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 Abstract 
   The energy sector is moving into the era of distributed generation (DG) and 

micro-grids (MGs).  This research focuses on development of a new family of 

control and management strategies for integration of micro-grids with numerous 

voltage source converters and synchronous generators in smart power grids 

by introducing the new concepts of Synchronous Converters and Synchronous-

VSC. The stability and operation aspects of converter-dominated MGs are faced 

by many challenges. Important among these are: 1) the absence of physical 

inertia; 2) power quality issues due to permanent frequency offset and voltage and 

current regulation; 3) mutual interactions among synchronous generators and 

voltage source converters; 4) transitions to islanding and its detection delays; 5) 

large sudden disturbances associated with grid restoration, transition to islanding 

and DG out-of-phase re-closing; and 6) development of high impedance weak 

MGs because of installation of renewable energy resources in areas which are 

geographically remote from the load centers.  

   This dissertation presents a new family of comprehensive control and 

management strategies for MGs in smart distribution grids. The thesis also 

provides a general and computationally-efficient framework for the modeling and 

analysis of the management strategies in a multiple-DG MGs; the framework 

facilities MG dynamic studies and controller parameters in large micro-grids with 

multiple DG units.  Three different approaches for real and reactive power 

management are proposed. The controllers offer the following advantages: 1) the 

proposed topologies can be applied to both voltage-controlled (VC) and current 

controlled (CC) voltage source converters (VSCs). 2) The controllers are 

universal and realize requirements of both grid-connected and islanded modes, i.e. 

share real and reactive power during islanding and act as grid supporting VSCs in 

grid connected mode. 3) The controller emulates the behaviour of conventional 

synchronous generators (SGs) which in turn results in better integration of 

electronically-interfaced DG units into the power system and prevents instabilities 

due to interaction of fast response DGs and SGs. 4) The controllers realize 



 
 

 iii   
 

seamless and robust transition to islanding mode. 5) The controllers are equipped 

with a nonlinear supplementary controller to mitigate large power angle swings 

associated with large-signal disturbances. 6) The controllers can be easily adapted 

to conventional synchronous machines. 7) The controller provides seamless self-

synchronization operation under out-of-phase reclosing. 8) The controllers 

provide stable operation and superior current decoupling in very weak grids and 

MGs. 
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Chapter 1 Introduction 
 
 
1.1 Forward 
 
   Due to fast development of renewable energy resources the distributed 

generation (DG) concept has changed the paradigm of energy generation and 

transfer under the smart grid vision [1]-[3]. DG has many advantages such as 

closeness to customers, increased efficiency and reduced transmission loss, better 

reliability, and improved energy management [4]–[8]. The majority of DG 

resources are interfaced to grid/loads via power electronic converters. A cluster of 

DG units, loads and energy storage devices connected in series or parallel 

together form a microgrid (MG) [2] which can operate in three modes of 

operation, namely1) grid connected mode, 2) the islanded mode and 3) transition 

between the two modes [2]. Fig. 1.1 shows a typical MG. Based on IEEE 

Standard 1547.4-2011 [9], an effective approach to control and manage smart 

distribution grids is to divide them into a set of MGs. The IEEE 1547 

recommends that MGs should be disconnected from the main grid when the grid 

voltage is lower than 0.85 p.u. or higher than 1.1 p.u. to prevent islanding 

operation [9]. The concept of MG has been expanded to overcome the common 

interconnection issues resulted from individual DGs in the conventional power 

system. The main benefits of MGs are better customer satisfaction, local 

reliability improvement, enhanced voltage profile and increased efficiency due to 

loss minimization.   

 One approach to control and manage a smart power system is to split it to 

several MGs as shown in Fig. 1.2. These MGs act like some power islands 

connected to each other to form the total smart power system. MGs can be 

connected to the grid or work in autonomous mode. In each case, the adopted 

controller-management strategy is different and affects system behavior in terms 

of its stability, performance and power quality. In islanding mode, DGs must 

supply local loads power and provide satisfactory frequency and voltage stability 

and quality. This approach eases hierarchical control and management of smart 

grids by coordination of MGs such that smart grid management objectives are  



•

•

•
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Figure  1-2. Construction of a smart grid by coordination of individual MGs.  

 

    Each level supervises and coordinates the lower level systems and the stability 

and satisfactory performance of each level is influenced by upper level 

controllers. For an islanded MG, frequency and voltage droop control is widely 

adopted to share active and reactive powers among units proportionally and 

eliminate CI and as a matter of fact the droop control is a method for coordination 

of DGs. 

     By optimal coordination and management of MGs, superior management 

strategy of the smart grid can be realized. Instabilities due to interaction among 

various electronically-interfaced (EI) DG units, synchronous generators and the 

grid, steady state constant frequency operation, accurate load sharing, smooth 

switching between modes and robustness against parameter variations are main 

concerns of MG operation. The stability issues related to MG operation are 

mainly because of lack of dominant energy resource in autonomous mode, 

different response time constants of EI-DG and conventional generators due to 

lack of inertia for frequency dynamics in EI-DG which may lead to angle/voltage 

instability [10] and instabilities due to change of mode of operation. 

The main goal of a grid-connected MG is to supply real and reactive powers 

under high power quality injection constraints. In the islanded mode, DG units are 

required to supply “regulated power” under controllable voltage and frequency 
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while maintaining  accurate power sharing among different DG units [2], [5]. 

Driven by these requirements two main control strategies- namely communication 

based centralized [10]-[14], and decentralized [5], [15]-[28] have been proposed 

in the literature. Between these two methods, due to reliability issues, the droop-

based decentralized controller has been widely adopted for power sharing and 

control of MGs.  

  The dominant control method for a grid-connected DG interface is based on a 

current-controlled voltage source converter (CC-VSC), to inject the required real 

and reactive powers via current control [12], [29].  However, when the MG works 

in the islanding mode, the absence of a stiff grid to regulate voltage may lead to 

voltage and frequency distortion [12], [29] or even instability with this control 

method. Therefore, DG needs to switch to voltage controlled mode and so an 

islanding detection technique is required. Furthermore, this transition to islanding 

mode may result in very severe transients in power, frequency and angle, and 

instability is expected. One approach is to shed loads intelligently to damp power 

oscillations subsequent to islanding [30]. Katiraei studied system behaviour after 

islanding and used a control reconfiguration to stabilize the system [31]. Robust 

control of DG units subsequent to islanding is also proposed in [32]. Some 

methods for smooth transition to islanding mode are investigated in [10, 33].  A 

hierarchical control for seamless transition to islanding is proposed in [34]. 

However, all these methods need islanding detection; a delay in this process 

makes system unstable. Moreover, almost all grid-connected VSCs need a phase-

locked loop to detect voltage phase angle for synchronization with the grid 

voltage during start-up and grid restoration. Thus, in situations that the connecting 

line of a DG is long, communication infrastructure (CI) is unavoidable. Even the 

dynamic of the PLL may deteriorate performance of the VSC in transients [35], 

[36].  

    Grid connected converters are categorized as three main groups, namely, grid-

forming, grid feeding and grid-supporting VSCs [37]. Grid forming VSCs act like 

ac voltage sources to generate the voltage reference with low equivalent output 

impedance. There are serious drawbacks related to the grid forming VSCs such as 
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lack of inherent current limitation, considerable coupling between real and 

reactive powers, and poor synchronization process with the grid due to low output 

impedance [37]; thus, they are usually not good candidates for grid-connected 

mode. Grid-feeding VSCs inject the d- and q-axis preset currents and shows 

current source behaviour with high parallel impedance. Since, grid-connected DG 

units are usually required to supply their preset currents and the grid feeding 

VSCs operate well in parallel with other grid-feeding converters most of grid-

connected VSCs are of this type. However, since the grid-feeding strategy causes 

voltage and frequency distortion and even instability [29], it is not an acceptable 

choice for islanding operation. An alternative is to use hybrid CC-VSC and VC-

VSC by switching between these two strategies subsequent to change of mode of 

operation. Nevertheless, it is essential to embed fast and accurate islanding 

detection techniques to guarantee smooth mode transition. Grid-supporting VSCs 

are controlled as either voltage source or current source converters; the only 

difference is that in the first the voltage reference and in the latter current 

reference are adjusted by an outer drooping characteristics, therefore they can 

participate in grid voltage and frequency regulation. 

    Since considerable portion of renewable energy resources, such as wind 

turbines, photovoltaic (PV), fuel cells and energy storage systems and many 

modern loads such as communication technology facilities, data centers and 

motor drives are dc type, dynamics and controls of rectifiers and dc MGs are 

gaining high interest [38]. However, in dc grids, many generation units such as 

wind turbines must be interfaced to the utility grid via electronically-interfaced 

(EI) rectifiers. Besides, several modern ac loads are coupled to the ac grid through 

back-to-back rectifier-inverter to provide variable frequency operation. Based on 

predictions given in [39], the resistive load share will be significantly reduced 

whereas the EI loads share will increase to 60%-80% of the total load by year 

2015. 

   Conventional droop controls suffer from some serious drawbacks. Important 

among them are poor frequency and voltage regulation due to their permanent 

offset, inaccurate power sharing, low stability margin, dependency on line 
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impedance and slow dynamic response [5].  As an alternative, since in fact real 

power is proportional to the load angle it is also possible to use the load angle as 

the drooping variable [28][40-41] to fulfill constant-frequency operation.  

Hierarchical control strategy is also available to compensate frequency variation 

via a secondary level [42]. Furthermore, in the conventional current-controlled 

VSCs and also droop methods it is assumed that the connecting line is mainly 

inductive and the load angle is considered to be small. In these scenarios, the real 

power and reactive powers are independent and the first is controllable through 

the load angle whereas the latter is adjusted by the voltage amplitude. However, 

the operation is further complicated when considering weak grids, where load 

angle is large, and also resistive lines, such as directly-coupled VSCs [43]. In 

these cases, traditional control strategies fall short to guarantee system 

satisfactory performance and decoupled control. Toward this, virtual impedance is 

the most adopted approach [44] to fulfill a mainly resistive or inductive line. 

Nevertheless, it drastically degrades system performance and voltage regulation. 

The concepts of virtual power [45] and virtual frequency [43] have been 

addressed in the literature for better decoupling. The first, suffers from inaccurate 

power sharing and the latter needs complex mapping.  

  One of the major challenges facing future power systems is significant reduction 

in grid equivalent rotational inertia due to the expected high penetration level of EI 

units; which in turn may lead to frequency-stability degradation. To overcome this 

difficulty, controlling VSCs as virtual synchronous machines is proposed for power 

system frequency stabilization [46] by embedding a short-term energy storage to 

the VSC facilitating power flow to and from to the energy storage device 

proportional to the variation in grid frequency. Usually, the virtual inertia refers to 

a short-term energy storage which is added to a VSC [46]–[48]. In [49], the virtual 

inertia is emulated by proper dc-link control. In [50], the idea of ‘synchronverter’ 

was addressed to emulate the mechanical behaviour of a synchronous generator 

(SG) in the inverters. However, the dc-link is considered as an ideal one with 

infinite energy and the dynamics of dc-link voltage is not considered. Moreover, its 

application to rectifiers has not been addressed.  In [48-49], [51], methods to 
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emulate virtual inertia in VSCs interfacing wind turbines and HVDC systems, are 

presented; however, the embedded inertia does not emulate the behaviour of an 

SG. The analogy between voltage-source inverters and SG-based MGs has also 

been addressed in [52]-[53]. The aforementioned survey indicates the interest in 

developing new and improved control algorithms for VSCs to emulate the dynamic 

behaviour of SGs. 

  Beside overall low inertia, future power systems and MGs will suffer from 

interactions between fast responding VSCs and slower SMs which may contribute 

to angle, frequency and voltage instability [10]. With the expected high penetration 

level of power converters in future power grids; the system may face severe 

difficulty in terms of frequency regulation because of lack of rotational inertia in 

converter-interfaced generators. Another challenge is that frequency dynamics is 

not known in the conventional control techniques of VSCs (e.g. voltage-oriented 

control and direct-power control) which makes it difficult to analyze the angle and 

frequency stability of a system containing several EI units and conventional 

synchronous machines (SMs) and line-start motors.  Therefore, the development of 

VSCs with well-defined angle, frequency and dc-link voltage characteristics 

(similar to SMs with extension to dc-link dynamics) are of high interest for future 

smart power systems with high penetration of VSCs. Moreover, a general control 

scheme which is suitable for both rectification and inversion modes without 

reconfiguration is very attractive in power system applications since bidirectional 

VSCs can work in generative and motoring modes similar to SMs. 

