𝐿1
[𝑇 ∙ 𝑇−1 ∙ [

𝑣𝑑
𝑒

𝑣𝑞
𝑒]] −

1

𝐿1
[𝑇 ∙ 𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] −

𝑅1

𝐿1
[𝑇 ∙ 𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]] (3.39) 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] =

1

𝐿2
[𝑇 ∙ 𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] −

1

𝐿2
[𝑇 ∙ 𝑇−1 ∙ [

𝑒𝑑
𝑒

𝑒𝑞
𝑒]] −

𝑅2

𝐿2
[𝑇 ∙ 𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] (3.40) 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] =

1

𝐶
[𝑇 ∙ 𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]] −

1

𝐶
[𝑇 ∙ 𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] (3.41) 

Multiplication of the matrix 𝑇 by inverse of it results in identity matrix, 

𝑇 ∙ 𝑇−1 = [
cos  𝜃 − sin 𝜃  

sin 𝜃  cos  𝜃
] [

cos  𝜃 sin 𝜃  

−sin 𝜃  cos  𝜃
] = [

1 0

0 1
] = 𝐼 (3.42) 

Thus, by replacing the term 𝑇 ∙ 𝑇−1 with an identity matrix in equations (3.39) to (3.41) result 

in the following expressions, 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑
𝑒

𝑖𝑞
𝑒]]  =

1

𝐿1
[
𝑣𝑑

𝑒

𝑣𝑞
𝑒] −

1

𝐿1
[
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] −

𝑅1

𝐿1
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒] (3.39) 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ]] =

1

𝐿2
[
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] −

1

𝐿2
[
𝑒𝑑

𝑒

𝑒𝑞
𝑒] −

𝑅2

𝐿2
[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] (3.40) 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]] =

1

𝐶
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒] −

1

𝐶
[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] (3.41) 
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The transformation matrix 𝑇 is a time-dependent matrix because𝜃 = 𝜔𝑡 .  The time dependent 

terms in the derivative part of the equation have to be simplified. Thus, a generalized form of the 

term in left-hand side term of the equations (3.39) to (3.41) is expressed as,  

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑥𝑑
𝑒

𝑥𝑞
𝑒]] =  𝑇 ∙

𝑑

𝑑𝑡
[𝑇−1] ∙ [

𝑥𝑑
𝑒

𝑥𝑞
𝑒]+ 𝑇 ∙ 𝑇−1 𝑑

𝑑𝑡
[
𝑥𝑑

𝑒

𝑥𝑞
𝑒] (3.42) 

Thus, by substituting the time dependent elements of the transformation matrix 𝑇 result in the 

expression (3.43). 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑥𝑑
𝑒

𝑥𝑞
𝑒]] =  [

cos  𝜔𝑡 − sin𝜔𝑡  
sin𝜔𝑡  cos  𝜔𝑡

] ∙
𝑑

𝑑𝑡
[

cos  𝜔𝑡 sin𝜔𝑡  
− sin𝜔𝑡  cos  𝜔𝑡

] ∙ [
𝑥𝑑

𝑒

𝑥𝑞
𝑒]+ 

𝑑

𝑑𝑡
[
𝑥𝑑

𝑒

𝑥𝑞
𝑒] (3.43) 

Thus, simplifying the equation (3.43) results in the expression (3.44). 

𝑇 ∙
𝑑

𝑑𝑡
[𝑇−1 ∙ [

𝑥𝑑
𝑒

𝑥𝑞
𝑒]] =  [

0 𝜔
−𝜔 0

] [
𝑥𝑑

𝑒

𝑥𝑞
𝑒]+ 

𝑑

𝑑𝑡
[
𝑥𝑑

𝑒

𝑥𝑞
𝑒] (3.44) 

Applying the result of this generalized form to the equations (3.39) to (3.41) result in the 

expressions (3.45) to (3.47). 

𝑑

𝑑𝑡
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒]  =

1

𝐿1
[
𝑣𝑑

𝑒

𝑣𝑞
𝑒] −

1

𝐿1
[
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] −

𝑅1

𝐿1
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒] − [

0 𝜔
−𝜔 0

] [
𝑖𝑑
𝑒

𝑖𝑞
𝑒] (3.45) 

𝑑

𝑑𝑡
[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] =

1

𝐿2
[
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] −

1

𝐿2
[
𝑒𝑑

𝑒

𝑒𝑞
𝑒] −

𝑅2

𝐿2
[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] − [

0 𝜔
−𝜔 0

] [
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] (3.46) 

𝑑

𝑑𝑡
[
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] =

1

𝐶
[
𝑖𝑑
𝑒

𝑖𝑞
𝑒] −

1

𝐶
[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] − [

0 𝜔
−𝜔 0

] [
𝑣𝑐𝑑

𝑒

𝑣𝑐𝑞
𝑒 ] (3.47) 

Thus, the state variables of state-space equations in the synchronous reference frame result in 

a pair of cross couplings in each equation. These equations are expressed in a generalized form of 

(3.23) and (3.24) to realize a plant model of the three-phase grid-tied inverter system in the 

synchronous reference frame. The state-space equations of plant model in the synchronous 

reference frame have to be transformed from time-domain into frequency or s-domain to realize 
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the schematic of the plant model. This plant model in the synchronous reference frame is used to 

analyze the current control strategy. Thus, the generalized form of the plant model of the three-

phase grid-tied inverter is expressed as, 

  
𝑑

𝑑𝑡

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑒

𝑖𝑞
𝑒

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]

 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 −

𝑅1

𝐿1
−𝜔 0 0 −

1

𝐿1
0

𝜔 −
𝑅1

𝐿1
0 0 0 −

1

𝐿1

0 0 −
𝑅2

𝐿2
−𝜔

1

𝐿2
0

0 0 𝜔 −
𝑅2

𝐿2
0

1

𝐿2

1

𝐶
0 −

1

𝐶
0 0 −𝜔

0
1

𝐶
0 −

1

𝐶
𝜔 0 ]

 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑒

𝑖𝑞
𝑒

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]

 
 
 
 
 
 
 
 

+

[
 
 
 
 
 
 
 
 

1

𝐿1
0 0 0

0
1

𝐿1
0 0

0 0 −
1

𝐿2
0

0 0 0 −
1

𝐿2

0 0 0 0
0 0 0 0 ]

 
 
 
 
 
 
 
 

[
 
 
 
 
𝑣𝑑

𝑒

𝑣𝑞
𝑒

𝑒𝑑
𝑒

𝑒𝑞
𝑒]
 
 
 
 

 

 

 

 

 

 

(3.48) 

[
𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒 ] = [

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

]

[
 
 
 
 
 
 
 
 
𝑖𝑑
𝑒

𝑖𝑞
𝑒

𝑖𝑑𝑔
𝑒

𝑖𝑞𝑔
𝑒

𝑣𝑐𝑑
𝑒

𝑣𝑐𝑞
𝑒 ]

 
 
 
 
 
 
 
 

+ [
0 0 0 0
0 0 0 0

]

[
 
 
 
 
𝑣𝑑

𝑒

𝑣𝑞
𝑒

𝑒𝑑
𝑒

𝑒𝑞
𝑒]
 
 
 
 

 

 

 

(3.49) 

Transforming the state-space equations (3.45), (3.46), and (3.47) into s-domain result in the 

equations (3.50), (3.51), and (3.52).  

