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 ABSTRACT 

 

 
 

The installation of power generation systems based on renewable energy sources has been 

increasing exponentially over the last decades. However, in spite of the well-known merits 

of such energy sources, the expansion of renewable-based generation (RG) plants, which 

interface the grid through power converters, can produce also negative impacts on the 

electrical grid, due to its power processing mechanism, which is different from traditional 

generation plants. In fact, the regulation capability of the grid can decrease as much as the 

share of the RG increases. To avoid this, power conversion systems belonging to RG plants 

are requested to be more grid-friendly, responsive to the electrical network conditions, as 

well as grid-supportive. In this way, they can contribute to the electrical network stability 

as other generation does, instead of behaving as simply grid-feeding systems focused on 

injecting as much power as possible. 

This PhD dissertation is focused on the control of grid-connected power converters with 

grid support functionalities based on the Synchronous Power Controller (SPC) concept. The 

SPC is an established solution for controlling grid connected power converters and 

equipping them with emulated and improved synchronous machine characteristics. In 

addition to the general goal of improving the grid interaction of the RG plants, grid support 

functionality stands as a main property among the characteristics given by the SPC.  

Considering the fact that the power conversion stage of RG plants normally act as current 

sources to feed the grid, it is necessary to count on a low-level current controller to regulate 

the current injected by the power converter. Even though other controllers can be used in 

upper levels, a fast and accurate current controller in the inner loop is still essential to 

control and limit the current and to realize a specific function combining other controllers. 

However, the tuning of these controllers is not always simple, as the output connection 

filters play a relevant role in the transient and steady-state performance of the power 

conversion stage. For this reason, this work proposes a unified current controller tuning 

approach for the typical linear controllers in stationary or synchronous reference frame. 

Conventional methods normally set the controller gains by trials of placing the open-loop 

poles considering the stability and dynamics limits, or by direct calculation using the 

stability and dynamics inputs. However, the inputs for controller gains calculation are 

commonly given out of different conventions. The proposed method, instead, gives 

numerous inputs in a wide range for controller gains calculation, and select the optimal 

solution by evaluating and comparing the numerous resulting systems. 



vi Abstract 

 

 
 

Taking into account that the inner control block just permits the system to behave as a 

proper current source, this research is more focused on the external blocks, the one that give 

full sense to the SPC structure. In this dissertation the virtual admittance structure, contained 

in the electrical block of the SPC, which emulates the stator output impedance of the 

synchronous machines, is analyzed. Moreover, it is extended to a study case where the 

admittance value can be different for positive- and negative-sequence components. The 

designed virtual admittance block contains three branches, which are responsible for 

positive-sequence current injection, negative-sequence current injection and other harmonic 

components, respectively. The converter’s performance under asymmetrical grid fault is 

especially considered in this case. 

The analysis and arrangements in the design of the SPC’s power loop controller is another 

contribution of this research. Other methods that consider synchronous machine emulation 

normally construct the controller by reproducing the synchronous generation swing 

equation. Based on the virtual implementation, which is free from mechanical constraints, 

one can set a proper damping factor achieving thus better dynamics compared to the 

traditional synchronous machines. However, the increase of the damping factor changes the 

inherent power-frequency (P-f) droop characteristics, which may lead to undesired 

deviations in the active power generation. In the framework of this PhD, a method that 

modifies the conventional swing equation emulation and lets the inherent P-f droop 

characteristics be configurable, independently of the inertia and damping characteristics, is 

proposed. 

The work presented in this dissertation is supported by mathematical and simulation 

analysis. Moreover, in order to endorse the conclusions achieved, a complete experimental 

validation has been conducted. As it will be shown, the performance of the SPC has been 

validated in tests once the main parts, namely virtual admittance and power loop controller, 

and other parts are settled. The simulation and experimental test scenarios include events 

like changes in the power operation point, frequency sweeps, voltage magnitude changes, 

start-up and parallel converters operation, which are given under different control 

configurations like the different structures for the power loop controller and different 

control parameters. This PhD research also compares the transient performance of the SPC-

based power converters with the ones achieved with conventional control methods. 

Considering the outer blocks, more linked to voltage and frequency regulation, some 

analysis regarding the design of the droop control in voltage source converter (VSC) 

stations in multi terminal direct current (MTDC) systems is also analyzed as a particular 

study case. Considering that the MTDC system is a potential ac grid supporter in the future, 

the proposed VSC control method combines the ac frequency droop and the dc voltage 

droop to come up with the Unified Reference Controller (URC), which is validated in a 

simulated CIGRE test model.  

 

 

 



 

 

 

  CONTENTS 

 

Figures ....................................................................................... xi 

Tables ....................................................................................... xix 

Acronyms ................................................................................ xxi 

1 Introduction ............................................................................ 1 

1.1 Background......................................................................... 1 

1.1.1 Conventional control for grid connected power 

converters ........................................................................ 2 

1.1.2 Frequency and voltage droop control .............................. 4 

1.1.3 Synchronous generation emulation control ..................... 6 

1.2 State of the Art of Synchronous Generation Emulation 

Control ................................................................................ 6 

1.2.1 Main methods for SGEC ................................................. 7 

1.2.2 Validations of the SGEC concept .................................. 10 

1.2.3 Important landmarks in the research activities on 

SGEC ............................................................................. 11 

1.3 Objectives of This PhD Dissertation ................................ 13 

1.4 PhD Dissertation Organization ......................................... 14 

1.5 Publications during This PhD Project .............................. 15 

2 The Synchronous Power Controller ................................... 17 

2.1 The Synchronous Power Controller for Grid Connected 

Power Converters ............................................................. 17 

2.1.1 The SPC’s mechanical part ........................................... 18 

2.1.2 The voltage controlled oscillator (VCO) ....................... 19 

2.1.3 The SPC’s electrical part ............................................... 19 

2.1.4 Reactive power and droop control ................................. 20 

2.2 Differentiating SPC from Other SGEC Methods ............. 21 

2.2.1 PLL-less power-based grid synchronization ................. 21 

2.2.2 Power loop controller for inertia emulation .................. 22 

2.2.3 Virtual admittance ......................................................... 23 



viii Contents 

 

 

2.2.4 Multiple and selective virtual admittance ..................... 26 

2.3 Summary of the Chapter ................................................... 26 

3 The Virtual Admittance ...................................................... 29 

3.1 The SPC’s Virtual Admittance ......................................... 29 

3.1.1 Tri-path selective admittances ...................................... 29 

3.1.2 Design considerations ................................................... 31 

3.1.3 Test results of the SPC’s virtual admittance ................. 36 

3.2 Inner Current Loop Controller .......................................... 47 

3.2.1 Modeling of the current loop ........................................ 48 

3.2.2 A unified tuning approach ............................................ 49 

3.2.3 Test results of current controller ................................... 55 

3.3 Summary of the Chapter ................................................... 62 

4 The Power Loop Controller ................................................ 65 

4.1 Introduction ....................................................................... 65 

4.2 Emulation of the Swing Equation ..................................... 66 

4.3 Power Loop Controller with Flexible Frequency Droop .. 70 

4.3.1 Controller structure ....................................................... 70 

4.3.2 Local stability ............................................................... 72 

4.3.3 Transient analysis ......................................................... 76 

4.4 PI-Based Power Loop Controller ...................................... 77 

4.5 Analytical Comparison of Different Power Loop 

Controllers ........................................................................ 79 

4.6 Test Results of the Power Loop Controllers ..................... 80 

4.6.1 Simulation results ......................................................... 80 

4.6.2 Experimental results ..................................................... 84 

4.7 Summary of the Chapter ................................................. 102 

5 Unified Reference Controller ............................................ 105 

5.1 Introduction ..................................................................... 105 

5.2 Different Operation Modes for VSCs in an MTDC Grid 106 

5.3 Unified Reference Controller .......................................... 108 

5.4 Simulation Results .......................................................... 114 

5.5 Summary of the Chapter ................................................. 121 

6 Conclusions and Future Work .......................................... 123 

6.1 Conclusions ..................................................................... 123 

6.2 Future Work .................................................................... 125 

References .............................................................................. 127 



 ix 

 

 

Appendix A Simulation Test System ................................... 139 

A.1 Simulation Test System .................................................... 139 

A.2 LCL-Trap Filter Transfer Function ................................... 141 

Appendix B Laboratory Experimental Setups ................... 143 

B.1 10 kW Grid Connected Power Converter Setup ............... 143 

B.2 Asymmetrical Grid Fault Test Setup ................................. 145 

 

 





 

 

 

 

 FIGURES 

 

 

 

 

 

 

Fig. 1.1. Grid connected power converter for wind and photovoltaic generation. .............. 1 

Fig. 1.2. Conventional control block diagram for grid connected power converters (inner 

current control in synchronous reference frame). ...................................................... 2 

Fig. 1.3. Current control structure for three-phase power converters in synchronous 

reference frame. ......................................................................................................... 3 

Fig. 1.4. Basic block diagram of the synchronous reference frame PLL. ............................ 3 

Fig. 1.5. Outer closed-loop control structure [6]. ................................................................ 4 

Fig. 1.6. Frequency and voltage droop control for grid connected power converters. ........ 5 

Fig. 1.7. Inertia emulation control structure using an extra loop (Type 1): (a) an extra loop 

to modify the active power reference, and (b) an extra loop to set the dc voltage 

reference. ................................................................................................................... 7 

Fig. 1.8. Modified PLL for inertia emulation (Type 2). ...................................................... 8 

Fig. 1.9. Power loop controller for inertia emulation (Type 3): (a) active and reactive power 

controller, and (b) three different strategies in the electrical inner loop. ................... 9 

Fig. 1.10. Important landmarks in the research activities on SGEC. ................................. 12 

 

Fig. 2.1. Control of grid connected power converters based on the SPC. ......................... 18 

Fig. 2.2. Voltage and frequency primary control. .............................................................. 21 

Fig. 2.3. Mathematical model of the SPC’s active power control. .................................... 22 

Fig. 2.4. Two strategies for emulating the electrical part of synchronous machines: (a) VSC 

based on virtual admittance (a main feature of the SPC), and (b) VSC based on virtual 

impedance. ............................................................................................................... 24 

Fig. 2.5. Grid connection start-up process of a SPC-based power converter using virtual 

admittance conditioning: (a) current injected by the power converter, (b) active and 



xii Figures 

 

 

reactive powers injected by the power converter, (c) the value of the virtual resistance, 

(d) the value of the virtual inductance. ..................................................................... 25 

Fig. 2.6. Grid synchronization process of a SPC-based power converter: (a) current injected 

by the power converter, (b) active and reactive powers injected by the power 

converter, (c) inner virtual synchronous frequency and grid voltage on α-axis, (d) 

inner virtual synchronous frequency and grid voltage on β-axis. ............................. 26 

 

Fig. 3.1.  Virtual admittance block for positive- and negative-sequence current injection.

 .................................................................................................................................. 30 

Fig. 3.2. The voltage support characteristics when Xpu = 0.3 compared with the grid codes 

requirements. ............................................................................................................ 33 

Fig. 3.3. The time response of (a) the sequence filtering stage of the virtual admittance block 

under different values of kbw, and (b) the virtual admittance block when kbw = 0.3.

 .................................................................................................................................. 36 

Fig. 3.4. 100 kW grid connected power converter simulation test system. ........................ 37 

Fig. 3.5. Response of the SPC-based power converter under an asymmetrical grid fault 

when Apos = 1, Aneg = 10Apos: (a) grid voltage, and (b) PCC voltage, (c) current 

injected by the converter. ......................................................................................... 39 

Fig. 3.6. Response of the SPC-based power converter under an asymmetrical grid fault 

when Apos = 1, Aneg = 0.1Apos: (a) grid voltage, and (b) PCC voltage, (c) current 

injected by the converter. ......................................................................................... 39 

Fig. 3.7. Comparison of the unbalanced voltage support effect of the SPC-based power 

converter under different negative-sequence virtual admittances: (a) positive 

sequence PCC voltage rms, (b) negative sequence PCC voltage rms, (c) positive 

sequence current rms, (d) negative sequence current rms. ....................................... 40 

Fig. 3.8. Effect of the transient admittance branch under an asymmetrical grid fault: (a) 

positive sequence PCC voltage rms, (b) negative sequence PCC voltage rms, (c) 

positive sequence current rms, (d) negative sequence current rms. .......................... 41 

Fig. 3.9. Experimental setup for unbalanced voltage sag tests. .......................................... 42 

Fig. 3.10. Single SPC-based converter working. The PCC voltage and current injection 

when Apos = 1 and Aneg = 10Apos: (a) the whole experimental process, (b) prior to 

the fault, (c) during the fault. .................................................................................... 42 

Fig. 3.11. Single SPC-based power converter working. Transient response after the start of 

an unbalanced sag: (a) voltage at the PCC, (b) positive- and negative-sequence 

voltage rms, (c) current injected by the converter, (d) positive- and negative-sequence 

current rms. ............................................................................................................... 43 



 xiii 

 

 

Fig. 3.12. Two SPC-based converters working with different negative-sequence virtual 

admittances. The PCC voltage and current injection: (a) the whole experimental 

process, (b) prior to the fault, (c) during the fault. ................................................... 44 

Fig. 3.13. Two SPC-based power converters working with different negative-sequence 

virtual admittances. The transient responses after the start of an unbalanced sag: (a) 

voltage at the PCC, (b) current injected by the converter 1, (c) current injected by the 

converter 2, (d) rms of the positive- and negative-sequence current injected by the 

converter 1, (e) rms of the positive- and negative-sequence current injected by the 

converter 1. .............................................................................................................. 45 

Fig. 3.14. Two SPC-based converters working with different negative-sequence virtual 

admittances. Comparison of the negative-sequence current injection of the two 

converters during an unbalanced sag: (a) positive sequence PCC voltage rms, (b) 

negative sequence PCC voltage rms, (c) positive sequence current rms, (d) negative 

sequence current rms................................................................................................ 46 

Fig. 3.15. Two SPC-based power converters working with different negative sequence 

virtual admittances. The V - - I - slope of the two converters compared with the VDE 

grid codes. ................................................................................................................ 47 

Fig. 3.16. Modeling of the current control loop. ............................................................... 48 

Fig. 3.17. Executing flow chart of the proposed tuning procedure. ................................... 51 

Fig. 3.18. Influence of ωc and phm on the performance of the system: (a) influence of ωc 

on tss and gain margin, and (b) influence of phm on overshoot. ............................. 53 

Fig. 3.19. Solutions that comply with the tuning limits. .................................................... 54 

Fig. 3.20. Bode diagram of the open-loop system under the chosen gains. ....................... 55 

Fig. 3.21. PLL-based current control scheme. ................................................................... 56 

Fig. 3.22. Simulated performance of the 10 kW system when active power reference jumps 

from 5 kW to 10 kW: (a) grid injected current, (b) instantaneous active and reactive 

power injection, (c) current control error on α and β axes. ...................................... 58 

Fig. 3.23. Simulated performance of the 100 kW system when active power reference jumps 

from 50 kW to 100 kW: (a) grid injected current, (b) instantaneous active and reactive 

power injection, (c) current control error on α and β axes. ...................................... 59 

Fig. 3.24. Experimental performance of the 10 kW system when active power reference 

jumps from 5 kW to 10 kW: (a) grid voltage and injected current, (b) instantaneous 

active and reactive power injection, (c) current control error on α and β axes. ........ 60 

Fig. 3.25. Experimental results of the current controller under three-phase grid voltage sag: 

(a) grid voltage and injected current waveforms, and (b) active and reactive powers 

injected into the grid. ............................................................................................... 61 



xiv Figures 

 

 

Fig. 3.26. Experimental results of the current controller (integrated in the SPC) under grid 

frequency variations: (a) grid voltage and injected current, (b) the variation of grid 

frequency imposed by the ac regenerative power source, (c) current reference and 

measurement on α and β axes. .................................................................................. 62 

 

Fig. 4.1. Modeling of the SPC’s active power control considering grid frequency changes.

 .................................................................................................................................. 67 

Fig. 4.2. The relationship between the inherent P-f droop gain, RD, and the damping 

coefficient, ξ. ............................................................................................................ 69 

Fig. 4.3. The proposed power loop controller. ................................................................... 70 

Fig. 4.4. Root loci under changes of the damping factor and inertia constant. .................. 74 

Fig. 4.5. The influence of the damping factor, inertia constant and droop gain on the system 

phase: (a) the influence of the damping factor, (b) the influence of the inertia constant, 

(c) the influence of the droop gain. ........................................................................... 75 

Fig. 4.6. The influence of the control parameters on the transient response settling time and 

overshoot: (a) the influence of the inertia constant on settling time, (b) the influence 

of the damping factor and droop gain on settling time, (c) the influence of the damping 

factor on overshoot, (d) the influence of the inertia constant and droop gain on 

overshoot. ................................................................................................................. 77 

Fig. 4.7. Unitary step response of the P-P* transfer function under different values of H 

when ξ=0.7: (a) swing equation emulation, (b) configurable natural droop, (c) PI. . 80 

Fig. 4.8. Simulated transient response under different values of inertia constant and droop 

gain: (a) grid frequency changes, and (b) active power response. ............................ 81 

Fig. 4.9. A study case based on three paralleled grid connected power converters with 

different rated power for island working tests. ......................................................... 82 

Fig. 4.10. The responses of the paralleled power converters under islanding and load 

changes: (a) grid voltage, (b) load voltage, (c) active powers injected by the converter 

#1 and #2, (d) (c) active power injected by the converter #3, (e) active power 

consumed by the load. .............................................................................................. 83 

Fig. 4.11. Experimental result of the CND power loop controller comparing with simulation 

and calculation under a power reference step. .......................................................... 84 

Fig. 4.12. Experimental result of the CND power loop controller under a grid frequency 

sweep: (a) grid frequency profile, and (b) grid voltage and injected current. ........... 85 

Fig. 4.13. Experimental result analysis of the CND power loop controller under a grid 

frequency sweep: (a) experimental active power response comparing with simulation 

and calculation, and (b) the inner virtual synchronous frequency of the experimental 

converter. .................................................................................................................. 86 



 xv 

 

 

Fig. 4.14. Comparison of the active power transient responses of the CND power loop 

controller under a grid frequency sweep under different values of inertia constant: (a) 

grid frequency profile, and (b) comparison of active power responses.................... 86 

Fig. 4.15. Comparison of the active power transient responses of the CND power loop 

controller under a grid frequency sweep under different values of droop gain: (a) grid 

frequency profile, and (b) comparison of active power responses. .......................... 87 

Fig. 4.16. Experimental response of the power converter based on the CND controller under 

an active power reference step. H=10 s and DP=2 kW/Hz: (a) three phase current 

injected to the grid, (b) active power injected to the grid, (c) reactive power injected 

to the grid. ................................................................................................................ 88 

Fig. 4.17. Experimental response of the power converter based on the CND controller under 

grid frequency changes. H=10 s and DP=2 kW/Hz: (a) three phase current injected to 

the grid, (b) active power injected to the grid, (c) inner virtual synchronous frequency 

of the power converter. ............................................................................................ 89 

Fig. 4.18. Experimental response of the power converter based on the MPL controller under 

an active power reference step. H=10 s: (a) three phase current injected to the grid, 

(b) active power injected to the grid, (c) reactive power injected to the grid. .......... 90 

Fig. 4.19. Experimental response of the power converter based on the MPL controller under 

grid frequency changes. H=10 s: (a) three phase current injected to the grid, (b) active 

power injected to the grid, (c) inner virtual synchronous frequency of the power 

converter. ................................................................................................................. 91 

Fig. 4.20. Active power responses to grid frequency changes based on the CND and MPL 

controller, when H=10 s. .......................................................................................... 91 

Fig. 4.21. Experimental response of a SPC-based power converter in presence of a power 

reference step: (a) current injected by the power converter, (b) active power injected 

by the power converter, (c) reactive power injected by the power converter. ......... 93 

Fig. 4.22. Experimental response of a power converter based on VCC in presence of a power 

reference step: (a) current injected by the power converter, (b) active power injected 

by the power converter, (c) reactive power injected by the power converter. ......... 93 

Fig. 4.23. Comparison of the experimental responses of the power converter controlled by 

different strategies under grid frequency steps: (a) current injected by the power 

converter based on the SPC, (b) current injected by the power converter based on the 

VCC, (c) comparison of the inner synchronized frequency of the two strategies, (d) 

comparison of the active power responses of the converter based on the two strategies.

 ................................................................................................................................. 94 



xvi Figures 

 

 

Fig. 4.24. Experimental response of the power converter controlled by VCC under a 

balanced grid voltage dip: (a) grid voltage, and (b) current injected by the power 

converter. .................................................................................................................. 95 

Fig. 4.25. Experimental response of the power converter controlled by the SPC under a 

balanced grid voltage dip: (a) grid voltage, and (b) current injected by the power 

converter. .................................................................................................................. 96 

Fig. 4.26. Comparison of the reactive power injection of the power converter controlled by 

the two strategies during a balanced grid voltage dip. .............................................. 96 

Fig. 4.27. Comparison of the experimental responses of the power converter controlled by 

different strategies under grid frequency steps. Droop control enabled for both 

strategies: (a) grid frequency, (b) current injected by the power converter based on 

the VCC, (b) current injected by the power converter based on the SPC, (c) 

comparison of the active power responses of the converter based on two strategies.

 .................................................................................................................................. 97 

Fig. 4.28. Experimental result of the PI-based power loop controller under an active power 

reference step. Grid voltage and injected current. .................................................... 98 

Fig. 4.29. Experimental response of the power converter based on the PI-based power loop 

controller under an active power reference step. H = 10 s: (a) active power injected 

by the converter, (b) reactive power injected by the converter, (c) inner virtual 

synchronous frequency of the power converter, (d) phase-angle of the virtual 

electromotive force. .................................................................................................. 99 

Fig. 4.30. Experimental response of the power converter based on the PI-based power loop 

controller under a grid frequency sweep. H = 10 s: (a) grid frequency, (b) current 

injected by the converter, (c) active power injected by the converter, (d) reactive 

power injected by the converter, (e) inner virtual synchronous frequency of the power 

converter. ................................................................................................................ 100 

Fig. 4.31. Power-frequency droop characteristic of the external droop controller under 2% 

droop gain when the PI-based power loop controller is used. ................................ 101 

Fig. 4.32. Experimental voltage and current waveforms of the PI-based power loop 

controller under an unbalanced voltage dip. ........................................................... 101 

Fig. 4.33. Experimental result analysis of the PI-based power loop controller under an 

unbalanced voltage dip: (a) active power injected by the converter, and (b) reactive 

power in each phase injected by the converter. ...................................................... 102 

 

Fig. 5.1. VSC station hierarchical control structure. ........................................................ 107 

Fig. 5.2. VSC stations control: (a) general control structure, and (b) the proposed Unified 

Reference Controller. ............................................................................................. 109 



 xvii 

 

 

Fig. 5.3. The interaction between dc voltage and ac frequency. ...................................... 111 

Fig. 5.4. The conceptual operation paradigm for MTDC grid based on ac-dc interaction.

 ............................................................................................................................... 113 

Fig. 5.5. CIGRE MTDC grid test system. ....................................................................... 114 

Fig. 5.6. Responses of grid A0 and VSC Cb-A1 when a 200 MW generator in grid A0 is 

lost: (a) active power output of the remained 400 MW generator in grid A0, (b) dc 

bus voltage of the VSC Cb-A1, (c) active power injected by VSC Cb-A1 to grid A0, 

(d) grid A0 frequency............................................................................................. 116 

Fig. 5.7. Responses of different terminals when a 200 MW generator in grid A0 is lost: (a) 

active power absorbed by VSC Cb-B1 from the MTDC grid, (b) active power 

absorbed by VSC Cb-B2 from the MTDC grid, (c) active power absorbed by VSC 

Cb-C2 from the MTDC grid, (d) active power absorbed by VSC Cb-D1 from the 

MTDC grid. ........................................................................................................... 117 

Fig. 5.8. Responses of grid A0 and VSC Cb-A1 when dc load on Bb-B1s steps: (a) active 

power output of the 400 MW generator in grid A0, (b) dc bus voltage of the VSC Cb-

A1, (c) active power injected by VSC Cb-A1 to grid A0, (d) grid A0 frequency. . 118 

Fig. 5.9. Responses of grid A0 and VSC Cb-A1 when one of the two transmission lines 

between Ba-A0 and Ba-A1 breaks: (a) active power output of the 400 MW generator 

in grid A0, (b) dc bus voltage of the VSC Cb-A1, (c) active power injected by VSC 

Cb-A1 to grid A0, (d) grid A0 frequency. ............................................................. 119 

Fig. 5.10. Control mode for VSC Cb-A1 transition from Mode B to Mode C: (a) dc bus 

voltage on Bb-A1, (b) dc bus voltage of VSC Cb-A1, Cb-B1 and Cb-B2, (c) active 

power injected by VSC Cb-A1, Cb-B1 and Cb-B2. .............................................. 120 

Fig. 5.11. Control mode for VSC Cb-A1 transition from Mode E to Mode D: (a) frequency 

of the Grid A0, (b) dc bus voltage of VSC Cb-A1, Cb-B1 and Cb-B2, (c) active power 

injected by VSC Cb-A1, Cb-B1 and Cb-B2. ......................................................... 121 

 

Fig. A.1. Block diagram of the simulation test system used for this PhD dissertation. ... 139 

 

Fig. B.1. Block diagram of the 10 kW grid connected power converter experimental setup.

 ............................................................................................................................... 143 

Fig. B.2. Laboratory view of the 10 kW grid connected power converter test setup....... 144 

  





 

 

 TABLES 

 

 

 

 

 

 

Table 1.1. Grid nature under different penetration level [8] ................................................ 5 

Table 1.2. Category of existing publications on SGEC according to the inertia emulation 

method ....................................................................................................................... 7 

Table 1.3. Typical test scenarios found in the existing publications on SGEC ................. 11 

 

Table 3.1. Key parameters of the 100 kW test setup and the controller ............................ 37 

Table 3.2. The inductance and resistance in each branch .................................................. 38 

Table 3.3. Tuning limits for the current controller ............................................................ 52 

Table 3.4. Selected solution of the controller gains ........................................................... 55 

Table 3.5. Key parameters of the 10 kW power converter and controller gains ................ 57 

Table 3.6. Key parameters of the 100 kW power converter and controller gains .............. 57 

Table 3.7. Comparison of the settling time in simulations and experiments ..................... 60 

 

Table 4.1. Key experimental parameters for power loop controllers’ validation .............. 81 

 

Table 5.1. Control parameters for the VSC Cb-A1 ......................................................... 115 

Table 5.2. Events in the Tests .......................................................................................... 115 

 

Table A.1. Parameters of the 10 kW power converter simulation system ....................... 140 

Table A.2. Parameters of the 100 kW power converter simulation system ..................... 140 

 

Table B.1 Parameters of the 10 kW grid connected power converter experimental setup

 ............................................................................................................................... 145 

Table B.2 Parameters of the asymmetrical grid fault experimental setup ....................... 147 





 

 

 

  ACRONYMS 

 

  

  

SGEC synchronous generation emulation control 

PLL Phase-Locked Loop 

PI Proportional Integral 

PR Proportional Resonant 

RES renewable energy sources 

VCO Voltage-Oscillated Controller 

PV photovoltaic 

HVDC High Voltage Direct Current 

VISMA Virtual Synchronous Machine 

VSYNC Virtual Synchronous Generator 

SPC Synchronous Power Controller 

MTDC multi terminal direct current 

VSC Voltage Source Converter 

PWM Pulse-Width Modulation 

PLC power loop controller 

RPC reactive power controller 

TSO transmission system operator 

FLL Frequency-Locked Loop 

SOGI Second-Order Generalized Integrators 

D-SOGI dual Second-Order Generalized Integrators 

REE Spanish Electrical Grid 

PCC Point of Common Coupling 

ZOH Zero Order Hold 

IARC Instantaneous Active and Reactive Control 

MPL Mechanical Power Loop 

CND Configurable Natural Droop 

VCC  vector current control  

URC Unified Reference Controller 

GVD Generalized Voltage Droop 





 

 

 

  CHAPTER 

       1. 
 