   Weak MGs are gaining considerable attention in the context of smart grids 

vision [54-56]. This is due to the fact that increasingly large number of wind 

turbines and photovoltaic (PV) units are installed in geographic areas, with best 

wind and solar power resource, which are usually located far from load centers 

(e.g., offshore wind farms). This is a major concern all over the world and raises 

serious questions in terms of system stability and regulation. To gauge grid 

capacity to transfer power, grid ‘strength’ measure is usually used [57]. Strong 

low-impedance grids have higher power exchange capacity and limited impact on 

the grid stability. On the contrary, weak interfaces with high impedance have 
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critical effect on power stability and voltage regulation. Short-circuit-ratio (SCR) 

is defined as a criterion to show grid strength.  Application of VSCs to weak grids 

is faced by challenging interconnection issues in terms of stability, steady-state 

performance and power transfer capacity. The main challenging phenomena are 

as follows; first, the vector control has very limited capability to transfer the rated 

power in weak grids. For example, in [58], it has been shown that in a weak grid 

with SCR=1, only 40% of the maximum power capacity of a VSC can be utilized. 

With significant tuning effort of the vector controller parameters and the PLL, this 

percentage can be increased to 60% [58]. Second, in weak grids the load angle 

deeply drifts the system dynamics to the nonlinear region; thus real and reactive 

powers are highly coupled which in turn causes large steady-state error and poor 

transient performance and even instability. Third, in weak grids, the phase-locked 

loop (PLL) has a negative effect on overall system performance and may lead to 

instability [59].  

   As an alternative, the concept of power synchronization control proposed in 

[58-59] is also applicable to enable more power transmission by a VSC by 

emulating SGs. Basically, SGs do not have any limitations for connection to weak 

systems, consequently control methods, such as power synchronization which 

mimic SG’s characteristics can effectively enable VSCs integration in very weak 

grids. However, the developed techniques for weak grid integration are based on 

linearized models and lack the self-synchronization and plug-and-play ability. 

Furthermore, islanded operation of DG units can be allowed to enhance service 

reliability [60]. The frequency drop method causes a permanent frequency offset 

during islanding. Thus, when self-synchronization control is applied, frequency 

and angle mismatch between a VSC and grid at the moment of connection may 

cause severe transients. Another major concern related to VSC operation in weak 

grids is the lack of physical inertia in conventional VSCs resulting in poor overall 

frequency and load angle regulation; thus, islanded operation of microgrids with 

high penetration of VSCs can be prone to frequency instability. 
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1.2 Problem Definition and Motivation 
 
    There are two possibilities to manage a grid connected MG; in the first method, 

a back to back rectifier-inverter is installed at the PCC and regulates the power 

transfer between MG [61] and the utility grid according to the command given by 

level 2. Instead of a back to back inverter a smart transformer (ST) can be used at 

the PCC to control direction and amount of power flow between the MG and the 

grid [62].This unit controls the active power exchange between an MG and the 

utility grid dependent on the state of both networks and other information 

communicated to the ST. The power transfer between MG and the grid is 

controlled by change of tap. Hence, the total power generation of each MG is 

adjusted by its ST and is shared among DG units using power sharing technique. 

The converter and transformer decouple the MG from the rest of grid. Actually, 

the common point acts like a variable load whose power varies based on its 

reference power determined by level 2 and can be either positive or negative load 

depending whether MG injects or absorbs active and reactive power from the 

grid. In this scenario, even during grid connection MGs behave like island ones 

with a variable load connected at its PCC, so adopted techniques for an islanded 

MG like droop control can be applied during grid connection to share active and 

reactive powers among DG units. As a result there is no need for change the 

control strategy subsequent to operational switching and the synchronization with 

the grid can also be done by the PCC converter.  Although this method eliminates 

the CI in a grid connected MG to adjust set points of DGs, it needs a large power 

converter at PCC with power capacity of the MG which can be easily overloaded 

during transients and consequently the reliability of this method is degraded.  

    Another approach to control and manage a grid connected MG is to eliminate 

the PCC converter and allocate set points of various DG units using CI within the 

MG individually via a CI. In other words, after the preset powers of various MGs 

are determined by MG coordinator at level 2, at level 3 or DG coordinator level, 

the preset powers of DGs inside the MG are tuned in such a way that finally the 

desirable power flow between MG and the utility grid or MG power set point is 

achieved. Whether an MG with a converter at PCC and elimination of CI is more 
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reliable or an MG with CI and without PCC converter is an open question for 

future works. 

   Considering basic features of MG based smart grid like frequent switching 

between islanded and grid connected mode, the basic requirements of MG 

operations are summarized as follows: 

1) The preset powers of various MGs are allocated by the smart distribution 

system manager and MGs are required to generate this power.  

2) DG units are required to either generate the preset real power and or maintain 

DG bus voltage constant (PV bus) or generate the pre-specified reactive power 

(PQ bus). 

3) When islanding occurs, transition to islanded mode must be seamless to avoid 

severe transients in voltage, frequency and power angle.  

4) Large signal stability of the MG should be guaranteed even during sudden 

large contingencies to avoid any poor performance or even instability. The linear 

controllers are not capable to provide and ensure seamless operation subsequent 

to severe transients.   

5) Subsequent to islanding, DG units must share the total real and reactive power 

demand according to their power capacities minimize circulating current, and 

benefit from maximum power capacity of the MG.  

6) After fault is cleared in the main grid, the MG must be reconnected to the grid. 

A synchronization process is necessary to avoid flowing large current and severe 

overvoltage at the moment of grid connection.    

7)  System stability and robust performance should be guaranteed in all situations 

and after large contingencies. This issue is more pronounced in MGs where fast 

response and lack of inertia for electronically-coupled DG units reduce stability 

margin of voltage/angle. 

8) It is recommended that VSCs mimic dynamic performance of the conventional 

synchronous generators to minimize their interactions resulting in better 

integration of VSC based DG units into a power system with high number of SGs. 

9) From the power quality perspective, it is important that MG frequency is kept 

constant in steady state; large frequency drop may deteriorate sensitive loads 
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operation.  

10) Frequent load power variations results in frequency chattering in the 

conventional droop controllers. The existence of inertia for frequency mitigates 

this issue. 

11)  Since many renewable energy resources are located in areas with rich wind 

and solar power which are far away from the load centers, weak high impedance 

MGs will be significant part of the future smart power grids, will face challenging 

issues in terms of stability, power transfer capacity, and high coupling between 

real and reactive powers.  

12) To realize a true plug-and-play MG, it is essential to provide the self-

synchronization capability for VSCs enabling autonomous grid restoration 

subsequent to reclosing without a need for grid information.   

13) Coordinated optimal control and power management of buffered MGs in 

smart grids and DG units within each MG using a multi-objective intelligent 

power management. In this case, a multi-objective function is defined aiming at 

minimizing MG and smart grid losses, maximizing large signal stability of the 

total smart grid including separate MG units, and maximum utilization and 

penetration of renewable energy resources and energy storage devices.  

   This project aims at introducing a new family of universal control topologies 

which can fulfill MG operation requirements in the smart grid environment. The 

controller structures do not need to be reconfigured subsequent to change mode. 

This helps to overcome problems such as non-detection zones (NDZ) and 

islanding detection delays. The system is stable and robust during harsh transients 

such as transition to islanding and sudden load power changes. It also provides 

accurate real and reactive power sharing even with impedance mismatches and is 

robust against controller parameters uncertainties drifts which allows higher 

frequency and voltage drooping coefficients with better power sharing. The 

proposed topologies can adopt either voltage controlled or current controlled 

schemes. Load sharing can be applied using either power or quadrature 

component currents. The VC-VSC has the advantage of voltage regulation within 

acceptable limits which is an important factor for an autonomous MG. 
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Nevertheless, since there is no current loop, current quality may be deteriorated. 

Therefore, a CC-VSC can be adopted to improve current regulation. The proposed 

controllers employ cooperative angle-frequency drooping for active power 

sharing during islanding while the drooping constants act as power damper and 

synchronizer in the grid connected mode. A nonlinear controller is proposed to 

enhance the DG stability during severe disturbances and guarantee large signal 

stability of the MG while the main motivation is the highly-nonlinear behaviour 

of power sharing dynamics and the wide-band of operating conditions in a typical 

MG system.  The adaptive back-stepping (AB) method is employed to design the 

nonlinear controller which is one of the most rigorous nonlinear control design 

tools. The proposed nonlinear controller accounts for nonlinearities of power, 

frequency and angle.  

 

1.3 The Proposed Control Strategies and Literature Review  
 
   VSCs are finding expanded use in various applications in modern power 

systems ranging from connecting renewable resources, integrating DG units, and 

high voltage dc (HVDC) transmission systems. However, still the major portion 

of generation units are the conventional synchronous generators and with the 

current trends and the expected high-penetration level of VSC-based systems and 

HVDC serious concerns are raised in terms of renewable energy resources and 

also interactions between SGs and VSCs and deep penetration of DG. Moreover, 

the future smart power grids are modeled and managed as interconnection of 

several MGs; therefore control, management and coordination of MGs are 

increasingly becoming important.  Accordingly, the developing a universal family 

of controllers-managers for VSCs in MG-based smart grids which can fulfill 

requirements of both operational modes with plug-and-play capability is of high 

interest.  Also, it is desirable that the controllers behave similar to SGs, thus grid 

fells them as virtual machines which reduces the analysis and control of smart 

grids similar to the mature and well-known SG-based power systems and 

attenuates the impact of such devices on system stability. Among the stability 

topics, the interactions between VSCs with nearby synchronous generators and 
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SGs.  Obviously, the converters with SGs characteristics are the keys for the 

development of future smart grid with high penetration of EI- interfaced DG units 

and renewable energy resource. Although both vector and polar controllers show 

some advantages and drawbacks, the question is that how we can exploit the 

benefits of both in one unified controller.  

    Many works have been reported in the literature for MG operation in either grid 

connected or islanded mode. As mentioned earlier, the most adopted approach for 

power management of an islanded MG is the frequency and voltage drooping to 

realize accurate real and reactive sharing to deploy the maximum capacity of the 

DG units and avoid the circulating current among them without communication 

links. VPD/FQB droop method [67], adjustable load sharing [68], adaptive droop 

gain [69], virtual frame transformation [21],[70] and virtual output impedance 

[71-72] are various variants. Feeder-flow strategy has been developed in [24] to 

enhance power sharing accuracy. Reference [73] introduces a unified control 

structure appropriate for both operational modes. Robust droop control method 

has been expressed in [74] to compensate uncertainties in the system and 

parameters. In all the droop control methods frequency-dependent operation of 

droop control causes a deviation between the output frequency of the DG and the 

grid, thus this method, in its original version, can be only applied to an islanded 

MG [23].  Moreover, the droop control is effective for mainly inductive lines with 

equal per unit impedances [43]. Therefore, in low-voltage resistive lines poor 

power sharing is expected.  

    To eliminate frequency drop the angle droop method has been proposed in [40-

41]. However, there are some serious questions regarding this technique. First, it 

needs a common clock in the MG to synchronize various units which in turn 

necessitates communication infrastructure [75]. Furthermore, it is not clear how to 

adjust the angle reference of various units and the practicability of the angle 

drooping in the grid connected mode has not been addressed. Droop control is 

considered as part of a more comprehensive framework for power management. 

In [10] the theory of power management of MGs has been extensively discussed. 

However, there are some questions about its operation and practicability. First, 
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since the proposed controller is a current-controlled one and cannot guarantee 

voltage regulation it is mainly applicable to a grid-connected MG in its primary 

vision. Also, its performance and operation in both modes have not been clearly 

addressed. Reference [67] extends the technique of [10] using concept of current 

sharing but it is still a current-controlled strategy and cannot ensure voltage 

regulation in the islanded mode which may lead to poor performance and 

instability [29]. The MG hierarchical management structure was proposed in [23] 

in which the droop control and inner current regulation loops are implemented in 

the primary level and frequency and voltage restoration are embedded in the 

second level. The aforementioned survey, confirms the extensive need for a 

universal management policy which augments all the requirements in one 

topology.   