𝑠 [
𝐼𝑑
𝑒(𝑠)

𝐼𝑞
𝑒(𝑠)

]  =
1

𝐿1
[
𝑉𝑑

𝑒(𝑠)

𝑉𝑞
𝑒(𝑠)

] −
1

𝐿1
[
𝑉𝑐𝑑

𝑒 (𝑠)

𝑉𝑐𝑞
𝑒 (𝑠)

] −
𝑅1

𝐿1
[
𝐼𝑑
𝑒(𝑠)

𝐼𝑞
𝑒(𝑠)

] − [
0 𝜔

−𝜔 0
] [

𝐼𝑑
𝑒(𝑠)

𝐼𝑞
𝑒(𝑠)

] (3.50) 
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𝑠 [
𝐼𝑑𝑔
𝑒 (𝑠)

𝐼𝑞𝑔
𝑒 (𝑠)

] =
1

𝐿2
[
𝑉𝑐𝑑

𝑒 (𝑠)

𝑉𝑐𝑞
𝑒 (𝑠)

] −
1

𝐿2
[
𝐸𝑑

𝑒(𝑠)

𝐸𝑞
𝑒(𝑠)

] −
𝑅2

𝐿2
[
𝐼𝑑𝑔
𝑒 (𝑠)

𝐼𝑞𝑔
𝑒 (𝑠)

] − [
0 𝜔

−𝜔 0
] [

𝐼𝑑𝑔
𝑒 (𝑠)

𝐼𝑞𝑔
𝑒 (𝑠)

] (3.51) 

𝑠 [
𝑉𝑐𝑑

𝑒 (𝑠)

𝑉𝑐𝑞
𝑒 (𝑠)

] =
1

𝐶
[
𝐼𝑑
𝑒(𝑠)

𝐼𝑞
𝑒(𝑠)

] −
1

𝐶
[
𝐼𝑑𝑔
𝑒 (𝑠)

𝐼𝑞𝑔
𝑒 (𝑠)

] − [
0 𝜔

−𝜔 0
] [

𝑉𝑐𝑑
𝑒 (𝑠)

𝑉𝑐𝑞
𝑒 (𝑠)

] (3.52) 

These equations (3.50), (3.51), and (3.52) in s-domain are synthesized into individual equations 

(3.53) to (3.58) to realize the plant model. Thus, the state-space equations corresponding to each 

state-variable of plant model are expressed as, 

𝐼𝑑
𝑒(𝑠) =

1

𝑅1 + 𝐿1𝑠
((𝑉𝑑

𝑒(𝑠) − 𝑉𝑞
𝑒(𝑠)) − 𝜔𝐿1𝐼𝑞

𝑒(𝑠)) 
(3.53) 

𝐼𝑞
𝑒(𝑠) =

1

𝑅1 + 𝐿1𝑠
((𝑉𝑑

𝑒(𝑠) − 𝑉𝑞
𝑒(𝑠)) + 𝜔𝐿1𝐼𝑑

𝑒(𝑠)) 
(3.54) 

𝐼𝑑𝑔
𝑒 (𝑠) =

1

𝑅2 + 𝐿2𝑠
((𝑉𝑐𝑑

𝑒 (𝑠) − 𝐸𝑑
𝑒(𝑠)) − 𝜔𝐿2𝐼𝑞𝑔

𝑒 (𝑠)) 
(3.55) 

𝐼𝑞𝑔
𝑒 (𝑠) =

1

𝑅2 + 𝐿2𝑠
((𝑉𝑐𝑞

𝑒 (𝑠) − 𝐸𝑞
𝑒(𝑠)) + 𝜔𝐿2𝐼𝑑𝑔

𝑒 (𝑠)) 
(3.56) 

𝑉𝑐𝑑
𝑒 (𝑠) =

1

𝐶𝑠
((𝐼𝑑

𝑒(𝑠) − 𝐼𝑑𝑔
𝑒 (𝑠)) − 𝜔𝐶𝑉𝑐𝑞

𝑒 (𝑠)) 
(3.57) 

𝑉𝑐𝑞
𝑒 (𝑠) =

1

𝐶𝑠
((𝐼𝑞

𝑒(𝑠) − 𝐼𝑞𝑔
𝑒 (𝑠)) − 𝜔𝐶𝑉𝑐𝑑

𝑒 (𝑠)) 
(3.58) 

A plant model is realized from the state-space equations (3.53) to (3.58) is shown in the 

figure.3.10. The schematic of plant model shown in the figure.3.9 consists of three parts derived 

from the equations (3.53) & (3.54), (3.57) & (3.58), and (3.55) & (3.56). Thus, the three-phase 

grid-tied inverter with an LCL filter in synchronous reference frame consists of multiple cross 

couplings.   The plant model is a four input and two output system.  A damping controller consists 

of capacitor current as feedback is required to be embedded with this plant transfer function to 

provide high impedance path to the signals at the resonance frequency due to energy storage 
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elements. Thus, a proportional-integral controller is embedded with the model consists of a plant 

and damping controller as shown in the figure.3.11.  

Thus, Sy-PI current control strategy for a grid-tied inverter with an LCL filter consists of 

multiple cross-couplings in the plant model. Realization of the overall transfer function in this 

form is complex because it is a four-input and two output closed-loop control system with multiple 

cross-couplings in the plant model. The plant model in the stationary reference frame as shown in 

figure.3.12 consists of no cross-couplings. A simple approach to realizing Sy-PI control is by 

transforming the proportional-integral controller from a synchronous reference frame to a 

stationary reference frame. Thus, stationary reference frame equivalence of proportional-integral 

controller in synchronous reference frame may be embedded with damping controller and plant 

model with no cross-couplings in the stationary reference frame. 

The proportional-integral controller in the closed-loop schematic of the figure.3.10 may be 

expressed as, 

𝐺𝑐
𝑒(𝑠) = [

𝐺𝑐𝑑
𝑒 (𝑠) 0

0 𝐺𝑐𝑞
𝑒 (𝑠)

] = [
𝑘𝑝 + 𝑘𝑖/𝑠 0

0 𝑘𝑝 + 𝑘𝑖/𝑠
] (3.59) 

This proportional-integral controller transfer function is in the synchronous reference frame. 

Any transfer function of s-domain in the synchronous reference frame may be transformed into 

stationary reference frame by applying the following expression [25]. 

𝐺𝑐
𝑠(𝑠) =

1

2
[

𝐺𝑐𝑑
𝑒 (𝑠 + 𝑗𝜔) + 𝐺𝑐𝑑

𝑒 (𝑠 − 𝑗𝜔) 𝑗𝐺𝑐𝑑
𝑒 (𝑠 + 𝑗𝜔) − 𝑗𝐺𝑐𝑑

𝑒 (𝑠 − 𝑗𝜔)

−𝑗𝐺𝑐𝑑
𝑒 (𝑠 + 𝑗𝜔) + 𝑗𝐺𝑐𝑑

𝑒 (𝑠 − 𝑗𝜔) 𝐺𝑐𝑞
𝑒 (𝑠 + 𝑗𝜔) + 𝐺𝑐𝑑

𝑒 (𝑠 − 𝑗𝜔)
] (3.60) 
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Thus, Thus, substituting (𝑠 + 𝑗𝜔) and (𝑠 − 𝑗𝜔) terms in (3.59) and by applying (3.60) result 

in the following expression. 

𝐺𝑐
𝑠(𝑠) =

1

2

[
 
 
 
 𝑘𝑝 +

𝑘𝑖

𝑠 + 𝑗𝜔
+ 𝑘𝑝 +

𝑘𝑖

𝑠 − 𝑗𝜔
𝑘𝑝 +

𝑘𝑖

𝑠 + 𝑗𝜔
− 𝑘𝑝 −

𝑘𝑖

𝑠 − 𝑗𝜔

𝑘𝑝 +
𝑘𝑖

𝑠 + 𝑗𝜔
− 𝑘𝑝 −

𝑘𝑖

𝑠 − 𝑗𝜔
𝑘𝑝 +

𝑘𝑖

𝑠 + 𝑗𝜔
+ 𝑘𝑝 +

𝑘𝑖

𝑠 − 𝑗𝜔]
 
 
 
 

 

(3.61) 

A simplified form  of the above expression (3.60) result in an expression with no zero elements 

inside the matrix of controller transfer function.  