 

 Introduction 
 
 

 
his chapter introduces the background of the thesis topic, the state of the art and the 

objectives of the PhD studies. The new requirements for control of grid connected 

power converters are firstly indicated, which have caused the need for developing 

controllers emulating a synchronous generator. The state of the art of the 

synchronous generation emulation control (SGEC) is then reviewed, followed by the main 

objectives of the thesis that are answered in the next chapters. 

 

1.1 Background 
Due to the increasing global energy demand and the need for alternative and sustainable 

forms of energy, power generation plants based on renewable energy sources (RES) have 

increasingly penetrated into electrical grid over the past years. High-level penetration of 

renewables has reshaped the modern electrical grids. Grid connected power converters 

commonly act as the interface between the RES-based generation plants and the grid for 

harvesting wind and solar energy and feeding the grid, as shown in Fig. 1.1.  

Grid

Grid-connected 
power converter

 
Fig. 1.1. Grid connected power converter for wind and photovoltaic generation. 
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The large penetration of renewables is facilitated by the fast development of grid 

connected power converters. The control of grid connected power converters have been 

drawing many interests, since the performance of these converters will considerably 

influence the grid power quality and determine whether the generation plant meets the grid 

connection requirements. 

1.1.1 Conventional control for grid connected power 

converters 

Conventional control of grid connected power converters have been well validated in 

many applications and shows its effectiveness [1]–[4]. Fig. 1.2 shows a typical conventional 

control scheme for grid connected power converters, where the control part is divided into 

the inner and the outer loops. The inner loop controls the grid injection current iabc and sends 

driving pulses d1-6 to the converter. The current loop controller normally has a Proportional 

Integral (PI) or Proportional Resonant (PR) structure, depending on the control reference 

frame (PR for stationary reference frame and PI for synchronous reference frame). The outer 

loop provides the current reference for the inner loop and controls the active power P and 

reactive power Q injected to the grid. The reference of the inner loop is id
* and iq

* in case of 

synchronous frame control (while in case of stationary frame control, I and φ, namely, the 

amplitude and phase-angle of the reference current, are calculated to further generate iα
* and 

iβ
*). The active and reactive power control can work in closed-loop, by using PI controllers, 

or in open-loop, by using instantaneous power calculations [5]. The grid synchronization is 

achieved through a dedicated grid synchronization unit known as Phase-Locked Loop 

(PLL) [6], which obtains the phase-angle θ and angular speed ω of the grid voltage vabc. The 

converter response and its interaction with the grid are strongly affected by the PLL 

dynamics. The active power control effort id
* is adjusted by a dc voltage controller to keep 

the power balance on the dc bus.  

Grid

Converter

Current 
control

Active power 
control

Reactive power 
control

DC voltage 
control

Outer loop

Inner loop

PLLd1-6

id
*

iq
*

θ

Vdc
Vdc

*

P*

P

Δid
*

Q Q*

iabc

vabc

DC bus 

 
Fig. 1.2. Conventional control block diagram for grid connected power converters (inner current 

control in synchronous reference frame). 
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The detailed current control structure in synchronous reference frame is shown in Fig. 

1.3. The current variables id and iq are transformed from the three-phase grid current 

measurement iabc using Park transformation Tθ, which is written as: 
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Fig. 1.3. Current control structure for three-phase power converters in synchronous reference frame. 

In the structure shown in Fig. 1.3, the well-known PI controller is used thanks to the Park 

transformation, which creates a reference frame rotating with the angular speed 

corresponding to the grid frequency. With the cross coupling branches, the active and 

reactive powers can be controlled separately. As a measure to improve the grid disturbance 

rejection and dynamic response, grid voltage feed forward can be used, and vgd and vgq are 

obtained by transforming the three-phase grid voltage measurement vabc. 

A PLL is used to obtain the grid voltage phase-angle θ for Park transformation. A basic 

structure of the PLL is shown in Fig. 1.4. 

vgd

vgq

vabc

PI
s

1ω θ Tθ 

 

Fig. 1.4. Basic block diagram of the synchronous reference frame PLL. 

A detailed outer loop control structure is shown in Fig. 1.5. 

In summary, based on the conventional control paradigm, the grid connected power 

converter acts as a current feeder for the grid. The statics (steady-state power reference) of 

the converter is determined by the status of the primary source, and the dynamics (transient 

performance under grid disturbances) is determined by the PLL. 
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Fig. 1.5. Outer closed-loop control structure [6]. 

1.1.2 Frequency and voltage droop control 

Along with the expansion of the RES generation plants, their negative impact on the 

power system has caused increasing attention [7]. The regulation capability of the grid can 

be reduced as much as the share of the renewable generation increases. Therefore, 

depending on the renewable penetration level (percent of renewable generation in the 

system), grid connected power converters should show differences in their roles, 

interconnection objectives and applicable standard [8], which is explained in detail in Table 

1.1. 

In the grid of the future, grid connected power converters are expected to be grid-friendly, 

or even grid-supportive, instead of simply grid-feeding elements. 

The stability of a given electrical power system is dependent on balancing generation, 

demand and power losses. The estimation of generation and demand plays a decisive role 

when planning operation schedules for power plants and transmission systems. With 

continuous penetration of renewables and the expansion of distributed generation plants, 

central coordination becomes more challenging. Instead, generation and demand with 

automatic response to voltage and frequency changes becomes a promising solution in the 

long run, considering both stability and economy. 

In practice, traditional power stations that are comprised of synchronous generators 

incorporate a droop mechanism for regulating their generated power as a function of the 

grid frequency variation. In order to provide frequency and voltage regulation from each 

interfaced terminal in modern electrical networks,  renewable generation plants based on 

grid connected power converters are required to interact with the grid and provide frequency 

and voltage support. Therefore, the steady-state performance of a grid connected power 

converter needs to be set by its droop characteristics, instead of simply controlling its dc-

bus voltage to inject all the available power provided by the renewable resource to such a 

bus. 

Droop control has been well used in the control of grid connected power converters as 

seen in [9]–[13]. The droop loops can contribute to primary voltage and frequency control 

by adjusting the active and reactive power set point proportional to the deviation of 

frequency and ac voltage magnitude, respectively. Fig. 1.6 shows the frequency and voltage 
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droop control structure.  

Table 1.1 Grid nature under different penetration level [8] 
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Fig. 1.6. Frequency and voltage droop control for grid connected power converters.  

The droop control block interconnects the processing block and the converter control 

block. kp and kq are the droop gains for the frequency and voltage control, respectively. The 

processing block calculates the frequency and voltage magnitude and filter the output by a 

low pass filter.  

With the droop control, the active power generation is automatically adjusted by a 

primary frequency error, and the reactive power generation automatically supports the ac 

voltage error. The converter can interact with the grid with the aid of energy storage or 

curtailed power. In this manner, the converter enhances the regulation capability of the 



6 1. Introduction 

 

 

whole grid. 

1.1.3 Synchronous generation emulation control 

In order to further improve the performance of the grid connected power converters, 

different topics regarding converter control have been discussed, and various control 

strategies are proposed in order to comply with the updated grid codes and realize better 

functionality.  

The generation in traditional power system is predominated by synchronous generators. 

Conventional grid connected power converters differ from synchronous generators mainly 

in the lack of the electromechanical characteristics. In consequence, the static and dynamics 

of the renewable power generation units are both different compared with the synchronous 

generators. Even if the statics can be changed by equipping the droop control and energy 

reserve, there are yet some disadvantages of the converter-interfaced generation plants.  

The PLL is a grid voltage estimator used by conventional power converters to determine 

the amount of current to be injected either in-phase or in-quadrature to regulated the active 

and reactive powers delivered to the grid, respectively. Therefore, the dynamics of these 

conventional converters are characterized by the PLL, whose performance will degrade 

under weak or islanded grid conditions [14], [15]. As a PLL is not designed to emulate any 

inertial response in the presence of frequency deviations, the total inertia in the grid 

decreases as the integration of renewable generation plants grows. However, the updated 

grid codes have included “synthetic inertia” in the requirements [16]. 

Other shortcomings of conventional converters controllers based on the usage of PLL 

include the inferior performance under grid fault conditions [17], in weak grid connection 

[14] and low X/R ratio grid connection [18]. 

In contrast, the very well-known synchronous generators possess advantages like the 

contribution to inertia, the robust connection to weak grids, the natural load sharing and 

unbalanced voltage support. Therefore, the emulation of synchronous generators and the 

implementation of its electrical and mechanical characteristics on grid connected power 

converters have been intensively studied in recent years. 

 

1.2 State of the Art of Synchronous Generation 

Emulation Control 
The idea of approaching the grid connected power converters’ dynamics toward the 

electromechanical response of synchronous generators is well accepted by grid operators, 

since the successful operation of the traditional power system relies on the generation and 

regulation capability of the numerous synchronous generators. 

Particularly, the output impedance of a synchronous machine determines its electrical 

characteristic, which define load sharing and voltage droop, and the rotor inertia determines 

its natural mechanical response, which guarantees the healthy dynamics of the power 
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system. Therefore, the synchronous generation emulation control (SGEC) (mainly the 

emulation of the electromechanical characteristics) has been widely discussed ever since its 

first publication [19].  

1.2.1 Main methods for SGEC 

Studies on SGEC have been conducted and reported in many publications. Even though 

different works vary in the objectives considering different aspects of synchronous 

machines, most of them share a common goal of improving the interaction between grid 

connected power converters and the electrical grid. Providing inertial characteristics to grid 

connected power converters appears as the main objective in many works. Table 1.2 

categorizes the most representative works in the literature according to the method used for 

emulating inertia. 

Table 1.2 Category of existing publications on SGEC according to the inertia emulation method 

Method for inertia emulation  Publications 

Type 1: Extra loop [20]–[23] 

Type 2: Modified PLL [24] 

Type 3: Power (or 

dc voltage) control  

Type 3-A* [25]–[36] 

Type 3-B* [37], [38] 

Type 3-C* [39]–[51] 

Inertia emulation not specified [14], [15], [52] 

*Type 3-A: direct modulation as the inner loop 

*Type 3-B: cascaded voltage-current control as the inner loop 

*Type 3-C: virtual impedance/admittance as the inner loop 

 

In a first group of works, inertia emulation is realized by adding an extra loop to the 

conventional control structure shown in Fig. 1.2. In this case, instead of using a dc voltage 

controller to modify the active power reference, the structure shown in Fig. 1.7(a) is used 

to modify such active power reference according to a function of the grid frequency value 

[20]–[22]. As an alternative, this extra loop method can also be used to specify the dc 

voltage reference using the structure shown in Fig. 1.7(b) [23].  

PLL )( fffk
dt

df
fkP refvdviref 

vabc f ΔPref

 
(a) 

PLL
vabc f Vdc

ref

2
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44
dc
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nref

dc
V

C

HS
f

Cf

HS
V 

 

(b) 

Fig. 1.7. Inertia emulation control structure using an extra loop (Type 1): (a) an extra loop to modify 

the active power reference, and (b) an extra loop to set the dc voltage reference. 

In Fig. 1.7, vabc is the measured voltage at the point of connection, Pref is the active 

power reference variation, Vdc
ref is the dc voltage reference, kvi the virtual inertia constant, 
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kvd the virtual damping constant, fref the reference frequency, Sn the rated power of the 

converter, H the virtual inertia constant, C the dc bus capacitance, and Vdc0 the dc voltage 

operation point. 

The main feature of this method is the minor changes to the conventional control 

structure. On the other hand, the derivative operation on the measured grid frequency and 

the dependence on a PLL can potentially lead to challenges in practical implementation.  

In a second group of works, the inertia emulation is realized in a modified PLL, as shown 

in Fig. 1.8, which is proposed in [24]. Similar to the first method for emulating inertia, this 

implementation entails only minor changes in the conventional control structure shown in 

Fig. 1.2, where all the blocks are kept the same, except for the PLL. In Fig. 1.8, E is the 

specified nominal amplitude of the virtual electromotive force, X the virtual reactance, J the 

virtual moment of inertia, and ωs the nominal grid frequency. It is worth noting that the lack 

of any damping term (Kp in the traditional PLL) can render the system oscillating.   
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Fig. 1.8. Modified PLL for inertia emulation (Type 2). 

The inertia emulation in the abovementioned two methods (Type 1 and 2 in Table 1.2) is 

both dependent on an external voltage source, and hence the power converter needs an extra 

control scheme to form the grid in case of island operation. Besides, even though the 

dynamic interaction between the converter and the grid is modified to emulate a 

synchronous machine response, the active power transfer dynamics is still different from 

the one of a synchronous machine.  

Considering these two facts, a third type of method for inertia emulation emerged, which 

uses a power loop controller to emulate virtual inertia. In this manner, the active power 

transfer dynamics and power-frequency interaction dynamics are both changed, and grid 

forming capability is enabled. 

This third type of method for emulating inertia can be represented by Fig. 1.9. In this 

figure, the inertia emulation function is realized by the active power controller as Fig. 1.9(a) 

shows. As an alternative, the inertia emulation function can also be realized by a dc voltage 

controller [42], [46]. In this method, the grid synchronization is achieved by a power 

balance synchronization mechanism, other than the PLL, which synchronizes according to 

the phase difference between the grid voltage and the signal generated by a voltage-

controlled oscillator (VCO). 



1.2  State of the Art of Synchronous Generation Emulation Control 9 

 

 

Reactive power 
control

Inertia and damping 
emulation

P

Q

Q*

Active power 
control

P*
ω

E

 

(a) 

eabc

VCO PWM

d1-6
ω

E
Type 3-A:

Type 3-B:

Type 3-C:

eαβ 

VCO PWM

d1-6
ω

E Voltage control

vαβ 

Current control

iαβ 

iαβ
*

 

ω

vabc
*

 

ω

eαβ 

VCO PWM

d1-6
ω

E
Virtual 

admittance

vαβ 

Current control

iαβ 

iαβ
*

 vabc
*

 

RX ω

 

(b) 

Fig. 1.9. Power loop controller for inertia emulation (Type 3): (a) active and reactive power controller, 

and (b) three different strategies in the electrical inner loop. 

The VCO in Fig. 1.9(b) integrates the angular speed to calculate the voltage phase-angle, 

and uses this phase-angle, together the voltage amplitude E, to generate a virtual 

electromotive force e, which can be expressed in any reference frame, i.e., abc, αβ, or dq. 

Publications dealing with the power loop control method use three different approaches 

to control the interaction between the virtual electromotive force and the electrical grid 

voltage, namely the open loop modulation, the cascaded voltage-current control and the 

virtual impedance/admittance structure.  

When the open loop strategy is used, limiters for E and ω are needed, since there is no 

measure for limiting either the converter output voltage or its injected current. This control 

strategy, i.e., Type 3-A in Fig. 1.9(b), is used and validated in many publications as shown 

in Table 1.2. 

In order to use a voltage control other than a simple direct modulation, a cascaded 

voltage-current control is implemented in the inner loop, i.e., Type 3-B in Fig. 1.9(b). In 
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this case, in addition to the voltage control loop, a current loop is also used to control and 

limit the grid current as a protection for the converter. Fig. 1.9(b) shows the implementation 

of this strategy in stationary  reference frame, while it can also be implemented in 

synchronous dq reference frame as in [37] and [38].  

In medium-voltage or low-voltage networks, the load sharing among multiple converters 

is largely affected by the line impedance, which is not predominantly inductive. In some 

publications, in addition to the emulation of the mechanical part of the synchronous 

machines (rotor inertia and damper winding), the emulation of the electrical part (stator 

output impedance) is also considered, i.e.,  Type 3-C in Fig. 1.9(b). In this manner, the load 

sharing can be better controlled with a virtual output impedance. In fact, virtual impedance 

is the focus of many papers based on the configuration of paralleled converters [53], [54]. 

An alternative technique to virtual impedance implementation is the virtual admittance 

implementation. The difference between both implementation techniques will be explained 

in detail in the Chapter 2. It is worth mentioning however that virtual impedance/admittance 

technique can also be used for objectives such as harmonics compensation [55], [56] and 

impedance shaping in cascaded converters [57]. 

Except for inertia emulation, many papers have put focus on other aspects of SGEC as 

follow. The associated energy storage is especially designed in [58]. The enhancement to 

the stability in weak grids connection is studied in [14], [15], [52]. Local stability analysis, 

based on linearized model and the stability oriented tuning approach, are presented in [37], 

[48]. A fault-condition (short circuit) performance indicator is proposed in [24]. In [29], the 

authors propose to use a virtual resistance for realizing low voltage ride through. A 

comparative study between the SGEC and the traditional synchronous machine is conducted 

in [43], where the performance in presence of load changes is shown. A photovoltaic (PV) 

plant model based on SGEC is given in [50]. Regarding the value to be set for the inertia 

constant of virtual synchronous generators, proposals dealing with adaptive inertia and 

damping control [21] and alternating inertia constant [34] can theoretically bring some 

advantages that traditional synchronous machines do not possess. Overviews on the SGEC 

concept can be found in [59], [60]. 

Perspectives for using the synchronous generation emulation concept in future scenarios 

are promising. Distributed renewable generation, high-voltage dc (HVDC) transmission 

and vehicle to grid are potential scenarios for its application.  

1.2.2 Validations of the SGEC concept 

Many papers have contributed to the implementation and validation of the SGEC 

concept. The test scenarios used in such validations vary from case to case and can be 

categorized as Table 1.3 shows.  

Since inertia emulation totally reshaped power control dynamics in power converters, 

tests dealing with steps in active power reference are commonly found in the existing 

publications. Besides, since the interaction between grid connected power converters and 

the grid is improved, test scenarios considering load changes, voltage sags, frequency 

changes, grid phase-angle jump, unbalanced and distorted grid are also found in the 

literature. Taking into account that distributed generation might be the main application for 
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SGEC, test scenarios dealing with power converters islanding and reconnection are also 

found in publications.  

Table 1.3 Typical test scenarios found in the existing publications on SGEC 

Test scenario Publications 

Active power (or dc voltage) and 

reactive power steps 

[14], [15], [19], [25], [26], [30], [31], [33], [34], 

[36], [37], [40], [44]–[47], [50], [61] 

Load changes [21]–[23], [25], [29], [35], [39], [42]–[44], [49], 

[51] 

Voltage sag [14], [15], [23]–[25], [29], [33], [34], [36], [40], 

[52] 

Frequency changes [20], [33], [36], [40], [45], [50], [62] 

Grid phase-angle jump [35], [36] 

Start-up without PLL [33], [36] 

Islanding [25], [29], [30], [40], [42]–[44], [51] 

Island operation with unbalanced 

and nonlinear loads 

[44] 

Reconnection of island [30], [42], [43], [51] 

Unbalanced and distorted grid [36] 

Working when the grid 

frequency has a deviation 

[27], [33] 

Changes in solar radiation in a 

PV system 

[49] 

 

1.2.3 Important landmarks in the research activities on 

SGEC 

Research activities on the SGEC concept began in the last 10 years, and this idea keeps 

catching increasing attention. Discussions on the concept, control design for power 

converters, and laboratory validation are the main activities reported in the literature. Fig. 

1.10 shows several landmarks of the research activities on SGEC that might be worthy to 

mention. 

The first publication found on SGEC is a conference paper authored by H. P. Beck et al. 

and published in 2007 [19], where the fundamental concept and preliminary experimental 

results (7 kW) were shown in scenarios where steps in the inner voltage phase-angle and 

magnitude were considered. A patent soon followed this paper, which is authored by the 

same research team whose work is known as Virtual Synchronous Machine (VISMA) [63].  

The first journal paper found in the literature was authored by M. R. Iravani et al. and 

published in 2008 [25]. In this paper, a detailed control scheme is presented, indicating how 

the concept is implemented. In this paper, inertial characteristics are achieved by using an 

active power control loop, and the inner loop is based on direct modulation of the power 

converter. Many papers published later follow a similar design (Type 3-A diagram in Fig. 

1.9). 
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• First patent 
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• First journal paper

• Inertia emulation using extra loop
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• First detailed control scheme
• Inertia emulation in power loop with direct modulation 

• First paper to show experimental results

12 13

• Inertia emulation in power loop with casdaded inner  
voltage-current loop 

• Inertia emulation in power loop with 
virtual impedance/admittance 

Years

 
Fig. 1.10. Important landmarks in the research activities on SGEC. 

The PLL with inertia emulation capabilities  (Type 2 method in Table 1.2) was firstly 

proposed in a paper authored by M. V. Wesenbeeck et al. and published in 2009 [24]. The 

authors in this paper are known by a project entitled “Virtual Synchronous Generator” 

(VSYNC), of which the results were published in a series of papers after finishing the 

project. 

Inertia emulation by using an extra loop (Type 1 method in Table 1.2) started appearing 

in publications in 2011, being firstly found in [20], a paper authored by T. K. Vrana et al. 

As previously mentioned, the main concern of this type of inertia emulation method is its 

practical implementation, since it is based on a time-derivative operator. On the other hand, 

the main advantage of this method is its simplicity in modeling and simulation, which helps 

the analytical validation of the SGEC in large systems. 

The combination of inertia emulation and virtual impedance/admittance (Type 3-C 

diagram in Fig. 1.9) emerged with the name Synchronous Power Controller (SPC) in 2011 

and was  authored by P. Rodriguez et al. [41]. The inclusion of the virtual admittance in the 

power converter controller brings several advantages, such as accurate power sharing, grid 

current control, easy implementation, etc.

An alternative method (Type 3-B diagram in Fig. 1.9) was proposed to avoid direct 

modulation in the power converter’s inner loop. The first paper presenting this control 

method was authored by S. D’Arco et al. and published in 2013 [37]. It is worth noting that 

Fig. 1.10 only shows the first publication for each type of method, while several research 

teams published their work at approximately the same time and have been active in 

reporting their results. Such teams include the “Synchronverters” team (G. Weiss et al.) [27] 

and Ise Lab (T. Ise et al.) [29]. 
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1.3 Objectives of This PhD Dissertation  
The research work in this PhD dissertation was conducted toward the general goal of 

improving grid interaction of grid connected power converters and providing advanced 

support services to the electrical grid. Several objectives were stated to guide the PhD 

project, which are summarized in the following: 

1- Setting a methodology to tune the inner current control loop for virtual admittance 

implementation 

2- Achieving a detailed design and validation of the SPC virtual admittance 

3- Achieving a detailed design and validation of the SPC power control loop for inertia 

and damping emulation  

4- Conducting an integrated frequency and dc voltage droop control design for voltage 

source converters in a multi terminal direct current (MTDC) system 

Most of the results in this PhD dissertation aim to report the studies on the SPC, which 

is a representative SGEC solution, which was previously categorized as a Type 3-C control 

method. These objectives contribute to enrich particular details of the SPC regarding 

implementation, and considering specific needs in different scenarios. 

A. Current control loop tuning 

Grid connected power converters are controlled by multi-loop controllers like the SPC in 

many cases, in which a current controller is used in the inner control loop [22], [24], [42]–

[44]. The inner current loop for grid connected power converters characterizes the system 

dynamics considerably, and the dynamics of the outer loops is normally analyzed assuming 

the current loop performing a fast response. Moreover, the current loop plays an important 

role since it intrinsically determines the stability of the system. Therefore, the design of 

inner current loop is critical for the overall performance of multi-loop controller. Besides, 

the control tuning for converters in high power applications becomes more challenging due 

to the reduced control bandwidth and increased complexity in the grid connection filter. 

Therefore, the first objective of this PhD dissertation is to develop a unified current loop 

tuning methodology for grid connected power converters, which should be generally 

applicable in different cases.  

B. Virtual admittance 

In distributed generation, even though the droop gain of each generation unit can define 

load sharing characteristics, the actual load sharing is also dependent on the lines 

impedance. Since estimating line impedance is difficult in a configuration with paralleled 

generation units, emulating the predominant output impedance of synchronous machines in 

the power converter controller can becomes a possible solution to minimize the effect of 

lines impedance in load sharing. Besides, the current loop contained in the virtual 

admittance structure can control and limit the current injected into the grid by the power 

converter, which is more feasible in realistic applications. 

Grid connected power converters can face voltage sags caused by different types of grid 

faults. In spite of the fact that three-phase faults are considered for stating the LVRT 

requirements in most of the grid codes, asymmetrical faults are the most common faults in 
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electrical grids [64], [65]. Even though sophisticated ride-through abilities can be enabled 

in power converters to prevent tripping of renewable generation units under fault conditions 

[66], [67], the lack of contribution of negative-sequence current during asymmetrical faults 

motivates further improvement in the control design [68].  

Therefore, another objective of this PhD dissertation is to design a virtual admittance 

controller for accurate load sharing, grid current control and voltage support under 

asymmetrical grid faults. 

C. Power loop controller 

Making a proper design of the power loop controller is one of the objectives of this PhD 

dissertation. The structure of the power loop controller should have a specific form, which 

should result in accurate inertia and damping emulation, like in a electromechanical 

synchronous generator. Based on this philosophy, the mainstream technique for the power 

loop controller is the emulation of the synchronous machine swing equation, which was 

studied in [25] and many other publications. This emulation strategy will be analyzed first, 

and then other solutions will be discussed and presented. 

D. Integrated frequency and dc voltage droop control design for voltage source converters 

in an MTDC system   

An MTDC system can be connected to different ac areas through VSCs. As a convention, 

these VSCs are normally given a dc voltage droop control mechanism to ensure a stable 

operation of the MTDC system. On the other hand, these VSCs do not interact with the ac 

areas that they are connected, except for delivering power to them.    