   This dissertation aims at introducing a new family of universal control 

topologies which can fulfill most of the MG operational requirements in the smart 

grid environment by developing the new concept of synchronous converter. The 

proposed new family offers the following advantages: 1) it is a comprehensive 

and universal family which gives the designer a wide variety of options to select 

the desirable controllers combination to achieve the required performance. 2) The 

controllers can operate as current-controlled and voltage-controlled. Moreover, 

hybrid voltage- and current-source based operation is also possible which is 

presented for the first time in this thesis. 3) The concept of hybrid vector and 

polar control is proposed in this thesis which allows exploiting the advantages of 

both controllers.  4) Both VC-VSC and CC-VSC strategies are available. 5) The 

controllers are applicable to both modes without a need for controller topology 

reconfiguration which realize universal controllers and smooth transition to 

islanding. This helps to overcome problems such as NDZ and islanding detection 

delays. 6) The controllers provide steady state constant frequency operation 

during islanding mode. 7) The controllers emulate the behaviour of SGs which 

enables them to be easily integrated to power systems with conventional SGs 

without loss of stability and dynamic interference. 8) Drooping variables can be 

either current dq-components or real and reactive power, thus either power or  
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Figure  1-4. Synchronous converter as the intersection of control, electric machines, power 
electronics and power systems.  

 

current management strategies can be realized. The voltage controlled current-

source based strategy augments the current regulation, current limitation and 

current management in one compact and neat controller. Fig. 1.4 shows the basic 

concept of synchronous converter which is the intersection of control theories, 

power electronics, power systems analysis, and electric machines. In other words, 

control theories integrate the power electronics, electric machines and power 

systems concepts into one unified and universal structure. In this case, numerous 

VSCs and SGs can be easily integrated to smart grids since they show similar 

behaviour. This eases power system analysis and significantly improves overall 

system stability in the presence of EI-interfaced generation and load units.  

  It is worth comparing synchronous converter and synchronverter to show the 

superiorities of synchronous converters. Generally speaking, synchronous 

converters are comprehensive families of controllers and managers for 

management of both real and reactive powers and also control and regulation of 

frequency, voltage and current in a compact structure. The main drawbacks 

related to synchronverter are lack of current regulation and limitation, lack of 

voltage regulation and control, simple structure and low degree of freedom to 
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choice controller parameters, and permanent frequency offset. Moreover, the 

authors didn’t discuss its performance in islanding mode, therefore its behaviour 

and characteristics in islanding is unknown. Also, in the grid connected mode it 

cannot realize either a constant voltage bus or a constant reactive bus. The 

stability and small signal analysis were not addressed. The controller is only 

implemented in polar coordinate, so control and decoupling of d- and q-axis 

currents are missed. Despite, generally speaking, synchronous converters are 

comprehensive families of controllers and managers for management of both real 

and reactive powers and also control and regulation of frequency, voltage and 

current in a compact structure. As discussed earlier, it is emphasised that they are 

applicable to both operational modes without reconfiguration with emulated 

behaviour of SGs. Both current-source and power-source based operation and also 

power drooping and current drooping are available. The controller inherently 

provides current and voltage regulation and limitation and can generate either 

voltage or reactive power reference. No permanent frequency drop occurs and 

because of existence of an extra power damping (angle) loop, stability is 

improved.  

 

1.3.2 Bidirectional Synchronous-VSC Control Strategy for Incorporating 

VSCs to Smart Power Grids  

 
    Instabilities due to dc-link dynamics are one of major sources of instabilities in 

VSCs [76]. Most of previous works on virtual SGs and/or self-synchronization of 

VSCs consider the dc-link as an ideal battery with infinite energy [15]-[50]. 

However, it is obvious that this is not the case and in most of transient scenarios, 

dc-link voltage varies; also its energy and power are limited. Moreover, if dc-link 

voltage dynamics is slow and the voltage passes some thresholds for a relatively 

long time, under- or over-modulation and consequently voltage instability is 

expected [29]. To improve dc-link voltage stability, fast response short-term 

energy storage can be installed in DG units [48].  
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   To overcome aforementioned difficulties, in this thesis, a comprehensive control 

strategy is proposed for VSCs. It augments all the aforementioned requirements in 

one compact topology which has the following salient features. 1) It emulates the 

behaviour of SMs with proper adjustment of the dc-link voltage so the power grid 

views the VSC dc-link as a virtual rotor. Thus, it can be easily integrated to grids 

with numerous SMs; 2) it introduces some inertia for the frequency, therefore the 

stored energy in the dc-link can be used for frequency regulation during 

contingencies which is the same role of SM’s rotor; 3) Since it provides 

bidirectional power transfer, even active loads can be used as an asset for 

frequency stabilization [77]. Therefore, the proposed topology can be an 

interesting choice for multi-terminal dc networks [78]-[79]; 4) since the controller 

has cascaded frequency, angle and dc-link voltage loops, it offers extra damping 

and synchronizing powers, therefore, it can automatically synchronize itself with 

the main grid; offer self-synchronization capability; and eliminate the need for a 

PLL; 5) since dynamics of the dc-link voltage is inherently taken into account 

during design and analysis, it presents a more practical control topology and 

design process. In [80], a simple control strategy for dc-link voltage regulation in 

frequency domain and polar coordinates has been proposed; however, it lacks a 

comprehensive and general framework for emulating and integrating SM 

characteristics in VSCs. This thesis presents a comprehensive framework for 

design of VSCs controllers with SMs behaviour while the dc-link acts like a 

virtual rotor; 6) it offers well-defined dynamics for frequency, angle and dc-link 

voltage, which in turn makes power system analysis easier; 7) similar to SMs, it 

has a fault-ride-through capability. 

   Two different topologies, namely virtual torque and direct dc-link voltage 

control strategies are developed for the frequency control loop. In these 

topologies, the output power and the dc-link voltage are used as control variables, 

respectively. It will be shown that the direct dc-link voltage control presents very 

good performance with a simple control structure; however, the virtual torque 

control offers more degrees of freedom to select design parameters because there 

is an extra power loop. For the voltage control loop, two variants are addressed to 
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realize either a P-Q bus or P-V bus operation.  A theoretical analysis, simulation 

and experimental results are presented to verify the validity and effectiveness of 

the proposed control strategy. 

1.3.3 Enhanced Stability Operation of Microgrids Using Nonlinear Micro-

Grid Stabilizer 

 
Although, the droop based decentralized controller eliminates the need for 

communication infrastructure, its stability especially during sudden large 

transients such as islanding, grid restoration and load power variations is of high 

concern [5] ,[18], [81].   It is shown by small signal analysis in [5] that in a droop-

controlled DG, power changes may result in instability. Furthermore, the 

conventional linear controllers and small signal analysis reported previously only 

deal with small variations around the operating point or base load; this refers to 

small signal stability because it just deals with stability at one specific operating 

point when small perturbations appear in the system.  However, in an MG system 

with comparable sizes of DG units and because of the absence of physical inertia 

due to high penetration level of converter-based DG units, an MG system will be 

subjected to large transients and power angle swings. Typical large-signal 

disturbances in an MG system include transition between grid connected and 

islanding modes, and sudden large load demands.  In these situations, linear 

controllers are not sufficient to guarantee MG stability at different operating 

conditions; and accordingly, instabilities due to severe transients are expected. On 

the other hand, nonlinear controller with global stability can be designed to 

guarantee stable and robust operation at different operating conditions.   

The synchronverter [50] is adopted in chapter 5 to enhance the DG stability 

during severe disturbances and guarantee large signal stability of the microgrid 

while the main motivation is the highly-nonlinear behaviour of power sharing 

dynamics and the wide-band of operating conditions in a typical MG system. The 

adaptive back-stepping method is employed to design the nonlinear controller 

which is one of the most rigorous nonlinear control design tools [82]-[86]. The 

proposed nonlinear controller accounts for nonlinearities of  power, frequency and 
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angle of VSCs in a power converter system while most of previous researches 

focused on nonlinearities of current and voltage of VSCs [82],[87]-[92], which 

are not noticeable effects in VSC operation. Further, the proposed controller 

considers both angle and voltage control requirements by providing an additional 

signal for the voltage loop to stabilize the system, which can be considered as a 

nonlinear supplementary control signal. The nonlinear supplementary control 

structure is inherently designed in the large-signal sense and therefore, it 

automatically provides improved dynamic performance and global stability as 

compared to conventional small-signal-based solutions [40]. 

1.3.4 General Interface for Power Management of Microgrids by Nonlinear 

Cooperative Droop Control  

 
    This thesis also proposes a general control strategy, for both converter- and 

synchronous-machine-based DG units in MGs, based on a combined angle-

frequency droop controller with improved dynamic performance. As compared to 

previous autonomous control strategies, the proposed controller has the following 

advantages. 1) The proposed strategy combines frequency and angle droop 

strategies, therefore better power sharing accuracy can be obtained. In addition, 

designer has more degrees of freedom to select drooping gains since there are two 

droop loops. Satisfactory static and dynamic performances can be simultaneously 

fulfilled by proper selection of these two constants. 2) Since the first loop is the 

angle loop, a designer has more degree of freedom, with respect to controllers in 

1.2.1, to adjust the set values of the angle and power loops such that better overall 

large signal stability and power sharing accuracy are simultaneously achieved. In 

fact, to inject a given power in the grid-connected mode, there are infinite 

combinations of power and angle references and by optimization of these values 

system performance can be significantly improved.  3) A supplementary nonlinear 

controller is designed to assist the angle-frequency droop controller. It provides a 

supplementary additional signal for the voltage control loop. The duty of the 

nonlinear controller is to preserve large-signal stability of the MG when severe 

contingencies, such as transition to islanding, out-of-phase closing and DG 
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reconnection occur. The embedded virtual inertia can significantly improve power 

system dynamic performance and frequency regulation especially in converter-

dominated grids where grid equivalent rotational inertia is low [48], [93].  

1.3.5 Current Management Methodology for Weak Microgrids by 

Multivariable Droop-Based Synchronous Converter  

 
Although the technique of power synchronization has been proposed in [35], 

[58] to overcome problems resulted from PLL, it is a simple power loop aims at 

adjusting the load angle based on the real power error and the supplementary 

power synchronization controller acts like a virtual PLL by emulating the 

behaviour of SGs. However, it suffers from highly real and reactive powers 

coupling and large steady-state error In fact, in weak grids, dq-axis components 

coupling result in poor disturbance rejection and noticeable steady-state error. In 

other words, in weak grids the single-input single-output (SISO) controllers does 

not offer satisfactory performance and multivariable control is necessary [94]-

[98]. In order to realize a promising decoupled control, several methods have been 

reported in the literature [94]-[98]. Nonetheless, these methods are developed for 

single loop current-controlled-VSCs and are sensitive to mathematical modeling 

mismatch. An optimization based multivariable control design has been reported 

in [96]. Nevertheless, none of the proposed methods are applicable to both 

islanded and grid-connected modes and since they are based on the vector control 

strategy, they are subject to stability issues in weak grids.  

    This thesis presents a control and management strategy for weak MGs based on 

loop shaping technique and multivariable control. The controller adopts a 

multivariable controller which realizes d- and q-axis current components superior 

decoupling. The decoupled behaviour results in better dynamic and static 

performance in weak grids where real and reactive powers are highly coupled. 

The current loop is used for current regulation during grid connected mode and it 

can realize accurate current regulation and current sharing during islanding mode 

by a multivariable droop. Thus, current regulation, limitation and sharing are 

embedded in one compact and neat strategy. In summary, a universal compact 
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multivariable topology with current regulation, limitation and sharing capability 

and applicable to very weak MGs with superior dq-axis decoupling capability are 

the main benefits of the controller.  

 

1.3.6 Nonlinear Power Damping Control of Weak Grids  
 
   Synchronization of a VSC to a grid is of high importance since any mal-

synchronization may lead to severe transients and protection system action [99].  

When an islanded VSC is suddenly connected to the grid via a weak interface 

without a synchronization process, frequency and angle mismatch between a VSC 

and grid at the moment of connection may cause severe transients. As mentioned 

earlier, another major concern related to VSC operation in weak grids is the lack 

of physical inertia in conventional VSCs resulting in poor frequency and load 

angle regulation; thus, islanded operation of MGs with high penetration of VSCs 

can be prone to frequency instability. Accordingly, significant efforts have been 

recently devoted to introduce some dynamics for frequency using virtual inertia.  