𝐺𝑐
𝑠(𝑠) = [

𝐺𝑐𝑑𝑑
𝑠 (𝑠) 𝐺𝑐𝑑𝑞

𝑠 (𝑠)

𝐺𝑐𝑞𝑑
𝑠 (𝑠) 𝐺𝑐𝑞𝑞

𝑠 (𝑠)
] = [

𝑘𝑝 + 𝑘𝑖

𝑠

𝑠2 + 𝜔2
𝑘𝑖

𝑠

𝑠2 + 𝜔2

−𝑘𝑖

𝑠

𝑠2 + 𝜔2
𝑘𝑝 + 𝑘𝑖

𝑠

𝑠2 + 𝜔2

] (3.62) 

Therefore, a stationary reference frame equivalence of Sy-PI current control strategy consists of 

cross-couplings in the controller section and no cross-couplings in the plant model as shown in the 

figure.3.12. The forward path transfer function and cross-coupling transfer function of the 

stationary reference frame equivalence of Sy-PI current control strategy may be expressed as, 

𝐼𝑑𝑔
𝑠 (𝑠)

𝑒𝑖𝑑
𝑠 (𝑠)

=
𝐼𝑞𝑔
𝑠 (𝑠)

𝑒𝑖𝑞
𝑠 (𝑠)

=
𝑘𝑝𝑘𝑠2 + 𝑘𝑖𝑘𝑠 + 𝑘𝑝𝑘𝜔2

𝑏5𝑠5 + 𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0
 (3.63) 

𝐼𝑑𝑔
𝑠 (𝑠)

𝑒𝑖𝑞
𝑠 (𝑠)

= −
𝐼𝑞𝑔
𝑠 (𝑠)

𝑒𝑖𝑑
𝑠 (𝑠)

=
𝑘𝑖𝑘𝑠

𝑏5𝑠5 + 𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0
 (3.64) 

Where, 

b5 = 𝐿1𝐿2𝐶 (3.65) 

b4 = 𝐿1𝐶𝑅2 + 𝐿2𝐶(𝑅1 + 𝑘) (3.66) 

b3 = 𝐿1 + 𝐿2 + 𝐶𝑅2(𝑅1 + 𝑘) + 𝐿1𝐿2𝐶𝜔2 (3.67) 

b2 = 𝑅1 + 𝑅2 + (𝐿1𝐶𝑅2 + 𝐿2𝐶(𝑅1 + 𝑘))𝜔2 (3.68) 

b1 = (𝐿1 + 𝐿2 + 𝐶𝑅2(𝑅1 + 𝑘))𝜔2 (3.69) 

b0 =(𝑅1 + 𝑅2) 𝜔2 (3.70) 

The stability analysis for the forwardpath tarnsfer functions is discussed in the section 3.6.   
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3.4. Stationary Reference Frame Regulation of Synchronous Reference Frame Proportional 

Integral Controller (St/Sy-PI) 

A PI current control strategy in [22] for motor control applications has a blend of synchronous 

reference frame current controller and stationary reference frame current controller. Index matrices 

𝑇𝐼(𝜃) and 𝑇𝑉(𝜃) have to be set in a specific syntax to operate in a respective reference frame. In 

this section, this same control strategy has been applied to a grid-tied inverter with an LCL filter 

to a grid-tied inverter. A schematic of this control strategy is shown in the figure.3.13. The 

configuration of index matrices of the respective reference frames employing the current control 

strategy has been listed in the table.3.2.  

 

Figure.3.13. Schematic of closed loop St/Sy-PI current control strategy for a grid tied inverter 

with an LCL filter. 

TABLE 3.2:CONFIGURATION OF INDEX MATRICES 

 Stationary Regulator Synchronous Regulator 

𝑇(𝜃) [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] 

𝑇𝐼(𝜃) 𝑇(𝜃)−1 [
1 0
0 1

] 

𝑇𝑉(𝜃)  [
1 0
0 1

] 𝑇(𝜃)−1 

Where, 𝜃 = 𝜔𝑡. Considering the closed-loop current control strategy as shown in the figure.3.13, 

generalized q-axis and d-axis voltages may be expressed in the time-domain for a stationary or 

synchronous current regulator may be expressed as, 
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[
𝑣𝑞

𝑣𝑑
] = (𝑘𝜏 +

𝑘

𝑝
) [

𝑖𝑞𝑔
∗ − 𝑖𝑞𝑔

𝑖𝑑𝑔
∗ − 𝑖𝑑𝑔

] (3.71) 

Where, ′𝑝′ is a differential operator. Synchronous reference frame q-axis and d-axis voltages 

may be expressed as, 

[
𝑣𝑞

𝑒

𝑣𝑑
𝑒] = (𝑘𝜏 +

𝑘

𝑝
) [

𝑖𝑞𝑔
e∗ − 𝑖𝑞𝑔

e

𝑖𝑑𝑔
e∗ − 𝑖𝑑𝑔

e ] (3.72) 

The equation (3.72) is modified to express in term of a generalized auxiliary function as in the 

equation (3.73) 

[
𝑣𝑞

𝑒

𝑣𝑑
𝑒] = 𝑘𝜏 [

𝑖𝑞𝑔
e∗ − 𝑖𝑞𝑔

e

𝑖𝑑𝑔
e∗ − 𝑖𝑑𝑔

e ] +
𝑘

𝑝
[
𝑖𝑞𝑔
e∗ − 𝑖𝑞𝑔

e

𝑖𝑑𝑔
e∗ − 𝑖𝑑𝑔

e ] = (𝑘𝜏)
1

𝑘
𝑝 [

𝑥𝑞
𝑒

𝑥𝑑
𝑒] + [

𝑥𝑞
𝑒

𝑥𝑑
𝑒] (3.73) 

Where, 𝑥𝑞𝑑
𝑒  is called an auxiliary equation as given below, 

[
𝑥𝑞

𝑒

𝑥𝑑
𝑒] =

𝑘

𝑝
[
𝑖𝑞𝑔
e∗ − 𝑖𝑞𝑔

e

𝑖𝑑𝑔
e∗ − 𝑖𝑑𝑔

e ]  𝑜𝑟 𝑝𝑥𝑞𝑑
𝑒 = 𝑘 [

𝑖𝑞𝑔
e∗ − 𝑖𝑞𝑔

e

𝑖𝑑𝑔
e∗ − 𝑖𝑑𝑔

e ] (3.74) 

Thus, voltage equation may be expressed as, 

[
𝑣𝑞

𝑒

𝑣𝑑
𝑒] = (𝐼 + 𝜏𝑝) [

𝑥𝑞
𝑒

𝑥𝑑
𝑒] (3.75) 

Synchronous reference frame q-axis and d-axis currents in equation (3.74) may be represented 

in stationary reference frame by applying the transformation shown in equation (3.76). 

[
𝑥𝑞

𝑠

𝑥𝑑
𝑠] = 𝑇(𝜃) [

𝑥𝑞
𝑒

𝑥𝑑
𝑒] or 𝑇(𝜃)−1 [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] = [

𝑥𝑞
𝑒

𝑥𝑑
𝑒] (3.76) 

Thus, equation (3.74) is expressed as, 

𝑝 (𝑇(𝜃)−1 ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠]) = 𝑘𝑇(𝜃)−1 ∙ [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ] (3.77) 

The matrix 𝑇(𝜃) is a time-dependent function. Thus, 

[𝑝(𝑇(𝜃)−1)] ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠] + 𝑇(𝜃)−1 ∙ 𝑝 [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] =  𝑘𝑇(𝜃)−1 ∙ [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ]      (3.78) 

Multiplying equation (3.78) by the transformation matrix 𝑇(𝜃) results in the following 
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equation, 

 [𝑇(𝜃) ∙ 𝑝(𝑇(𝜃)−1)] ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠] + 𝑝 [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] =  𝑘 [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ] (3.79) 

Thus, 

([
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] ∙
𝑑

𝑑𝑡
[

𝑐𝑜𝑠  𝜃 𝑠𝑖𝑛 𝜃  
−𝑠𝑖𝑛 𝜃  𝑐𝑜𝑠  𝜃

]) ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠] +

𝑑

𝑑𝑡
[
𝑥𝑞

𝑠

𝑥𝑑
𝑠] =  𝑘 [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ] (3.80) 

Simplifying the equation (3.80) results in the expression (3.81). 

[
0 𝜔

−𝜔 0
] ∙ [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] +

𝑑

𝑑𝑡
[
𝑥𝑞

𝑠

𝑥𝑑
𝑠] =  𝑘 [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ] (3.81) 

Similarly, synchronous reference frame q-axis and d-axis voltages in equation (3.75) may be 

represented in stationary reference frame by applying the transformation shown in equation (3.76). 