The droop control design for VSCs in a MTDC grid is one of the objectives of this PhD 

dissertation. In addition to the typical dc voltage droop control, frequency droop control 

should be also considered in order to meet the needs from the ac systems and provide 

associated frequency support.  

 

1.4 PhD Dissertation Organization  
The following chapters in this PhD dissertation are organized as follow. Chapter 2 

introduces the Synchronous Power Controller (SPC), which acts as the basis of the main 

results obtained in this PhD project. The main features of the SPC are given in this chapter. 

Virtual admittance design oriented to asymmetrical grid fault conditions is reported in 

Chapter 3, and a unified current loop tuning approach is also presented in this chapter. 

Chapter 4 presents a power loop controller that makes the inherent P-f droop gain 

configurable, other than a faithful replication of the synchronous machine swing equation. 

In Chapter 5, a unified droop control strategy is presented for the VSCs in an MTDC grid. 

Simulation and/or experimental results will be given in Chapter 3, 4 and 5 as justifications.  
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The Synchronous Power Controller 
 

 
 

he Synchronous Power Controller (SPC) is the basis of the studies presented in this 

PhD dissertation, and the design of the controllers in Chapter 3 to 5 considers 

different blocks of the SPC in detail. The overall control framework of the SPC is 

introduced and explained in this chapter, followed by its main features in comparison 

to other SGEC methods. 

 

2.1 The Synchronous Power Controller for 

Grid Connected Power Converters 
The SPC endows grid connected voltage source converters (VSC) with virtual 

electromechanical characteristics, as an emulation and enhancement of synchro-nous 

generators [41]. 

The electromechanical characteristics of synchronous generators can be split into two 

aspects, the stator output impedance (electrical) and the rotor inertia (mechanical). The 

former one defines the fundamentals of electrical interaction with the grid in terms of active 

and reactive power exchange, which also contributes to grid synchronization, power sharing 

and unbalance compensation, etc. The latter one defines the power-frequency dynamics in 

power systems and contributes to the frequency stabilization.  

The exchange of active and reactive powers between two voltage sources e and v is 

written as: 
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where E and V are the rms of e and v, 𝑍∠𝜙 the impedance between the two sources, and δ 

the phase-angle difference between e and v, and it is known as load-angle. 

T 
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For common synchronous machines, considering a mainly inductive output impedance 

and the synchronized condition (a small value of δ), (2.1) and (2.2) can be simplified as:  

  maxP
X

EV
P  , (2.3) 
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As shown in (2.3) and (2.4), synchronous machines regulate the active and reactive 

powers by adjusting the load-angle and magnitude of the electromotive force through the 

governor and exciter, respectively. Similarly, the SPC controls the active and reactive 

powers by adjusting its inner voltage phase-angle and magnitude, respectively, like a 

synchronous machine, rather than the conventional in-phase and in-quadrature current 

control performed in the decoupled rotating (dq) reference frame.  

The overall control architecture for grid connected power converters based on the SPC 

and external droop controllers is shown in Fig. 2.1.   

The control scheme contains the Pulse-Width Modulation (PWM) block, the SPC’s 

electrical part, the Voltage-Controlled Oscillator (VCO), the SPC’s mechanical part, the 

reactive power controller, the frequency droop controller and the voltage droop controller. 

The power loop controller (PLC) and the virtual admittance determine the main 

characteristics of the SPC, which correspond to the mechanical and electrical part of 

synchronous machines, respectively. 
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Fig. 2.1. Control of grid connected power converters based on the SPC. 

2.1.1 The SPC’s mechanical part 

The power loop controller emulates the power-frequency regulation of a synchronous 

machine, and generates a virtual synchronous frequency ωr
*. Inertial characteristics are 

given by the power loop controller, which can have multiple options in the control structure.  

For traditional synchronous machines, the damping of the electromechanical loop is 

provided by a damper winding, which may be affected by several electrical or mechanical 

constraints. Besides, a ramp limiter for the input mechanical power can also be used to avoid 

oscillations.  
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For renewable power generation plants, the electromechanical characteristics of grid 

connected power converters can be virtually implemented by designing proper controllers. 

Therefore, the damping in power converters is possible to be further optimized based on a 

virtual implementation in its controllers. In addition, considering that the power input of 

renewable power generation plants is more irregular than in traditional plants, having an 

effective damping in the power converter becomes more important. 

In summary, inertia and damping characteristics should be both considered in designing 

the power loop controller of the power converter. A good option is to use a first-order low-

pass filter for the power loop controller, which results in a power-frequency relationship 

exactly like the swing equation of synchronous machines, which is: 

  )( DJsPP sem  , (2.5)  

where Pm and Pe are the mechanical and electrical power, respectively, J the moment of 

inertia, ωs the rated rotor angular speed, D the damping factor and ω the rotor angular speed. 

In case of the converter control, one can set Pm as the power reference P* and Pe as the 

power measurement P, and ω as the angular frequency of the virtual electromotive force. 

In such a case, the inertia and damping characteristics can be emulated.  

2.1.2 The voltage controlled oscillator (VCO) 

The VCO block generates the virtual electromotive force e using ωr
* and the magnitude 

reference E* as rotation speed and amplitude references, respectively. In case that the 

control of the electrical part is realized in the stationary frame, the VCO can be written as: 
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where the phase-angle of e is obtained by integrating ωr
*. 

2.1.3 The SPC’s electrical part 

In many low-voltage grids, where several converters are connected in parallel, the grid 

impedance is not necessarily inductive and difficult to be estimated. The SPC uses a virtual 

admittance structure to define the output impedance to ensure a high X-R ratio. In a single-

phase system, the effect of the virtual admittance can be described by: 
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 , (2.7) 

where igrid is the current injected to the grid by the converter, and L and R the inductive and 

resistive components of the virtual admittance, respectively. 
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By presenting an output reactance and resistance, which are both adjustable, the power 

converter will play a key role in performing load sharing and will present a natural droop 

characteristic for grid voltage support.  

To realize (2.7), a current controller is needed. Then (2.7) becomes (2.8). 
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where iref is the reference for the current controller. 

2.1.4 Reactive power and droop control 

As shown in Fig. 2.1, the reactive power controller (RPC) and the outer P-f and Q-V 

droop loops are also needed in power converters as complementary blocks in addition to 

the SPC. A proportional integral (PI) controller is usually used as the RPC, which can be 

described as: 
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and the outer droop controllers are expressed as: 
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Droop control defines the steady-state P-f and Q-V relationship for a generation unit to 

meet the transmission system operator (TSO) requirements, and it is also necessary for 

forming an isolated grid.  

The virtual admittance determines the inherent Q-V droop characteristics, and the power 

loop controller of the SPC determines the inherent P-f droop characteristic. Nevertheless, 

outer P-f and Q-V droop controllers are still needed to modify the inherent droop 

characteristics and define the overall droop gains. The schemes for the outer droop 

controllers of a grid connected power converter are shown in Fig. 2.2. Based on the 

synchronization mechanism of the SPC, the grid frequency estimation will be provided by 

the output of the power loop controller. KDP and KDQ define the droop gain for each 

controller. In practice, dead-bands can be used in the droop loops to disable the droop 

controllers around the nominal voltage and frequency values. 
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Fig. 2.2. Voltage and frequency primary control.  

 

2.2 Differentiating SPC from Other SGEC 

Methods 
Compared to other SGEC methods, the main features of SPC can be generalized as 

follow: 

1- PLL-less power-based grid synchronization  

2- Power loop controller for inertia emulation with multiple options 

3- Virtual admittance 

4- Multiple and selective virtual admittances 

5- Multiple and selective power loop controllers 

The first four points (marked in bold) are addressed in this dissertation. In detail, the first 

two points are shown in Chapter 4 and 5, while the latter two points are shown in Chapter 

3. 

2.2.1 PLL-less power-based grid synchronization 

A SPC-based power converter synchronizes with the grid through a synchronization 

system based on power balancing instead of estimating the grid voltage phase-angle. The 

presented system stems from the principle that a power converter can interact with the grid 

like a synchronous generator, where the balance between the power generation and 

consumption is naturally kept through the speed variation of the rotor.  

The mathematical model of the active power control loop of the SPC is shown in Fig. 

2.3. It is a generalized modeling of the active power control mechanisms based on the 

control structure of Fig. 2.1.  

The synchronous angular speed ω is adjusted according to the error in the power 

converter’s power balance regulation, which will further modify the load-angle δ to regulate 
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generated active power. In this way, even though the grid voltage phase-angle θgrid is 

unknown and can be variable in a realistic operation, ω can always be adjusted to eliminate 

the power control error, and meanwhile maintains the synchronization with the grid 

frequency ωg. GPLC(s) represents the transfer function between the active power control 

error, ΔP, and ω, and Pmax is the gain between δ and the generated active power P, which is 

defined in (2.3).  
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Fig. 2.3. Mathematical model of the SPC’s active power control. 

Therefore, the power converter’s synchronization is not realized by a direct voltage 

characteristics estimation loop, like a phase-locked loop (PLL) or a frequency-locked loop 

(FLL), instead, the power loop controller, virtual admittance and current controller work 

altogether to achieve the power converter synchronization based on a power balance 

principle in the virtual rotating system.  

Unlike the conventional power converter controllers, which require a dedicated 

synchronization block (PLL or FLL) and a dedicated power controller, the power control 

loop of the SPC performs synchronization as well as active power control, as naturally 

occurs in a synchronous machine. In this way, it is possible to provide inertial characteristics 

to the power converter by properly configuring its power loop controller, while a PLL is 

not used. This is a clear advantage, since the power converter will be able to operate without 

being affected by any malfunction of the PLL [14], [15]. In cases of grid faults, a power 

system can experience sudden phase-angle jumps, which produces a transient in the PLL, 

and further undesired peculiar transients in the current controller. By using the SPC, the 

control dynamics are not affected by the genuine dynamics of the PLL or the FLL.  

2.2.2 Power loop controller for inertia emulation 

Unlike those proposals that implement inertia by using an extra control loop [20]–[23], 

the SPC defines inertia in the power loop controller. Hence, the inertial effect is not 

dependent on the estimation of the frequency in the connection to an external grid. When a 

SPC-based power converter is disconnected from the main, it is able to maintain an islanded 

operation mode, without switching to any additional control scheme, and keep showing 

inertial characteristics. 

It is worth noting that the structure of the power loop controller, GPLC(s), can have 

multiple options as long as it leads to a closed-loop transfer function that is similar to:  
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which is the second-order transfer function based on the swing equation (2.5). In detail, the 

denominator of the resulting transfer function should maintain the second-order canonical 

form shown in (2.12) in order to calculate proper values for the natural frequency and 

damping factor of the transfer function, and thereby emulating given values for the inertia 

and the damping characteristics. This topic will be further discussed in Chapter 4. 

2.2.3 Virtual admittance  

Regarding design of the power converter’s inner control loops, direct modulation, as in 

[25]–[36], or voltage-current double-loop controller, as in [37], [38], could be used. 

However, direct modulation is unable to limit the converter output voltage or injected 

current, and the double-loop solution also poses several issues, such as the voltage source 

fighting in parallel connected power converters. Besides, these strategies do not emulate the 

output impedance of synchronous machines, and thus do not naturally contribute to load 

sharing, and need impedance estimation when the converter is connected to low X-R ratio 

networks. Since the impedance estimation becomes challenging when several generation 

units are connected in parallel, it is useful to emulate the output impedance of synchronous 

machines in the control design. 

The SPC uses a virtual admittance structure in its inner loops. The overall power transfer 

impedance can be dominated by the virtual admittance as long as the short circuit ratio 

(SCR) is not too small. Therefore, impedance estimation in low X-R ratio networks is not 

needed, since the virtual admittance presents a dominantly inductive characteristic with an 

X-R ratio much greater than 1. Moreover, the use of a back-up PLL as in [14] for start-up 

or severe fault conditions is not necessary thanks to the adjustable virtual admittance, which 

avoids complexity in the control design. 

There are mainly two ways to emulate the stator impedance of synchronous machines, 

i.e., by implementing either a virtual impedance or a virtual admittance, as shown in Fig. 

2.4. 

In many works published in the literature [10], the stator output impedance of 

synchronous machines is emulated by means of using a virtual impedance structure, as 

shown in Fig. 2.4(b), and it can be written as: 

 )( sLRievref  . (2.13) 

The time derivative operator in (2.13) causes difficulties in practice. It has various forms 

for practical implementation. In order to deal with the derivative term contained in the 

structure, a low-pass filter can be added to process the current measurement, or a 

fundamental frequency inductor (𝑗𝜔𝑠𝐿) can be used as a compromise. With a low-pass filter, 

the accurate emulation of the impedance cannot be achieved due to phase shifts and delays. 
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Besides, the fundamental frequency inductor is not effective in the whole frequency range 

[45]. 

In contrast, the SPC contains the virtual admittance shown in (2.8) and in Fig. 2.4(a), 

which is a low-pass structure by itself. It uses a voltage measurement to generate a current 

reference, and does not contain any derivative operator for processing voltage measurement, 

which does not entail difficulties regarding practical implementation.  
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Fig. 2.4. Two strategies for emulating the electrical part of synchronous machines: (a) VSC based on 

virtual admittance (a main feature of the SPC), and (b) VSC based on virtual impedance. 

Moreover, another advantage of the admittance structure lies in the implementation of 

the inner loops. Only a current control loop is needed in the virtual admittance structure, 

while for virtual impedance implementation, a voltage-current cascaded double control loop 

is necessary. It can be expected that the tuning of the controllers becomes more difficult 

when voltage and current controllers are both needed to avoid dynamics coupling between 

the voltage and current loops. The bandwidth of the impedance loop has a relatively small 

high bound, since it is limited by the inner control loops. Then the fast voltage support is 

hence difficult to be achieved. Therefore, a greater delay occurs in the inner loops if the 

virtual impedance (2.13) is used. 

The virtual admittance also contributes to the start-up of the SPC-based power 

converters. By a proper conditioning of the admittance parameters, namely R and L, a 

smooth start-up and grid connection can be achieved.  

Fig. 2.5 shows a simulated start-up process as an example. In order to limit the current 

transient at the moment of connecting the power converter to the grid, the initial values for 
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R and L are set significantly greater than the nominal ones, as Fig. 2.5(c) and (d) show.  

In Fig. 2.5, the power converter is connected to the grid and its current control is enabled 

to make the injected current equal to zero at 0.11 s. As Fig. 2.5(a) shows, the injected current 

experiences a short transient in the power converter connection, however the current 

magnitude is within an acceptable range thanks to the high value set to the R and L before 

the connection. The grid synchronization of the power converter is completed at 0.35 s. 

From such a time, the values of R and L start to be reduced gradually to their nominal values 

during 1 s. Once the nominal values of R and L are reached, at 1.6 s, the converter can 

operate normally and increases the active power injection to its nominal value, as Fig. 2.5(b) 

shows.  
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Fig. 2.5. Grid connection start-up process of a SPC-based power converter using virtual admittance 

conditioning: (a) current injected by the power converter, (b) active and reactive powers injected by 

the power converter, (c) the value of the virtual resistance, (d) the value of the virtual inductance. 

A zoom-in of the start-up process at 0.05 s < t < 0.35 s is shown in Fig. 2.6, in which the 

details of synchronization process are shown. As shown in Fig. 2.6(c) and (d), both 𝛼 and 

𝛽 components of the virtual electromotive force e are gradually shifted to be synchronized 

with the grid voltage v in several grid cycles. 

It is worth mentioning that the transition time parameters can be predefined in the 

embedded power converter controller or given by other high-level controllers. 
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Fig. 2.6. Grid synchronization process of a SPC-based power converter: (a) current injected by the 

power converter, (b) active and reactive powers injected by the power converter, (c) inner virtual 

synchronous frequency and grid voltage on α-axis, (d) inner virtual synchronous frequency and grid 

voltage on β-axis. 

2.2.4 Multiple and selective virtual admittance  

Based on the SPC, the stator output admittance can be virtually implemented as (2.8), 

and then several admittances can be used for processing different voltage components. For 

example, an asymmetrical faults can occur in the electrical grid, which results in unbalanced 

voltage sags. In order to support the unbalanced grid voltage, both positive- and negative-

sequence reactive currents should be injected during the asymmetrical fault. Therefore, 

different impedance values (L and R) for the positive- and negative-sequence voltages can 

be used in order to achieve different levels of positive- and negative-sequence reactive 

current injection during the unbalanced voltage sags. This topic will be further discussed in 

Chapter 3. 

 

2.3 Summary of the Chapter 
The SPC emulates and enhances the electrical and mechanical parts of actual 

synchronous machines, and presents characteristics such as virtual inertia, damping and 
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output impedance. It includes multiple control loops, which are, from the inner to outer, the 

PWM, the current control, the virtual admittance, the VCO and the power loop control.  

Compared to other methods that emulate synchronous machines, the SPC shows practical 

advantages in the synchronization mechanism, inertia emulation method, and inner loops 

controllers. Moreover, the SPC offers an original capability of performing selective control 

for different current components. These features will be elaborated and demonstrated in the 

Chapters 3 to 5.  
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The Virtual Admittance 
 

 
 

his chapter develops a virtual admittance control structure, which is an essential part 

of the Synchronous Power Controller (SPC). Except for the emulation of the output 

impedance of the synchronous generators, extra function of voltage support under 

asymmetrical grid faults is also added. Since the implementation of virtual 

admittance entails an inner current loop controller, a unified current loop tuning approach 

is also developed in this chapter. 

 

3.1 The SPC’s Virtual Admittance 
According to grid code requirements, grid connected power converters have to be capable 

of getting through grid fault scenarios in order to let generation units keep connected to the 

grid under such adverse conditions, and further provide ancillary services to support the 

grid voltage and frequency. This chapter presents a virtual admittance controller aimed to 

provide voltage support under asymmetrical grid faults. By using independent and selective 

admittances for positive- and negative-sequence current injection, the unbalanced voltage 

can be significantly conditioned during asymmetrical faults. This controller is based on the 

general control framework of the SPC, which is able to emulate and enhance the electrical 

and mechanical characteristics of synchronous generators. 

3.1.1 Tri-path selective admittances 

The SPC’s virtual admittance block, as Fig. 2.1 in Chapter 2 shows, defines an output 

admittance for the power converter equivalent to the output impedance of a synchronous 

generator. The admittance structure used in the admittance block can be written as: 

 
sLR

ve
i




* . (3.1)  

As an enhancement to the output impedance of a synchronous generator, multiple and 

selective admittances are proposed to be built up in this block, as shown in Fig. 3.1.  

T 
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Fig. 3.1. Virtual admittance block for positive- and negative-sequence current injection. 

In many cases, the asymmetrical faults that occur in the electrical grid result in 

unbalanced voltage sags. In order to support the unbalanced voltage, both positive- and 

negative-sequence current should be injected during the faults. Therefore, different 

impedance values for the positive- and negative-sequence signals can be used in order to 

achieve different levels of positive- and negative-sequence current injection during the 

voltage sags. 

 In Fig. 3.1, L1 and R1 are the inductance and the damping resistance of the impedance 

for the positive-sequence voltage components at the fundamental frequency, while L2 and 

R2 are the ones for the negative-sequence signals at the fundamental frequency. The rest of 

the voltage components goes through a third admittance branch (L3 and R3), which is named 

as transient admittance. Considering the possible delay of the filtering stages, this third 

branch will present a controlled impedance feature during transients. Therefore, the 

positive- and negative-sequence voltage support possess the same gain during the transient, 

which is determined by L3. In addition, the injection of harmonic currents is also determined 

by this transient admittance, although additional selective band-pass filters and 

corresponding harmonic impedances might be also implemented. Above all, the current 

reference generated by the virtual admittance block of Fig. 3.1 results from the sum of three 

components, that is: 

 *

trans

***
iiii  

. (3.2) 

The proposed virtual admittance has several advantages compared with the physical 

stator impedance of synchronous generators. Firstly, the positive- and negative-sequence 

voltages are decomposed and processed through difference admittances. Further, the delay 

effect of the positive- and negative-sequence components calculation is considered and 

hence a third general admittance branch is included as a compensation. Moreover, the 

admittance values of each branch can be online adjusted to meet the requirements in the full 

operation stage. In detail, the admittance values can be specified much smaller than the 

nominal ones during grid connection operations to avoid large transient currents caused by 

the transient lack of synchronization between the grid voltage and the converter inner-built 
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electromotive force. Then the admittance values can be conditioned to the nominal ones 

within a specified time of transition. 

For separating the positive- and negative-sequence signals, sequence band-pass filters 

are needed in a former stage. The design of this sequence band-pass filters for this objective 

has been addressed in many works, such as [69]. In this PhD dissertation the method used 

is based on the Dual Second-Order Generalized Integrator (D-SOGI), which can be 

expressed as: 

 
αβαβ vv 







 


dq

qd

ff

ff

2

1 , (3.3a) 

 
αβαβ vv 












dq

qd

ff

ff

2

1 , (3.3b) 

where the resonant and quadrature output of the SOGI are used to generate the positive- and 

negative-sequence signals. fd(s) and fq(s) in (3.3) have the transfer functions as: 
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where kbw is the bandwidth parameter and ω is the center frequency. 

3.1.2 Design considerations 

The virtual admittance block has to be carefully designed in order to achieve the desired 

performance in both normal operation and voltage sag conditions. Moreover, in addition to 

meet requirements regarding magnitude of the current injection to be injected during the 

voltage sags, the time response should also be considered. 

A. Requirements of grid codes 

Different requirements of reactive current injection during voltage dips can be found in 

grid codes. Normally, the proportional gain between the reactive current to be injected, Iq, 

and the voltage drop magnitude, V, is defined to set the minimum requirement for the 

voltage support, which can be written as: 

 
puq

pu

q VkI  . (3.5) 

In this PhD dissertation, a convention of the sign of the reactive current is defined to let 

the reactive power have a positive value under leading operation, and hence a negative value 

under lagging operation. In this way, as shown in (3.5), the injected reactive current has a 

positive value when the grid voltage drops. 
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In the E.ON grid codes, a proportional gain for reactive current injection, kq, is required 

to be equal to or greater than 2, and the operational region for voltage regulation has a higher 

bound of 1.2VN , being VN the rated grid voltage, which provides voltage limitation as well 

as voltage support, and a dead band of ±5% around VN [70]. 

In the REE (the Spanish electrical grid operator) grid codes, it is required that the voltage 

support by reactive current injection should be activated once the voltage is lower than 85% 

of its rated value, and the reactive current should reach 90% when the voltage is lower than 

50% of its rated value [71]. Based on these critical points, the proportional gain for reactive 

current injection, kq, is calculated to be equal to or greater than 2.57. 

Regarding the cases of asymmetrical faults (according to the ENTSO-E grid codes), the 

fault-ride-through capabilities should be defined by each TSO, while respecting the 

provisions of the national regulatory authorities [16].  

One example of the requirement of the negative-sequence current injection can be found 

in the German grid codes VDE-AR-N 4120 [72], where it is required a proportional gain k2 

between the magnitude of the negative-sequence current and the negative-sequence voltage 

given by: 

 )05.0(2   VkI  , (3.6) 

where k2 represent the regulation gain, required to be within the range of 0 to 10, and ΔV - 

is the incremental change of the magnitude of the negative-sequence voltage. As a 

complement of this relationship, there is a saturation for the magnitude of the negative-

sequence current I - at 1 p.u.. 

Moreover, the following specifications can be found in the grid codes regarding 

requirements of the time response of the voltage support.   

In the E.ON grid codes, it is stated that the voltage support service of the generation unit 

needs to be activated when a voltage dip of over 5% of the rms value of the generator voltage 

occurs, and the voltage support should occur within 20 ms after fault detection.  

In the REE grid codes, it is required that the reactive current injection should be provided 

within 150 ms after the beginning or clearance of the fault. During this time window, the 

consumption of reactive power is forbidden as long as the rms voltage drops below 

0.85 p.u.. 

B. Design of the virtual admittance 

The virtual admittance of the SPC naturally brings a proportional relationship between 

the magnitude of the grid voltage drop and the amount of injected reactive current. The 

interchanged reactive power between two voltage sources e and v through an impedance 

can be modeled by (2.4) in Chapter 2. Therefore, the reactive current injected by the 

generator will be: 
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Therefore, the incremental amount of the injected reactive current will be proportional to 

the change in the voltage magnitude, namely: 
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In case of SPC-based grid connected power converters, the value of X can be specified 

simply by setting the value of the inductance in the virtual admittance block. In order to 

specify a proper value for such a reactance, the per-unit value of X is considered and defined 

as: 
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Then (3.8) can be expressed in per unit as: 
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Based on the knowledge on traditional power systems, a typical value for the output 

impedance of a synchronous generator, Xpu can be chosen around 0.3. Then, according to 

(3.10), the resulting proportional gain, kq, is calculated to be 5.77. Fig. 3.2 shows the voltage 

support characteristics when Xpu = 0.3 compared with the E.ON and REE grid codes. It can 

be observed in this figure that the resulting voltage support characteristic is above the 

requirements of both grid codes. 
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Fig. 3.2. The voltage support characteristics when Xpu = 0.3 compared with the grid codes’ 

requirements. 

Therefore, Fig. 3.2 gives a clue for specifying the values of the positive-sequence 

admittance, i.e., the first branch in Fig. 3.1. For the purpose of meeting the grid code 

requirements, the value of L1 can be calculated based on (3.9) once Xpu is set. The value for 

R1 can be chosen through a dynamic study of the admittance transfer function (1st order low-



34 3. The Virtual Admittance 

 

 

pass filter) to yield a desired bandwidth with sufficient damping. Since the proportional 

gain for negative-sequence current injection can be chosen in a range as indicated by (3.6), 

L2 might be set different from L1. 

The time response of the virtual admittance block has to be fast enough to achieve an 

effective voltage regulation. The virtual admittance block contains three selective 

admittances as shown in Fig. 3.1, for positive-sequence, negative-sequence and transient 

current regulation, respectively. The transfer function for each branch has the same form 

and can be generalized as:  
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Since in this application the input signals for the admittances Δv can be assumed 

sinusoidal, the time response can be estimated by the response of the magnitude of the two 

output signals that are generated by giving two sinusoidal input signals in quadrature. The 

expression is written as: 

 )()()( 22 ththth
vvV 

 , (3.12) 

where hvα(t) and hvβ(t) are the responses to the sinusoidal input signals on α- and β-axis, 

respectively, and they can be calculated by the convolution: 

 )()( thvthv  * , (3.13a) 

 )()( thvthv  * , (3.13b) 

where hδ(t) is the system impulse response, and vα and vβ are: 

 )cos( tVv   , (3.14a) 

 )sin( tVv   . (3.14b) 

In practice, the settling time of hV(t) has to be calculated with discretized signals 

(discretized input signal with finite length and discretized transfer function). Providing the 

calculated response is written as: 

 )()()( 22 khkhkh
vvV 

 , (3.15) 

then the settling time can be calculated by: 
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where Ts is the discretizing sampling time, n the total number of the points of the discretized 

signal, and εs the defined steady-state band. 