   Motivated by the aforementioned challenges, a hybrid nonlinear control of 

VSCs in weak grids is proposed in this thesis. The main characteristic of the 

proposed controller is that the hybrid nonlinear power damping controller enables 

self-synchronization of a VSC in weak grids. This means that the controller does 

not need a separate synchronization unit and it automatically synchronizes itself 

with the grid. Self-synchronization is a new concept [100], and its importance is 

more pronounced in weak grids. It should be noted that the proposed method in 

[100] still needs the inception time of synchronization and some information from 

the remote grid, thus it cannot realize a true plug-and-play operation. Moreover, 

its performance and stability in weak grids have not been investigated. It is 

noticeable that during islanding, an MG may usually face permanent frequency 

drop representing considerable frequency and angle mismatch at the moment of 

reconnection, however, with the proposed controller system does not need any 

initial synchronization with grid and it realizes a plug-and-play system.  
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Chapter 2 New Family of Microgrid Control and 
Management Strategies in Smart Distribution Grids-
Modeling, Testing and Comparison1 
 
 

 

   This chapter presents a general framework for power and current management 

of MGs by a universal family of controllers-managers in smart distribution grids 

applicable to both islanded and grid-connected mode without a need for 

reconfiguration action. The controller are based on the new concept of 

synchronous converters as they mimic the dynamic characteristics of SGs as they 

provide frequency and voltage regulation similar to SGs with emulated inertia. 

The proposed controllers are compact and neat ones which open a new field for 

integration of VSCs into future smart grids as they can overcome problems 

resulted from interaction between conventional electric machines and VSCs and 

also realize many operational requirements of MGs by one comprehensive 

strategy.  

   

2.1 The Load Sharing Theory 
 

Fig. 2.1 shows a typical MG including two DG units, local loads and a common 

load connected at the point of common coupling (PCC). The MG is connected to 

the utility grid at the PCC through a static switch. If the static switch is closed, the 

MG is in the grid-connected mode whereas if it is opened, an islanded MG is 

formed. To improve system reliability and guarantee continuous power supply of 

the critical and sensitive local loads, the islanding operation of MGs is becoming 

an essential requirement of smart grids [9]. As mentioned earlier, in an islanded 

MG, it is required that DG units share total power demand among themselves 

proportional to their power capacities. In a grid connected mode, a DG unit 

should generate its preset power or current. The basic theory of power and current 

sharing is investigated by the study of power-flow in Fig. 2.1. The power-flow of  

                                                 
1 This work is published in IEEE Transactions on Power Systems [101].  
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2.2 Proposed Strategies for MG Management  
 

In this chapter, a new family of management methodologies is proposed using 

either current or power sharing which integrates the requirements of MG 

operation in one compact structure called synchronous converter. To determine 

the output power requirements, the controller employs independent real/reactive 

power control strategies. The output of the power manager can be either d-q 

currents or voltage amplitude and frequency. The first is a CC-VSC and the latter 

is a VC-VSC. In the current-controlled VSC, a PLL is required to process the 

measured currents and voltages of the DG unit and to estimate the local 

frequency.    

2.2.1 Real Power Management and Frequency Control  

 
   To share real power among DG units, either frequency or load angle drooping 

method can be utilized.  It was mentioned that the load angle regulation is the 

basic tool for power sharing. An alternative approach to benefit from advantages 

of both frequency and angle droop methods is to combine them and use as one 

unified control method. Fig. 2.2 represents the proposed hybrid droops with 

connection of angle and frequency droops in series. The series connection of the 

frequency and angle loops allows to use advantages of both drooping methods and 

they provide some damping and synchronizing power which significantly enhance 

system stability It has three cascaded loops namely angle, frequency and power 

loops. The first loop is the frequency loop in which the reference angle is obtained 

as a function of the frequency error. Generated by the angle droop loop, the 

reference of the real power loop is obtained. The power loop involves an 

integrator which acts as a controller and simultaneously emulates momentum of 

inertia of a virtual rotor and introduces some dynamics for frequency. As shown 

in Fig. 2.2, the output of the power controller can be either frequency (Fig. 2.2 

(a)) or d-axis reference current ( drefi , Fig. 2.2 (b)).   The first case yields a VC-

VSC whereas the latter yields a CC-VSC.  The CC-VSC has the benefits of 

current regulation, current limitation and better current quality due to the  
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                                  Table  2-1 Comparison of Different Control Strategies. 

Feature  Model-a 
(without 
inner loops) 

Model-b Model-c Conventional 
strategy 

Generality for both operational modes  �  �  
Constant frequency operation  � � �  
Seamless transition to islanding  �  �  
Current regulation   � � � 
Current limitation   � � � 
Mimicking SGs  �  �  
Elimination of PLL in steady state �  �  
Vector control   � � � 
Polar control  �  �  
Current-source-based operation  � � � 

2.2.4 Discussion  
 
   The proposed real power management strategies involve power drooping 

voltage-controlled (model-a), power drooping current controlled (model-b) and 

current drooping voltage-controlled VSC (model-c). Table 2.1 shows a 

comparison between the characteristics of the proposed controllers and the 

conventional control strategy. For the sake of voltage regulation and reactive 

power control, the constant voltage operation, constant reactive power operation 

and voltage drooping are proposed. By the proper combination of real and 

reactive power control strategies, current-controlled-based, voltage-controlled-

based and hybrid voltage-current-control-based operation can be obtained. For 

example, if the current-controlled-based (model-c) management and constant 

voltage regulation (Fig. 2.3 (a)) strategies are adopted, hybrid current- and 

voltage-controlled VSC is realized.  Alternatively, polar vector and hybrid polar-

vector control are various available variants as model-a, model-b and model-c 

work in polar, vector and hybrid coordinates, respectively. The controllers also 

augment the secondary and primary controllers in one neat compact controller as 

they provide nominal frequency and voltage restoration, and voltage and current 

regulation in one topology. Since the model-b is a current controlled one and 

cannot   guarantee voltage regulation, it is not commonly a good candidate for the 

islanding mode and consequently cannot realize a universal strategy. The power 

drooping voltage controlled strategy is not able to guarantee current limitation and 

regulation without the inner loops. Inner current and voltage loops can provide 
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(a)  

 
(b) 

 

 
 (c) 

Figure  2-9. The loci of MG’s eigenvalue as by variations of the reactive power manager 
parameters, (a) 2 22000 15000, 0.1v qK K< < =  , (b) 1wK = 2e5  1 10000vK = , 10.01 3qK< <  and (c) 

11 5 8 5we K e< < , 1 20000vK = , 1 0.1qK = .     

2.4 Simulation Studies   
 
  To evaluate the performance of the proposed topologies, the MG model with the 

parameters given in Table 2.2 and schematic shown in Fig. 2.10 (adapted from 

IEEE Std. 399) is simulated in MATLAB/SIMULINK environment. The VSCs’ 

dc-links are considered as inertia-less ones. In this section, model-a and model-c 

are simulated and in each case, three different scenarios are taken into account.  
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(a)                                                 (b) 

 
                                                         (c)                 

Figure  2-11. System waveforms subsequent to the reference change, (a) Real power waveforms of 
model-a, (b) d-axis current waveforms of model-c, (c) Reactive power of model-a. 

 
 

is missed in the grid-connected mode for DG2 and DG3, this strategy can realize 

the reactive power sharing by the voltage drooping in both modes.  

 

2.4.1 Grid-Connected Mode 

 
   Fig. 2.11 shows controllers responses of model-a and model-c in the grid-

connected mode of operation. The system is initially in the steady-state and at 

time instant t=0.8 s the converter is subjected to a 20% step reduction in the 

reference power (model-a) and current (model-c). Fig. 2.11 shows that both 

model-a and model-c properly regulate the real and reactive powers, and current 

oscillations are well damped. Model-a offers slightly faster response and system 

settles within 0.07 s whereas in model-c the settling time is about 0.1 s. The 

waveforms of reactive power is shown in Fig. 2.11 (c), showing that for the case 
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of model-a, the reactive powers of DG1 and DG2 before the reference change are 

equal to 720 and 870 MVAr, representing acceptable sharing accuracy. Since 

DG3 works as a constant voltage bus, it does not participate in the reactive power 

sharing. At t= 1.3 s, it is supposed a fault occurs in the main grid and the grid 

frequency is reduced by 0.5 Hz. Fig. 2.12 depicts frequency variations of DG 

units during this disturbance which proves that the system is able to track grid 

frequency variations without a PLL similar to synchronous machines. Both 

models present satisfactory performance subsequent to this sudden frequency 

drop manifesting fault ride through capability of these models.  Although there is 

no PLL, the existence of damping and synchronizing power and current provide 

self-synchronization capability [35],[100]. Furthermore, as it is seen, the 

frequencies of various DG units in the steady-state are equal; however, they show 

different transient responses. 

2.4.2 Islanding Mode 

 
    In this scenario, the static switch is suddenly opened at t= 2.0 s and the MG is 

disconnected from the utility grid. The real power, d-axis current and 

instantaneous currents are shown in Fig. 2.13. Both models offer well damped 

transient characteristics with minimum oscillations. The controller topology and 

parameters are the same before and after islanding and there is no islanding 

detection strategy.  As shown, the transients settle down within 0.2 s. The angle 

drooping coefficient (Kd) is adjusted such that MG presents accurate real power 

sharing and Kf is adjusted based on the small-signal analysis to achieve 

satisfactory  dynamic performance. In this case, in model-a, the generated power 

of DG1, DG2 and DG3 are equal to 1.67, 2.01 and 1.341 MW, respectively, 

which indicates the power sharing error is less than 0.5%. In model-c, the steady-

state values of di of DG1, DG2 and DG3 are 310 A, 375 A and 250 A, 

respectively. The current sharing error in this case is less than 1% which proves 

the effectiveness of the proposed current drooping method for the current sharing. 

In this case, since current sharing and current regulation are embedded within the  
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                                            (a)                                                                (b)   
                                      

Figure  2-12. Frequency waveforms subsequent to frequency disturbance in the grid, (a) model-a 
and (b) model-c. 

 

power manager, there is no need for the inner current and voltage loops as shown 

in Fig. 2.2 (a) which provides higher bandwidth. It is also assumed that the MG 

has enough power capacity to supply the local loads after islanding. 

   The key issue in seamless transition to islanding is eliminating the need for 

reconfiguration and elimination of PLL in the controller. In the conventional 

strategies, the switching from the current-controlled mode to the voltage control 

strategy subsequent to islanding and delays related to islanding detection may 

result in severe transients. The frequency waveforms are illustrated in Fig. 2.14, 

which clearly confirm that the controllers are well capable of preserving 

frequency stability subsequent to islanding. The frequencies increase from 59.5 

Hz to 60 Hz subsequent to islanding which indicates frequency restoration ability 

of the controller in islanding mode even in the case that the initial frequency is 

less than 60 Hz. Note that the frequency responses of various DG units are very 

close. On the contrary, in the conventional frequency droop controllers, a 

permanent frequency offset is expected. The load sharing with frequency 

restoration capability provides better power quality which is an important 

requirement for sensitive loads, and enables more accurate load sharing without 

loss of stability.  

   At t=5.0 s, DG1 is disconnected from the rest of the grid and DG2 and DG3 are 

responsible to supply the MG total load including the load of DG1.  As shown in 

Fig. 2.15, in model-a, the real power of DG2 and DG3 are increased to 2.901 and  
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(a) (b) 

Figure  2-13. System waveforms subsequent to islanding, (a) Real power waveforms of model-a, 
and (b) d-axis current waveforms of model-c. 

 
(a)  (b) 

Figure  2-14. Frequency waveforms subsequent to islanding, (a) model-a and (b) model-c 

 

 
                                          (a)                                                                          (b) 

Figure  2-15. System waveforms before and subsequent to DG1 disconnection, (a) Real power 
waveforms of model-a, (b) and d-axis current of model-c.  