𝑇(𝜃)−1 ∙ [
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = (𝐼 + 𝜏𝑝)𝑇(𝜃)−1 ∙ [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] (3.82) 

A detailed form of the equation (3.82) is expressed as, 

𝑇(𝜃)−1 ∙ [
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = 𝑇(𝜃)−1 ∙ [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] + 𝜏 [[𝑝(𝑇(𝜃)−1) ∙ [

𝑥𝑞
𝑠

𝑥𝑑
𝑠]] + [𝑇(𝜃)−1 ∙ 𝑝 [

𝑥𝑞
𝑠

𝑥𝑑
𝑠]]] 

(3.83) 

Multiplying equation (3.83) by the transformation matrix 𝑇(𝜃) results in the following 

equation, 

[
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] + 𝜏 [[𝑇(𝜃) ∙ 𝑝(𝑇(𝜃)−1) ∙ [

𝑥𝑞
𝑠

𝑥𝑑
𝑠]] + [𝑝 [

𝑥𝑞
𝑠

𝑥𝑑
𝑠]]] 

(3.84) 

Thus, 

[
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] + 𝜏 [[[

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] ∙
𝑑

𝑑𝑡
[

𝑐𝑜𝑠  𝜃 𝑠𝑖𝑛 𝜃  
−𝑠𝑖𝑛 𝜃  𝑐𝑜𝑠  𝜃

] ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠]] +

𝑑

𝑑𝑡
[
𝑥𝑞

𝑠

𝑥𝑑
𝑠]] 

(3.85) 

Simplifying the equation (3.85) results in the expression (3.86). 
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[
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] + 𝜏  [[

0 −𝜔
𝜔 0

] ∙ [
𝑥𝑞

𝑠

𝑥𝑑
𝑠] +

𝑑

𝑑𝑡
[
𝑥𝑞

𝑠

𝑥𝑑
𝑠]] 

(3.86) 

Equation (3.81) is substituted in the equation (3.86) to obtain the following expression, 

[
𝑣𝑞

𝑠

𝑣𝑑
𝑠] = [

𝑥𝑞
𝑠

𝑥𝑑
𝑠] + 𝑘𝜏 [

𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠

𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ] (3.87) 

Thus, a controller is realized by synthesizing expressions (3.81) and (3.87) result in the 

following expressions (3.88) to (3.91). 

𝜔𝑥𝑑
𝑠 +

𝑑𝑥𝑞
𝑠

𝑑𝑡
= 𝑘(𝑖𝑞𝑔

s∗ − 𝑖𝑞𝑔
𝑠 ) (3.88) 

−𝜔𝑥𝑞
𝑠 +

𝑑𝑥𝑑
𝑠

𝑑𝑡
= 𝑘(𝑖𝑑𝑔

s∗ − 𝑖𝑑𝑔
𝑠 ) (3.89) 

𝑣𝑞
𝑠 = 𝑥𝑞

𝑠 + 𝑘𝜏(𝑖𝑞𝑔
s∗ − 𝑖𝑞𝑔

𝑠 ) (3.90) 

𝑣𝑑
𝑠 = 𝑥𝑑

𝑠 + 𝑘𝜏(𝑖𝑑𝑔
s∗ − 𝑖𝑑𝑔

𝑠 ) (3.91) 

Transforming the expressions (3.88) to (3.91) into s-domain results in the expressions (3.92) 

to (3.95). 

𝑋𝑞
𝑠(𝑠) =

𝑘 (𝐼𝑞𝑔
s∗ (s) − 𝐼𝑞𝑔

𝑠 (s)) − 𝜔𝑋𝑑
𝑠(𝑠)

𝑠
 

(3.92) 

𝑋𝑑
𝑠(𝑠) =

𝑘 (𝐼𝑑𝑔
s∗ (s) − 𝐼𝑑𝑔

𝑠 (s)) + 𝜔𝑋𝑞
𝑠(𝑠)

𝑠
 

(3.93) 

𝑉𝑞
𝑠(𝑠) = 𝑋𝑞

𝑠(𝑠) + 𝑘𝜏 (𝐼𝑞𝑔
s∗ (s) − 𝐼𝑞𝑔

𝑠 (s)) (3.94) 

𝑉𝑑
𝑠(𝑠) = 𝑋𝑑

𝑠(𝑠) + 𝑘𝜏 (𝐼𝑑𝑔
s∗ (s) − 𝐼𝑑𝑔

𝑠 (s)) (3.95) 

The auxiliary state equations (3.92) & (3.93) and voltage equations (3.94) & (3.95) have been 

used to realize the stationary reference frame equivalence of synchronous proportional-integral 

controller (St/Sy-PI) as shown in the figure.3.14. The control structure of the St/Sy-PI current 

controller consists of two individual loops and a cross-coupling loop.  
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Figure.3.14. Schematic of stationary reference frame equivalence of generalized PI (St/Sy-PI) 

current controller. 

  

Figure.3.15. Simplified schematic of St/Sy-PI current controller. 
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An overall closed-loop current control schematic of the St/Sy-PI current control strategy is 

shown in the figure.3.16. The St/Sy-PI current controller has been embedded with damping 

controller and plant model of the three-phase grid-tied inverter in stationary reference frame. This 

control structure of St/Sy-PI in the figure.3.14 is simplified by applying Mason’s gain formula. 

Thus, a simplified form of St/Sy-PI current controller is obtained as shown in the figure.3.13. The 

resultant forward path and cross-coupling transfer functions of the St/Sy-PI controller are 

expressed as, 

𝐺𝑐
𝑠(𝑠) = [

𝐺𝑐𝑑𝑑
𝑠 (𝑠) 𝐺𝑐𝑑𝑞

𝑠 (𝑠)

𝐺𝑐𝑞𝑑
𝑠 (𝑠) 𝐺𝑐𝑞𝑞

𝑠 (𝑠)
] =

[
 
 
 
 
𝑘𝜏𝑠2 + 𝑘𝑠 + 𝑘𝜏𝜔𝑒

2

𝑠2 + 𝜔𝑒
2

𝜔𝑒𝑘

𝑠2 + 𝜔𝑒
2

−𝜔𝑒𝑘

𝑠2 + 𝜔𝑒
2

𝑘𝜏𝑠2 + 𝑘𝑠 + 𝑘𝜏𝜔𝑒
2

𝑠2 + 𝜔𝑒
2 ]

 
 
 
 

 (3.96) 

Therefore, equations (3.96) and (3.62) are identical with 𝑘𝑝 = 𝑘𝜏 𝑎𝑛𝑑 𝑘𝑖 = 𝑘. Thus, the 

overall closed-loop control schematic of the St/Sy-PI current controller for a grid-tied inverter with 

an LCL filter is identical to the schematic as shown in the figure.3.12. The forward-path and cross-

coupling transfer functions (3.63) and (3.64) apply to St/Sy-PI current controller because the 

controller schematics are identical. Thus, the St/Sy-PI current controller and stationary reference 

frame equivalence of Sy-PI current controller consists of resonant elements in the forward path 

and cross-coupling path. The analysis of these controllers is complex because of existence of the 

cross-couplings.  

3.5. Stationary Reference Frame Proportional Resonant Controller (St-PR) 

The analytical outcome of stationary reference frame equivalence of Sy-PI current controller 

and St/Sy-PI current controller results in an identical control structure. A proportional resonant 

controller in the forward path and a resonant controller in the cross-coupling path have been 

identified in the control schematic as shown in the figure.3.16. Therefore, a proportional resonant 
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controller in the stationary reference frame (St-PR) may be realized by making cross-coupling 

elements as zero in equation (3.96) or (3.62).  