Specifying the values for Rpu and Xpu to be 0.1 p.u. and 0.3 p.u., respectively, the settling 

time for the admittance expression, 
1

𝑅+𝑗𝑋
, is 21.6 ms, which is calculated according to the 

aforementioned method, with εs = 0.1. This settling time can indicate the response of the 

transient admittance branch, namely, the second branch of the virtual admittance block in 

Fig. 3.1. For the other two branches that deal with positive- and negative-sequence voltages, 

the time response is also dependent on the filtering stage of the virtual admittance block (as 

shown in Fig. 3.1). The time response of the sequence filtering stages can be determined 

from (3.3) and (3.4).  

Fig. 3.3(a) shows the response of the sequence filter for the negative-sequence rms 

component for different values of the bandwidth parameter kbw.  

According to (3.4), the response for the positive-sequence component will have the same 

characteristics in time. Therefore, by tuning the kbw in (3.4), the speed for separating the 

positive- and negative-sequence components of the grid voltage can be easily adjusted. 

Fig. 3.3(b) shows how the dynamics of the positive- and negative-sequence current 

injection during asymmetrical faults is mainly determined by the sequence filtering stage, 

since the admittance time response is very fast and does not add almost any delay. 
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Fig. 3.3. The time response of (a) the sequence filtering stage of the virtual admittance block under 

different values of kbw, and (b) the virtual admittance block when kbw = 0.3. 

3.1.3 Test results of the SPC’s virtual admittance 

A. Simulation Results 

Simulation tests based on a digital implementation of the proposed controller are 

presented firstly in this section. A 100 kW two-level three-phase converter connected to a 

400 V / 50 Hz grid through a grid link filter is modeled for simulation, as shown in Fig. 3.4. 

The key parameters for the test setup and controller are listed in Table 3.1. This simulation 

test system is presented in detail in the Appendix A.1. 

The event considered in this simulation test is a 0.43 p.u. of voltage sag in one of the 

phases of the ac source, and it lasts for 200 ms. According to the aforementioned grid codes, 

the power converter should remain connected to the grid under such unbalanced voltage 

drop and the voltage support should be also triggered.  
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Fig. 3.4. 100 kW grid connected power converter simulation test system. 

Table 3.1 Key parameters of the 100 kW SPC-based power converter 

Description Symbol Value 

dc voltage  Vdc 750 [V] 

sag generator equivalent inductance   Ls 800 [μH] 

switching frequency fsw 3150 [Hz] 

virtual resistance  Rpu 0.1 [p.u.] 

virtual reactance  Xpu 0.3 [p.u.] 

sequence filtering stage bandwidth  kbw 0.3 

SPC’s virtual inertia constant  H 5 [s] 

SPC’s virtual  damping factor  ξ 0.7 

 

A generalized expression for the current reference generated by the virtual admittance 

block can be written as: 

 )(
1

trans

*
ΔvΔvΔvi transnegpos AAA

LsR



  , (3.17) 

where L and R are the unified inductance and resistance that can be calculated based on the 

specified Xpu and Rpu.  

In order to set different values for each sequence admittance in the virtual admittance 

block, the unified value of resistance and inductance can be modified by different 

coefficients, as shown in (3.17). In this way the admittance value for each branch can be 

simply defined by specifying value for the coefficients Apos, Aneg and Atrans. Therefore, the 

inductance and resistance in each branch have the values shown in Table 3.2. 
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Table 3.2 The inductance and resistance in each branch 

Description Symbol Value 

positive sequence resistance R1 R/Apos 

positive sequence inductance L1 L/Apos 

negative sequence resistance R2 R/Aneg 

negative sequence inductance L2 L/ Aneg 

transient resistance R3 R/Atrans 

transient inductance L3 L/ Atrans 

 

Once Xpu and Rpu are set to meet requirements in reactive current injection during the 

faults, Apos can be set to 1 by convenience.  

In the experiments, two different sets of values for the virtual admittances are specified. 

In the first case, the value for Aneg was set to 10, which is a significantly greater value than 

the ones for Apos and Atrans (which were both set to 1 by convenience), to clearly boost the 

negative-sequence current injection in case of unbalanced faults. In contrast, the value for 

Aneg was set to 0.1 in a second case to limit the injection of negative-sequence current 

injection during unbalanced faults. These very different values for Aneg, namely 10 and 0.1, 

were chosen in this study case to clearly evidence the effect of the negative-sequence 

admittance value during unbalanced faults However, in real applications, Aneg should be 

determined according to the TSO requirements on the ratio between V - and I -. 

Working with the first set of values, i.e. with Aneg = 10 Apos, it can be clearly appreciated 

in Fig. 3.5 how the power converter provides a significant support to recover the voltage at 

the point of common coupling (PCC) (regarding both magnitude and symmetry recovery). 

By using such a large value for the negative-sequence admittance, the unbalanced voltage 

at the PCC is almost compensated as Fig. 3.5(b) shows. The highly unbalanced current 

injected to the grid, shown in Fig. 3.5(c), denotes its large negative-sequence component. 

Considering the second set of values, a small value for the negative-sequence admittance 

is used, Aneg = 0.1 Apos, and hence the converter injects a very limited amount of negative-

sequence current during the unbalanced fault, which is denoted by the relatively balanced 

current waveforms shown in Fig. 3.6(c). As a result, the PCC voltage unbalance is almost 

not compensated during the unbalanced grid fault as Fig. 3.6(b) shows. Setting a low value 

for Aneg can be needed in practice considering current limitations of the power converter. 

Hence, small size power converters will be mainly responsible for positive-sequence current 

injection. 
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Fig. 3.5. Response of the SPC-based power converter under an asymmetrical grid fault when Apos = 

1, Aneg = 10Apos: (a) grid voltage, and (b) PCC voltage, (c) current injected by the converter.  
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Fig. 3.6. Response of the SPC-based power converter under an asymmetrical grid fault when Apos = 

1, Aneg = 0.1Apos: (a) grid voltage, and (b) PCC voltage, (c) current injected by the converter. 
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     The rms value for the positive- and negative-sequence components of the voltage at the 

PCC and the injected current are shown in Fig. 3.7.  
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Fig. 3.7. Comparison of the unbalanced voltage support effect of the SPC-based power converter 

under different negative-sequence virtual admittances: (a) positive sequence PCC voltage rms, (b) 

negative sequence PCC voltage rms, (c) positive sequence current rms, (d) negative sequence current 

rms. 

Fig. 3.7(a) shows that the positive-sequence voltage is properly supported by the SPC-

based power converter with virtual admittance. The drop of the positive-sequence voltage 

component at the PCC is 8.5% when the power converter is activated, in comparison with 

14.1% when the power converter is blocked. Fig. 3.7(b) demonstrates a significant 

compensation of the unbalanced effect. When Aneg = 10, the per-unit rms voltage of the 

negative-sequence at the PCC during the fault is only 2.35%, a value much smaller than 

14.6%, which is the per-unit rms voltage of the negative-sequence component of the voltage 

at the main grid. Fig. 3.7(d) shows that the rms value of the negative-sequence current 

injected during the unbalanced fault can be simply adjusted by changing the values for the 

negative-sequence admittance, i.e. Aneg. Fig. 3.7 also shows that the reaction of the converter 

in presence of the unbalanced fault is less than 20 ms and gets settled within 100 ms, which 

meets the the grid codes requirements. 

Fig. 3.8 shows the effect of the transient admittance branch in the proposed virtual 
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admittance block. Atrans is set to 0 and 1 in two different study cases, while Apos is set to 1 

and Aneg is set to 10 in both cases. As seen from the Fig. 3.8, the transient admittance 

contributes to a faster response when the unbalanced fault takes place. The injected current 

responds faster when the transient admittance is enabled, and both positive- and negative-

sequence components of the PCC voltage present a smoother change than in case of 

disabling the transient impedance. The coherence of the steady-state profiles in each scope 

of Fig. 3.8 shows that the static performance is not affected by the transient admittance.  
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Fig. 3.8. Effect of the transient admittance branch under an asymmetrical grid fault: (a) positive 

sequence PCC voltage rms, (b) negative sequence PCC voltage rms, (c) positive sequence current 

rms, (d) negative sequence current rms. 

B. Experimental Results 

Fig. 3.9 shows the block diagram experimental setup for asymmetrical grid fault tests, 

where two 100 kW two-level three-phase power converters with the same specifications are 

connected in parallel and to the utility grid through a sag generator. A dc power source 

supplies both converters. The parameters for the experimental setup and controllers are the 

same as the ones used in simulation, shown in Table 3.1. The event considered in the 

experiments is the same with the simulation tests, namely, a voltage sag of 0.43 p.u. in one 

of the phases of the ac grid. This experimental setup is presented in detail in the Appendix 

B.2. 
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Fig. 3.9. Experimental setup for unbalanced voltage sag tests. 

In a first experiment, only one of the two converters is connected, and Apos, Aneg, and Atrans 

are set to 1, 10 and 1, respectively. The voltage and current waveforms at the PCC during 

normal working and under fault conditions are shown in Fig. 3.10. In this experimental test, 

the voltage sag is started and ended manually and the sag lasts from 6.4 s to 14.4 s.  
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Fig. 3.10. Single SPC-based converter working. The PCC voltage and current injection when Apos = 

1 and Aneg = 10Apos: (a) the whole experimental process, (b) prior to the fault, (c) during the fault. 

Fig. 3.10(a) shows the envelope of the PCC voltage and converter injected current before, 

during and after the fault. A zoom-in of the pre-fault voltage and current waveforms are 
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shown in Fig. 3.10(b), while the zoom-in voltage and current waveforms during the fault 

are shown in Fig. 3.10(c). These plots evidence how the PCC voltage is well supported 

during the unbalanced fault. There are only minor visible differences in the voltage 

waveforms magnitude before and during the fault. Therefore, it is demonstrated how the 

injected negative-sequence current results in relatively balanced voltage waveforms at the 

PCC. 

The recorded data from the oscilloscope were plotted in Fig. 3.11 in order to check the 

power converter dynamics and a quantitative evaluation of the injected positive- and 

negative-sequence currents. The positive- and negative-sequence components of the PCC 

voltage are also calculated. 
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Fig. 3.11. Single SPC-based power converter working. Transient response after the start of an 

unbalanced sag: (a) voltage at the PCC, (b) positive- and negative-sequence voltage rms, (c) current 

injected by the converter, (d) positive- and negative-sequence current rms. 

From the profiles of the rms current of the positive- and negative-sequence components, 

as Fig. 3.11(d) shows, the fast reaction of the power converter to support the unbalanced 

grid voltage can be appreciated. The positive- and negative-sequence current raised to 68% 

and 62% of the steady-state value, respectively, just 20 ms after of the fault start. 

In a second experimental test, both converters are connected to the grid in order to test 

current sharing performance in front of common disturbances. The positive- and transient-

admittance values were set the same for both converters, while different values for Aneg were 
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set for the two power converters, i.e., Aneg = 10 Apos and Aneg = 0.1 Apos, respectively. 

Fig. 3.12 shows the difference in the current injection of the two power converters when 

different values for Aneg are set in both converters. For the converter 1, with Aneg = 10, the 

injected current during the fault has unbalanced waveforms as Fig. 3.12(c) shows, since it 

contains a large amount of negative-sequence component. While for the converter 2, with 

Aneg = 0.1, the injected current during the fault is relatively balanced, due to the small rate 

of negative-sequence current injection. Thanks to the combined support provided by both 

converters, the voltage at the PCC does not experience a significant change in magnitude 

during the grid fault, which can be seen by comparing Fig. 3.12(b) and (c).  
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Fig. 3.12. Two SPC-based converters working with different negative-sequence virtual admittances. 

The PCC voltage and current injection: (a) the whole experimental process, (b) prior to the fault, (c) 

during the fault. 
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Fig. 3.13 compares the rms value of the current injected by both converters. Since both 

of them have the same value for Apos, the rms value of the positive-sequence current 

component is at the same level in both converters. However, the negative-sequence rms 

current profiles for both converters exhibit a clear difference in magnitude. It practically 

demonstrates that negative-sequence current sharing among paralleled converter can be 

easily adjusted by just setting proper values for Aneg in each of them. 
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Fig. 3.13. Two SPC-based power converters working with different negative-sequence virtual 

admittances. The transient responses after the start of an unbalanced sag: (a) voltage at the PCC, (b) 

current injected by the converter 1, (c) current injected by the converter 2, (d) rms of the positive- and 

negative-sequence current injected by the converter 1, (e) rms of the positive- and negative-sequence 

current injected by the converter 1. 

Fig. 3.14 shows the rms profile of the positive- and negative-sequence components of the 

voltage at the PCC and the currents injected by two power converters with different 

negative-sequence virtual admittances. The positive-sequence voltage drop at the PCC, as 
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Fig. 3.14(a) shows, is equal to 8.3% of its rated value, which is much smaller than the 

positive-sequence grid voltage drop, which is equal to 13.8%. Since the two converters have 

the same value for Apos, the steady-state value of I1
+ and I2

+ are close each other as Fig. 

3.14(c) shows. However, converter 1 injects much more amount of negative-sequence 

current than converter 2 as Fig. 3.14(d) shows, due to the high value set for Aneg in the 

former. The negative-sequence voltage component at the PCC increases by 5.2% during the 

fault. It is worth noting that even though the negative-sequence voltage component at the 

PCC, as Fig. 3.14(b) shows, is 5.2%, which is smaller than the one in grid voltage (14.6%) 

during the unbalanced fault, it is greater than the one in the former experiment, when 

converter 2 was not connected (1.9%). Therefore, the relative influence of converter 1 on 

the PCC voltage is reduced due to the participation of converter 2. 
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Fig. 3.14. Two SPC-based converters working with different negative-sequence virtual admittances. 

Comparison of the negative-sequence current injection of the two converters during an unbalanced 

sag: (a) positive sequence PCC voltage rms, (b) negative sequence PCC voltage rms, (c) positive 

sequence current rms, (d) negative sequence current rms. 

Based on the steady-state rms value for the positive- and negative-sequence voltage and 

current components, the actual gain of the negative-sequence current injection (ΔI -/ΔV -) 

obtained from experimental results can be calculated. The actual gains for the two 

converters are visualized in Fig. 3.15 and compared with requirements in the VDE grid 

codes (considering a 5% dead-band for each one). As it can be observed in Fig. 3.15, the 

characteristics of the two converters are within the range of the grid codes requirements (the 

shadow area). 
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Fig. 3.15. Two SPC-based power converters working with different negative sequence virtual 

admittances. The V - - I - slope of the two converters compared with the VDE grid codes.  

 

3.2 Inner Current Loop Controller  
The performance of the current controller is critical for the implementation of the virtual 

admittance. Besides, considering that a current regulating loop is largely employed in 

various kinds of control strategies for grid-tied converters [73]–[75], a generalized and 

optimized approach for tuning the current controller of power converters is needed.  

Regarding current regulators, the Proportional Resonant (PR) controller on the stationary 

frame has been used in different applications showing its effectiveness [76]–[81]. 

Compared with the proportional integral (PI) controllers on the synchronous frame [82], 

[83], the advantages of PR controller include the reference frame transformation with 

reduced computational burden in digital implementation [84], the simplicity in 

positive/negative sequence and harmonics control [85], and zero steady-state error in single-

phase systems. Moreover, the grid synchronization algorithm applied in the stationary 

reference frame control paradigm is dependent on grid frequency, which is more stiff than 

the grid voltage phase-angle [86]. 

The influence of the PR controller gains on the characteristics of the power converter 

response has been well analyzed in [85], [87], [88]. The tuning of the controller gains is 

critical for the stability and dynamics of the system. The root-locus-based method is an 

option to determine the controller gains by fixing the closed-loop poles [88]–[90]. However, 

the criteria to determine the location or boundaries of the poles are not thoroughly reported.  

Determining the controller gains based on crossover frequency and phase margin is 

another common approach [2], [91]. Nevertheless, how to determine phase margin and 

crossover frequency is not discussed in detail. It is suggested to keep the crossover 

frequency a decade below the switching frequency in [92]. In [2], the crossover frequency 

is fixed at the mathematical higher bound under a fixed phase margin, and a phase margin 

of 40 degree is suggested. While in [93], a phase margin between 30 and 60 degree with a 

gain margin above 6 dB is seen to be proper. In general, different criteria have been applied 
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for specifying the phase margin and crossover frequency of the inner current loop controller 

of power converters. 

In high power applications, the control bandwidth of the power converter can be 

significantly reduced due to the reduced switching frequency [94]. As a result, an optimized 

tuning becomes more favored. Moreover, the effect of the grid connection filter is not 

negligible in the design of controllers. However, it can lead to a considerable complex 

system [95], [96]. Even if simplified modeling of the filter is found in existing control tuning 

techniques [78], [97], [98], the boundaries of the approximation needs to be justified, hence 

it cannot serve as a generalized method. 

This section proposes a unified current loop tuning approach for grid connected power 

converters. The calculating algorithm based on crossover frequency and phase margin is 

used. Different from the existing studies, the determination of crossover frequency and 

phase margin is analyzed in detail to optimize the tuning. Instead of applying the phase 

margin and crossover frequency by classical experience, the controller gains can be tuned 

with more consideration of the actual system in each application. The relationship among 

controller gains, phase margin and crossover frequency are given in discrete-time domain 

for easy digital implementation and simple calculation. Besides, for an accurate estimation 

of the characteristics of the system, the open-loop transfer function is fully considered 

without the approximation of the transfer function of the controller or grid filter. 

3.2.1 Modeling of the current loop 

In this PhD dissertation the stationary reference frame control paradigm is employed, and 

the current flowing through the grid side inductor is adopted as the feedback variable.  

The power converter current control loop is modeled as Fig. 3.16 shows.  
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Fig. 3.16. Modeling of the current control loop. 

The PR controller consists of a SOGI with a resonant gain Kr, and a proportional gain Kp. 

Tsw denotes the switching period, and due to the actual digital implementation, the 

computational delay is modeled to be half switching period. The gain of the PWM block is 

1/cPK, where cPK is the peak-to-peak value of the PWM triangular waveforms [91]. Gf(s) is 

the transfer function between the converter output voltage and the controlled current, 

expressed by: 
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It has to be mentioned that the tuning procedure introduced as follow is also applicable 

to power converters when the synchronous reference frame current control is adopted, 

where it only needs to replace the PR controller block with the PI controller in the modeling. 

3.2.2 A unified tuning approach 

A unified current loop tuning procedure is proposed based on the previous modeling, and 

the stability and dynamic performance are analyzed based on numerical models. 

A. Direct discrete-time domain design 

Continuous-time tuning tends to work properly in digital implementations once the 

sampling rate is well above the controller bandwidth [94]. To overcome the limitations in 

digital implementation imposed by continuous-time tuning methods, in this chapter the 

control loop is modeled and tuned in discrete-time domain.  

The transfer function of the PR controller in continuous-time domain GPR(s) is shown as:  

 )SOGI()( sKKsG RPPR  , (3.19) 

where the transfer function of the SOGI is: 
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The methods for discretizing the SOGI structure have been discussed in [99]–[101]. As 

proposed in [101], the two integrators of the SOGI can be discretized separately. Employing 

the backward Euler method to discretize the integrator in the direct channel and the forward 

Euler method for the integrator in the feedback channel, the transfer function of the SOGI 

is discretized in the sampling period Ts and shown as:  
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The transfer function of the plant G2(s) is discretized by the Zero Order Hold (ZOH) 

method. Since all the values of the filter components are known, the discretization can be 

simply done employing a computing language application.  

The open-loop transfer function in discrete-time domain GOL(z) is then expressed as: 

 )()(
1

)( zGzG
c

zG fPR

PK

OL  , (3.22) 
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where Gf(z) is the transfer function of the filter in discrete-time domain. Since the ZOH-

transformation intrinsically introduces a delay corresponding to the PWM computational 

delay [2], the PWM delay is hence included in the open-loop transfer function. 

B. Calculation of the controller gains 

The calculating algorithm based on phase margin and crossover frequency is used. 

According to the definitions, at crossover frequency ωc, the module of the open-loop 

transfer function is equal to 1, and the phase-angle is )180( phm 
, where phm is the 

phase margin. In continuous-time domain, this relationship is shown as:   

 1)( cOL jωG , (3.23a) 

 )(180)( phmjωG ο

cOL  . (3.23b) 

Examples on calculating the controller gains in continuous-time domain with crossover 

frequency and phase margin can be found in [2], [91]. In this PhD dissertation, this 

calculation is done in discrete-time domain.  

In discrete-time domain, the definitions of phase margin and crossover frequency are 

shown as: 

 )(1801)( phmeG οTjω

OL
sc  . (3.24) 

Combining (3.22) and (3.24) and assuming cPK = 1, the below relationship is obtained 

and shown as: 

 )(1801)()( phmeGeG οTjω

f

Tjω

PR
scsc  . (3.25) 

Therefore, the controller gains can be calculated once ωc and phm are fixed. In practice, 

the complex number equation (3.25) needs to be transformed into two real number 

equations by extracting the real part and imaginary part respectively, that is: 

 ])180(1Re[])()(Re[ phmeGeG scsc Tj

f
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, (3.26a) 

 ])180(1Im[])()(Im[ phmeGeG scsc Tj

f

Tj

PR  
. (3.26b)  

If zc is defined to be the value of z when ω is fixed to ωc, then (3.26) is transformed into:  
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where the constant a is written as: 
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C. Tuning of the controller 

The controller gains Kp and Kr can be calculated by solving (3.27), which acts as a 

calculator, however, giving appropriate inputs for ωc and phm requires further analysis.  

For a second-order closed-loop system, the gains can be determined by specifying the 

damping coefficient and the step response settling time as shown in [101]. However, for a 

high order system, the relationship between the dynamics and the controller gains is more 

complex. A usual approach is to make reasonable specification or approximation for the 

open-loop transfer function [2], [91], or particularly, for the model of the grid-connection 

filter [78], [97], [98] to simplify the issue. In the meantime, justifications of the specification 

or approximation have to be given as well as the boundaries of application. In order to 

provide a generic tuning procedure, the closed-loop systems defined by different sets of 

controller gains can be evaluated and compared with each other analytically in terms of 

stability and dynamics.  

In this section the tuning procedure for obtaining a set of optimized controller gains is 

introduced through a practical tuning case. The procedures of the tuning are summarized in 

Fig. 3.17. 
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Fig. 3.17. Executing flow chart of the proposed tuning procedure. 

In the first step, ωc and phm are respectively specified with different values within the 

initial tuning range, and for each set of ωc and phm, a set of Kp and Kr will be obtained 
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through (3.27). Commonly, the phase margin reflects the stability, and the crossover 

frequency reflects the bandwidth. So it is easy to designate an initial tuning range in 

advance. Then different sets of controller gains will be obtained, and each set will lead to 

an open-loop and a closed-loop system. By the assessment on open-loop stability margin, 

closed-loop system transient response and closed-loop band width, each solution is 

evaluated and a refined tuning range is found. 

Even though the phase margin has already been specified in advance for calculating the 

controller gains, it has to be checked again after the system is specified. As mentioned in 

[98], in some scenarios when the PR controller is assigned to track harmonics, additional 

open-loop resonant poles will occur, resulting in the practical phase margin to be lower than 

the specification. 

When the refined tuning range is found, another tuning is executed in a reduced range 

found in the first step, but with a smaller interval of the inputs. In this manner, progressive 

tuning is executed until an optimized solution is found.  

A 100 kW two-level three-phase grid connected power converter, with practical 

parameters as shown in Table A.2 in Appendix A.1, is used to illustrate the tuning method. 

The grid link filter for this system is an LCL-trap filter [95], [96], which is described in the 

Appendix A.2.  

The control requirements in this case are shown in Table 3.3, where settling time and 

overshoot are the ones calculated from the closed-loop system transient response, which is 

written as (3.15). The settling time is calculated by (3.16), and the overshoot is calculated 

by: 
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os
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P . (3.29) 

Table 3.3 Tuning limits for the current controller 

Parameter Limit 

Settling time  <25 [ms] 

Overshoot  <15 [%] 

Gain margin  >5 [dB] 

Phase margin  >35 [º] 

 

Fig. 3.18 is plotted by specifying different values to ωc and phm in a large range, and for 

each obtained solution of Kp and Kr, the open-loop stability margin, settling time tss and 

overshoot of the closed-loop unitary step response, and closed-loop band width are 

calculated. Fig. 3.18(a) and Fig. 3.18(b) show the influence of ωc and phm on the 

performance of the system, respectively. 



3.2  Inner Current Loop Controller 53 

 

 

 
(a) 

 

(b) 

Fig. 3.18. Influence of ωc and phm on the performance of the system: (a) influence of ωc on tss and 

gain margin, and (b) influence of phm on overshoot. 

In Fig. 3.18(a), the influence of the crossover frequency on the settling time tss and the 

gain margin are both shown. When ωc increases from 500 to 800 rad/s, tss has a general 

trend of reducing, while gain margin has a general trend of reducing in the full range of ωc. 

Fig. 3.18(a) also visualizes the trade-off between system stability and dynamics, and shows 

that a ωc too great or small should both be avoided. When ωc is above 1600 rad/s, the gain 

margin is smaller than 5 dB. In order to ensure the stability of the system, solutions with 

gain margin smaller than 5 dB are not accepted in the tuning. Therefore, the upper bound 

of ωc is chosen to be 1600 rad/s. And when ωc is below 600 rad/s, tss is greater than 25 ms. 

In order to ensure the speed of response, solutions with tss greater than 25 ms are not 

accepted in the tuning. So the lower bound ωc is chosen to be 600 rad/s. Therefore, the 

refined input range of ωc is obtained and shown as:  
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(3.30) 

where dω is the input interval that is chosen to be 10 rad/s. 

Fig. 3.18(b) shows the relationship between overshoot and phm. When phm increases, 

the overshoot generally reduces. When phm is smaller than 35◦, no solution has an overshoot 

below 15%. Since responses with large overshoot could render the converters to be 

oversized, the lower bound of phm is chosen to be 35◦. Besides, the upper bound is chosen 

to be 70◦. The refined tuning range of phm is obtained and shown as: 

   70,,37,36,35 phm . (3.31)  

Even though some solutions that do not meet the tuning requirements have been rejected 

once the refined tuning range is obtained, the tuning limits are still necessary in the further 

tuning process to eliminate all the undesired solutions. With the inputs shown in (3.30) and 

(3.31), different sets of Kp and Kr are obtained. All the solutions that leads to a performance 

within the limits shown in Table 3.3 will be identified as eligible and stored, and one optimal 

solution can further be selected.  