 
1.935 MW within 0.15 s; in model-c the generated d-axis currents of DG2 and 

DG3 are smoothly increased to 550 A and 371 A, respectively.  In this case, 

although the connecting impedances of DG units are unequal, both models offer 
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Table  2-3 The MG with the Conventional Control Strategy (SI Units and the parameters were 
defined in Fig. 2.4) 

Parameter m  n aK  aiK  bK  
biK  

DG1 0.96e-6 0.96e-5 50 15300 0.165 400 

DG2 0.8e-6 0.8e-5 50 15300 0.165 400 

DG3 1.2e-6 1.2e-5 50 15300 0.165 400 

 
(a) 

 
 (b) 

Figure  2-16. System response of the conventional control strategy in grid connected mode, 
transition to islanding and islanded mode, (a) d-axis currents and (b) Frequency. 

 

mode and share current during islanding. Actually, it presents a hybrid current-

voltage source based operation, so it enjoys the benefits of both. If system 

continues its operation in the islanding mode, the d-axis currents in the steady-

state settle to 1 330di = A, 2 407di =  A and 3 270di =  A with current sharing error 

about 2.5%.  The frequency waveforms shown in Fig. 2.16 (b) also reveal that a 

permanent frequency drop equal to 0.3 Hz occurs in the islanding operation 

whereas in the proposed controllers the power and current sharing are achieved 

with the constant steady-state frequency operation at the rated value (e.g. 60 Hz). 
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Chapter 3 Synchronous-VSC Based Framework for 
Incorporating VSCs to Smart Power Grids2 
 
     

 

 

    In this chapter, a comprehensive control strategy is proposed for VSCs. It 

augments all the aforementioned requirements in one compact topology. Two 

different topologies, namely virtual torque and direct dc-link voltage control 

strategies are developed for the frequency control loop. In these topologies, the 

output power and the dc-link voltage are used as control variables, respectively. It 

will be shown that the direct dc-link voltage control presents very good 

performance with a simple control structure; however, the virtual torque control 

offers more degrees of freedom to select design parameters because there is an 

extra power loop. For the voltage control loop, two variants are addressed to 

realize either a P-Q bus or P-V bus operation.  A theoretical analysis, simulation 

and experimental results are presented to verify the validity and effectiveness of 

the proposed control strategy. 

 

3.1 Polar Control of VSC In Frequency-Angle Domain With Synchronous 

Machine Behaviour   

   In this chapter, a control topology is proposed in which the frequency, load 

angle and dc-link voltage are control variables rather than conventional vector 

controls which employ current components for dc-link voltage regulation and 

reactive power control. Thus, direct control of frequency, angle and dc-link power 

and voltage is available which in turn provides easier controllability and system 

analysis.  In the following, the control topology is described in details. One of the 

main goals in VSC control is to maintain the dc-link voltage constant. Assuming 

                                                 
2 This work is published in IEEE Transactions on Power Systems [66].  
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Figure  3-4. Position of eigenvalues as two clusters. 

 
(a) 

 
 (b) 

Figure  3-5. Loci of the first three dominant eigenvalues as a function of frequency regulation loop 
parameters, (a) 500 5000dK< < ,  10fK =  and 1pK = , and (b)

 
1 100fK< < , 1000dK = and 1pK =

0.0005qK = .  

been used to extract the family of the system eigenvalue plots. The system has 

three clusters of eigenvalues where six dominant eigenvalues are shown in Fig. 3.4. 

The seventh pole appears in the left of -50000s-1 which is not shown here. To 

investigate the effect of the frequency regulation loop, loci of the system dominant 

eigenvalues as functions of dK  and fK  is presented in Fig. 3.5. It is seen that the 

first three eigenvalues are highly dependent on these parameters. With an increase  
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(a) 

 
(b) 

 
(c) 

 
 (d) 

Figure  3-8. Simulation results for rectifying mode. (a) dc voltage, (b) Real power, (c) Frequency 
and (d) Reactive power. 
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(a) 

 

 (b) 

Figure  3-9. (a) Current and (b) average output filter voltage waveforms for the case of load power 
increment.  

 

slightly varies. The real power waveforms patterns are close to the dc-link voltage 

waveforms as vsc DC DCP V I= .  The validity of the controller has been tested also in 

the presence of a voltage sag, equals to 0.15 p.u. which occurs at t=5.5 s. In this 

case, the VSC provides the required reactive power to compensate for the voltage 

sag and it easily tracks the reference variation. Thus, the converter has the low-

voltage ride-through capability to support the system voltage during severe 

voltage sags.   

  In order to investigate controller effect on instantaneous current and voltage 

regulation in transient and steady-state conditions, their waveforms for the case of 

load current increment from 30 A to 40 A in interval between t=0.77 s to 1 s are 
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shown in Fig. 3.9. It is clear that both three-phase voltages and currents show 

smooth and well-damped transient behaviour.   

3.4.2 Inverting Mode 
 

The behaviour of the synchronous VSC in the inverting or equivalently the 

generative mode is studied. It is assumed that a non-dispatchable DG unit is 

connected at the dc-side where its output power is time variant. As mentioned 

earlier, since the proposed topology has inherent dc-link voltage regulation 

functions, it is suitable for non-dispatchable renewable resources where the VSC 

has to transfer the available power of the source to the grid. The initial voltage of 

the dc-link voltage in this case is 300V.  At t=2 s, the output dc current of the DG 

unit is increased from 20 A to 30 A. The waveforms of dc-link voltage, real 

power, frequency for the inverting mode are shown in Fig. 3.10.  The dc-link 

voltage shows a well- damped transient response as well as the real power. 

   The time-domain responses are in agreement with the eignevalue analysis 

presented in Section 3.3, which indicates the effectiveness of the designed 

controller. When a grid voltage sag occurs at t=3.0 s, the controller successfully 

damps this disturbance with a negligible effect on the real power and dc-link 

voltage. After the DG output power is increased, the dc-link voltage catches its 

reference value within 0.08 s and the output power is increased with some minor 

spikes. At t=4 s, the dc-link voltage reference is reduced to 250 V and the VSC 

tracks the reference value with highly damped transient response.  

3.4.3 Fault-Ride-Through Capability 
 
   As mentioned earlier, the proposed controller emulates the characteristics of an 

SM with frequency and virtual flux regulation. It is well known that one of the 

main characteristics of SGs is their ability to operate and synchronize themselves 

with the grid during and subsequent to stable faults. The question is that can the 

inverter provide fault-ride-through performance like synchronous machine. To 

investigate this scenario, an unsymmetrical single-phase to ground bolted fault 

occurs after the filter at t=1.0 s and is cleared at t=1.1 s as shown in Fig. 3.7. The 
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(a) 

 
(b) 

 
 (c) 

Figure  3-10. Simulation results for inverting mode, (a) dc-link voltage. (b) Real power, (c) 
Frequency. 

 

 initial conditions are similar to case A, i.e. dc-link voltage=300 V, reference 

reactive power=0 VAr and load current ( sourcei ) 30A to investigate whether the 

VSC can override the fault and synchronize itself with the grid during and 

subsequent to an unsymmetrical fault without PLL. The VSC works in the 

rectification mode when a fault occurs in phase ‘b’. The corresponding 

waveforms of dc-link voltage, three-phase instantaneous currents and output filter 

voltage are shown in Fig. 3.11. During the single phase fault, DCV  is reduced to  
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(a) 

 
(b) 

 

 (c) 

Figure  3-11. The fault-ride-through capability of the synchronous-VSC, (a) dc-link voltage, (b) 
Instantaneous currents, and (c) Instantaneous output filter voltages. 

 

about 180 V and subsequent to the fault a voltage overshoot of 75 V is observed 

to charge the capacitor; the controller needs 0.2 s to recover the reference voltage. 

Also, as it is expected, a second harmonic ripple with frequency 120 Hz appears 

in the dc-link voltage during the fault to the unbalanced power exchange 

conditions between the ac- and dc-sides. The amplitude of current in phase ‘b’ 

increases to 70 A during the fault whereas in two other phase the current 

amplitude is almost constant. As expected, the current waveforms are unbalanced  
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(a) 

 

 (b) 

Figure  3-13. System responses of the vector control for the case of the load power increment, (a) 
dc-link voltage and (b) VSC’s frequency. 

 

the settling time for the synchronous-VSC is about 0.1 s whereas it increases to 

more than 1 s in the conventional vector control, therefore the controller shows 

slower response with respect to the synchronous-VSC. However, the voltage 

undershoots in synchronous-VSC and vector control are limited to 52 V and 32 V, 

respectively representing lower voltage drops for the vector control. The VSC’s 

frequency shows oscillatory behaviour with slow recovery time due to grid 

voltage oscillations which are reflected to the PLL dynamics. The situation 

becomes worse in weaker grids, where coupling between grid, PLL and converter 

dynamics increases and threatens converter stability. The vector controller does 

not offer direct frequency control, and its frequency dynamic is complex and 

unknown. In fact, overall PLL, converter controller and grid parameters determine 

the frequency response during transients and the controller does not have 

frequency regulation capability. On the contrary, the proposed synchronous-VSC 

has predictable and known frequency dynamics.  Fig. 3.14  
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(a) 

 
 (b) 

Figure  3-14. System response during the fault using the vector control, (a) dc-link voltage and (b) 
instantaneous currents. 

 

shows the vector control response subsequent to the single-phase-to-ground fault 

occurs after the filter. The dc-link voltage and three-phase current variation for 

this case are shown in Fig. 3.14 which clearly shows that the vector control is 

unstable during the fault and cannot override the fault. Actually, instability is 

contributed because of both the controller and PLL.  

3.4.5 Virtual Torque Control Strategy  
 
    In the previous sections, we presented the results for the direct dc-link voltage 

controller. In this section the practicability and performance of the virtual torque 

controller shown in Fig. 3.2 (a) is briefly studied. The parameters of the frequency 

loop are as follows: ( 1000fK = , 30tK = , 2tiK = , J=10). As shown in Fig. 3.2 (a), in 

this case based on the frequency error the virtual torque reference is obtained and 

the virtual torque control loop adjust the dc-link voltage in such a  way damping  
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(a) 

 
 (b) 

Figure  3-15. The system waveforms for the virtual torque controller,(a) dc-link voltage and (b) 
VSC’s frequency. 

 

and synchronizing torques are generated within the controller during transients 

similar to SMs. The parameters of the simulated system and the virtual torque 

control loop parameters are the same as the previous case. Also, the same 

scenarios of section 3.4.1 are applied to the system.  Fig. 3.15 shows the dc-link 

voltage and frequency variations for this case.  It is seen that the controller easily 

tracks the dc-link voltage reference variations and proves its practicability. Also, 

this controller offers good real and reactive powers decoupling capability as the 

reactive power reference is altered at t= 2.5 s, there is no observable change in the 

dc-link voltage.  The system performance indexes in terms of response speed and 

frequency regulation are similar to the direct dc- link voltage controller with more 

under and overshoot in the dc-link voltage but less under and overshoot in the 

frequency. However, the designer has more degree of freedom to adjust the 

controller parameters in the virtual torque controller.   
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3.5 Experimental Results  
 

For further investigation of the proposed controller, extensive experimental tests 

are conducted. Key results are presented in this section.  A Semikron Semistack 

intelligent power module which includes gate drives, six insulated gate bipolar 

transistors (IGBTs), and protection circuit, is used to implement a bi-directional 

VSC.  The VSC is interfaced to a 120V, 60Hz, utility grid via an L-filter with 

inductance 1.2 mH and resistance 0.1 Ω, and a transformer with a feeder modeled 

by an inductance and resistance are 2.4 mH and 0.2 Ω, respectively, which 

represent a weak grid for the low-voltage setup with X/R ratio of 4.5. Therefore, 

the test conditions resemble typical conditions that can be found in distribution 

systems with DG units or active loads. The low X/R ratio increases the coupling 

among the active and reactive power components, however, the proposed 

controller yields very good control performance under such practical test 

conditions. The dc-link capacitance is 2.0 mF.  The dSPACE1104 control system 

is used to implement the proposed control scheme in real-time. The pulse-width 

modulation algorithm is implemented on the slave-processor (TMS320F240-DSP) 

of the dSPACE controller. The VSC inductor currents are measured by HASS-50-

S current sensors whereas the voltages are measured by LEM-V-25-400 voltage 

sensors. The converter is interfaced to a dSPACE1104 control card via a 

CMOS/TTL interfacing circuit. The dSPACE1104 interfacing board is equipped 

with eight digital-to-analogue channels and eight analogue-to-digital channels to 

interface the measured signals to/from the control system. The software code is 

generated by the Real-Time-WorkShop under a Matlab/Simulink environment. 