𝐺𝑐
𝑠(𝑠) = [

𝐺𝑐𝑑𝑑
𝑠 (𝑠) 𝐺𝑐𝑑𝑞

𝑠 (𝑠)

𝐺𝑐𝑞𝑑
𝑠 (𝑠) 𝐺𝑐𝑞𝑞

𝑠 (𝑠)
] = [

𝑘𝑝 + 𝑘𝑖

𝑠

𝑠2 + 𝜔2
0

0 𝑘𝑝 + 𝑘𝑖

𝑠

𝑠2 + 𝜔2

] (3.97) 

Thus, the closed-loop current control schematic of the St-PR current controller is similar to the 

figure.3.16. or figure.3.12 except for no cross-couplings exist between the d-axis and q-axis as 

shown in the figure.3.15. and figure.3.16. The overall closed-loop current control schematic of St-

PR current control strategy consists of a St-PR controller embedded with damping controller and 

plant model of the three-phase grid-tied inverter in the stationary reference frame.  One of the 

merits of St-PR is no cross-coupling exists between d-axis and q-axis of the plant model and 

controller. The St-PR controller is required to be tuned precisely at the grid frequency or else the 

system is vulnerable to unstable operation at frequencies other than grid frequency.  

 
Figure.3.17. Schematic of St-PR current controller. 
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3.5. Generalized Current Regulation Strategy 

The Sy-PI current controller transfer function 𝐺𝑐
𝑒(𝑠) consists of no cross-couplings and the plant 

model consists of multiple cross-couplings in the synchronous reference frame. The St/Sy-PI 

current controller transfer function 𝐺𝑐
𝑠(𝑠) consists of cross-couplings and the plant model consists 

of no-cross couplings in the stationary reference frame. The St-PR controller transfer function and 

plant model consist of no cross-couplings in the stationary reference frame.  

Thus, a generalized controller consisting of Sy-PI, St/Sy-PI, and St-PR has been established 

using the equations (3.59), (3.96), and (3.97). A schematic of generalized current control strategy 

for a three-phase grid-tied inverter is shown in figure.3.19. The configuration of index and 

controller matrices is shown in table 3.3. The index matrices have been set to realize the Sy-PI, 

St/Sy-PI, and St-PR current control strategies in the respective reference frames as discussed in 

sections 3.2 to 3.4.  

TABLE 3.3: CONFIGURATION OF INDEX AND CONTROL MATRICES 
 Sy-PI St/Sy-PI St-PR 

𝑇𝐼(𝜃) 𝑇(𝜃)−1 [
1 0
0 1

] [
1 0
0 1

] 

𝑇𝑉(𝜃) [
1 0
0 1

] 𝑇(𝜃)−1 𝑇(𝜃)−1 

𝐺𝑐
∗(𝑠) 

[
𝐺𝑐𝑑

𝑒 (𝑠) 0

0 𝐺𝑐𝑞
𝑒 (𝑠)

] [
𝐺𝑐𝑑𝑑

𝑠 (𝑠) 𝐺𝑐𝑑𝑞
𝑠 (𝑠)

𝐺𝑐𝑞𝑑
𝑠 (𝑠) 𝐺𝑐𝑞𝑞

𝑠 (𝑠)
] [

𝐺𝑐𝑑𝑑
𝑠 (𝑠) 0

0 𝐺𝑐𝑞𝑞
𝑠 (𝑠)

] 

 
Figure.3.19. Control schematic of generalized closed-loop current control strategy consisting of 

Sy-PI, St/Sy-PI, and St-PR for a grid-tied inverter with an LCL filter. 
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It may be noted that this generalized current control strategy can also be applied to realize 

stationary reference frame PI current control by setting 𝜔 = 0.  

3.5. Stability Analysis 

Stability analysis for Sy-PI, St/Sy-PI, and St-PR current controller strategies has been discussed 

in this section. The closed-loop control structure of the stationary reference frame equivalence of 

Sy-PI and St/Sy-PI are identical and similar to St-PR is similar except for no cross-couplings exists 

between d-axis and q-axis. Thus, The same forward-path transfer function applies to Sy-PI, St/Sy-

PI, and St-PR current control strategies because of their similarity in control structure as discussed 

in previous sections. Range of control parameters 𝑘𝑝, 𝑘𝑖, and 𝑘 has been determined from the 

stability analysis. A battery voltage of 800Vdc, three-phase grid voltage of 208V at a grid frequency 

of 60Hz with the following grid specifications as shown in table 3.3 have been considered for this 

analysis.  

TABLE 3.3: SPECIFICATION OF LCL FILTER AND CONTROL PARAMETERS FOR SY-PI, ST/SY-PI, 

AND ST-PR CONTROL STRATEGIES 

𝐿1 

(𝑚𝐻) 

𝑅1 

(𝑚Ω) 

𝐿2 
(𝑚𝐻) 

𝑅2 
(𝑚Ω) 

𝐶 

(𝜇𝑓) 

𝑘𝑝 𝑘𝑖 𝑘 

8 1 2 1 15 0.1 − 0.5 50 1 − 10 

The Bode plot has been shown in the figure.3.20 consists of multiple plots for different values 

of damping factor 𝑘. The system has been observed to be in stable mode for low values of damping 

factor (𝑘 = 1, 5, and 2.5) and unstable for higher values of the damping factor (𝑘 = 10) . A gain 

margin of 7.95 𝑑𝐵 and a phase margin of 36.8° has been observed at 𝑘𝑝 = 0.5, 𝑘𝑖 = 50, and 𝑘 =

5.  The magnitude of gain is high at system frequency. A small spike in the magnitude of gain is 

due to the resonance of LCL parameters. A sudden drop in the phase has been observed at system 

frequency and resonant frequency. The root locus diagram of the system has been shown in the 

figure.3.21. The system has five poles and two zeros. Location of the pole-zeros has been observed 
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to be on the left side of the pole-zero plot for lower values of proportional gain constant 𝑘𝑝. The 

system has been observed to be stable for 0.1 < 𝑘𝑝 < 1.5. The discrete equivalents of these control 

parameters have been used in simulation and experimental validation.  

 

Figure.3.20. Bode plot of the forward-path transfer function of stationary reference frame 

equivalence of Sy-PI controller (also valid for St/Sy-PI and St-PR) for a grid-tied inverter with 

an LCL filter. 
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Figure.3.21. Root locus diagram of the forward-path transfer function of stationary reference 

frame equivalence of Sy-PI controller (also valid for St/Sy-PI and St-PR) for a grid-tied inverter 

with an LCL filter. 
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CHAPTER 4: MODELING & SIMULATION 

4.1. Introduction 

Modeling and simulation of various current controller strategies have been discussed in this 

Chapter. An introduction to the modeling and simulation of the grid-tied inverter is presented in 

Section 4.1. Common PSIM simulation modules used in various control strategies are presented 

in section 4.2. PSIM Simulation models of St-PI, Sy-PI, St/Sy-PI, and St-PR have been presented 

in Section 4.3, Section 4.4, Section 4.5, and Section 4.6.  

PSIM simulation platform has been used to verify the analysis of the current control strategies 

discussed in the chapter 3. PSIM simulation control has been set to implement control algorithms 

compatible with the targeted hardware TI DSP Piccolo TMS320F28035. Modeling of the current 

control of the three-phase grid-tied inverter consists of different modules. Each module consists of 

different elements to perform a specific task. These elements have been chosen from the PSIM 

library are discrete in behavior and generate code in a specific syntax compatible with the TI DSP 

Piccolo TMS320F28035. A DSP clock has been set to operate DSP at 60 𝑀𝐻𝑧 and external clock 

at 10 𝑀𝐻𝑧.  

4.2. Common Modules in Modeling of Grid-Tied Inverter 

The simulation model of the three-phase grid-tied inverter consists of the power stage, signal 

conditioning, phase-locked loop (PLL), three-phase to stationary reference frame transformation, 

three-phase to synchronous reference frame transformation, current controller, and sinusoidal 

pulse-width modulation. Power stage, signal conditioning, PLL, and sinusoidal pulse-width 

modulation (SPWM) are common simulation modules for St-PI, Sy-PI, St/Sy-PI, and St-PR 

current control strategies. PLL consists of transformation of the three-phase grid voltages into the 

stationary reference frame. Three-phase grid voltages have been considered as reference to 
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generate the phase angle that is required to perform the synchronous transformation of the three-

phase currents and voltages of the grid.  The stationary reference transformation module has been 

used to implement St-PI, Sy-PI, and St-PR current control strategies. The synchronous reference 

frame transformation module has been used to implement Sy-PI’s current control strategy.  