To select the optimal solution, different criteria can be used to rank the solutions and to 

select the desired one. It is indicated in [2] that the bandwidth should be selected as high as 

possible to achieve the best dynamics. Fig. 3.19 shows the bandwidth of the closed-loop 

systems related to ωc and phm based on the eligible solutions. In this tuning case, the 

solution with the largest bandwidth is selected as the optimal one, which is shown in Table 

3.4. It is seen in the figure that the eligible solutions mostly gather in the range of ωc = [900 

rad/s, 1100 rad/s] and phm = [55◦, 70◦]. Optionally, the number of the eligible solutions can 

be increased simply by reducing the input interval dω. 
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Fig. 3.19. Solutions that comply with the tuning limits. 
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Table 3.4 Selected solution of the controller gains 

Parameter Value 

Kp  1.2192 

Kr  0.5593 

Settling time  22.5 [ms] 

Overshoot 14.66 [%] 

Gain margin  7.1276 [dB] 

Phase margin  60 [º] 

Band width  6086 [rad/s] 

Cross-over frequency  1083 [rad/s] 

 

Based on the selected optimal solution, the Bode plot of the open-loop system is shown 

in Fig. 3.20, where the stability is validated. By applying the above tuning procedure, the 

input of phase margin and crossover frequency can be determined reasonably according to 

the desired stability and dynamics limits. Therefore, instead of always using the phase 

margin and crossover frequency by classical experience, the controller gains can be tuned 

with more consideration of the actual system in each application. 

 
Fig. 3.20. Bode diagram of the open-loop system under the chosen gains. 

3.2.3 Test results of current controller 

A. Simulation Results 

In this section, the current loop tuning method is primarily validated in two simulated 

grid connected power converters with 10 kW and 100 kW power rating, respectively. The 

test setup and control strategy are shown in Fig. 3.21, where a simple control scheme is 

used to check the dynamics of the current loop.  
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Fig. 3.21. PLL-based current control scheme. 

With a synchronization algorithm, namely stationary frame PLL [102], the frequency of 

the grid ωgrid is estimated based on the measurement of three-phase grid voltage. The 

reference of the current controller iα
* and iβ

* are provided according to the instantaneous 

active reactive controller (IARC) [103] shown as:  
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where P* and Q* are respectively the reference of active power and reactive power, and vα
+ 

and vβ
+ the positive sequence components of grid voltage in stationary frame extracted by 

D-SOGI [69].  

The key parameters of the 10 kW and 100 kW simulation test systems are shown in 

Table 3.5 and Table 3.6, respectively. This simulation test system is presented in detail in the 

Appendix A.1. 
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Table 3.5 Key parameters of the 10 kW power converter and controller 

gains 

Description Symbol Value 

grid phase-phase voltage  Vline 400 [V] 

grid frequency  fg 50 [Hz] 

dc bus voltage Vdc 640 [V] 

converter nominal power  PN 10 [kW] 

switching frequency  fsw 10050 [Hz] 

samping frequency  fs 10050 [Hz] 

current controller proportional gain Kp  8.7818 

current controller resonant gain Kr  7.7968 

 

Table 3.6 Key parameters of the 100 kW power converter and 

controller gains 

Description Symbol Value 

grid phase-phase voltage  Vline 400 [V] 

grid frequency  fg 50 [Hz] 

dc bus voltage Vdc 750 [V] 

converter nominal power  PN 100 [kW] 

switching frequency  fsw 3150 [Hz] 

samping frequency  fs 6300 [Hz] 

current controller proportional gain Kp  1.2192 

current controller resonant gain Kr  0.5593 

 

The simulation results of the 10 kW system are shown in Fig. 3.22, where the steady state 

and dynamic performance are shown. A power reference of 5 kW and 0 kvar is given 

initially, and it changes to 10 kW and 0 kvar at t=0.01s. Fig. 3.22(a) shows the three-phase 

current waveforms, and how it is regulated properly in both steady state and transient without 

oscillations. Fig. 3.22(b) shows the instantaneous power injection to the grid by the 

converter. If 5% of the nominal power is defined as the steady state band, then the active 

power regulation settling time is calculated to be 1.8 ms. Fig. 3.22(c) shows the current 

control errors on the α and β axes. If 10% of the magnitude of the nominal current is defined 

as the steady state band, then the settling time of the current controller on the α and β axes 

are 0.9 ms and 0.6 ms, respectively. Therefore, a fast response of the current loop is 

demonstrated. 
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Fig. 3.22. Simulated performance of the 10 kW system when active power reference jumps from 5 

kW to 10 kW: (a) grid injected current, (b) instantaneous active and reactive power injection, (c) 

current control error on α and β axes.  

The simulation results of the 100 kW system are shown in Fig. 3.23, where a step in the 

active power reference from 50 kW to 100 kW is given at t=0.01s.   

Fig. 3.23(a) shows the three-phase current waveforms. As well as the case of the 10 kW 

system, the grid injected current is regulated properly in steady state and presents a fast 

transient response. Fig. 3.23(b) shows the instantaneous power injection. If 5% of the 

nominal power is defined as the steady state band, then the active power regulation settling 

time is calculated to be 3.0 ms. Fig. 3.23(c) shows the current control errors on the α and β 

axes. If 10% of the magnitude of the nominal current is defined as the steady state band, then 

the settling time of the current controller on the α and β axes are respectively 3.2 ms and 1.7 

ms. 
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Fig. 3.23. Simulated performance of the 100 kW system when active power reference jumps from 50 

kW to 100 kW: (a) grid injected current, (b) instantaneous active and reactive power injection, (c) 

current control error on α and β axes. 

B. Experimental Results 

Experimental tests are conducted in order to further validate the proposed tuning method. 

The 10 kW experimental setup and parameters are the same as the ones in simulation shown 

in Fig. 3.21 and Table 3.5. The dc bus of the converter is supplied by a dc power source, and 

the ac grid is formed by a regenerative power source of which the voltage magnitude and 

frequency can be programmed. This 10 kW grid connected power converter experimental 

setup is presented in Appendix B.1 in detail. 

Firstly the control scheme of Fig. 3.21 is implemented to check the performance of the 

current loop independently. The current loop static and transient performance based on the 

10 kW system are shown in Fig. 3.24.  

Fig. 3.24(a) shows the grid voltage and injected current, where the current is well regulated 

as in simulation. Fig. 3.24(b) shows the instantaneous active and reactive powers injected 

into the grid. With the same definition of the steady state band as the simulation, the settling 

time of the active power is calculated to be 2.0 ms. The current control error on the α and β 

axes are shown in Fig. 3.24(c). With the same definition of the steady state band as in the 

simulation, the settling time of the error on α and β axes are 0.7 ms, 2.8 ms. Table 3.7 shows 
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that the experimental results are close to the simulation results with respect to the active 

power settling time. 
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(b)                                                                            (c) 

Fig. 3.24. Experimental performance of the 10 kW system when active power reference jumps from 

5 kW to 10 kW: (a) grid voltage and injected current, (b) instantaneous active and reactive power 

injection, (c) current control error on α and β axes. 

Table 3.7 Comparison of the settling time in simulations and 

experiments 

Settling Time Simulation Experiment 

active power 1.8 2.0 

α-axis current 0.9 0.7 

β-axis current  0.6 2.8 

  

There is not any theoretical difference between the dynamics of the -current controller 

and -current controller. However, because of the different profiles of the time response of 

the  and  controller, the calculated settling time will always be different. The fact is that 

in any specific moment during the transient, the deviation (relative to zero) of the current 

control error on  and  axes are different. So it will be easy to explain the difference of the 

settling time calculation by (3.16). The steady-state band for settling time calculation of the 

current control error is defined to be 10% in the tests, since that the measured static current 
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control error in experiments varies in a range greater than ±5% of the nominal current. 

Response of the power converter in front of a three-phase voltage sag is also tested. As 

shown in Fig. 3.25(a), the grid voltage experiences a sag that lasts for 1 s, and the phase-to-

neutral voltage rms is reduced from 230 V to 150 V. During the sag, the converter remains 

connected to the grid, and the injected current keeps stable, without significant oscillations 

except for a minor transient. The active and reactive powers are accurately controlled as 

shown in Fig. 3.25(b).  
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Fig. 3.25. Experimental results of the current controller under three-phase grid voltage sag: (a) grid 

voltage and injected current waveforms, and (b) active and reactive powers injected into the grid. 

In the following, the current controller is integrated in the overall SPC control scheme 

shown in Fig. 2.1 in Chapter 2 to validate the performance of the current controller under 

grid frequency changes. A grid frequency variation is generated by configuring the 

regenerative ac power source, as shown in Fig. 3.26(b), where the frequency changing slope 

is 1 Hz/s.  

Fig. 3.26(a) shows the response of the current injected by the power converter during 

frequency changes. It increases its magnitude when the frequency decreases, and vice versa, 
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thanks to the effect of the virtual inertia provided by the SPC. Particularly, the performance 

of the current controller when tracking a given reference current is shown in Fig. 3.26(c), 

where it can be observed how the regulated current perfectly tracks its reference at any time. 
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(b)                                                                           (c) 

Fig. 3.26. Experimental results of the current controller (integrated in the SPC) under grid frequency 

variations: (a) grid voltage and injected current, (b) the variation of grid frequency imposed by the ac 

regenerative power source, (c) current reference and measurement on α and β axes. 

 

3.3 Summary of the Chapter 
In this chapter, a virtual admittance control structure oriented to the support of grid 

voltage during asymmetrical grid faults was presented. Such control structure is based on 

the general control framework of the SPC for grid connected power converters. By using 

several parallel admittance branches for positive- and negative-sequence current injection, 
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the unbalanced voltage at the PCC during asymmetrical faults can be considerably 

compensated. Simulation and experimental results based on paralleled 100 kW power 

converters showed the significant effect of negative-sequence current injection in 

compensating unbalanced grid voltage. A desired proportional gain in positive- and 

negative-sequence current injection for meeting the grid codes can be easily achieved by 

adjusting the values of the positive- and negative-sequence admittances, respectively. The 

time response of the power converter in presence of asymmetrical grid faults can be also 

adjusted to yield a fast voltage support. Moreover, the transient admittance makes the power 

converter contributes to improve the response speed when asymmetrical faults takes place. 

A unified current loop tuning procedure was also presented in this chapter as a general 

approach for the control design of grid connected power converters. An analysis-based 

manner was used to determine the open-loop system crossover frequency and phase margin, 

instead of the experience-based manners that are found in most of the existing studies on 

this regard. A direct discrete-time domain tuning was used based on the discretized 

modeling of the system, which guarantees the effectiveness of the controller in digital 

implementation. Finally the tuning results were validated by simulation and experiments in 

different scenarios, where the current loop presented a fast transient response and good 

steady-state performance in power reference tracking, as well as in grid frequency and 

voltage support. With a good foundation in the current control loop, the power converter 

exhibited excellent grid-supporting characteristics when the outer loops of the SPC were 

activated. 

 





 

 

 

 

  CHAPTER 

        4. 
 

 

The Power Loop Controller 
 

 
 

n this chapter, a power loop controller for the Synchronous Power Controller (SPC) is 

presented, which provides inertia, damping and flexible droop characteristics. Different 

from the faithful replication of the swing equation of synchronous machines, an 

alternative control structure is presented, by which the inertia, the damping and the 

inherent P-f droop gain can be configured independently to meet the requirements in both 

dynamics and frequency regulations.  

The good performance of the power loop controllers presented in this PhD dissertation 

to provide inertia and droop characteristics, as well as controllable transient response, was 

demonstrated by simulation and experimental tests on a regenerative power source test bed. 

The power loop controllers presented in this chapter enables the SPC-based grid connected 

power converter to provide frequency support accurately, following a specified dynamics, 

thus ensuring a good interaction between the power converter and the electrical grid.  

 

4.1 Introduction 
The active power exchanged between a synchronous generator and the grid can be 

modeled by (2.3). Then the active power control loop can be modeled as Fig. 2.3 shows in 

Chapter 2. For modeling and analyzing the active power control loop, V can be set at its 

nominal value and E can be estimated to be approximately equal to V, considering the 

synchronous converter operation point close to its rated values. 

A VSC based on a virtual admittance can be simply modeled as an admittance gain 

because of two facts: (a) the power is delivered based on the load-angle and reactance as 

shown in (2.3), and (b) the inner current controller is significantly faster than the power 

loop controller, and hence its dynamics can be decoupled from the modeling of the power 

control loop to reduce complexity in the analysis.  

The design of the power loop controller for virtual synchronous generator is discussed in 

this chapter based on the above modeling of the active power control loop. The mainstream 

technique for implementing the power loop controller is the emulation of the synchronous 

machine swing equation, as is presented in [25] and many other publications. This strategy 

is analyzed first in this chapter, and its inherent P-f droop characteristic is discussed. Based 

I 
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on the swing equation emulation, the damping effect of the power loop controller and the 

P-f droop gain are constrained by each other. Setting a good value for the droop gain may 

lead to an insufficient damping in the power loop controller, and in the other way around, a 

proper damping value might give rise to an undesired inherent droop gain. In [33], it is 

proposed to use an additional PI controller, with a virtual switch, to adjust the power loop 

damping parameter to achieve a precise power tracking when needed. This solution 

however increases the order of the closed-loop transfer function, and thus the dynamic 

analysis and tuning of controller parameters become more complex. 

This chapter presents an alternative power loop controller structure, which allows the 

inherent P-f droop characteristic gain to be configurable, and thus the active power control 

and P-f droop control can be integrated in a simple implementation. As design 

considerations for this power loop controller, the virtual angle stability and transient 

response are both analyzed, and a detailed implementation structure, which does not entail 

any difficulty from a practical point of view, is presented. Besides, the mathematical 

relationship between the power loop controller performance specifications and the control 

parameters is also illustrated. 

The PI-based power loop controller is also introduced in this chapter, which is another 

alternative to the power controllers reported in the literature and shows zero steady-state 

error in power control in case of grid frequency changes. 

 

4.2 Emulation of the Swing Equation 
The synchronous machine swing equation for small signal variation of the rotor angular 

frequency, ω, around the rated rotor angular frequency, ωs, can be expressed as (2.5). The 

damper winding of synchronous machines provides some damping, but it is relatively 

limited. Therefore, the damping provided by grid connected power converters 

implementing a virtual electromechanical control loop, which is not restricted by 

mechanical constrains, can be more effective than the one provided by conventional 

electromechanical generators.  

Based on the swing equation, the power loop controller in Fig. 2.3, GPLC(s), could be 

implemented as shown in (4.1), considering both the inertia, J, and the damping, D, terms. 

This transfer function is referred as the Mechanical Power Loop (MPL) controller in this 

chapter.  
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According to (4.1), the resulting second-order closed-loop transfer function would have 

the following form:  

 
22

2

2
)(

nn

n

* ss
=s

P

P

x




, (4.2)

 

 



4.2  Emulation of the Swing Equation 67 

 

 

where: 
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x  , (4.3a) 
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 max , (4.3b) 

being 
X

EV
P max

 as defined in (2.3) in Chapter 2. 

Instead of using the moment of inertia J to specify the inertial characteristics, the inertia 

constant H is commonly used in the literature, which is defined in (4.4). This constant 

represents the time a mass moment of inertia J takes to accelerate the rotational speed from 

zero to ωs  by spending a power SN [104].  
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Therefore, the MPL controller gains, J and D, should be set according to: 
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For analyzing the power control loop dynamics, its response to frequency disturbances 

should be also studied. In modeling, the grid frequency can be linked to the grid phase-

angle by an integrator, as shown in Fig. 4.1.  
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Fig. 4.1. Modeling of the SPC’s active power control considering grid frequency changes. 

Taking the grid frequency, ωg, as an input variable and P as the function output, the 

associated transfer function (P-f response) can be shown as:    
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where ωn and ξ are given by (4.3a) and (4.3b), respectively. 

By observing (4.6), it can be concluded that the MPL controller incorporates an intrinsic 

P-f droop characteristic. Therefore, an inherent droop ratio DP can be defined as:  
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which describes the steady-state power variation delivered by the power converter in 

response to a grid frequency change. Therefore, by combining (4.6) and (4.7), the inherent 

droop ratio of the MPL controller DP(MPL) can be expressed as: 
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As (4.8) shows, the droop ratio DP is constrained by the inertia and damping parameters. 

If the per-unit gain of the P-f droop is named as RD, which represents the grid frequency 

deviation that extracts the full rated power from the converter [105], the relationship 

between DP and RD would be given by:  
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where SN is the rated power of the generation unit. 

Then, the interaction among the inertia, the damping and the P-f droop gain defined by 

the MPL controller can be written as:  
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which is obtained by substituting the DP in (4.9) using (4.8), and further substituting the ωn 

and J using (4.3b) and (4.5a), respectively. In (4.10), Xpu represents the per-unit value of the 

reactance of the virtual admittance, whose base value, Xb, is defined as:  
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then Xpu is expressed by: 
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 Since the values of H and Xpu can be preset according to design requirements, the 

controller tuning task mainly lies in the restriction between ξ and RD, as (4.10) shows. As 

inertia and damping take finite values, RD will take a finite value as well, instead of being 

zero. It means, the power loop presents an intrinsic droop characteristic. Thus, the value of 

the active power generated by the power converter in steady-state will not be only given by 

the active power reference, but it will be also determined by the grid frequency. Then, an 

external droop controller is needed to compensate the effect of this intrinsic droop gain if 

precise power reference tracking is needed, or if a given droop characteristic should be 

provided by the power converter. 

The constraint between the inherent droop and the damping is visualized in Fig. 4.2, 

where (4.10) is represented considering, s = 250 rad/s, Xpu = 0.3, and H = {0.3, 0.6, 5, 

20}. 

 
Fig. 4.2. The relationship between the inherent P-f droop gain, RD, and the damping coefficient, ξ. 

As shown in Fig. 4.2, once the droop gain is set, the damping coefficient will be set as 

well. However, the droop gain needs to be set considering the grid operator requirements 

and the power reserve of the generation plant. For traditional synchronous machines, 4% is 

a typical value for the droop gain [105]. In the scenarios shown in Fig. 4.2, if RD is set to 

4%, ξ will be smaller than 0.5 for any value of H plotted in Fig. 4.2, which may lead to an 

insufficient damping. Further, if RD was required to have a high value, ξ would have to take 

a very low value, which undermines the damping performance of the system. For the 

second-order parametric transfer function of (4.2), the damping coefficient ξ has a 

theoretical optimal value of  21 , which provides a good balance between the rising time 

and overshoot.  

On the other hand, a normal value for ξ leads to a small value for RD. This should not be 

an issue in case the grid was dominated by power converters controlled through the MPL, 

since a small value of RD leads to strong effect in compensating frequency deviations. 

However, if the system is dominated by traditional synchronous generators, a variation in 

the grid frequency could originate some issues, such as insufficient energy storage and 

saturation, or even poor power quality in those converters with a small value for RD. 

Therefore, an external P-f droop controller is necessary in order to modify the inherent 

droop gain of the power loop controller and set proper overall droop characteristic in the 

power converter. 
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4.3 Power Loop Controller with Flexible 

Frequency Droop  
The power loop controller for the SPC (PLC in Fig. 2.1) allows multiple implementations 

as long as it results in a closed-loop transfer function that has similar dynamics as the 

electromechanical loop of a synchronous machine. This section proposes a synchronous 

power controller with inertia, damping and flexible droop characteristics for grid connected 

power converters. Compared with the swing equation emulation, damping and droop 

characteristics are particularly addressed, while the inertia feature is maintained. The 

damping performance is important for the local stability and dynamics of renewable power 

generation systems, and the droop characteristics are necessary to fulfil the required 

frequency support. Therefore, instead of tuning a single parameter to find a good tradeoff 

between both damping and inherent P-f droop gain, a controller structure is proposed to 

configure damping and droop characteristics separately. In addition, an explicit relationship 

among the controller gains, inertia, damping coefficient and droop gain is given. 

4.3.1 Controller structure 

In order to achieve a good grid interactive performance, in which the droop gain can be 

specified independently of the damping parameter, a power loop controller with inertia, 

damping and flexible droop characteristics is presented in Fig. 4.3. 
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Fig. 4.3. The proposed power loop controller. 

In Fig. 4.3, the direct implementation of the synchronous machine swing equation is 

modified by adding a droop branch in parallel for controlling the P-f droop gain in steady 

state. In this way, this branch adjusts the offset of the power transfer function by introducing 

a new degree of freedom. The structure of the droop branch is developed in the way that it 

shares the same denominator with the transfer function of the swing equation. In this 

manner, the order of the power regulating loop does not increase.  

The transfer function of the proposed controller is generalized and written as:  
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which is referred as Configurable Natural Droop (CND) controller in this PhD dissertation. 

Compared with the MPL controller, the CND controller provides an additional degree of 

freedom without increasing the order of the power regulating transfer function. Moreover, 

it gives an inherent P-f droop feature, which can be configured independent to the inertia 

and damping parameters.  

Substituting the power loop controller block in Fig. 4.1 by the expression (4.13), the 

resulting closed-loop transfer function can be written as:  
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where the damping coefficient and natural frequency are expressed as: 
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Therefore, the CND controller gain, KI, should be set according to: 
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Further, the natural frequency, ωn, can be translated to the moment of inertia, J, by 

equating the two ωn in (4.3b) and (4.15b). In this manner, the CND controller with the 

controller gain, KI, results in a closed-loop transfer function that presents a same value for 

ωn as the one resulted from the MPL controller with the controller gain, J. Because of the 

same closed-loop dynamics, it is fair to say that KI defines a moment of inertia, which has 

the amount of J. Therefore, (4.16) changes to: 
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which can be expressed in terms of H as: 
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The P-f response of the CND controller is given by:  
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where (4.20) is obtained. 
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The controller gain, KG, should be set according to: 
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which is obtained by substituting the KI in (4.20) using (4.18). Further, (4.21) can be 

changed to (4.22) expressed in terms of the per-unit droop gain, RD. 
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Substituting the ωn in (4.15a) using (4.15b), and further substituting the KI using (4.18) 

and the KG using (4.22), respectively, the following expression is obtained: 

 

maxmax 2

12

PHRHSP
K

DN

s
P 


x , (4.23) 

by which the controller gain, KP, can be set. 

According to (4.18), (4.22) and (4.23), the CND controller gains, KP, KI and KG, can be 

respectively set, according to the inputs of H, ξ and RD.  Owing to the explicit link between 

the controller gains and characteristic parameters, the controller can be easily made adaptive 

through a secondary control, and a flexible power control becomes possible. In the 

implementation, the algorithm for calculating the control parameters based on (4.18), (4.22) 

and (4.23) can be embedded in the converter controller, but will only be activated when the 

secondary commands are updated.  

4.3.2 Local stability 

As an important design consideration, the influence of the control parameters on the local 

stability should be analyzed. For a synchronous machine, the angle stability is mainly 

determined by the damping factor ξ.  

Based on the proposed power loop controller, equivalence between the converter and 

synchronous machine is built. In traditional power systems, the small-signal rotor angle 

stability has to be achieved to maintain the synchronism of different machines. The 

instability can be the result of insufficient synchronizing torque, insufficient damping 

torque or unstable control actions [104]. In this chapter, the local stability of a converter is 

studied, which corresponds to the stability issue of insufficient damping torque of 

synchronous machines.  

The state-space representation of the power control loop in Fig. 4.1 is: 
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where ∆𝜃 is the state, and ∆𝑃 is the output, while ∆𝑃𝑟𝑒𝑓  and ∆𝜔𝑔 are the inputs, and 
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By specifying the damping factor ξ of the characteristic equation greater than 0, the two 

eigenvalues of the matrix A will have negative real parts to make the control loop stable.  

In case of a grid connected power converter controlled by the CND controller, even if the 

numerator of the power loop transfer function is different from the one resulting from the 

MPL controller, the characteristic equation remains the same. Therefore, it is reasonable to 

expect that the local stability is mainly influenced by the damping factor.  

Fig. 4.4 validates the influence of the damping factor ξ on the power loop stability. It 

shows the root loci with respect to the change of ξ and H. The figure is plotted based on a 

5% droop gain. The damping factor ξ has to be specified greater than 0 to yield two poles 

with negative real parts, and the poles move toward the left as ξ increases. It also shows that 

the poles move toward the right as the inertia constant H increases, because that ωn 

decreases along with H and hence lead to slower poles. In any case, the poles stay in the left 

half plane in the common range of H. 
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Fig. 4.4. Root loci under changes of the damping factor and inertia constant. 

Fig. 4.5 shows the change of the open-loop system phase affected by the damping factor, 

ξ, inertia constant, H, and droop gain, Rd.  

It can be observed in Fig. 4.5(a) how the damping factor has a dominant influence on the 

system phase margin. The system phase margin increases along with the increase of the 

damping factor. As Fig. 4.5(b) and (c) show, the inertia constant and droop gain have only 

minor influence on the phase of the open-loop system. Therefore, the inertia constant and 

droop gain can be specified considering the requirement of the transmission system operator 

(TSO) and the available power reserve without affecting significantly the system stability. 
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Fig. 4.5. The influence of the damping factor, inertia constant and droop gain on the system phase: 

(a) the influence of the damping factor, (b) the influence of the inertia constant, (c) the influence of 

the droop gain. 
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4.3.3 Transient analysis 

The transient response of the active power control loop is evaluated by the closed-loop 

system unitary step response. The settling time and overshoot of the response are taken as 

the performance indicators, and they are calculated by (3.16) and (3.29) in Chapter 3, 

respectively. The steady-state value is obtained at t = 3 s. 

H, ξ and RD are specified with multiple values to define the system. According to (4.3b) 

and (4.4), it is easy to find that the natural frequency ωn is inversely proportional to the 

square root of the inertia constant H, and the time response is proportional to the square root 

of H, which is written as: 

 Ht
n

ss




1 . (4.26) 

Fig. 4.6(a) shows how the settling time increases as the inertia constant increases and 

follows the (4.26) relationship.  

Fig. 4.6(b) shows that the damping factor and droop gain have minor influence on tss, 

except that tss increases significantly when a poor damping is set.  

Fig. 4.6(c) shows how the damping factor has a considerable influence on the overshoot 

of the transient response. It can be concluded that tss should be not only greater than zero to 

guarantee the stability, but a limit of overshoot should also be set, and thereby the control 

parameter KP will be tuned.  

Fig. 4.6(d) shows that the overshoot also increases along with the inertia constant. 

However, this trend is limited in an acceptable range under a given value of ξ. The droop 

gain has only minor influence on the overshoot.  

To summarize, it is shown how the integration of the droop control in the power loop 

controller does not introduce any effect on the dynamics. The transient response is still 

characterized by ξ and H, while Rd mainly determines the steady-state performance. 