The switching frequency is 10 kHz and the voltage and currents are measured 

after the filter. As the synchronous VSC automatically synchronizes itself with 

grid similar to an SM, no PLL is employed after initial synchronization. The 

control system parameters are selected using the design guidelines and small-

signal analysis provided in Sections 3.3 and 3.4. Fig. 3.16 shows a view of the 

experimental setup, whereas Fig. 3.17 shows a circuit diagram of the laboratory 

setup. 
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disturbance, the load power is reduced to its initial value.  It is worth mentioning 

that in both cases, the effect of load power variation on the reactive power is not 

noticeable.  The magnified views of the dc-link voltage and frequency indicate the 

smooth control performance of the proposed controller without saturating the 

VSC. 

In the second scenario, a sudden 20% voltage dip in the grid voltage is applied 

via the connecting transformer to test the low-voltage ride-through capability of 

the proposed synchronous VSC.  Fig. 3.19 verifies that the controller is robust 

against grid voltage disturbances.  The VSC easily converges to the rated dc-link 

voltage and frequency only after 0.5 s.  However, the transition in the reactive 

power indicates a 30 VAr dip in the reactive power subsequent to grid voltage 

disturbance as it is more dependent on the grid voltage amplitude. These plots 

confirm the low-voltage ride-through ability of the controller. In the next test, the 

voltage reference is changed from 1.0 p.u. at t=0.8 s to 0.8 p.u. at t=1.8 s as a 

ramp function. The corresponding voltage waveform is shown in Fig. 3.20, which 

confirms the tracking ability of the proposed controller with damped transient 

response. 
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(a) 

 

 
(b) 

 
 (c) 

Figure  3-18. Experimental results for the case of load increment; (a) dc voltage (p.u.), (b) 
Frequency and (c) Reactive power.  
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(a) 

 
(b) 

 
 (c) 

Figure  3-19.  Experimental results for the case of grid voltage sag; (a) dc voltage, (b) Frequency, 
(c) Reactive power. 

 

 

Figure  3-20. DC-link voltage tracking performance. 
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                                                              (a)                                                                                               (b) 
Figure  4-6. The real power waveforms of the MG with SG and VSC, (a) with cooperative droop 
and power loop, and (b) without the angle loop.  

 
(a)                                                                                       (b) 

 
Figure  4-7.The frequency waveforms of the MG with SG and VSC, (a) with cooperative droop and 
power loop, and (b) without the angle loop ( 0dK = ).  

 

connected to the PCC. Figs. 4.6 and 4.7 exhibit the power and frequency 

waveforms before and after the load power variation for both cooperative droop 

control and frequency drooping methods. As it can be seen, power sharing error 

for both controllers before and subsequent to load power change is less than 0.5%. 

Nevertheless,  in the system in which cooperative droop is employed, the rated 

frequency is recovered in less than 0.5 s whereas in the system with pure 

frequency drooping control, a permanent frequency offset  equal to 0.2 Hz occurs. 

This is because when 0dK = , system characteristics equation converges to (4.34), 

which yields a permanent frequency drop.    

    From the power quality perspective, it is important to have constant frequency 

operation because most of modern loads are sensitive to frequency deviations and 

it may adversely affect their operation. Whenever frequency droop in an MG is  
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(a) 

 
(b) 

 
 (c) 

Figure  4-8. Effect of noise on the system performance, (a) measured rotor frequency, (b) actual 
rotor frequency, and (c) output power.  

 

employed, proper operation of sensitive loads, when steady state frequency varies 

in a wide range, is a major concern. In this case, the system without the angle 

droop loop still presents satisfactory dynamic performance similar to the 

cooperative angle frequency controller which is due to existence of the extra 

power loop. Further, the maximum overshoot in the SG’s real power is reduced 

from 475 kW to 445 kW with the hybrid droop control. 

 

A1. Effect of Speed Sensor Noise on the Controller Performance 

   The controller performance with and without the presence of white noise in the 

SG’s speed sensor are compared. Toward this, a white noise with average 

amplitude between 0.2-0.3 Hz is added to the measured speed as shown in Fig.  
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Figure  4-12. Power waveforms of case B1. 

 

as follows: at t=0.8 s, DG2 is disconnected and DG1 and DG3 supply the total 

MG load demand. At t=1.5 s, DG1 is again connected to the MG. At t=2.5 s, the 

static switch is closed and the grid is restored. At t=3 s, again an islanding event 

occurs. All these scenarios are considered as large-signal disturbances, where 

DGs output powers, frequencies and load angles rapidly change in a wide range. 

It is assumed that the MG initially works in islanding mode and all the DGs and 

loads are connected. At t=0.8 s, DG2 is disconnected from the MG and DG1 and 

DG3 supply the local load of DG2. The power waveforms with the supplementary 

control are shown in Fig. 4.12.  Before DG2 disconnection, the generated power 

of DG1, DG2 and DG3 are 2.06, 2.43 and 1.645 MW, respectively, which are 

very close to their desirable ratios (4:5:6) and the maximum error in power 

sharing is less than 1.5%.  It should be noted the main assumption here is that DG 

units have enough power capacity to supply the total MG load demand. As it can  

be seen from Fig. 4.12, after DG2 disconnection, the output powers of DG1 and 

DG3 still remain within their power capacities. If this is not the case and DG units 

cannot provide the load power demand, a load shedding strategy, as presented in 

[36], should be applied to shed non-critical loads. However, this chapter deals 

with stability issues of MG under generation-load matching conditions, which is a 

necessary but not sufficient condition for the overall MG stability. After the DG 

disconnection, the system with the supplementary control exhibits fully damped 

behavior without any overshoot.  
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(a) 

 
 (b) 

Figure  4-13. Power waveforms of case B2, (a) with, and (b) without the supplementary controller. 

 

B2. Case2: Reconnection of DG2 with Out-of-Phase Reclosing 

   In this section, the transient behavior of the MG after reconnection of DG1 is 

investigated. Again, this scenario is considered as a large-signal disturbance 

because DG2, which forms 40% of the total MG power capacity, is reconnected 

without any synchronization process. Note that any considerable difference 

between voltage angle of DG2 and the MG at the point of connection is 

considered as a large disturbance and results in severe transients. The power 

waveforms with and without the supplementary nonlinear controller are shown in 

Fig. 4.13. The effectiveness of the nonlinear controller in this case is obviously 

pronounced and the system with the supplementary nonlinear controller offers 

much better transient performance as compared to the linear system. Actually, the  
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(a) 

 
 (b) 

Figure  4-14. Power waveforms of case B3, (a) with, and (b) without the supplementary controller.  

 

nonlinear controller adjusts VSC voltage such that it damps angle, frequency and 

power fluctuations. 

 

B3.  Case3: Grid Restoration with Out-of-Phase Reclosing 
 
   In the grid connected mode, DG units are required to inject their preset real 

powers and there is no need for sharing power. Thus, the output powers of DG 

units are abruptly changed subsequent to connection to the grid to their reference 

values. During grid connection, DG1, DG2 and DG3 generate 2.38 MW, 2.86 

MW and 1.9 MW, respectively. In this scenario, the static switch at the PCC is 

suddenly closed and the utility grid is restored. The power waveforms are 

illustrated in Fig. 4.14. Note that no synchronization process is applied and  
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Figure  4-15. Current waveforms of DG3 during grid connection using supplementary nonlinear 
controller.  

 

connection is abrupt without any information from the grid voltage. In fact, to 

connect the MG to the main grid seamlessly, the angle and voltage mismatch 

between two sides of the static switch should be near to zero. Any considerable 

error between phase, frequency and amplitude of the MG and the utility grid 

voltages at PCC may cause severe oscillations, high currents and even instability. 

High current may flow to the circuit subsequent to grid connection. This scenario 

is similar to the out-of-phase reclosing event that might take place when a DG 

unit (or a micro-grid) is not disconnected upon a temporary fault in a feeder 

equipped with an auto-recloser. Nevertheless, by proper adjustment of voltages of 

the DG units during grid connection using the supplementary controller, power, 

frequency, angle and current are kept within acceptable limits.  Fig. 4.15 shows 

the current waveforms of DG3 during grid connection, which clearly confirms 

that no considerable current overshoot occurred; only for one cycle some minor 

overshoot in the phase current is observed.  On the contrary, any instability in the 

load angle and frequency may result in high current flowing to the circuit.  

   In fact, the duty of the nonlinear controller is to adjust the voltage amplitude 

such that the load angle and frequency stability is preserved, which automatically 

results in smooth current waveforms during grid connection. In other words, the 

“plug-and-play” concept is achieved via the proposed nonlinear cooperative 

control. Otherwise, grid connection without verifying the synchronization process 

and without using the nonlinear controller may cause severe overshoot in power  
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Figure  4-16. Power waveforms of case B4. DG1 and DG2 without nonlinear controller and DG3 
with the supplementary nonlinear controller.     

 
Figure  4-17. Power waveforms subsequent to islanding.  

 

and current. The same problem also exists in Case2, where voltage angle and 

amplitude mismatch between DG2 and the MG at the point of their connection 

generates severe transients. Similar to case 2, nonlinear-controlled DGs have 

smooth and well damped performance during grid connection while the linear 

controller-based MG exhibits poor transient behavior. Again, in this case, the 

nonlinear controller adjusts the DG voltage reference such that angle, frequency 

and power fluctuations are minimized. It should be noted that frequency and angle 

oscillations depend on damping and synchronizing powers, respectively. 

According to (4.6) and (4.7), the damping and synchronizing powers are 

proportional to fK and dK , respectively. By increasing these constants, more 

damped power and frequency with faster convergence can be obtained at the cost 

of poor static performance and power sharing. However, the nonlinear 
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supplementary controller provides the necessary damping under wide range of 

operating conditions and droop parameters without loss of stability. The 

synchronization and out-of-phase reclosing problems are typical issues that can 

exist in MGs and they demand a nonlinear controller because any large difference 

in angle and frequency between two sides of switch at the moment of connection 

is a large-signal disturbance and leads to severe transients.  

 

B4.  Case4: DG2 Reconnection and Grid Restoration- DG1 and DG2 Without 

andDG3 with Nonlinear Controller  

    In this section, the ability of the nonlinear controller to overcome interactions 

between DG units is investigated. Toward this, a scenario is taken into account in 

which DG 1 and DG2 use the linear angle-frequency droop whereas DG3 uses the 

nonlinear supplementary controller. Similar to case 2 and 3, at t=1.5 s DG2 is 

connected to the MG and at t=2.5 s, the static switch is closed. It is evident from 

Fig. 4.16 that at the moment of reconnection of DG2, its output power starts to 

oscillate and due to its interaction with DG1, the output power of DG1 also 

fluctuates. That is to say that instability and oscillations propagate within the MG. 

On the contrary, DG3 has smooth operation in both scenarios. This case shows 

the ability of the nonlinear supplementary control to mitigate instabilities due to 

interaction between DG units which is one of its remarkable features.  

 

B5. Case5: Islanding 

    Another scenario that frequently occurs in an MG system is transition from grid 

connection to islanding mode. When a fault occurs in the grid, it is necessary to 

disconnect the MG from the main grid. The proposed angle-frequency droop 

control has the ability to work in both modes without change in the controller 

structure. Consequently, the problems due to islanding detection are inherently 

eliminated. The power sharing is automatically achieved by drooping constants of

fK and dK , whereas these constants are employed as damper and synchronizer 

during the grid connection. The power waveforms of DG units subsequent to 

islanding are presented in Fig. 4.17. In this case, the transition to islanding is  
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Figure  4-18. Frequency variations in MG with the supplementary control.  

 

seamless with minimum fluctuation, which proves the effectiveness of the 

combined droop controller. Frequency waveforms of different DG units between 

t=0.75 s and 3.0 s in the system with the nonlinear controller are shown in Fig. 

4.18, which shows fixed nominal-frequency steady-state operation of the MG in 

both modes, which is one of the main benefits of the proposed hybrid controller.   
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Figure  5-5.The simulated system.  