4.2.1. Power Stage 

The schematics of simulation models of common modules are discussed in this section. The 

power stage of the grid-tied inverter system consists of a three-phase inverter, LCL filter, three-

phase grid, three current sensors, and three voltage sensors. The three-phase inverter consists of 

six Insulated-Gate Bipolar Transistors IGBT switches 𝑄1 to 𝑄6 arranged in a specific sequence as 

shown in figure.4.1. A diode has been connected across each IGBT in antiparallel to enable 

synchronous rectifier mode of operation. This arrangement of the diodes and IGBTs in the 

specified topology permits the system to have bidirectional power flow. DC side of the three-phase 

inverter is powered by a battery of 800Vdc. The IGBTs receive the gate signals from the sinusoidal 

pulse-width module. AC side of the three-phase inverter is connected to a three-phase LCL filter. 

The LCL filter consists of six inductors and three capacitors. Each phase of the three-phase inverter 

has been connected to an LCL filter in a specific topology as shown in the figure.4.1. A small 

value of resistance has been considered in each inductor. A three-phase grid of 208Vac has been 

connected to another end of the three-phase LCL filter. 
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Figure.4.1. PSIM simulation schematic of power stage module of the three-phase grid-tied 

inverter with LCL filter. 

4.2.2. Analog to Digital Conversion 

The outputs of the three-phase current sensors and voltage sensors of the grid-tied inverter are 

required to be scaled to a compatible level of analog to digital conversion (ADC) input port pins 

of the TI DSP Piccolo TMS320F28035. A schematic of the signal conditioning module is shown 

in the figure.4.2. The ADC input port pins of the TI DSP Piccolo TMS320F28035 are compatible 

with unipolar signals of 0 to 3.3 V. Thus, the magnitude of the currents and voltages sensed by 

the current and voltage sensors have been scaled by a factor of 1/100 and 1/1000. These scaled 

currents and voltages are bipolar sinusoidal in shape. Thus, an offset of 1.65 has been added to 

each signal to shift the amplitude levels between 0 to 3.3 V. ADC module has been set in DC 

mode with a gain of 1 because the signals have been conditioned externally. Thus, ADC performs 

analog to digital conversion. The digitalized or discretized version of the currents and voltages 

have been sampled at a frequency of 10 𝑘𝐻𝑧. 



59 
 

 

Figure.4.2. Schematic of signal condition module consists of scaling, offset, sample & hold 

(ZOH), and ADC blocks. 

The discretized currents and voltage signals are unipolar. These unipolar signals are required 

to be transformed inside the microcontroller to replicate the original signals of bipolar sinusoidal 

in shape. Thus, an offset of −1.65 has been added to each signal to make them bipolar sinusoidal 

in shape. These signals have been rescaled by a factor of 100 for currents and 1000 for voltage 
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signals. These offset and scaling inputs inside the microcontroller are accessed externally by 

enabling the serial communication interface (SCI) feature.  

4.2.3. Phase-Locked Loop 

The three-phase voltages of the grid are considered as a reference to generate a phase angle to 

perform the transformation in respective reference frames as discussed in the previous section. A 

schematic of the PLL is shown in figure.4.3. The three-phase currents have been transformed into 

stationary reference frame by employing Clarke’s transformation block. A trigonometric math 

operation of arc tan has been performed on the ratio of voltage signals in the stationary reference 

frame to generate a phase of sawtooth shape.  

 

Figure.4.3. PSIM simulation schematic of three-phase PLL module. 

4.2.4. Sinusoidal Pulse Width Modulation 

Sinusoidal pulse width modulation (SPWM) technique has been chosen to generate gate 

signals required to operate IGBT switches in the three-phase inverter. A schematic of SPWM 

module and its settings have been shown in the figure.4.4. SPWM has been set to operate at a 

switching frequency of 10 𝑘𝐻𝑧 with a dead band of 4 𝜇𝑠. Input signals to the SPWM have been 

normalized to have a peak-to-peak magnitude of 2 𝑉. Thus, the triangular carrier wave has been 

set to have a peak to peak of 2 𝑉.  
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Figure.4.4. PSIM simulation schematic of the SPWM module and its specifications. 

4.3. Modeling of Stationary Reference Frame Proportional Integral Controller (St-PI) 

Modeling of the St-PI current control strategy has been discussed in this section. A PSIM 

simulation schematic of the St-PI current control strategy is shown in the figure.4.5. The schematic 

of St-PI current control strategy consists of a reference current generation module in addition to 

the common modules discussed in the previous sections. The Serial communication interface (SCI) 

feature of the microcontroller has been employed to set the reference values of currents in the 

stationary reference frame. A PSIM simulation schematic of the reference current generation is 

shown in figure.4.6. This schematic consists of PLL to generate the shape of the reference signals, 

and three-phase to stationary reference frame transformation of the grid and capacitor currents. 

The closed-loop current control schematic of the St-PI regulator is shown in figure.4.7. The current 

control schematic consists of an outer loop of grid currents, an inner loop of the capacitor currents, 

and grid voltages as feed-forward in the stationary reference frame. The output of the current 

controllers has been normalized by a factor of 1/0.5𝑉𝑑𝑐. The simulation results of the St-PI current 

control strategy have been discussed in Chapter 5.   
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Figure.4.6. PSIM simulation schematic of the shape of reference current generation and 

transformation of grid and capacitor currents in the stationary reference frame. 

 

Figure.4.7. PSIM simulation schematic of the St-PI current controller.  

4.4. Modeling of Synchronous Reference Frame Proportional Integral Controller (Sy-PI) 

Modeling and simulation of the Sy-PI current control strategy are discussed in this section. A 

PSIM simulation schematic of the three-phase to the synchronous transformation of the voltages 

and currents is shown in figure.4.8.  
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Figure.4.8. PSIM simulation schematic of the transformation of voltages and currents into the 

synchronous reference frame. 

 

Figure.4.9. PSIM simulation schematic of the St-PI current controller.  
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A PSIM simulation schematic of the closed-loop Sy-PI current control strategy is shown in 

figure.4.10. The schematic of this control strategy consists of the transformation of grid and 

capacitor currents in the synchronous reference frame in addition to the common modules 

discussed in the previous sections. The serial communication interface (SCI) feature of the 

microcontroller has been employed to set the reference values of currents in the synchronous 

reference frame. The simulation results of the Sy-PI current control strategy have been discussed 

in Chapter 5. 

4.5. Modeling of Stationary Reference Frame Regulation of Synchronous Reference Frame 

Controller (St/Sy-PI) 

Modeling and simulation of the St/Sy-PI current control strategy are discussed in this section. A 

PSIM simulation schematic of the three-phase to stationary reference frame transformation of the 

voltages, currents, and is shown in figure.4.6. This schematic consists of PLL to generate the shape 

of the reference signals, and three-phase to stationary reference frame transformation of the grid 

and capacitor currents. 

 

Figure.4.11. PSIM simulation schematic of the St/Sy-PI current controller. 

 



67 
 

A schematic of the St/Sy-PI regulator is shown in the figure.4.11. The peak amplitude of the 

reference current is multiplied by the shape of the reference current in the stationary reference 

frame. The current control schematic consists of an outer loop of grid currents, an inner loop of 

the capacitor currents, and grid voltages as feed-forward in the stationary reference frame. This 

module consists of cross-couplings between the d-axis and q-axis of the controller in the stationary 

reference frame.  The output of the St/Sy-PI controllers has been normalized by a factor of 

1/0.5𝑉𝑑𝑐.  