As previously mentioned, Rd is the droop gain that needs to be determined based on the 

utility grid requirements and the feasible power reserve. H can be designated considering 

the inertia constant of a traditional synchronous machine with the same power level. The 

damping coefficient ξ can be set considering the typical value range 0 < ξ < 1 to create a 

stable and under-damped system.
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Fig. 4.6. The influence of the control parameters on the transient response settling time and overshoot: 

(a) the influence of the inertia constant on settling time, (b) the influence of the damping factor and 

droop gain on settling time, (c) the influence of the damping factor on overshoot, (d) the influence of 

the inertia constant and droop gain on overshoot. 

 

4.4 PI-Based Power Loop Controller  
The commonly used PI controller can also be used as an alternative to implement the 

power loop controller. The PI-based power loop controller achieves to make the output 

regulated power equal to the reference value in steady state, even if there are variations in 

the grid frequency. In this way, a precise power tracking control can be simply achieved, 

without using any additional droop loop. Moreover, setting parameters for the external 

droop controller is straightforward and simple, since the power loop based on a PI controller 

does not have intrinsic droop. In addition, given values for the inertia and the damping 

characteristics can be guaranteed by properly setting the PI controller gains. 

The PI controller used for the power loop has the following form: 
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Using it as the power loop controller block in Fig. 4.1, the resulting closed-loop transfer 

function can be generically written as:  
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where the damping coefficient and natural frequency are respectively given by: 
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x , (4.29a) 
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 . (4.29b) 

Therefore, the PI-based power loop controller gain, KH, should be set according to: 

 

max

2

P
K n

H


 . (4.30) 

Like what was done to the CND controller, the natural frequency, ωn, in this case, can 

also be translated to the moment of inertia, J, by equating the two ωn in (4.3b) and (4.29b). 

Then (4.30) changes to: 

 

s

H
J

K


1
 , (4.31) 

which changes to (4.32), expressed in terms of H. 

 

N

s
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HS
K

2


  (4.32) 

Substituting the KH in (4.29a) using (4.32), the mechanism to set KX is obtained, 

expressed as: 

 

N

s
X

HSP
K

max

2
x . (4.33) 

The power response in presence of grid frequency changes will be given by:  
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from which, the steady-state droop gain is obtained as: 

 0)0( 





g

P

P
D


. (4.35) 

It indicates that the power generated by the power converter will always track the power 

reference in steady state, regardless of whether the grid frequency changes or not.  

According to (4.32) and (4.33), the control parameters KX and KH can be easily set from 

given values for ξ and H.  

 

4.5 Analytical Comparison of Different Power 

Loop Controllers 
Focused on virtually inertia implementation in grid connected power converters, this 

section compares three different types of power loop controllers to be used in the SPC 

structure, namely, the swing equation emulation (Section 4.2), the configurable natural 

droop (Section 4.3) and the PI (Section 4.4).  

For each type of controller, analytical relationship between response characteristic 

parameters, H, ξ and RD, and controller gains have been discussed in previous sections. 

Dynamics of these three controllers is compared in this section by using numerical models. 

In this analysis, different values of H are respectively set for each type of controller, while 

ξ is set to 0.7. A unitary step in active power reference is given as an input, and active power 

response in each case is respectively calculated through the transfer functions shown in 

(4.2), (4.14) and (4.28). Such active power responses are shown in Fig. 4.7.  

As Fig. 4.7 shows, the time of response can be changed by adjusting the inertia constant 

H. In this figure, responses for H = 5 s and H = 10 s are shown. When the steady state band 

is defined to be equal to 2% , then the settling time for the two responses is respectively 

586.6 ms and 829.7 ms in Fig. 4.7(a), while in Fig. 4.7(b), these values are respectively 

544.1 ms and 732.4 ms, and in Fig. 4.7(c) they are respectively 479.0 ms and 677.5 ms. It 

is observed that the settling time for H=10 is always close to the settling time when H=5 

multiplied by √2, which matches with the relationship given by (4.26). 

The results show that all the 3 types of power loop controller can present inertial 

characteristic given by (4.26), and an equivalent inertia constant can be accurately given by 

setting the controller gains through (4.5a), (4.18) and (4.32), respectively. 
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(a)                                                                 (b) 

 
(c) 

Fig. 4.7. Unitary step response of the P-P* transfer function under different values of H when ξ=0.7: 

(a) swing equation emulation, (b) configurable natural droop, (c) PI. 

 

4.6 Test Results of the Power Loop Controllers 

4.6.1  Simulation results 

Simulation tests are conducted to show the performance of the previously introduced 

CND controller in providing grid frequency support and in island operation. 

A. Grid frequency support 

A simulation model for a 10 kW two-level three-phase grid-connected converter was 

built, which is described in Appendix A.1. The key parameters of the setups and the 

controller are shown in Table 4.1. In this simulation, the CND controller was used as the 

power loop controller of the SPC to control the power converter. 

In order to show the response of the active power as a function of the grid frequency 

changes, a simple Thevenin model was used to form the grid. For an easy evaluation and 

comparison of the experimental results, all the tests are done considering the same value for 

the damping coefficient ξ, which is set to 0.7. The virtual admittance value is set according 

to regular  values in synchronous machines [45]. The per-unit value of virtual reactance is 
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set to 0.3, corresponding to 15.3 mH, while the per-unit value of virtual resistance is set to 

0.1 for having sufficient damping, corresponding to 1.6 Ω. 

Table 4.1 Key experimental parameters for power loop controllers’ 

validation 

Description Symbol Value 

grid phase-to-phase voltage  Vg 400 [V] 

grid nominal frequency  fg 50 [Hz] 

dc bus voltage  VDC 640 [V] 

power converter nominal power  PN 10 [kW] 

switching frequency  fsw 10050 [Hz] 

damping coefficient  ξ 0.7 [p.u.] 

virtual resistance  Rpu 0.1 [p.u.] 

virtual reactance  Xpu 0.3 [p.u.] 

 
The ramp in the grid frequency shown in Fig. 4.8(a) is implemented as an input in the 

simulation test, and the  active power response is measured. This simulation test is repeated 

for several times with different values for the inertia constant and the droop gain. Fig. 4.8(b) 

compares the power response profiles from different cases. 
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(a)                                                                                (b) 

Fig. 4.8. Simulated transient response under different values of inertia constant and droop gain: (a) 

grid frequency changes, and (b) active power response. 

During the grid frequency change, the active power injection responds accordingly to 

minimize frequency deviation and thereby providing some frequency support. In three 

different simulation cases shown in Fig. 4.8(b), the droop slope Rd is set to 5%, 10% and 

infinite (DP=0), while the inertia constant H is set to 10 s. As it is shown in the figure, the 

steady-state value of active power reaches 0.64, 0.62 and 0.6, respectively. Considering that 

the deviation of grid frequency is 0.1 Hz, the steady-state active power injection matches 

with the specified droop gain. For evaluating the inertial characteristic of the controller, Rd 

is set to 10%, and H is set to 5 s and 10 s in two different simulation cases. As Rd is the 

same for both simulation cases, the two resulting active power waveforms reaches the same 

steady-state value (0.62 p.u.). The settling time of the two responses is then calculated 

considering a steady-state band of 5%. The settling time when H=10 s is 590 ms, while the 
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settling time when H=5 s is 439 ms. It validates the relation given by (4.26). In summary, 

the specified inertial dynamics and the droop gain can both be achieved by using this power 

loop controller. 

B. Islanding and Load Sharing 

A SPC-based power converter is able to feed an island, similarly to a synchronous 

machine. Moreover, by using the control scheme shown in Fig. 2.1 in Chapter 2, and the 

power loop controllers previously presented, several power converters can run in parallel to 

form an island. It is worth noting that the active power reference will not dominate the active 

power injected by the power converters in island operation, instead, the active power 

injection will be determined by the value of the virtual admittance and the P-f droop 

characteristics. 

Fig. 4.9 shows a study case where a 100 kW and two 10 kW converters are connected in 

parallel to a grid to supply 100 kW local loads. The CND controller was used as the power 

loop controller of the SPC to control the power converters in this simulation. 

Grid
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Fig. 4.9. A study case based on three paralleled grid connected power converters with different rated 

power for island working tests. 

According to (2.3) and (4.12), the power variation of a generation unit can be expressed 

by: 

 



puN

pu
XS

P
P

1
=  . (4.36) 

In this simulation case, the values of virtual reactance for all the power converters are set 

to the same per-unit value to achieve a proportional load sharing.  

As an initial operation point, the grid connection switch is closed, and the power injection 

of the 3 converters are 8 kW, 7 kW, and 70 kW, corresponding to 0.8 p.u., 0.7 p.u. and 0.7 

p.u., respectively, and the local load is partially fed by the main grid.  
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Two events are considered in the case study. At t = 1.2 s, the main grid  is disconnected, 

while at t = 1.3 s, the step change in a local load takes place. Fig. 4.10 shows some plots 

describing the response of the system. 
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Fig. 4.10. The responses of the paralleled power converters under islanding and load changes: (a) grid 

voltage, (b) load voltage, (c) active powers injected by the converter #1 and #2, (d) (c) active power 

injected by the converter #3, (e) active power consumed by the load. 

Regarding the first event, the local voltage in the island is well maintained when the main 

grid is disconnected as Fig. 4.10(b) shows, thanks to the grid forming capability of the 

power loop controller. The local voltage magnitude drop when the main grid is disconnected 

is calculated to be 4.22%, which is an acceptable value. As a response to this event, all the 

3 power converters increase their power injection. As Fig. 4.10(c) and (d) show, the 

incremental power is around 0.1 p.u. for all of them (referred to the rated power of each 

converter). It complies with the virtual reactance setting for all the power converters. In this 

simulation, the minor drop in the power consumed by the passive loads, as Fig. 4.10(e) 

shows, is due to the drop of the voltage magnitude. 

During the second event, 20% of the local load is switched out. As can be appreciated in 

Fig. 4.10(b), the local voltage is well maintained after a short transient, and all the power 
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converters decrease their power injection proportional to their rated power as Fig. 4.10(c) 

and (d) show. 

 

4.6.2  Experimental results 

A laboratory experimental setup was constructed in this PhD project to further validate 

the power loop controllers presented previously. Such experimental plant is described in 

Appendix B.1, and the key parameters of the setup are the same as in simulations as Table 

4.1 shows.  

A. Experimental results compared to transfer function analysis and simulation 

Steps in power reference and grid frequency sweeps were made to validate the dynamic 

performance of the CND power loop controller.  

Fig. 4.11 shows the active power response resulting from calculation, simulation and 

experiments in case of a power reference step. The control parameters are configured by 

setting H = 5 s and DP = 20 kW/Hz.  The calculated response is obtained from the transfer 

function (4.14). The simulated response is obtained from a simulated model of the power 

converter and the controller. The experimental response is obtained from data recorded by 

the dSPACE system. The responses obtained from the different methods are coherent with 

each other when the same input is given, i.e. a step in the active power reference, from 5 

kW to 10 kW. 

 
Fig. 4.11. Experimental result of the CND power loop controller comparing with simulation and 

calculation under a power reference step. 

Fig. 4.12 shows the transient active power response in the presence of a grid frequency 

sweep. Fig. 4.12(a) shows the programmed frequency sweep, where the ramp slope is 1 

Hz/s. Fig. 4.12(b) shows the waveforms for the grid voltage and current injected by the 

converter during the frequency sweep. It can be observed in this figure how the current is 

well controlled in steady state and exhibit a significant transient response to compensate the 

change of the grid frequency. It should be also noted how the converter presents a smoothed 

response during transients.  
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(b) 

Fig. 4.12. Experimental result of the CND power loop controller under a grid frequency sweep: (a) 

grid frequency profile, and (b) grid voltage and injected current. 

Fig. 4.13(a) compares the response of active power obtained by transfer function 

response plotting, simulation and experimental test. In the three cases the controller works 

with the same set of parameters. The transfer function shown in (4.19) is used for this 

comparison. Fig. 4.13(a) shows a perfect response match from the three different cases. It 

validates how the transient response of the grid-connected converter in practice perfectly 

follows the dynamics of transfer function (4.19). In this way, the damping, inertia and droop 

characteristics can be accurately set and the feasibility of this controller is experimentally 

demonstrated. In this test, the P-f droop gain is set to 10%. The measured active power 

delivered by the power converter takes a steady-state value of 0.56 p.u. when the grid 

frequency holds at 49.7 Hz, and 0.44 p.u. when the grid frequency holds at 50.3 Hz.  

Fig. 4.13(b) shows the evolution of the virtual synchronous angular speed ω. As 

appreciated in this figure, a high value for inertia constant (H=10 s) results in a long settling 

time in the grid frequency tracking, longer than the one in a traditional loop based on a PLL. 
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The difference between ω and ωg during the transient leads to a significant active power 

inertial response to compensate such a frequency deviation. 
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Fig. 4.13. Experimental result analysis of the CND power loop controller under a grid frequency 

sweep: (a) experimental active power response comparing with simulation and calculation, and (b) 

the inner virtual synchronous frequency of the experimental converter. 

B. Inertial and droop characteristics of the CND controller 

Fig. 4.14 shows the transient responses of the power converter when different values are 

set for the inertia constant H.  
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(a)                                                                          (b) 

Fig. 4.14. Comparison of the active power transient responses of the CND power loop controller under 

a grid frequency sweep under different values of inertia constant: (a) grid frequency profile, and (b) 

comparison of active power responses. 

The frequency profile that triggers the active power responses is shown in Fig. 4.14(a). 

The frequency ramp slope in this figure is 3 Hz/s. The initial operating point of the power 

converter is 6 kW and 0 kVar. The active power responses for two different inertia constant 

values, H = 5 and H = 10, is measured and shown in Fig. 4.14(b). The settling times for 
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both values of H in response to the frequency profile are 944 ms and 658 ms. It is easy to 

calculate that 944/658 = 1.43 ≈ √10/5, which matches with (4.26). 

The droop characteristic of the power converter is shown in Fig. 4.15. The grid frequency 

variation is plotted in Fig. 4.15(a), where it decreases to 49.9 Hz during 0.1 s, holds for 1 s 

and increases back to 50 Hz during 0.1 s. In three simulation cases, the droop gain RD is set 

to infinite (DP=0), 10% and 5%, corresponding to 0 kW/Hz, 2 kW/Hz and 4 kW/Hz, 

respectively. Fig. 4.15(b) shows the transient active power responses. It can be observed in 

this figure how the active power steady-state value after the first frequency ramp is 0.6 p.u., 

0.62 p.u. and 0.64 p.u., respectively, according to the programmed droop gains. 
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Fig. 4.15. Comparison of the active power transient responses of the CND power loop controller under 

a grid frequency sweep under different values of droop gain: (a) grid frequency profile, and (b) 

comparison of active power responses. 

In summary, these experimental results verify the inertial and droop response of the 

controller in case of grid frequency changes. The good matching in the transient active 

power responses obtained from the transfer function, the simulation and the experimental 

results validates the effectiveness and the easy implementation of the previously presented 

controller.     

C. A comparison between the CND and the MPL controllers 

A comparison between the CND controller and the typical MPL controller is presented 

in the following. The responses of the power converter in presence of active power reference 

step and grid frequency variation were considered in such comparison. In cases of grid 

frequency variation, it is considered that the frequency decreases from 50 Hz to 49.9 Hz 

during 0.1 s, and then after 1 s, increases again to 50 Hz taking 0.1 s.  

The CND controller is firstly evaluated by observing experimental results from two test 

cases. In the first case, a 5 kW to 10 kW step in the active power reference is given as an 

input. The controller is configured with H = 10 s and DP = 2 kW/Hz. The injected current 

waveforms, as well as the injected active and reactive powers, are shown in Fig. 4.16. As 

Fig. 4.16(b) and (c) show, these active and reactive power waveforms were preprocessed 

by a washout filter to remove any high frequency noise. As shown in Fig. 4.16, the grid 

injected current and power present a smooth underdamped variation thanks to the inertial 

characteristic of the power loop controller, instead of a sharp step. The transient response, 
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with no remarkable oscillations, also shows a proper damping of the system. Moreover, the 

injected active and reactive powers are accurately controlled in the steady state. 
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Fig. 4.16. Experimental response of the power converter based on the CND controller under an active 

power reference step. H=10 s and DP=2 kW/Hz: (a) three phase current injected to the grid, (b) active 

power injected to the grid, (c) reactive power injected to the grid. 

In the second test case, a grid frequency variation is programed in the ac power source. 

In this case, the power reference is set to 6 kW and 0 kVar, and the controller has the same 

parameters as in the previous case. The power response is shown in Fig. 4.17(b). The 

injected current and power respond to the grid frequency variation, which evidence the 

power synchronizing behavior of the power loop controller. When the grid frequency 

decreases by 0.1 Hz, the active power becomes equal to 6.2 kW in steady state, according 

to the droop gain DP (2 kW/Hz). The virtual synchronous frequency of the power converter 

also shows the inertial characteristic of the power loop as well as an accurate 

synchronization with the grid frequency in steady state. 
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Fig. 4.17. Experimental response of the power converter based on the CND controller under grid 

frequency changes. H=10 s and DP=2 kW/Hz: (a) three phase current injected to the grid, (b) active 

power injected to the grid, (c) inner virtual synchronous frequency of the power converter. 

The MPL controller is also evaluated for the two test cases previously described and the 

results are shown in Fig. 4.18 and Fig. 4.19. The inertia constant is set to the same value as 

the previous test cases, namely, H = 10 s.  

Fig. 4.18 shows the current and power responses in front of a step in the power reference. 

In comparison to the CND controller, the MPL controller results in a response with greater 

settling time and lower overshoot. 
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Fig. 4.18. Experimental response of the power converter based on the MPL controller under an active 

power reference step. H=10 s: (a) three phase current injected to the grid, (b) active power injected to 

the grid, (c) reactive power injected to the grid. 

Fig. 4.19 shows the current and power responses in front of a grid frequency variation. 

Such frequency variation is the same as the one when the CND controller was used. The 

intrinsic droop characteristic of the MPL controller can be appreciated  in Fig. 4.19. When 

the grid frequency changes from 50 to 49.9 Hz, the injected active power increases from 6 

kW and reaches a 10 kW steady state value, as Fig. 4.19(b) shows. This value is coherent 

with the theoretical droop gain, which is equal to 40.522 kW/Hz according to (4.8). Then, 

as long as the grid frequency deviates by 0.1 Hz, the power injected by the power converter 

will change by 4 kW (0.4 p.u.), which could be much greater than the desired value. In order 

to adjust the power converter droop gain, an external P-f droop loop has to be added to 

compensate the inherent droop characteristic of the MPL controller. 
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Fig. 4.19. Experimental response of the power converter based on the MPL controller under grid 

frequency changes. H=10 s: (a) three phase current injected to the grid, (b) active power injected to 

the grid, (c) inner virtual synchronous frequency of the power converter. 

Fig. 4.20 offers a clearer comparison of the power responses associated to the CND and 

the MPL controllers in case of grid frequency variation.  

 
Fig. 4.20. Active power responses to grid frequency changes based on the CND and MPL controller, 

when H=10 s. 
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DP is set to 0, 2 and 4 kW/Hz in three different tests conducted on the CND controller. 

For the MPL controller, the value of DP depends on H and ξ. The steady-state value of the 

active power delivered by the power converter based on a CND controller matches in each 

test case with the corresponding value setting for DP, which shows the configurability of 

the droop ratio in the CND controller. In contrast, the MPL controller exhibits a stronger 

droop effect. 

The above experiments have demonstrated the different inherent P-f droop characteristics 

of the CND and MPL controllers. On the other hand, the responses of the power converter 

in presence of an active power reference step are similar, based on these two control 

strategies. 

D. A comparison between the SPC and a conventional power converter control  

This part presents some experiments to compare the response of a SPC-based power 

converter and the one from a power converter based on a conventional control. The control 

structure of the SPC was shown in Fig. 2.1 in Chapter 2, and the CND controller presented 

in this chapter is used as the power loop controller. The conventional control structure was 

shown in Fig. 3.21 in Chapter 3. Since this conventional control strategy consists of the 

vector current control (VCC), PLL and IARC, it is referred as VCC in the context. 

As a first test, a step change in the reference power, from 0.5 p.u. to 1 p.u., is programmed 

to compare the dynamic response of the power converter. The response of the SPC-based 

power converter and the one of the VCC-based power converter are shown in Fig. 4.21 and 

Fig. 4.22, respectively. The inertia constant of the SPC is set as H = 5 s.  

As Fig. 4.21(a) shows, the current injected by a SPC-based power converter has good 

waveform in steady state, and has smooth transient response, as well as the one that result 

from a VCC-based power converter as Fig. 4.22(a) shows. Both control strategies achieve 

accurate control of active and reactive powers in steady state. However, they result in 

considerably different transient responses of the power converter. The inertial effect of the 

SPC can be perfectly appreciated, which is observed by the significant difference in the 

active power settling time. For the SPC, the settling time of the active power is several 

hundreds of milliseconds as Fig. 4.21(b) shows, while the one for the VCC is several 

milliseconds as Fig. 4.22(b) shows.  

Besides, the active power transient responses that result from both strategies present an 

overshoot, as Fig. 4.21(b) and Fig. 4.22(b) show. For the SPC, it can be explained by the 

active power control closed-loop transfer function, which is an under-damped second-order 

system thanks to the decoupling between the power loop and the current loop. For the VCC, 

it can be explained by the dominant poles defined by the PR controller gains, which results 

in a system that can be approximated to a under damped second-order system.  

In both cases as Fig. 4.21(c) and Fig. 4.22(c) show, the reactive power presents an 

deviation during the transient, though the maximum deviation is only around 0.1 p.u.. This 

is because of the coupling of the active and reactive power control, for both strategies. 
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Fig. 4.21. Experimental response of a SPC-based power converter in presence of a power reference 

step: (a) current injected by the power converter, (b) active power injected by the power converter, 

(c) reactive power injected by the power converter. 
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Fig. 4.22. Experimental response of a power converter based on VCC in presence of a power reference 

step: (a) current injected by the power converter, (b) active power injected by the power converter, 

(c) reactive power injected by the power converter. 
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As a second test, a frequency sweep was programmed, reproducing a disturbance in the 

ac grid-frequency. The frequency was programmed to change from 50 Hz to 49.7 Hz in a 

step at 0.5 s, maintaining this value for 1 s, and change back to 50 Hz in a step at 1.5 s. The 

steps in frequency were given only for evaluating the dynamics of the converter, even 

though the grid frequency does not experience such sharp changes in realistic applications. 

Fig. 4.23(a) and (d) show how the injected current and power transient response of a 

SPC-based power converter aims to compensate the deviation of the grid frequency, 

emulating the inertia characteristic of synchronous machines. Besides, the experimental 

active power response of a SPC-based power converter matches its transfer function 

calculation, as Fig. 4.23(d) shows. In contrast, as Fig. 4.23(b) and (d) show, a power 

converter controlled by VCC does not react to the frequency change and simply remains 

synchronized with the electrical grid, with no changes in the active power delivered to the 

grid.  
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Fig. 4.23. Comparison of the experimental responses of the power converter controlled by different 

strategies under grid frequency steps: (a) current injected by the power converter based on the SPC, 

(b) current injected by the power converter based on the VCC, (c) comparison of the inner 

synchronized frequency of the two strategies, (d) comparison of the active power responses of the 

converter based on the two strategies. 
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Fig. 4.23(c) shows both the synchronized frequency generated by the SPC power loop 

controller and the grid frequency detected by the PLL [86]. Both signals show an accurate 

lock of the grid frequency in steady state, however, the SPC presents a damped frequency 

detection, which can be a remarkable feature regarding power converter operation stability 

when connected to weak ac grids connection under adverse grid conditions. 

As a third test, a voltage dip is programmed in the ac power source and the responses for 

the VCC and the SPC based power converter are compared. In this test, the phase-to-neutral 

rms voltage of the three phases decreased from 230 V to 190 V for 1 s.  

The response of the power converter based on the VCC are shown in Fig. 4.24, while the 

results based on the SPC are shown in Fig. 4.25. During the dip, both power converters 

remain connected to the grid and the injected current was stable in each case, as Fig. 4.24(b) 

and Fig. 4.25(b) show.  

-400

-200

0

200

400

G
ri

d
 v

o
lt
a

g
e

 [
V

]

0.4 0.6 0.8 1 1.2 1.4 1.6

-20

0

20

In
je

c
te

d
 c

u
rr

e
n

t 
[A

]

Time [s]

0 0.2 0.4 0.6 0.8 1
0

0.5

1

0.45 0.47 0.49 0.51 0.53 0.55
-400

-200

0

200

400

0.45 0.47 0.49 0.51 0.53 0.55
-20

-10

0

10

20

1.45 1.47 1.49 1.51 1.53 1.55
-20

-10

0

10

20

1.45 1.47 1.49 1.51 1.53 1.55
-400

-200

0

200

400

(a)

(b)

 
Fig. 4.24. Experimental response of the power converter controlled by VCC under a balanced grid 

voltage dip: (a) grid voltage, and (b) current injected by the power converter.  
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Fig. 4.25. Experimental response of the power converter controlled by the SPC under a balanced grid 

voltage dip: (a) grid voltage, and (b) current injected by the power converter. 

Fig. 4.26 compares both strategies, and shows how the SPC-based power converter 

provides a significant voltage support during the voltage dip by injecting reactive current, 

thanks to the effect of the virtual admittance. 

 

Fig. 4.26. Comparison of the reactive power injection of the power converter controlled by the two 

strategies during a balanced grid voltage dip. 
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Finally, the performance of the SPC is compared with the VCC when P-f droop control 

is enabled for both strategies.  The same droop gain is set for the two strategies, namely 2%, 

as well as the same dead-band, namely 0.05 Hz. The responses of both controllers under 

grid frequency changes are shown in Fig. 4.27. 

In order to highlight the difference between these two control strategies in grid-

interaction dynamics, the frequency of the ac power supply is programmed to change in 

steps as Fig. 4.27(a) shows. The responses of the injected current for both the VCC and the 

SPC are respectively shown in Fig. 4.27(b) and (c), and the responses of active power for 

both strategies are compared in Fig. 4.27(d).  

The main difference between both controllers appears in their transient response. The 

SPC-based power converter shows a remarkable transient response in front of grid 

frequency changes. When the grid frequency drops, the grid angle decreases, so the SPC-

controlled converter delivers more active power aiming to compensate such a frequency 

drop. The power imbalance modifies the SPC virtual frequency and the load-angle until a 

new equilibrium is reached. During the transient, the SPC-based power converter delivers 

part of its virtual kinetic energy, naturally compensating the frequency drop.   
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Fig. 4.27. Comparison of the experimental responses of the power converter controlled by different 

strategies under grid frequency steps. Droop control enabled for both strategies: (a) grid frequency, 

(b) current injected by the power converter based on the VCC, (b) current injected by the power 

converter based on the SPC, (c) comparison of the active power responses of the converter based on 

two strategies. 
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E. Performance of the power loop controller with a PI 

The SPC based on a power loop controller with a PI is also evaluated in this section. 

Results from four different tests are shown in the following.  