 5.3 Results and Evaluations  
 

  Several simulations are carried out in MATLAB/SIMULINK environment to 

study the effectiveness of the proposed control topology. The scenarios include 

DG startup and grid synchronization, transition to islanding mode and grid 

reconnection. Without loss of generality, DG units are considered as dispatchable 

one [24] with enough power and inertia-less dc-link [16]. The simulated system is 

depicted in Fig. 5.5 has three DG units connected in parallel to the main grid 

through connecting cables and static switch. Each DG unit has a local load and 

the microgrid supplies one common load connected at PCC. The system 

parameters are given in Table 5.1.  

 As mentioned in section 5.1, the voltage controller can be either a low-pass 

filter (Model 1) or an integrator (Model 2). The characteristics of both topologies 

in various transients using proposed nonlinear controller are investigated to select 

best solution. The uncontrolled synchronverter with integrator is similar to that 

presented in [50]. However, the synchronverter with a low-pass filter is a fully 

new topology and shows some benefits over the Model 1.  The values of (J) and 

frequency droop (m) are selected according to (5.12) for the maximum frequency 

droop and (5.13) which determines the power loop time constant; the higher static 
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Figure  5-6. Power waveforms of DG units in startup (Model1).  

 
Figure  5-7. Angle tracking of three DG units (Model1).  

 
Figure  5-8. Variations of three-phase currents of DG1 during start up (Model1).  

 

values to minimize system losses or improve power sharing. Through the 

nonlinear controller, the desirable power factor of DG units can be achieved, and 

accordingly the output reactive power can be adjusted in grid connected mode. As 

shown in Fig. 5.8, the DG currents waveforms during transients are kept within 

acceptable limits and no overshoot is observed. Fig. 5.9 exhibits the real power 

waveforms during startup of DG units using Model 2. Fig. 5.10 illustrates power 

angle variations of separate DG units whereas Fig. 5.11 shows current waveforms.  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0
1
2
3

x 104

DG1-time(s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0
10000
20000

DG2-time(s)R
ea

l p
ow

er
 (W

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0
1
2
3

x 104

DG3-time(s)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.1

0.2

0.3

DG1-time(s)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.1

0.2

DG2-time(s)R
ea

l P
ow

er
(W

)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.1

0.2

DG3-time(s)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

-60

-40

-20

0

20

40

60

80

time(s)

C
ur

re
nt

(A
)



 

121 
 

 
Figure  5-9. Power waveforms of DG units in start-up (Model 2). 

 
Figure  5-10. Angle tracking of DG units (Model 2).  

 
Figure  5-11. Variations of three-phase currents of DG1 during start up (Model 2).  

 

Again a soft start is achieved in this case without any considerable overshoot in 

power and current. The angle tracking response is also slow. In both cases, the 

synchronization with the grid is successful which is due to existence of power 

loop and the nonlinear controller.  
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Figure  5-12. Real powers of DG units during transition to islanding (Model1). 

 
Figure  5-13. Variations of phase voltage amplitude of DG1 during transition to islanding 
(Model1).  

 
Figure  5-14. Variations of phase currents of DG1 during transition to islanding (Model1).  

5.3.2 Case 2: islanding 
 

 At t=2 s, an islanding is occurred and the microgrid is disconnected from the 

grid.  Figs. 5.12-5.14 show how the real powers, phase voltage and power angles 

behave during transition from grid connected mode to autonomous mode for 

Model 1. There is no islanding detection method and system configuration in 

autonomous operation is the same as that in grid connected mode. The islanding is  
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Figure  5-15. Real powers of DG units during transition to islanding (Model2).  

 
Figure  5-16. Variations of phase voltage amplitude of DG1 during transition to islanding 
(Model2).  

 
Figure  5-17. Variations of phase currents of DG1 during transition to islanding (Model2). 

 

seen by the proposed controller as a large disturbance.   Subsequent to islanding, 

the DG output powers are immediately increased to provide the local load power. 

Note that in this case the total local loads power is much higher than the preset 

DG powers in grid connected mode. This scenario is one of the worst scenarios 

can take place for a microgrid operation. Figs. 5.12-5.14 reveal that this transition 

is smooth with minimum overshoot in power and currents regarding their steady 

state values in islanding and the transients are not severe. The settling time is less 
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than 0.15 s. It is worth noticing that the existence of virtual rotor momentum of 

inertia and droop function is inherently beneficial and makes system more 

damped. To mitigate transients due to islanding and sudden microgrid power 

increment, the nonlinear controller boosts VSC output voltage to preserve system 

stability and attenuate power and angle oscillations. The results of power and 

current variations of Model 2 are given in Figs. 5.15-5.17.  It is seen that this 

model also acts well within switching to islanding without any noticeable 

transient phenomenon. Another interesting point is the power sharing ratio among 

DG units. As it is observed, in both cases the generated power of DG units during 

islanding (45:28:35kW) is very close to the frequency droop constants 

(mi=72:42:56).  

5.3.3 Case 3: grid restoration  
 

  After fault condition is cleared in the grid, it is necessary that microgrid is 

reconnected to the grid. To investigate effectiveness of the controllers, the 

microgrid is reconnected to the main grid at t=3 s. Similar to the start up 

condition, the problem of grid synchronization exists here. The DG power presets 

are the same as those before islanding. In this case, despite transition to islanding, 

the DG output powers are suddenly reduced to their presets. Figs. 5.18-5.20 

represent power, voltage and current variations subsequent to switching to grid 

connected mode using Model 1. As expected, the DG outputs powers are 

decreased and after some transients they converge to their presets values and the 

oscillations are not severe.  

   The nonlinear controller reduces VSC voltages during this transition to help 

DG units reduce their output powers and mitigate power and angle oscillations. 

However, it seems that Model1 is inherently stable with very good performance. 

The results of power, current and voltage of Model 2 are shown in Figs. 5.21-

5.23.  
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Figure  5-18. Real powers of DG units during grid reconnection (Model1). 

 
Figure  5-19. Variations of phase voltage amplitude of DG1 during grid reconnection (Model1). 

 
Figure  5-20. Variations of phase currents of DG1 during grid reconnection (Model1). 

 
Figure  5-21. Real powers of DG units during grid reconnection (Model 2). 
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Figure  5-22. Variations of phase voltage amplitude of DG1 during grid reconnection (Model 2). 

 
Figure  5-23. Variations of phase currents of DG1 during grid reconnection (Model 2). 
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Chapter 6 Integrating VSCs to Weak Grids by 
Nonlinear Power Damping Controller and Multivariable 
Synchronous Converter5 

 

 

6.1 Background  
 

   Among challenging issues facing DG integration is the DG connection to very 

weak grids (high impedance grids). This objective gains its importance due to 

high and fast penetration level of off-shore wind turbines and remote PV 

generation units [55], [111]. In fact, the grid stiffness is a measure of the 

connecting line capacity to transfer power to a grid [55], [60]. In other words, 

weak ac grids encounter more difficulty for power flow transfer, thus the 

maximum amount of available power that can be injected to the grid is more 

limited. Moreover, the equivalent grid impedance is time-varying as a result of 

faults and load power variation. To represent the strength of ac systems, the short-

circuit capacity ratio (SCR) is proposed as an index of an ac system strength 

relative to the power rating of a VSC. One of major drawbacks of vector control is 

its limited capability to transfer the rated power in weak grids. For example, in 

[56], it has been shown that in a weak grid with SCR=1, only 40% of the 

maximum power capacity of a VSC can be utilized. With significant tuning effort 

of the vector controller parameters and the PLL, this percentage can be increased 

to 60% [35],[56]. As an alternative, the concept of power synchronization control 

proposed in [35], [56] is also applicable to enable more power transmission by a 

VSC by emulating SGs. Basically, SGs do not have any limitations for connection 

to weak systems, consequently control methods, such as power synchronization 

which mimic SG’s characteristics can effectively enable VSCs integration in very 

                                                 
5 Part of this chapter is published in IEEE Transactions on Power Systems [109] and part is submitted to IEEE 

Transactions on Smart Grid for possible publication [110].  
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weak grids. It is a simple power loop aims at adjusting the load angle based on the 

real power error and the supplementary power synchronization controller acts like 

a virtual PLL by emulating the behaviour of synchronous generators. However, 

the developed techniques for weak grid integration are based on linearized models 

and lack the self-synchronization and plug-and-play ability. Also, it suffers from 

highly real and reactive powers coupling and large steady-state error. In fact, in 

weak grids, dq-axis components coupling result in poor disturbance rejection and 

noticeable steady-state error. In other words, in weak grids the single-input single-

output (SISO) controllers doesn’t offer satisfactory performance and multivariable 

control is necessary [94-98]. 

   Motivated by the aforementioned challenges, a hybrid nonlinear control of 

VSCs in weak grids is proposed in this chapter. The controller adopts a power 

synchronization loop with additional cascaded damping and synchronizing loops. 

Moreover, a novel current management topology is developed in the second 

section which adopts a multivariable controller which gives real and reactive 

power, or equivalently dq current components, superior decoupling. The more 

decoupled behaviour results in better dynamic and static performance in weak 

grids where real and reactive powers are highly coupled. The current loop is used 

for current regulation during grid connected mode and it can realize current 

regulation and current sharing during islanding mode. Thus, current regulation, 

limitation and sharing are embedded in one compact and neat strategy. It presents 

some inertia and dynamics for the frequency and load angle similar to 

synchronous generators (SGs), thus it can be interpreted as virtual multivariable 

SG or multivariable synchronous-converter. 
 

6.2 Power Damping Controller  
 
   This chapter focuses on the development of a nonlinear power damping control 

strategy for VSC units in weak grids with applicability to both grid-connected and 
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islanded modes of operation. The most critical issue for controller design is the 

complexity of the system due to nonlinear behaviour of the power transfer 

dynamics. Usually, linear controllers are developed based on small-signal 

linearization; however, the control performance inherently depends on specific 

operating points.  In this chapter, a two-level topology with cooperative nonlinear 

and linear controllers is developed. The first level is a power synchronizing-

damping controller. The second level is a nonlinear controller supporting the 

linear part to enhance system stability in weak grids or during self-

synchronization where load angle is large and system works in the nonlinear 

region. The voltage generation principle is similar to an SG where the voltage 

frequency and load angle are tuned by power damping-synchronizing loop, 

whereas the voltage amplitude is given by voltage regulation loop similar to an 

automatic voltage regulator. The VSC’s output real power is controlled directly 

by adjusting the load angle using the power-damping loop, whereas the reactive 

power (or alternating voltage) is controlled by adjusting the voltage magnitude. 

Since the VSC is voltage-controlled one, an inner current loop is not necessary 

except during large transients such as faults where the control strategy should be 

changed to current control mode to limit the current amplitude [59]. It should be 

noted that the proposed outer-loop controller can be also integrated with cascaded 

voltage-current control loops to ensure high power quality injection and inherent 

current limitation during faults. In this case, the synchronization angle for dq-

frame transformation is obtained from the proposed outer-loop controller instead 

of a PLL as shown in Fig. 6.1. 

6.2.1 Power Damping/Synchronization Control Concept  
 
    The base of power damping control of a grid-connected VSC is that the 

controller provides active damping and synchronization power to attenuate power, 

frequency and load angle oscillations, and synchronize the VSC with the grid  
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Figure  6-2. Control topologies for output voltage control, (a) P-V bus control and (b) P-Q bus 
control strategy (the controller is similar to figure 3.3 and is shown here for reader convenience).   

 

to the actual output voltage. In order to track the reference voltage, a proportional-

integral (PI) controller is employed aiming at compensating the input error by 

proper adjustment of VSC’s output voltage. The output of the PI controller is 

processed by a low-pass filter and finally the VSC’s voltage amplitude reference 

is obtained. The low-pass filter plays two different roles; first, it offers more 

degrees of freedom to tune the low-pass filter cut-off frequency and PI controller 

parameters such that satisfactory transient and steady-state performances are 

achieved. In weak grids, usually it is essential to regulate the grid-voltage at the 

point of common coupling, thus PV bus is the common approach in weak grids 

[112]. 

   An alternative to the voltage control is reactive power regulation as shown in 

Fig. 6.2 (b). However, this is not the common case in weak grids. This is due to 

the fact that the P-Q control strategy significantly degrades DG stability in weak 

grids as compared to the P-V control [112]. Similar to Fig. 6.2 (a), a low-pass 

filter exists after the PI controller to mimic the flux decay behaviour of an SG. 