A PSIM simulation schematic of the closed-loop St/Sy-PI current control strategy is shown in 

figure.4.12. The schematic of this control strategy consists of the transformation of grid and 

capacitor currents into the stationary reference frame in addition to the common modules discussed 

in the previous sections. The serial communication interface (SCI) feature of the microcontroller 

has been employed to set the reference values of currents in the stationary reference frame. The 

simulation results of the St/Sy-PI current control strategy have been discussed in Chapter 5.  
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4.6. Modeling of Stationary Reference Frame Proportional Resonant Controller (St-PR) 

Modeling and simulation of the St -PR current control strategy is discussed in this section. The 

PLL and the generation of the shape of the reference currents as shown in figure.4.6 have been 

discussed in the previous section of the stationary reference frame controllers. A schematic of the 

St -PR regulator is shown in the figure.4.13. The peak amplitude of the reference current is 

multiplied with the shape of the reference current in the stationary reference frame. Double 

integrator technique has been applied to implement the St-PR control strategy [26]. The current 

control schematic consists of an outer loop of grid currents, an inner loop of the capacitor currents, 

and grid voltages as feed-forward in the stationary reference frame. This module has no cross-

couplings between the d-axis and q-axis of the controller in the stationary reference frame.  The 

output of the St/Sy-PI controllers has been normalized by a factor of 1/0.5𝑉𝑑𝑐. A PSIM simulation 

schematic of the closed-loop St/Sy-PI current control strategy is shown in figure.4.14. The 

simulation results of the St -PR current control strategy have been discussed in Chapter 5. 

 

Figure.4.13. PSIM simulation schematic of the St-PR current controller. 
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CHAPTER 5: SIMULATION RESULTS 

5.1. Introduction 

This chapter is focused on presenting the simulation results of the various current 

control strategies. An introduction and current regulation scenario detailing the 

consideration of reference currents in respective reference frames is presented in Section 

5.1 and Section 5.2. Simulation results of St-PI, Sy-PI, St/Sy-PI, and St-PR have been 

presented in Section 5.3.1, Section 5.3.2, Section 5.3.3, and Section 5.3.4. These simulation 

results are discussed in Section 5.4. 

5.2. Current Regulation Scenario 

Current regulators in the stationary reference frame i.e., St-PI, St/Sy-PI, and St-PR have 

a sinusoidal response because the reference currents and feedback currents are in sinusoidal 

shape in the stationary reference frame. The feedback signals are time-varying and difficult 

to track. An offset has been added to the phase angle output of the PLL to generate the 

shape of reference currents 𝑖𝑑𝑔
𝑠  and 𝑖𝑞𝑔

𝑠  to match with the phase of the grid voltages 𝑒𝑑
𝑠 and 

𝑒𝑞
𝑠 the grid frame as shown in the figure.4.5.   

The current regulator in the synchronous reference frame i.e., Sy-PI has a step response 

because the feedback currents and reference currents are time-invariant in the synchronous 

reference frame. The time-invariant feedback signals are easy to track. Reference currents 

have been set in a way to have three-phase currents and voltages are in phase.  

5.3. Simulation Results 

Simulation results of the various current control strategy consist of a set of the reference 

currents in the stationary reference frame and synchronous reference frame, three-phase 
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grid currents, and three-phase grid voltages. A change in the reference currents has been 

introduced to observe the response of the controller.  

5.3.1. Stationary Reference Frame Proportional Integral Controller (St-PI) 

Simulation results of St-PI current control strategy are discussed in this section. A 

change in peak of the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been introduced. The 

feedback currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are able to track the change in reference currents as shown 

in figure.5.1. The change in the reference currents is also reflected in the three-phase grid 

current currents. These currents are in phase with the three-phase grid voltages because of 

the identical change in the peak of reference currents from 10 A to 25A.  

 

Figure.5.1. PSIM simulation results of the grid currents & voltages of the St- PI current 

control strategy. 
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5.3.2. Synchronous Reference Frame Proportional Integral Controller (Sy-PI) 

The PSIM simulation results of Sy-PI current control strategy are discussed in this 

section. A change in the reference currents 𝑖𝑑𝑔
𝑒∗  and  𝑖𝑞𝑔

𝑒∗  has been introduced. The feedback 

currents 𝑖𝑑𝑔
𝑒  and  𝑖𝑞𝑔

𝑒  are tracking the change in reference currents as shown in figure.5.2. 

The change in the reference currents is also reflected in the three-phase grid current 

currents. These currents are in phase with the three-phase grid voltages because of the 

current references 𝑖𝑑𝑔
𝑒∗ = 40 and  𝑖𝑞𝑔

𝑒∗ = 0. A small overshoot has been observed during a 

transient phase of change in reference current.  

 
Figure.5.2. PSIM simulation results of the grid currents & voltages of the Sy- PI current 

control strategy. 
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5.3.3. Stationary Reference Frame Regulation of Synchronous Reference Frame 

Controller (St/Sy-PI) 

Simulation results of St/Sy-PI current control strategy are discussed in this section. A 

change in the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been introduced. The feedback 

currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are tracking the change in reference currents as shown in figure.5.3. 

The change in the reference current also reflected in the three-phase grid current currents. 

These currents are in phase with the three-phase grid voltages because of an identical 

change in the peak of reference currents from 10 A to 20A. A small overshoot in the 

feedback signals has been observed during the transient phase of change in the reference 

currents. 

 
Figure.5.3. PSIM simulation results of the grid currents & voltages of the St/Sy- PI 

current control strategy. 
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5.3.4. Stationary Reference Frame Proportional Resonant Controller (St-PR) 

Simulation results of St -PR current control strategy are discussed in this section. A 

change in the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been introduced. The feedback 

currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are able to track the change in reference currents as shown in 

figure.5.4. The change in the reference current also reflected in the three-phase grid current 

currents. These currents are in phase with the three-phase grid voltages because of an 

identical change in the peak of reference currents from 20 A to 40A. An overshoot in the 

feedback signals has been observed but it smaller compared to St-PI and St/Sy-PI current 

control strategies. 

 
Figure.5.4. PSIM simulation results of the grid currents & voltages of the St- PR current 

control strategy. 

 

 



76 
 

5.4. Discussion 

The simulation results of the current control strategies are observed to be satisfactory. 

A small overshoot has been observed in the feedback signals during the transient phase of 

change in the reference currents. The three-phase feedback currents are in phase with the 

three-phase grid voltages. A change in phase may be observed by altering the values of q-

axis or d-axis reference currents in the respective reference frame. Thus, the theoretical 

analysis presented in the Chapter 3 has been verified by the results obtained PSIM 

simulations.  
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CHAPTER 6: EXPERIMENTAL VALIDATION OF CURRENT REGULATION 

STRATEGIES 

6.1. Introduction 

This chapter has been allotted to detail experimental setup and to report experimental 

results. An introduction to the experimental setup is presented in Section 6.1. Different 

stages of controller hardware in the loop (C-HIL) have been discussed in Section 6.2.  

Details of the power stage, analog to digital conversion and a serial communication 

interface to process the reference signals have been discussed in Section 6.2.1, Section 

6.2.2, and Section 6.2.3. Experimental setup and experimental results have been presented 

in Section 6.3. and Section 6.4.  A discussion on experimental validation is presented in 

Section 6.5. 

 

Figure.6.1. Simplified schematic of circuit topology and CHIL of the grid-tied inverter. 
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6.2. Controller Hardware in The Loop 

A standard topology of an 800 V battery-fed three-phase inverter with an LCL filter tied 

to the grid has been considered. A simplified schematic of the circuit topology of a grid-

tied inverter and controller hardware in the loop (CHIL) of the grid-tied inverter has been 

shown in the figure.6.1. 

The controller hardware in the loop (C-HIL) system consists of a virtual power stage 

and a microcontroller is connected externally to control the desired parameters of the 

system. PSIM simulation platform has been used to generate the code for St-PI, Sy-PI, 

St/Sy-PI, and St-PR current control strategies. This code is deployed into the 

microcontroller TI DSP Piccolo TMS320F28035. Typhoon HIL 604 has been used to 

emulate the power stage consisting of a battery, voltage source inverter (VSI), LCL filter, 

and a three-phase grid. Thus, TI DSP Piccolo TMS320F28035 has been employed to 

implement the control algorithms externally to control the system parameters inside the 

Typhoon HIL 604.  