As a first test, a step in the power reference, from 0.5 p.u. to 1 p.u., is programmed to 

validate the dynamic performance of the controller. To clearly show the inertial 

characteristic of the controller, H is set to 10 s, which is a quite high value. The grid voltage 

and injected current waveforms are shown in Fig. 4.28, and the active power, the reactive 

power, the virtual synchronous frequency, ω, and the phase-angle of the virtual 

electromotive force, θ, are plotted in Fig. 4.29. 

As shown in Fig. 4.28 and Fig. 4.29(a), the injected current and the delivered power 

change smoothly, showing the typical response of a second-order system. Both transient 

and steady-state responses present a good damping and an accurate active and reactive 

power control. 

Fig. 4.29(a) shows the experimental active power step response and the response of the 

transfer function (4.28), where it can be appreciated the good realization of the inertial 

characteristic. The virtual synchronous frequency ω is shown in the Fig. 4.29(c), 

demonstrating how the good performance of the power-based grid synchronization is well 

achieved. The phase-angle signal θ, as Fig. 4.29(d) shows, is used to generate the virtual 

electromotive force. 
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Fig. 4.28. Experimental result of the PI-based power loop controller under an active power reference 

step. Grid voltage and injected current. 
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Fig. 4.29. Experimental response of the power converter based on the PI-based power loop controller 

under an active power reference step. H = 10 s: (a) active power injected by the converter, (b) reactive 

power injected by the converter, (c) inner virtual synchronous frequency of the power converter, (d) 

phase-angle of the virtual electromotive force. 

As a second experimental test, grid frequency variations are programmed in the ac 

regenerative power source as Fig. 4.30(a) shows, with a frequency changing slope of 1Hz/s. 

The response of the injected current, active and reactive power and virtual synchronous 

frequency are shown in Fig. 4.30(b), (c), (d) and (e), respectively.  

In this test, the active power reference is set to 0.5 p.u., the reactive power reference to 

0, and the inertia constant H is set to 10 s. Moreover, the gain of the external droop controller 

KDP is set to 0. The experimental results confirm that the injected current and power aim to 

compensate the grid frequency deviation. The controlled active power goes back to its 

reference in steady state, as Fig. 4.30(c) shows, which confirms that the no inherent droop 

gain exists when the PI controller is used.  

The programmed frequency profile is used as an input for the transfer function (4.34), 

and its output is plotted in Fig. 4.30(c), together with the experimental active power profile 
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measured in the test. It validates the accurate implementation of the designed inertial 

characteristic. The perfect match between the experimental power response and the one 

from the transfer function (4.34) also demonstrates that the inner current control loop does 

not affect the inertial characteristic of the power control loop, thus confirming that both 

loops are not coupled. Besides, the virtual synchronous frequency ω shows an accurate 

locking of the grid frequency in steady state. 
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Fig. 4.30. Experimental response of the power converter based on the PI-based power loop controller 

under a grid frequency sweep. H = 10 s: (a) grid frequency, (b) current injected by the converter, (c) 

active power injected by the converter, (d) reactive power injected by the converter, (e) inner virtual 

synchronous frequency of the power converter.  

As a third test, the performance of the external droop controller is evaluated. Since the 

PI-based power loop controller does not contain any inherent P-f droop characteristic, the 
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droop gain should be set by the controller structure shown in Fig. 2.2 in Chapter 2, as an 

outer loop. The droop gain was set to 2% by making KDP = 1591.5 W/(rad/s). For the sake 

of simplifying, the dead band ωdb is set to 0. In the test, the active power reference of the 

converter is set to 0, and the grid frequency is decreased step by step from its nominal value, 

recording the value of the delivered active power at each value of frequency. The relation 

between the power and frequency is plotted in Fig. 4.31, where the slope of the recorded 

operation points matches the droop loop gain. 

 
Fig. 4.31. Power-frequency droop characteristic of the external droop controller under 2% droop gain 

when the PI-based power loop controller is used. 

Finally, a fourth test is conducted to show the effect of the virtual admittance in grid 

voltage support during an unbalanced voltage sag. In this test, the rms grid voltage of one 

of the phases is set down to 30 V for 1 s. Fig. 4.32 and Fig. 4.33 show the response of the 

power converter in front of such event. 
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Fig. 4.32. Experimental voltage and current waveforms of the PI-based power loop controller under 

an unbalanced voltage dip. 

The injected unbalanced current during the fault, as Fig. 4.32 shows, can be explained by 
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the unequal reactive power injection in each phase, which is shown in Fig. 4.33(b). For the 

phase A, where the voltage magnitude drops, the reactive power injection is significantly 

greater than for the other two phases. It exhibits that the implemented virtual admittance 

can regulate the reactive power injection for each phase according to its voltage magnitude. 

Therefore, the unbalance in grid voltage can be naturally compensated. It is worth noting 

that this feature of unbalanced voltage support cannot be achieved by a conventional outer 

Q-V droop controller. Moreover, if a selective admittance for negative sequence is 

implemented, as presented in the Chapter 3, the level of unbalance can be further 

diminished.  
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Fig. 4.33. Experimental result analysis of the PI-based power loop controller under an unbalanced 

voltage dip: (a) active power injected by the converter, and (b) reactive power in each phase injected 

by the converter.  

 

4.7 Summary of the Chapter  
This chapter has presented a power loop controller, namely, the CND controller, for the 

SPC with adjustable inertia, damping and flexible droop characteristics for grid-connected 

power converters. The inherent P-f droop characteristic shown by typical swing-equation-

emulation controllers, referred as the MPL controllers, has been analyzed. Based on this 

analysis, a constraint between the damping and the inherent P-f droop characteristics was 

identified. For a MPL controller, it is necessary to compensate the droop characteristic to 

meet the TSO requirements, when a damping parameter is set. In comparison, the CND 

controller shows more flexibility, since it avoids this constraint between the damping and 

the inherent P-f droop characteristic in the power regulation loop. Therefore, the CND 

controller does not need any outer P-f droop loop. Besides, accurate reference power 

tracking can also be easily achieved in presence of grid frequency variations.  

Simulation and experimental results have verified the CND controller, which let the 

power converter present a good transient response, same as the one expected from a transfer 
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function analysis. The performance of the power converter in frequency sweep tests, when 

the converter is tuned by different sets of parameters, has validated the inertial and droop 

characteristics of the CND controller. Accurate inertia constant, damping factor and droop 

gain can be implemented to ensure proper grid-interaction dynamics and also compliance 

with the TSO requirements. The power converter based on the CND controller was also 

able to supply an islanded grid and achieved proportional load sharing according to the 

power converter rating. A comparison between the CND and the MPL controller, showed 

the significant difference in droop characteristic, and the capability of the CND controller 

for setting the inherent P-f droop gain. 

As an alternative, the PI-based power loop controller was also presented in this chapter. 

It has two control parameters, like the MPL controller, but does not contain any inherent P-

f droop gain. Therefore, a zero steady-state error in reference power tracking can be 

achieved regardless of the grid frequency changes. The PI-based power loop controller was 

also validated in experiments, in terms of reference power tracking, grid frequency changes, 

droop control and voltage dips response.    

Three types of power loop controller for the SPC, namely, the MPL, CND, and PI, were 

analytically compared with each other. All the three types of controllers are able to provide 

synthetic inertia, damping and droop characteristics, which are interesting features for the 

future renewable power generation plants. 

Some experimental results to compare the CND-based SPC and a conventional power 

converter controller were shown in this chapter. Compared with a power converter based 

on a conventional control, which consists of the VCC, PLL, and IARC, the SPC-based 

power converter presented an inertial response under power reference changes and grid 

frequency changes. This inertial response demonstrated that the SPC managed to reshape 

the interaction dynamics between a generation unit and the grid, contributing to the grid 

stability by adding inertia to the whole system. In steady state, the active and reactive power 

control of both strategies were accurate. The synchronized frequency generated by the SPC 

was more damped compared to the one generated by a PLL, which guarantees a more stable 

operation of the generation units. Regarding transient performance in presence of grid 

frequency variations, a SPC-based power converter showed a stronger effect aiming to 

compensate grid frequency disturbances than a conventional power converter. The amount 

of the active power transient change processed by the power converter, under grid frequency 

variations, can be increased simply by increasing the inertia constant. Therefore, in case of 

large-scale integration of the SPC-based power converters, this active power transient 

response will resist the grid frequency deviation. On the other hand, in case of small-scale 

integration, the transient active power response of the SPC-based power converters will not 

do any harm. Even though a conventionally controlled power converter can also compensate 

grid frequency disturbances based on droop control, the lacking of inertia renders the grid 

frequency more prone to disturbances. In presence of grid voltage sags, the SPC-based 

power converter naturally supported the voltage by injecting reactive current to the grid, 

thanks to the effect of its virtual admittance.   





 

 

 

  CHAPTER 

        5. 
 

 

Unified Reference Controller 
 

 
 

he Unified Reference Controller (URC) for VSCs in multi terminal direct current 

(MTDC) systems is presented in this chapter. MTDC grids are expected to 

experience rapid expansion in the near future as they have emerged as a competitive 

solution for transmitting offshore wind power and overlaying ac areas. The goal for 

developing the URC is to endow the VSCs in MTDC grids with ac grid support 

characteristic, especially providing frequency droop control for the connected ac areas. The 

control objectives of the VSCs are no longer limited to the stabilization of MTDC grid, 

instead, the requirements of ac side are also met. This chapter also introduces the concept 

of inertia sharing for the control and operation of MTDC grids, which can be achieved by 

the proposed URC.  

 

5.1 Introduction 
In recent years, HVDC transmission systems based on VSCs have emerged as a 

promising technology due to their technical and economic advantages [106]–[110]. 

Particularly, VSC appears as a suitable technology for Multi-Terminal dc (MTDC) systems 

[111]. The developments of VSC-based MTDC can be found in [112]–[114].  

Master/Slave control is one of  the control paradigms for MTDC systems, where one of 

the grid-side VSC stations performs dc voltage control, and other stations perform power 

flow control [115]. As a step towards the autonomous operation and let multiple VSC 

stations participate in dc voltage control of the grid, voltage-squared control is proposed in 

[116]. Another simple implementation to let each VSC contribute to the total energy balance 

of the MTDC grid is the voltage-current (voltage-power) droop control [115], [117].  

The abovementioned methods can keep the balance between the harvested and the 

delivered energy by regulating the dc voltage in MTDC grid. However, the VSC stations 

have not response to the change of the ac grid frequency. In one sense, it can be seen as an 

advantage since the dynamics of different ac areas are decoupled from each other and the 

propagation of perturbations from one ac area to another can hence be avoided. In another 

sense, the lack of frequency support to ac areas becomes a drawback. Actually, for VSC 

stations connected to low-inertia ac grids, frequency support is an essential feature to 

improve system stability [38], [118], [119]. A secondary control architecture for MTDC 

T 



106 5. Unified Reference Controller 

 

 

grids incorporating load frequency control is proposed in [120], thus the power reference of 

VSCs can be set taking into account the ac grid frequency. The frequency support can also 

be achieved by specifying the primary control as shown in [121]. In this section, frequency 

support is considered in designing the primary control. By configuring the VSCs in MTDC 

grids in proper control modes, a large ac grid can share its inertia with other ac areas, 

especially supporting the frequency of a low-inertia grid.     

Different control modes such as voltage control, power control and droop control can be 

employed for each VSC station according to the status of the MTDC grid that it interfaces 

with. For example, the stations interfacing with wind farms normally perform power and 

frequency control for harvesting the maximum energy, and the station that is connected to 

a stiff bus of the ac grid can perform voltage control [115]. The transition among different 

control modes can facilitate a more flexible operation of MTDC grids. For instance, when 

an onshore VSC station has a fault and is blocked, another onshore VSC station needs to 

take more share in dc voltage control following the dispatch of the secondary control, then 

the control mode of this VSC station may need to change from voltage droop control to 

voltage control. After this transition, the MTDC grid can hold on for longer time before the 

fault station is restored, thanks to a more optimized power flow configuration. A 

Generalized Voltage Droop (GVD) control structure is proposed in [122] for multiple 

control modes of VSC and the mode transition. Based on the secondary control commands, 

the parameters of the GVD controller can be scheduled for smooth mode transition. 

Nevertheless, the method proposed in [122] has not options for the support of ac grid 

frequency.       

This section presents a Unified Reference Controller (URC) for primary control of 

MTDC grids as a step towards more flexible operation. Oriented to the requirements of ac 

systems, the frequency droop mode and frequency-voltage double droop mode are 

integrated in the generalized primary controller that is capable of operation mode transition. 

It is worth to remark here that not only dc voltage stabilization, but also ac frequency 

support stands as the main feature of the controller presented in this chapter. In this way, 

MTDC grid starts to interact with the ac system and contributes to the stabilization of an ac 

area by sharing the inertia among different ac areas. Besides, the dynamics interaction 

among different ac areas and the dc grid are analyzed to avoid negative impacts.  

 

5.2 Different Operation Modes for VSCs in an 

MTDC Grid 
Fig. 5.1 shows the hierarchical control structure of a VSC station, which mainly includes 

the droop based primary and power flow based secondary control. The droop based primary 

control is achieved by using the URC. The secondary control determines the appropriate 

operation mode and set points for the VSC stations periodically based on an optimal power 

flow program, and the URC executes the orders of the secondary control.  

The most adopted operation modes for VSCs in HVDC systems are dc voltage control, 

frequency control, and voltage droop control. Offshore VSC stations can deliver power to 

the dc system following the wind status, by performing frequency or maximum power point 
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control, while onshore stations commonly work in voltage control mode or voltage droop 

mode for balancing power in the dc systems. In this manner the wind generation and dc 

transmission systems act as feeder of the ac systems, while has not response to ac grid 

frequency changes. This feature has been seen as an advantage so far, since it allows 

isolating any fault or perturbation coming from the ac system, thus avoiding complication 

or instability in the whole ac-dc network. 
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Fig. 5.1. VSC station hierarchical control structure. 

However, ancillary services for both ac and dc grids are expected nowadays for 

improving the grid performance [123], and support to ac grid frequency is becoming 

necessary, especially in cases when MTDC systems are integrated into ac power systems in 

a large scale or when the connected ac grid has low inertia. Therefore, control modes 

considering ac frequency support are required, and in the meantime the interaction 

dynamics among multiple nodes needs to be analyzed to avoid the negative impacts of the 

frequency droop and voltage droop. In general, the operational modes of VSC stations 

considering not only dc requirements, but also the ones set by the ac grid, are listed below.  

A. Frequency / Power Control 

Because of the grid forming ability of the VSC, islands such as wind farms and oil or gas 

platforms can be connected to VSC-based MTDC networks without auxiliary equipment 

[124]. For doing this the associated VSCs (like VSC 3 and 4 in Fig. 5.1) will perform 

frequency and power control and set the load frequency. In addition, if the VSC bears a 

dominant share of the generation for the connected island ac grid, it also needs to perform 

frequency control.  

B. P-Vdc Droop Control  
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In this operation mode, the VSC exerts active power control, while the power order is 

determined by the power flow program and adjusted by the droop control algorithm. This 

mode is applicable to onshore VSC stations like VSC 1 and 5 in Fig. 5.1. 

Compared to the fixed active power control, the operation with droop characteristics is 

critical for the stabilization of the MTDC grid by adjusting the power delivery as a function 

of the actual dc link voltage. The droop slope can be specified considering the steady-state 

voltage range of the dc grid and the power processing constraints applied to each VSC [115]. 

C. DC Voltage Control 

 The VSC operating in this mode performs fixed dc voltage control. Commonly a VSC 

connected to a large ac grid works in this control mode to take as much share as possible in 

holding the power balance within the MTDC grid. The dc link voltage is regulated to a 

given value under the assumption that the VSC can always balance the imported/exported 

power in the dc grid by adjusting its power exchange with the ac grid. However, this 

assumption cannot always be fulfilled considering the limited capacity of the VSC stations. 

In practice, a power or dc current limitation has to be implemented in the VSC station 

controller to saturate power delivery under severe faults [125]–[127]. 

D. P-f Droop Control 

This mode is as an alternative to the P-Vdc droop operation. This is oriented to a scenario 

in which the ac grid where the VSC is connected to has insufficient inertia, whereas the 

VSC is also connected to a strong node in the MTDC grid. In this mode, the main attention 

is payed to ac side, being the VSC deemed to be a generation unit with not only grid feeding 

capabilities, but also grid supporting features. The VSC 2 in Fig. 5.1 can preferably work 

in this control mode, considering the insufficient inertia of the oil and gas platform. 

E. Vdc-f Interaction Control 

In the grid of the future, when MTDC systems are largely penetrated into the ac mains, 

the regulation of both dc voltage and ac frequency shall be considered in the design of 

primary or secondary control layers. In order to head towards automation, the primary 

control of VSC with automatic responses to both dc voltage and ac frequency variations 

could be of interests. A voltage-frequency double droop control mode is considered in the 

controller presented in this chapter. The future onshore VSC stations (like VSC 1 and 5 in 

Fig. 5.1) can work in this mode for supporting the ac system, as well as stabilizing the dc 

system. Besides, the sharing between dc support and ac support can be adjusted simply by 

scheduling the control parameters. 

 

5.3 Unified Reference Controller 
With the capability of selecting the operation mode of VSCs, the grid of future will 

manage to automatically adapt itself to the perturbations in primary sources and loads, and 

even get through the fault contingencies. For instance, when a VSC station needs to 

contribute more in the voltage control after the fault of another VSC station, it can change 
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from the voltage droop control to voltage control operation mode. Fig. 5.2 shows the 

primary control architecture of such VSC, which is mainly characterized by the URC.  

This control architecture is proposed as a unified approach for controlling VSCs in 

MTDC grids. The control layers shown in Fig. 5.2(a) are similar to the typical control 

scheme of VSC-HVDC, which consists of an inner current controller and several outer 

controllers. The reference of the current in d axis (𝑖𝑑
𝑟𝑒𝑓

) is determined by the URC, which 

is dependent on the local measurements and the secondary commands. The reference of the 

current in q axis (𝑖𝑞
𝑟𝑒𝑓

) is determined by either the reactive power controller or the ac voltage 

controller. 
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Fig. 5.2. VSC stations control: (a) general control structure, and (b) the proposed Unified Reference 

Controller. 
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The structure of the URC is shown in detail in Fig. 5.2(b).  Pset is the active power 

reference resulting from a power flow analysis, and AK is the parameter matrix shown in 

(5.1). Each element of AK is defined in Fig. 5.2(b). 

 









IuPu

IfPf

KK

KK
KA  (5.1) 

The matrix AK will always contain some zero element to avoid control fighting, and it 

will be set by the secondary control layer commands. With different configuration in AK, 

the URC performs different functions, thus assigns the required operation mode to the 

controlled VSC. For operation modes like Vdc control or f control, Pset needs to be set to 

zero. The secondary control also specifies the transition time, Ttr, and the gain scheduling 

block will ramp AK to the control objective during the transition time. 

Except for the reference power control, other operation modes can be selected and are 

generalized as follow: 

Mode A:   f  control: KPf  ≠ 0, KIf ≠ 0, KPu = 0, KIu = 0.  

 ))(( ff
s

K
KP ref

If

Pfref  . (5.2) 

Mode B:   P-Vdc droop control: KPf  = 0, KIf  = 0, KPu ≠ 0, KIu = 0. 

 )( ref

dcdcPusetref VVKPP  . (5.3) 

Mode C:   Vdc control: KPf  = 0, KIf  = 0, KPu ≠ 0, KIu ≠ 0.  

 ))(( ref

dcdc
Iu

Puref VV
s

K
KP  . (5.4) 

Mode D:   P-f droop control: KPf  ≠ 0, KIf  = 0, KPu = 0, KIu  = 0.  

 )( ffKPP refPfsetref  . (5.5) 

Mode E:   Vdc-f control: KPf  ≠ 0, KIf  = 0, KPu ≠ 0, KIu = 0.  

 )()( ref

dcdcPurefPfsetref VVKffKPP  . (5.6) 

As a traditional discipline, the HVDC system simply plays a role as a feeder for the ac 

grids, and only stabilization of the dc side is considered. Based on the URC, when modes 

A, D or E are activated, perturbations at the ac side will be compensated as well. However, 

the ac perturbations will affect the dc link voltage, and in turn the frequencies of other ac 

areas. Because of this coupling dynamics, the strength of different areas can be shared to 

damp the disturbances in the whole network, while on the other hand the perturbations 
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might also be propagated and even amplified and cause instability. The latter situation has 

to be avoided through a proper control design.  

Based on the URC strategy, the interaction between the dc and ac grid is modeled in Fig. 

5.3, where two ac systems are interconnected through a dc grid, with two VSCs acting as 

interfaces.  
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Fig. 5.3. The interaction between dc voltage and ac frequency. 



112 5. Unified Reference Controller 

 

 

The ac system is represented by the swing equation of synchronous machine, where the 

electrical power equals to the load power subtracting the power injected by the converter. 

The dynamics of the power converter is represented by a first-order time delay, and the 

dynamics of the dc grid is determined by the equivalent capacitance of the dc capacitors. 

The following analysis is an example to show how the highlighted droop parameters Kpf1 

and Kpu2 should be determined considering the dynamics of the relevant ac systems, which 

are expressed in the highlighted blocks for the Machine 1 and 2. Arrows in the Fig. 5.3 

denote the disturbance flow directions considered in the following analysis. The 

symbols ¨a¨, ¨b¨, ¨c¨ and ¨d¨ represent different effects in presence of disturbances, which 

are explained in detail in the following analysis. 

In Fig. 5.3, 𝜏𝑃𝑖 is the time constant of the power control loop of the ith VSC, ∆𝑃𝑖  the 

incremental power that is injected to the ith ac grid, ∆𝑃𝑙𝑜𝑎𝑑𝑖  the incremental load changes in 

the ith ac grid, Mi and Di respectively are the torque and damping parameters of the 

synchronous machine that forms the ith ac grid, ∑ ∆𝑃𝑘  the sum of the power that is injected 

to other ac grids except for grids 1 and 2, and C the equivalent dc link capacitance. 

As shown in Fig. 5.3, the system is a multi-input multi-output system. The power 

delivered by the VSCs is influenced by different inputs. During the operation of MTDC 

grid, the variation in dc voltage can happen due to the events such as the variation in the 

harvested wind power and the variation in the power delivered to the ac grids. In order to 

study the VSC power delivery response under variations in the dc voltage, the transfer 

function considering the partial derivation 𝜕𝑃𝑖/𝜕𝑉𝑑𝑐 needs to be obtained. By defining the 

dc voltage as an independent variable and the power delivered to grid i (1, 2, …) as a 

dependent magnitude, a transfer function can be written as: 
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As shown in (5.7), the power processed by the VSCs is able to compensate the deviation 

of dc voltage. Such compensation effect is strengthened when KPu takes high values and KPf 

low values.  

On the other hand, a variation in the ac grid frequency can happen because of ac load 

changes and generation variation. In such a case, the response of ∆𝑃𝑖  in the presence of 

frequency changes can be written as: 
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0
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As shown in (5.8), the power processed by the ith VSC aims to compensate the deviation 

of the ac frequency during transient states. Moreover, this compensation effect will not only 

respond to transient in the VSC local area, but it will also respond to transients in other 

areas, which are coupled through ∆𝑃2 and ∑ ∆𝑃𝑘.  
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As shown in Fig. 5.3, frequency variations from an ac grid can be propagated to other ac 

grids by affecting the dc voltage. The frequency response of an ac grid in presence of dc 

voltage changes can be written as: 
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Then, the interaction between two ac areas can be analyzed. In a  conventional control 

paradigm, a VSC station does not respond to frequency variations, and the frequency hence 

swings freely following the load changes and is characterized by the inertia constant of the 

generation plant. This effect is denoted by “a” in Fig. 5.3. So if the demand 𝑃𝑙𝑜𝑎𝑑1 decreases 

in the area 1, the frequency in such area, f1, increases according to this effect. However, in 

cases of activating modes A, D or E, Kpf1 is enabled, and the effect “a” will be superposed 

by a feedback effect, which is denoted by “b” in Fig. 5.3, which counteracts and damps the 

frequency variation. Due to the decrease in the delivered power P1, the dc voltage increases, 

and the frequency of another ac area, f2, can be disturbed if KPu2 is enabled and if the inertia 

in such second area, M2, is insufficient. This effect is denoted by “c” in Fig. 5.3. Moreover, 

if KPf2 and KPu1 are enabled, the effect “d” will take place to counteract the effect “b”. 

Therefore, the frequency response in the first area, f1, will results from the aggregated 

effects of “a”, “b” and “d”. 

As a healthy interaction among multi terminals, the effects “c” and “d” need to be 

avoided, which can be achieved under either of two conditions: sufficient inertia of area 2, 

or enough small value of KPu2. In the former condition, the disturbances in grid 1 will sink 

in grid 2 due to the inertia of grid 2, showing the effect of inertia sharing. In the latter 

condition, the disturbances in grid 1 will not propagate to grid 2, despite the fact that grid 2 

could have insufficient inertia. 

In general, the conceptual operation paradigm for MTDC grids is shown in Fig. 5.4, 

where five different ac areas are interconnected through a MTDC grid.  

Vdc1

Vdc2

Vdc3

Vdc4

Vdc5

f1

D

A

A

EB

f2

f3

f4

f5

Grid 1

Grid 5

Grid 2

Grid 3

Grid 4
 

Fig. 5.4. The conceptual operation paradigm for MTDC grid based on ac-dc interaction. 

Grid 1 is an oil and gas platform as a low-inertia ac grid, Grid 2 and 3 are offshore wind 

farms, Grid 4 is an onshore grid with clusters of synchronous machines, and Grid 5 is similar 

to Grid 4 but with larger rotating mass. According to the different characteristics of each ac 
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grid, different operation modes for the VSC controllers interconnected through the MTCD 

networks should be selected. In detail, the offshore farms will work with frequency control 

(Mode A), the Grid 5 performs voltage droop control (Mode B), the oil and gas platform 

performs frequency droop control (Mode D), and the Grid 4 performs Vdc-f interaction 

(Mode E).  

The arrows in Fig. 5.4 denote the direction of the disturbance flow (which not necessarily 

matches the direction of the power flow). In this way the frequency disturbances in grids 1, 

2 and 3 can sink in grids 4 and 5, and the disturbances in grid 4 can also be damped by grid 

5. It can be seen that by operating in a proper mode, the nodes connected to low-inertia ac 

grids will not be involved in dc voltage control, but only in supporting the ac frequency. On 

the other hand, a VSC station connected to a large ac grid can perform dc voltage control. 

Moreover, other stations can perform frequency support as well as voltage support 

following both needs at the dc and ac sides. 

 The advantages of the inertia sharing can be summarized as: 

1- Frequency support for an ac area by exchanging power with another ac area that has 

larger amount of inertia. 