6.2.1. Power Stage 

Typhoon HIL control center consists of a schematic editor and HIL SCADA. The 

schematic editor has been used to model the power stage of the three-phase grid-tied 

inverter as shown in figure.6.2. The SCADA has been used to access the analog outputs of 

currents, voltages from the grid and battery, and digital inputs to the switches of VSI. The 

model settings inside the SCADA are used to perform the signal conditioning of analog 

currents and voltages compatible with the ADC input port requirements of the TI DSP 

Piccolo TMS320F28035. Analog output currents and voltages from the power stage, and 
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digital PWM outputs from the TI DSP Piccolo TMS320F28035 (inputs to the VSI of the 

power stage) have been accessed through a breakout board. 

 

 

Figure.6.2. Power stage of the experimental setup of C-HIL employing HIL 604 and 

TI DSP Piccolo TMS320F28035. 

6.2.2. Analog to Digital Conversion 

 

Figure.6.3. Signal conditioning of analog outputs of the power stage of the C-HIL 

system. 
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Analog outputs from the power stage or Typhoon HIL setup have been scaled with an 

appropriate offset of 0 to 3.3V inside the model settings of the SCADA panel as shown in 

figure.6.3. These analog outputs from the breakout board of Typhoon HIL 604 have been 

fed to an analog to digital (ADC) input ports of the TI DSP Piccolo TMS320F28035. 

6.2.3. Pulse Width Modulation 

 

Figure.6.4. Configuration of digital inputs to the three-phase VSI of the power stage of 

the C-HIL.  

PWM port outputs of the TI DSP Piccolo TMS320F28035 have been interfaced with 

digital inputs of the Typhoon HIL breakout board. These digital inputs are PWM input 
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signals to the switches of the three-phase VSI of the power stage of the three-phase grid-

tied inverter as shown in the figure.6.4.   

6.2.4. Serial Communication Interface 

 

Figure.6.5. PSIM simulation schematic of SCI panel to change the controller settings.  

Serial communication has been enabled to get access to the reference currents, ADC 

offset and scaling settings, and to monitor the feedback currents through digital 

oscilloscope inside the PSIM simulation software as shown in the figure.6.5. Reference 

currents to the controller are changed online through this serial communication panel.  
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6.3. Experimental Setup 

have been considered for the experimental validation. The experimental setup of C-HIL 

consists of a power stage inside the HIL 604, SCADA panel, and TI DSP Piccolo 

TMS320F28035 is shown in figure.6.6. 

 

Figure.6.6. Picture of the experimental setup showing controller-hardware in loop (C-

HIL) implementation of the grid-tied inverter employing Typhoon HIL 604 and Piccolo 

TMS320F28035. 

A battery voltage of 800Vdc, three-phase grid voltage of 208V at a grid frequency of 

60Hz with the following grid specifications as shown in table 4.0 

TABLE 3:SPECIFICATION OF LCL FILTER AND CONTROL PARAMETERS 

𝐿1 

(𝑚𝐻) 

𝑅1 

(𝑚Ω) 

𝐿2 

(𝑚𝐻) 

𝑅2 

(𝑚Ω) 

𝐶 

(𝜇𝑓) 

𝑘𝑝 𝑘𝑖 𝑘 

8  1  2  1 15  0.5 50 5 
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6.4. Experimental Results 

6.4.1. Stationary Reference Frame Proportional Integral Controller (St-PI) 

Experimental results of St-PI current control strategy employing C-HIL are discussed in 

this section. A change in peak of the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been 

introduced.  

 

Figure.6.7. Experimental results of the grid currents & voltages of the St-PI current 

control strategy employing Typhoon CHIL system. 

The feedback currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are tracking the change in reference currents as shown 

in figure.6.7. The change in the reference currents is also reflected in the three-phase grid 

current currents. These currents are in phase with the three-phase grid voltages because of 

the identical change in the peak of reference currents from 10 A to 25A. These results are 

identical to the PSIM simulation results of the St-PI current control strategy presented in 

the Chapter.5.  
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6.4.2. Synchronous Reference Frame Proportional Integral Controller (Sy-PI) 

Experimental results of Sy-PI current control strategy employing C-HIL are presented in 

this section. A change in the reference currents 𝑖𝑑𝑔
𝑒∗  and  𝑖𝑞𝑔

𝑒∗  has been introduced. The 

feedback currents 𝑖𝑑𝑔
𝑒  and  𝑖𝑞𝑔

𝑒  are tracking the change in reference currents as shown in 

figure.6.8. 

 

Figure.6.8. Experimental results of the grid currents & voltages of the Sy-PI current 

control strategy employing Typhoon CHIL system. 

 The change in the reference currents is also reflected in the three-phase grid current 

currents. These currents are in phase with the three-phase grid voltages because of the 

current references 𝑖𝑑𝑔
𝑒∗ = 40 and  𝑖𝑞𝑔

𝑒∗ = 0. These results are identical to the PSIM 

simulation results of the Sy-PI current control strategy presented in the Chapter.5. 
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6.4.3. Stationary Reference Frame Regulation of Synchronous Reference Frame 

Controller (St/Sy-PI) 

 

Figure.6.9. Experimental results of the grid currents & voltages of the St/Sy-PI current 

control strategy employing Typhoon CHIL system. 

Experimental results of St/Sy-PI current control strategy employing C-HIL are discussed 

in this section. A change in the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been introduced.  

The feedback currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are tracking the change in reference currents as shown 

in figure.6.9. The change in the reference current also reflected in the three-phase grid 

current currents. These currents are in phase with the three-phase grid voltages because of 

an identical change in the peak of reference currents from 10 A to 20A. These results are 

identical to the PSIM simulation results of the St/Sy-PI current control strategy presented 

in the Chapter.5. 

 

6.4.4. Stationary Reference Frame Proportional Resonant Controller (St-PR) 
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Figure.6.10. Experimental results of the grid currents & voltages of the St -PR current 

control strategy employing Typhoon CHIL system. 

Experimental results of St -PR current control strategy employing C-HIL are discussed 

in this section. A change in the reference currents 𝑖𝑑𝑔𝑝𝑒𝑎𝑘
𝑠∗  and  𝑖𝑞𝑔𝑝𝑒𝑎𝑘

𝑠∗  has been introduced. 

 The feedback currents 𝑖𝑑𝑔
𝑠  and  𝑖𝑞𝑔

𝑠  are tracking the change in reference currents as 

shown in figure.6.10. The change in the reference currents is also reflected in the three-

phase grid current currents. These currents are in phase with the three-phase grid voltages 

because of an identical change in the peak of reference currents from 20 A to 40A. These 

results are identical to the PSIM simulation results of the St- PR current control strategy 

presented in the Chapter.5. 

 

 

6.5. Discussion 
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Analytical models of the St-PI, Sy-PI, St/Sy-PI, and St-PR current control strategies for 

a three-phase grid-tied inverter with an LCL filter are validated employing C-HIL 

experimental setup. The control algorithms of the respective current control strategy are 

perfectly tracking the reference signals in the respective reference frame. The experimental 

results employing C-HIL are identical to the PSIM simulation results presented in the 

Chapter 5.  
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CHAPTER 7: CONCLUSION 

In addition to the classical synchronous reference frame PI current controller (Sy-PI), an 

analytical derivation of stationary reference frame equivalence of this Sy-PI current 

controller (St/Sy-PI) is established. These two controllers are closely related but not 

identical to stationary reference frame PR current controller (St-PR) because their 

analytical outcome results in same forward path transfer functions but differ in cross-

coupling elements as proven in this paper. As an additional contribution of this thesis, the 

analysis presented in Section 3.3, Section 3.4, and Section 3.5 has also been used to realize 

a “generalized current control strategy” which encompasses all controllers, viz. Sy-PI, 

St/Sy-PI, and St-PR as “special cases”. The stability of all of these current control strategies 

has been analyzed through Bode plot and root locus analysis by considering the same 

forward path transfer function. These three different current control strategies have been 

validated through PSIM and verified by Typhoon controller hardware in the loop 

experimental setup. The grid currents have been observed to track the reference signals in 

both, stationary reference frame and synchronous reference frame, for all three controllers.  
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