2- Isolation of the perturbations at the dc side because of frequency deviation in a low-

inertia ac grid. 

3- Adjustable interaction between the dc voltage and ac frequency at each terminal.  

 

5.4 Simulation Results 
A simulated MTDC grid based on CIGRE B4 grid [128] is built as shown in Fig. 5.5, 

where two offshore grids and two onshore grids are interconnected by five VSC stations. 

The proposed URC is implemented for each VSC.  

Cb-D1 Bo-D1

Cb-C2 Bo-C2

Cb-B1

Cb-A1

Cb-B2

Bb-A1 Bb-C2

Bb-D1

Bb-E1Bb-B1Bb-B4

Bb-B2

Ba-A1Ba-A0

A0

Ba-B0

B0

Ba-B2

Ba-B1

C2

D1

DC bipole (± 400 kV)
AC onshore (380 kV)
AC offshore (145 kV)

 
Fig. 5.5. CIGRE MTDC grid test system. 

The grid B0 is configured to be a strong ac grid with high amount of inertia, which leads 

to a stiff frequency. For the sake of simplifying the grid model, a Thevenin equivalent model 
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(voltage source with impedance) is used to form the grid B0. The VSC Cb-B1 and Cb-B2 

are hence assigned with voltage droop control. The offshore VSC stations, Cb-C2 and Cb-

D1, perform frequency control. The VSC Cb-A1 works in different control modes with 

different control parameters in the following tests. The control parameters of VSC station 

Cb-A1 are shown in Table 5.1.  

In this test, the base power for VSCs and the base voltage for dc buses are 1200 MW and 

800 kV, respectively. Two synchronous generators supply the grid A0 with a base power of 

400 and 200 MW. They both have an inertia constant of 3.6 s and initially work at 0.72 pu. 

The events considered in the tests are listed in Table 5.2, and some simulation results are 

presented in the following to show the interaction between the dc and ac grid.   

Table 5.1 Control parameters for the VSC Cb-

A1 

Symbol KPU KPf KIu KIf 

AK1 20 0 0 0 

AK2 20 0.4 0 0 

AK3 20 0.8 0 0 

AK4 0 0.4 0 0 

 

Table 5.2 Events in the Tests 

Event Description 

E1 Total loss of mechanical power in the 200 MW synchronous generator of 

grid A0 

E2 Load step of 100 MW in the bus Bb-B1 

E3 Break of one of the two transmission lines between Ba-A0 and Ba-A1 

E4 Transition from the Mode B (voltage droop control) to Mode C (voltage 

control) 

E5 Transition from the Mode E (Vdc-f control) to Mode D (frequency control) 

 

Firstly, the event E1 from Table 5.2 is triggered, where a sudden loss of the mechanical 

power in the 200 MW synchronous generator of grid A0 takes place, and results based on 

different control parameters are shown in Figs. 5.6 and Fig. 5.7.  

Fig. 5.6(a) shows how the other generator of area A0 (400 MW) increases its output 

power to keep the power equilibrium. Due to the drop of the frequency as Fig. 5.6(d) shows, 

the VSC also increases its injected power to contribute to the frequency stabilization as Fig. 

5.6(c) shows, which is companied by the drop of the dc voltage as Fig. 5.6(b) shows. 

Comparing the plots in Fig. 5.6(d), it is found that the ac grid supporting effect can be 

enhanced by increasing the value of KPf, with the compromise of the dc voltage drop as Fig. 

5.6(b) shows.  
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Fig. 5.6. Responses of grid A0 and VSC Cb-A1 when a 200 MW generator in grid A0 is lost: (a) 

active power output of the remained 400 MW generator in grid A0, (b) dc bus voltage of the VSC Cb-

A1, (c) active power injected by VSC Cb-A1 to grid A0, (d) grid A0 frequency. 

As shown in Fig. 5.7, the support of grid frequency is actually an aggregated effect of 

multiple nodes. The dc bus voltage drop results in a change of the power injected by VSC 

Cb-B1 and Cb-B2, as Fig. 5.7(a) and (b) show, while the VSC Cb-C2 and Cb-D1 maintain 

their power import following the frequency control, as Fig. 5.7(c) and (d) show.  

As a summary of this test, Fig. 5.6(d) shows how the frequency deviation of the ac grid 

can be alleviated by properly dispatching the control mode and parameters to relevant 

VSCs, and Fig. 5.7(c) and (d) show how the VSCs that are connected to wind farms are not 

affected. In this way, the frequency of the grid A0 becomes stiffer, i.e., the grid A0 

apparently presents a larger amount of inertia, which actually relies on the dc voltage 

support of the VSC that is connected to the grid B0. Since the grid B0 has sufficient amount 

of inertia, its frequency is not much affected by the voltage disturbances. In this case, the 

grid B0 shares its inertia to the grid A0.   
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Fig. 5.7. Responses of different terminals when a 200 MW generator in grid A0 is lost: (a) active 

power absorbed by VSC Cb-B1 from the MTDC grid, (b) active power absorbed by VSC Cb-B2 from 

the MTDC grid, (c) active power absorbed by VSC Cb-C2 from the MTDC grid, (d) active power 

absorbed by VSC Cb-D1 from the MTDC grid. 

A second test, the event E2 from Table 5.2 is triggered to the system, i.e., a load step of 

100 MW in the dc bus Bb-B1 takes place. This event might represent a dc grid perturbations 

caused by a large change in the power imported from the offshore wind farms or in power 

injected in one of the onshore terminals. Fig. 5.8 shows the responses of the ac grid A0 and 

the VSC Cb-A1. By comparing the plots in Fig. 5.8, the effect of KPu and KPf can be clearly 

identified, corresponding to the dc voltage and ac frequency droop support loops. As a 

consequence of the load increment, the voltage at the dc bus Bb-A1 drops and reaches a 

new steady state value, as shown in Fig. 5.8(b). As a result, the power injected to the ac grid 

by the VSC Cb-A1 decreases to compensate the the dc bus voltage drop, as shown in Fig. 

5.8(c). Comparing the traces for Ak2 and Ak4 in Fig. 5.8(c), it can be appreciated how the 

trace corresponding to Ak2 presents a stronger response. Then comparing the traces for Ak2 

and Ak4 in Fig. 5.8(b), it can be appreciated how the trace for Ak2 experiences a lower drop. 

Therefore, it is demonstrated that a greater value for Kpu enhances the voltage support effect 

of the VSC. By following a similar reasoning in comparing the traces for Ak1 and Ak2 in 

Fig. 5.8, it can be concluded that a lower value for Kpf enhances the voltage support effect. 
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Therefore, by specifying different ratios for KPu over KPf, the dc voltage droop support and 

ac frequency droop support can be achieved at different levels. 
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Fig. 5.8. Responses of grid A0 and VSC Cb-A1 when dc load on Bb-B1s steps: (a) active power 

output of the 400 MW generator in grid A0, (b) dc bus voltage of the VSC Cb-A1, (c) active power 

injected by VSC Cb-A1 to grid A0, (d) grid A0 frequency. 

In summary, load changes in the dc grid or in the ac grid A0 can lead to a change in the 

dc voltage or the ac frequency. By configuring the associated VSC stations to the 

appropriate operation modes, with a proper ratio KPu / KPf, the perturbations either at ac grid 

A0 or at dc side can be considerably damped by exchanging power with the VSC stations 

connected to the ac grid B0. The frequency of the offshore ac grids are not affected, since 

the wind power import only follows the maximum power point of the offshore plants and 

do not react to the dc grid voltage changes. The large ac grid B0 acts as the sink of 

perturbations, thanks to its relatively large amount of inertia. 

Fig. 5.9 shows some simulation results when the event E3 from Table 5.2 is considered, 

i.e., when one of the two paralleled transmission lines between Ba-A0 and Ba-A1 is broken 

and totally lost. Since the line impedance is instantaneously triggered to a very high value, 

both the power supplied by the synchronous generator of the grid A0 and the power 

delivered by the VSC Cb-A1 instantaneously decrease, as Fig. 5.9(a) and (c) show, resulting 

in a transient in dc voltage and frequency of the grid A0, as Fig. 5.9(b) and (d) show. The 
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tradeoff between the dc voltage support and ac frequency support is shown in Fig. 5.9 by 

traces based on different values for KPf. After comparing such traces, it can be conclude that 

the larger value for KPf, the shorter settling time of grid frequency, while the larger deviation 

of the dc voltage.  
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Fig. 5.9. Responses of grid A0 and VSC Cb-A1 when one of the two transmission lines between Ba-

A0 and Ba-A1 breaks: (a) active power output of the 400 MW generator in grid A0, (b) dc bus voltage 

of the VSC Cb-A1, (c) active power injected by VSC Cb-A1 to grid A0, (d) grid A0 frequency. 

To show the capability of the URC to have smooth transitions among different operation 

modes some tests are conducted in the following.  

In a first case, the event E4 from Table 5.2 is considered, i.e., the operation mode of VSC 

Cb-A1 transits from the Mode B (voltage droop control) to Mode C (voltage control). This 

action might be needed when the VSC station in charge of the dc voltage control is blocked 

after a fault, and another station hence needs to take more share in dc voltage control. 

The transition starts at t = 5 s, and the parameters matrix is linearly ramped to the 

objective values during 10 s. The dc voltage is driven and attached to its reference value 

after the transition, as shown in Fig. 5.10(a). A step change in the dc voltage reference is 

given at t = 25 s, and an effective voltage control is achieved. As it is shown in Fig. 5.10(b), 

the dc voltage on other nodes (Cb-B1 and Cb-B2) accordingly moves to new operation 
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points after the change in the operation mode and the change in the voltage reference. When 

the dc bus voltage of VSC Cb-A1 changes, the power it delivers changes as well. Following 

the voltage droop control, the active power injected by VSC Cb-B1 and Cb-B2 change to 

achieve a new power equilibrium, as shown in Fig. 5.10(c). 

 
(a)                                                                  

 
(b)                                                                   (c) 

Fig. 5.10. Control mode for VSC Cb-A1 transition from Mode B to Mode C: (a) dc bus voltage on 

Bb-A1, (b) dc bus voltage of VSC Cb-A1, Cb-B1 and Cb-B2, (c) active power injected by VSC Cb-

A1, Cb-B1 and Cb-B2. 

In the second test case, the event E5 from Table 5.2 is executed, i.e., the operation mode 

of VSC Cb-A1 transits from the Mode E (Vdc-f control) to Mode D (frequency control). The 

transition starts at t = 25 s and reaches the new operation mode in 5 s. By changing the 

injected active power, the frequency is regulated to its reference value after the transition, 

as shown in Fig. 5.11(a). The change of the injected power of the VSC Cb-A1 results in the 

change of the dc voltage, as shown in Fig. 5.11(b). The power injected by the VSC Cb-B1 

and Cb-B2 change as well, by following a voltage droop control, as shown in Fig. 5.11(c). 

At t = 35 s, the load in the grid A0 decreases in a step, and Fig. 5.11(a) shows the transient 

of the frequency in the grid A0. Thanks to the effective control in mode D, the VSC Cb-A1 

compensates the power imbalance by reducing the power injection from 0.5 p.u. to 0.25 

p.u., as shown in Fig. 5.11(a), and the frequency is drawn back to its reference after a short 

transient. From Fig. 5.11(b) and Fig. 5.11(c) it can be observed how the other VSCs 

automatically move their operation points for restoring the power equilibrium. 
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(a)                                                                 

 
(b)                                                           (c) 

Fig. 5.11. Control mode for VSC Cb-A1 transition from Mode E to Mode D: (a) frequency of the Grid 

A0, (b) dc bus voltage of VSC Cb-A1, Cb-B1 and Cb-B2, (c) active power injected by VSC Cb-A1, 

Cb-B1 and Cb-B2.

The results shown in Fig. 5.10 and 5.11 exhibit the effectiveness of the URC structure in 

re-dispatching the role of the VSC stations interconnected in a MTDC system. Combined 

with secondary control, each VSC is able to work properly to meet requirements in the 

associated nodes, and the MTDC grid can also be reorganized after the block of a VSC 

station. 

 

5.5 Summary of the Chapter  
The operation of MTDC grids with inertia sharing was discussed in this chapter, 

supported by the previously presented URC structure. The perturbations in the ac-dc grids 

were properly damped by sharing the inertia from several large ac grids, without interfering 

the low-inertia ac grids. In this way, the requirements of the connected ac grids can also be 

met, as well as the balance of energy in the MTDC grid. Moreover, the large-scale 

integration of offshore wind energy based on MTDC grid becomes more possible thanks to 

its support to the connected ac grids. Simulation results based on the CIGRE B4 grid [128] 

model showed the good performance and merits of the URC solution. Each VSC station in 
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the MTDC grid have presented a satisfactory response to events such as load changes in ac 

grid, load changes in dc grid and transmission line fault. 



 

 

 

  CHAPTER 

        6. 
 

 

Conclusions and Future Work 
 

 
 

6.1 Conclusions 
The work presented in this PhD dissertation has introduced and analyzed new features in 

the control of grid connected power converters with grid support functionalities. In this 

regard, the main work performed in this PhD project has focused on the application of the 

Synchronous Power Controller (SPC) concept and its fundamental control structure. The 

results obtained, and the conclusions that can be extracted after the analysis, have evidenced 

that introducing an emulated and improved synchronous generator characteristics enabled 

the SPC-controlled power converters to provide an enhanced transient response, which is 

more aligned with the needs of an electrical system with high integration of non-

synchronous based generation devices.  

One of the conclusions achieved in this work is that SPC-based power converters can be 

integrated in already existing power conversion stages, which count on accurate and fast 

dynamic inner controllers. As these inner controllers are the foundation that should follow 

the input provided by the SPC, a methodology for achieving an appropriate inner current 

controller tuning was proposed and tested, giving rise to a methodology that permits to 

conduct the tuning considering a generic power range of the converter, where the SPC will 

be hosted.  

Different from many other current controller tuning methods, the presented unified 

tuning approach does not entail a pole-placement process based on a trial-and-error manner, 

neither the setting of open-loop crossover frequency or phase margin based on a canonical 

convention. The multiple-candidates-optimal-solution based method has reported 

satisfactory results, which were collected in the Chapter 3 of this PhD dissertation. 

The work conducted in this PhD has contributed also to demonstrate the advantages of 

the virtual admittance and inertia emulation that the SPC introduces. The SPC structure 

introduced in Chapter 2 was integrated in the outer loop of a current controlled device, and 

its performance was tested in different scenarios. The results achieved were satisfactory, 

especially under transient conditions.  

However, a significant active power drift was observed in steady state in some cases. The 

analysis of this phenomenon permitted to concluded that the inherent P-f droop gain can be 
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high, depending on the SPC implementations. For this reason, a method alternative to the 

synchronous generator swing equation emulation was introduced. In this case, a PI-based 

power loop controller came into the plan, which permitted to eliminate the inherent droop 

as well as to specify the droop characteristic only by means of an external droop loop.  

After the analysis conducted, together with the experimental results collected, it has been 

concluded that the power loop controller that has the lead-lag structure shows more 

interesting features, such as the capability of specifying the inherent droop slope without 

interfering the damping and inertia characteristics, and the elimination of the external droop 

loop. This controller has been referred in this work as the Configurable Natural Droop 

(CND) controller, and it is integrated in the generic structure of the SPC. All the three power 

loop control strategies for emulating the inertia and damping of synchronous generators, 

which are the swing equation emulation, the PI, and the CND, were tested in simulations 

and experiments, showing good performance. The setup used in the experiments was a 10 

kW two-level three-phase grid connected power converter, which showed good 

performance in presence of power reference changes, grid frequency sweeps and voltage 

sags, based on different power loop controllers. The CND controller also showed an 

expected inherent droop feature in the experiments, different from the one resulting from 

the swing equation emulation. The results of the above tests have been reported in Chapter 

4. 

The comparison between the SPC and the conventional control was also addressed at this 

stage, and the results were shown in Chapter 4. It has been demonstrated how the SPC-

based power converter can reshape the interaction dynamics between a generation unit and 

the grid and contribute to frequency stabilization. The active power transient response of 

the SPC-based power converter showed an inertial response compared to the conventional 

control based converter, and showed a good steady-state performance like the one from the 

conventional control. Under frequency changes, the SPC-based power converter showed a 

stronger transient response aiming to compensate the frequency changes, thanks to the 

inertial characteristic. Under a voltage sag, the SPC-based power converter naturally 

injected more reactive power thanks to the virtual admittance. It can be concluded that an 

SPC-based power converter can contribute more to the grid stability compared to a 

conventional power converter, which is important in case of large-scale integration of 

renewable generation, especially power-converter-based generation. 

The work conducted in this PhD has been also useful in order to show the importance of 

negative sequence control. Moreover, it has been shown that this feature can be achieved 

using the SPC by means of using a simple implementation based on setting different 

admittances for components in different sequences. This application is of special interest, 

as it was shown, in case of dealing with asymmetrical grid faults. 

The experimental validation of the tri-branch virtual admittance was carried out in this 

stage, demonstrating the advantages of this structure when dealing with the injection of 

negative sequence current for unbalanced voltage support. The main principles and the 

associated results have been reported in Chapter 3.  

In the last chapter of the PhD dissertation, a unified outer loop controller for the VSCs in 

MTDC grids was presented, which integrates both dc voltage and ac frequency droop 

control. In this way, the support to the ac areas that are connected to the MTDC grid is 

possible. The simulation results based on a CIGRE B4 test model showed the effectiveness 
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of the power converter for compensating the frequency changes of the ac area (caused by 

load changes) that it interfaces, considering the presented control strategy. Besides, the 

transition from one operation mode to another, such as from voltage droop to voltage-

frequency double droop, was also demonstrated to be possible. The work performed in this 

field was reported in Chapter 5. 

 

6.2 Future Work 
As widely admitted, grid connected power converters in the future should provide more 

services to the grid, support it, and contribute to its stability. Therefore, the SPC will be 

developed continuously in the future as well as other synchronous generation emulation 

control (SGEC) strategies.  

As indicated in Chapter 1, the SPC is different from other SGEC strategies. Even though 

this PhD research was more centered on the electromechanical part of the SPC, the use of 

the virtual admittance is one of the most remarkable features of the SPC. Therefore, future 

work could be oriented to analyze in deep the advantages brought by the virtual admittance, 

as well as to propose possible improvements that could be introduced in this part.  

Thanks to its virtual implementation, the SPC integrated in highly controllable devices 

such as power converters are expected to do many things that the synchronous machines 

cannot, such as having selective admittances or power loop controllers for different 

frequencies. Even though the tri-branch virtual admittance was introduced in Chapter 3, a 

systematic and analytical tuning of the negative-sequence admittance, considering both grid 

requirements and physical current limits is considered as a future work.  

In addition to those fields linked to the virtual admittance or power loop controller 

applications, other issues that have not been totally addressed in this PhD research include 

the pre-synchronization, re-synchronization and black start for the SGEC-based power 

converters. 
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   Simulation Test System 
 

The test system used for collecting the simulation results in this PhD dissertation are 

described in this appendix. The modeling of the LCL-trap filter is also given. 

 

A.1 Simulation Test System 
Fig. A.1 shows the block diagram of the simulation test system, which was built in PSIM.  
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Fig. A.1. Block diagram of the simulation test system used for this PhD dissertation. 

This block diagram can represent all the simulation scenarios in this PhD dissertation, 

except that in the case presented in Section 4.6.1.B, where the converter, filter and controller 

blocks were reproduced for paralleled working of power converters.  

For the scenario of 10 kW grid connected power converter, the parameters are shown in 
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Table A.1. 

Table A.1 Parameters of the 10 kW power converter simulation system 

Description Symbol Value 

nominal grid phase-phase voltage  Vline 400 [V] 

nominal grid frequency  fg 50 [Hz] 

dc bus voltage Vdc 640 [V] 

converter nominal power  PN 10 [kW] 

switching frequency  fsw 10050 [Hz] 

samping frequency  fs 10050 [Hz] 

filter converter side inductance  Lo 2.6 [mH] 

filter grid side inductance Lg 662 [µH] 

filter capacitance Co 5.5 [µF] 

filter trap branch capacitance Ct 1 [µF] 

filter trap branch inductance Lt 244 [µH] 

filter converter side resistance  Ro 0.025 [Ω] 

filter grid side resistance  Rg 0.094 [Ω] 

filter damping resistance  Rco 1 [Ω] 

 

For the scenario of 100 kW grid connected power converter, the parameters are shown 

in Table A.2. 

Table A.2 Parameters of the 100 kW power converter simulation 

system 

Description Symbol Value 

grid phase-phase voltage  Vline 400 [V] 

grid frequency  fg 50 [Hz] 

dc bus voltage Vdc 750 [V] 

converter nominal power  PN 100 [kW] 

switching frequency  fsw 3150 [Hz] 

samping frequency  fs 6300 [Hz] 

filter converter side inductance  Lo 778 [µH] 

filter grid side inductance Lg 402 [µH] 

filter capacitance Co 66 [µF] 

filter trap branch capacitance Ct 30 [µF] 

filter trap branch inductance Lt 85 [µH] 

filter converter side resistance  Ro 0.0073 [Ω] 

filter grid side resistance  Rg 0.0021 [Ω] 

filter damping resistance  Rco 0.5 [Ω] 
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In this simulation system as Fig. A.1 shows, the two-level three-phase VSC is supplied 

by a dc voltage source, and it is connected to the grid through an LCL-trap filter. This filter 

was chosen to keep the simulation setup consistent with the experimental one.  

The three-phase grid voltage is expressed on the dq reference frame, where the d-axis 

voltage is the desired voltage magnitude and the phase-angle is calculated as an integration 

of the programmed frequency. In this way, the magnitude and frequency of the grid voltages 

can be changed for balanced voltage sag and frequency sweep tests. For creating an 

unbalanced voltage sag event, a step voltage source can be placed to multiply the output 

voltage of the sag phase.   

In order to minimize the gap between the simulation and the experimental 

implementation, the controller is discretized and coded in C language in Microsoft Visual 

Studio, which generates a DLL file after the code is compiled.  A DLL block in PSIM can 

call the generated DLL file in simulation.  

 

A.2 LCL-Trap Filter Transfer Function 
Fig. A.1 has shown the topology of an LCL-trap filter, and in this section its transfer 

function is presented, which can be used for modeling and analysis. (A.1) [129] shows the 

single-phase expression of the transfer function between the converter output voltage, vc, 

and grid side current, i2, when an LCL-trap filter is used.  
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where Lo and Lg are respectively the converter side inductance and grid side inductance, Ro 

and Rg respectively the equivalent parasite resistance of the inductors, Co the main 

capacitance, Rco the passive damping resistance, Ct and Lt the capacitance and inductance 

of the trap branch, and the different coefficients in the denominator can be written as a 

function of the filter parameters shown as:  
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As an alternative, if the converter side current i1 is controlled, (A.3) becomes useful in 

modeling and analysis.  
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   Laboratory Experimental Setups 
 

This appendix describes the experimental setup of the 10 kW grid connected power 

converter, and describes the asymmetrical grid fault experimental setup, which consists of 

two paralleled 100 kW grid connected power converters.  

 

B.1 10 kW Grid Connected Power Converter 

Setup 
Fig. B.1 shows the block diagram of the 10 kW grid connected power converter 

experimental setup, which was pictured in Fig. B.2 and Fig. B.3.  
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Fig. B.1. Block diagram of the 10 kW grid connected power converter experimental setup. 
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Fig. B.2. Laboratory view of the 10 kW grid connected power converter test setup. 
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Fig. B.3. 10 kW grid connected power converter. 

The setup parameters are listed in Table B.1.  
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Table B.1 Parameters of the 10 kW grid connected power converter 

experimental setup 

Description Symbol Value 

nominal grid phase-phase voltage  Vline 400 [V] 

nominal grid frequency  fg 50 [Hz] 

dc bus voltage Vdc 640 [V] 

converter nominal power  PN 10 [kW] 

switching frequency  fsw 10050 [Hz] 

samping frequency  fs 10050 [Hz] 

filter converter side inductance  Lo 2.6 [mH] 

filter grid side inductance Lg 662 [µH] 

filter capacitance Co 5.5 [µF] 

filter trap branch capacitance Ct 1 [µF] 

filter trap branch inductance Lt 244 [µH] 

filter damping resistance  Rco 1 [Ω] 

 

The dc bus was supplied by a 40 kW dc power source, supplied by Magna-Power. During 

the frequency variation and voltage dip tests, the power converter was connected to the grid 

through a California Instrument regenerative power source, model MX45, by which the grid 

voltage amplitude and frequency profiles were programmable. In this manner, a grid 

frequency sweep could be generated. The output impedance of the ac regenerative source 

was set to a very low value, 0.002+ j0.002 Ω, thus the voltage profile at the PCC became 

almost independent to the power injected by the power converter. In this way, the power 

response of the power converter could be compared with the theoretical response given by 

the transfer functions such as (4.6), (4.19) and (4.34) to validate the designed inertial 

characteristic. The control algorithm was implemented in a dSPACE 1103 real-time control 

system by using the same code used in simulation tests. 

 

B.2 Asymmetrical Grid Fault Test Setup 
Fig. B.4 shows the block diagram of the asymmetrical grid fault experimental setup, 

which was pictured in Fig. B.5. 
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Fig. B.4. Block diagram of the asymmetrical grid fault experimental setup. 
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Fig. B.5. Laboratory view of the asymmetrical grid fault experimental setup. 

These two 100 kW SPC-based grid connected power converters have the same specs as 

table B.2 shows. Table B.2 also lists other setup parameters for asymmetrical grid fault 

experimental tests.  

The power rating of the dc power source is 250 kW, which is sufficient to supply both 

power converters. The grid link filter for each converter is LCL-trap filter with the 

parameters shown in Table B.2. The sag is triggered manually in the tests. 
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Table B.2 Parameters of the asymmetrical grid fault experimental setup 

Description Symbol Value 

nominal grid voltage V 400 [V] 

grid frequency fg 50 [Hz] 

sag generator equivalent inductance  Ls 800 [μH] 

dc bus voltage  Vdc 750 [V] 

converter rated power Pn 100 [kW] 

converter rated current rms In 160 [A] 

switching frequency fsw 3150 [Hz] 

samping frequency fs 6300 [Hz] 

filter converter side inductance  Lo 778 [µH] 

filter grid side inductance Lg 402 [µH] 

filter capacitance Co 66 [µF] 

filter trap branch capacitance Ct 30 [µF] 

filter trap branch inductance Lt 85 [µH] 

filter damping resistance  Rco 0.5 [Ω] 

virtual reactance  Xpu 0.3 [p.u.] 

filtering stage bandwidth  kbw 0.3 

virtual inertia constant  H 5 [s] 

virtual  damping factor  ξ 0.7 

reactive power control  Kpq 1e-5 

reactive power control  Ki 1e-7 

current controller  Kp 4.5 

current controller  Kr 100 

 

 