This low-pass filter allows the suppression of voltage oscillations while voltage 

tracking time-response and steady-state error are still kept within acceptable 
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(a)                                                                       (b) 

Figure  6-3. The loci of the eigenvalues as a function of the real power control loop parameters, (a) 
0.5 10fK< < , 1 5dK e= . (b) 0.5 5 5 5de K e< < . 

 
Figure  6-4. The loci of the eigenvalues as a function of the voltage amplitude control loop 
parameters 0.5 5vi vK K< < . 

6.4 Nonlinear Power Damping Controller  
 
   In weak grids with SCR less than 4, the load angle is usually large and 

approaches the steady-state stability limit; accordingly, in the case that a DG unit 

is required to supply its rated power, power stability may be significantly 

degraded. The proposed cooperative angle-frequency droop control can enable 

higher load angles. However, as a linear controller, it cannot guarantee large-

signal stability in all operating conditions especially when system dynamics drifts 

to the nonlinear region. This is more pronounced in sudden large transients such 

as self-synchronization where any large mismatch between frequency and angle 

of both sides across the connecting breaker (or re-closer) may contribute to poor  
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Figure  6-7. Controller performance in low-power injection. 

 

 

controllers. In this case, the supplementary nonlinear controller preserves the self-

synchronization capability with large-signal stability. The controller without 

supplementary nonlinear control cannot offer self-synchronization capability 

under large-signal disturbances. Fault-ride-thorough is another advantage of the 

proposed controller and it will be shown that although the VSC works as a P-V 

bus, the current flowing in the power circuit during a three-phase fault is limited 

because of proper load angle adjustment. Moreover, because of its damping and 

synchronizing powers, it has the ability to work as a virtual PLL and tracks grid’s 

angle and frequency variation as presented in subsection 6.5.5.   

 

6.5.1 Low-Power Injection  
 
   To study the behaviour of the controller in a wide range of operating points, it 

assumed that system initially supplies 80 kW, and at t=1 s, the power reference is 

increased to 2.0 MW. The real power response is shown in Fig. 8, which shows 

very smooth transition. The rise-time is about 0.6 s and the system yields accurate 

reference tracking without any overshoot.  
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(a)                                                                          (b) 

 

 
 (c) 

Figure  6-8. Controller performance in high-power injection. (a) Real power and (b) Frequency and 
(c) Phase-voltage amplitude.  

6.5.2 High-Power Injection with High Load Angles  
 
   At t=2 s, the reference power is varied from 2.0 MW to 6.0 MW (0.86 p.u.) 

which is close to the VSC’s maximum power capacity at constant voltage 

operation and a load angle more than 1.03 rad is expected. Fig. 9 (a) shows the 

real power waveform and Figs. 6.8 (b) and (c) show the frequency and phase 

voltage amplitude variation, respectively.  As it is observed, the response is 

smooth but with larger rise-time; however, it is still stable with damped response 

and the output power easily reaches 6.0 MW. The output voltage amplitude of the 

VSC during this transient is shown Fig. 6.8 (c) presenting the controller action to 

boost VSC’s voltage during load angle variation to enable high real power 

injection. This is in contrast with the natural behavior of the system which yields 

voltage sag subsequent to output power increment and consequently higher 

voltage drop.  
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Figure  6-9. Real power waveform during transition to islanding.  

 

 
Figure  6-10. Current waveforms subsequent to islanding.  

 

6.5.3 Transition to Islanded Mode 
 

Islanded operation is another scenario that may occur in DG applications to 

supply local critical load. At t=4 s, the VSC is switched to the islanded mode due 

to a fault in the grid. No controller-mode switching action or reconfiguration is 

required. The transition is again seamless without any instability as shown in Fig. 

6.9. To achieve faster response, fK should be reduced; nevertheless, it may cause 

larger steady-state error in the grid-connected mode. The corresponding current 

waveforms are shown in Fig. 6.10, which shows smooth and fast transition 

because of the generality of the controller in both modes.  
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(a)                                                            (b) 

 

 
(c) 

Figure  6-11. System performance during grid restoration, (a) Real power with nonlinear 
supplementary controller, (b) Frequency, and (c) Real power without the supplementary controller.  

 
Figure  6-12. Current waveforms subsequent to self-synchronization with supplementary control. 

6.5.4 Self-Synchronized Grid Restoration  
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angle mismatch of both sides of the re-closer at the moment of connection. Weak 

grids suffer more from the resynchronization transients due to the fact that load 

angle is inherently large and after grid restoration it may easily move to the 

nonlinear region and even pass 90�  where instability is expected.  Figs. 6.11 (a) 

and (b) show the corresponding waveforms and clearly show that the system with 

nonlinear controller provides smooth and fast grid connection. This excellent 

performance occurs under the fact that there is about 0.9 Hz frequency mismatch 

between the grid and VSC, and the reference power is equal to 6.8 MW 

corresponding to the load angle1.32 rad. The system response without using the 

supplementary controller is demonstrated in Fig. 6.11 (c), which shows that the 

weak grid conditions cause instability. The current waveform of the system with 

supplementary control is presented in Fig. 6.16, which shows the system well-

damped behaviour even in the out-of-phase reclosing scenarios, and verifies the 

plug-and-play feature of the proposed controller.  

6.5.5 Fault-Ride-Through Capability: Disturbance in the Grid Angle  
 
    In addition to the high connecting impedance, weak grids may be characterized 

by sudden deviations in the voltage angle and frequency. Therefore, it is assumed 

that at t=7.5 s, the power reference is reduced to 4.0 MW, which is not shown 

here, and at t=7.5 s the angle of grid voltage is abruptly reduced by 0.87 rad. The 

resulting waveforms of the load angle and phase voltage amplitude are shown in 

Figs. 6.13 (a) and (b), respectively which verify that the VSC easily catches the 

angle deviations even in large disturbances without loss of stability and/or poor 

performance. It causes an overshoot in the output power and the load angle that is 

damped within 0.5 s. This is a very potentially interesting feature of the controller 

where it acts as a virtual PLL, and automatically tracks grid frequency and angle 

deviations. In this case, as shown in Fig. 6.13 (b), the output voltage amplitude is 

suddenly reduced to keep the output power limited.  This is due to  
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(a)                                                                          (b) 

 
Figure  6-13. Load angle variation subsequent to disturbance in the grid angle. 

the fact that a lag in the grid voltage angle results in sudden output power 

increment, thus the output voltage must be reduced to preserve real power 

stability.  

6.5.6 Fault-Ride-Through Capability: Three-Phase Fault   
 

Fig. 6.14 shows the VSC’s fault-ride-through performance when a three-phase 

bolted fault occurs near to the end of connecting line 2. The fault starts at t=9 s 

and after 0.16 s, line two is disconnected from the rest of the grid by the 

protection system. Fig. 6.14 (a) shows the real power variation, and reveals that 

the output real power is limited to 2.9 MW. Note that about 2.5 MW of this power 

is absorbed by the local load. Figs. 6.14 (b) and (c) show the waveforms of VSC’s 

instantaneous output current and amplitude of the output voltage, respectively. As 

it is seen, the converter’s current is limited to 1420 A which is within the 

acceptable limits and less than the nominal current; therefore, the VSC is not 

subjected to over-current during three-phase fault. It should be noted since the 

VSC acts as a P-V bus, during the fault it aims at keeping the output voltage 

constant while the current amplitude is limited by proper adjustment of the load 

angle and inner current limiter. In fact, power damping/synchronization loops aim 

at limiting the real power and consequently the current flowing in the VSC circuit 

by proper adjustment of the load angle, whereas the voltage regulation loop tries  
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(a) 

 
(b) 

 

 
(c) 

 
 (d) 

Figure  6-15. System waveforms subsequent to reconnection of line 2, (a) Real power, (b) 
Instantaneous current, (c) Amplitude of the output phase-voltage and (d) Load angle. 
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proposed controller against network system uncertainties because it introduces 

sudden large variation in total line impedance. It is supposed the fault is cleared at 

t=10.16 s when line 2 is again switched into the circuit. The corresponding 

waveforms subsequent to reconnection of line 2, such as real power, current, 

amplitude of the phase-voltage and load angle are presented in Fig. 6.15. It should 

be noted that this case is different from the mal-synchronization case presented in 

subsection 6.5.4, because only one line is out and system has kept its 

synchronization with the main grid during all contingencies reported in subsection 

6.5.6.  After the re-closer of line 2 is activated at t=10.16 s, the overall system 

settles down in less than 0.7s. After reconnection of line 2, the VSC’s real power 

jumps to 4.8 MW, which is due to sudden line impedance reduction but it 

recovers its steady state value within 0.5 s. The voltage amplitude is reduced 

during this disturbance to prevent high current and power flow to the line due to 

immediate line impedance reduction. The reconnection of connecting line 2 is 

smooth and all the waveforms present well-damped characteristics. Due to proper 

voltage regulation, the overshoot in the real power and current is very limited 

although the impedance variation is large. The load angle is reduced from 0.75 

rad to 0.38 rad which is equal to its pre-fault value. 

 

6.6 Proposed Current Management of Weak Microgrids with Multivariable 

Droop-Based Synchronous Converter  

 

 As mentioned in chapter 2, as a variant to the frequency and voltage droop versus 

the active and reactive powers, it is possible to control direct ( di ) and quadrant ( qi ) 

currents for load sharing in MGs. This due to the fact that in   the steady state the 

real power is proportional to di  and the reactive power is controllable through qi . 

The characteristic equations in this case are compensated to (2.11-2.14).  
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(a) 

 
 (b) 

Figure  6-19. The simulation results for high and medium power applications, (a) the results for the 
multivariable synchronous-converter and (b) the results for the basic core controller.  

 

with considerable overshoot. The overshoot in the system with core controller is 

increased to about 200 A. Also in the case 1 2 1000dset dseti i= = A the steady state 

error is reduced from 2% in the core controller to 0.5% in the multivariable 

controller.  Moreover, as it is seen the overshoot in the DG2 is significantly 

reduced which proves the ability of the multivariable controller to improve both 

transient and static performance.   

6.7.2 Fault-Ride-Through-Capability: Line-to-Ground Fault   
 
   A line to ground fault occurs at the end of connecting line 2 of DG2 at t= 2.84 s 

and after 0.16 s the line is disconnected from the rest of the grid by action of 

breakers at its both ends. Since fault is cleared in less than 0.16 s the system is 

kept within ride-trough capability of the MG and there is no need for transition to  
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(a) 

 
(b) 

 
 (c) 

Figure  6-20. Fault ride through capability of the controller, (a) di (b) instantaneous current and (c) 
VSC phase voltage amplitude. 
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be noted that subsequent to line disconnection, the grid strength becomes equal to 

the rated power of DG1 because the equivalent line impedance is doubled as a 

result of losing one line. The instantaneous current, id and voltage waveforms are 

fast and very smooth during both the contingencies and they settle down to their 

equilibrium points within 0.15 s. The local load voltage of DG2 amplitude 

undergoes a relatively large variation and is reduced from 3410 v to 3260 V 

subsequent to the fault which is still within the acceptable limits (less than 5%).   

Upon clearing the fault, the controller action returns the voltage to its normal 

range. The system performance in this case clearly confirms its robustness against 

large variation of connecting impedance and operating point. 

6.7.3 Disturbance in the Grid and Faulted Line Restoration   
 
   To evaluate controller ability to track variations and disturbances in the grid, it 

is assumed that grid’s angle is abruptly reduced by 20o. From the waveforms of id, 

iq and frequency shown in Fig. 6.21, it is concluded the controller is capable to 

synchronize itself with the gird without a need for a PLL. This is a result of the 

existence of synchronizing and damping current produced by the controller and in 

fact, the controller acts like a virtual PLL. The disturbance causes that id2 

undergoes a sudden jump of 205 A and a maximum of 3.5 rad/s angular frequency 

sag occurs. The plot of qi in the interval of 1.5 to 4 s is shown in Fig. 6.21 (b). It is 

observed that effect of grid angle disturbance, which occurred at t= 2.5 s, on iq is 

almost negligible which confirms good decoupling between d- and q-axis 

currents. However, at t=3 s, iq encounters a large variation due to line impedance 

variation. Also, during the fault the amplitude of iq is significantly increased. 

After 1 s of disconnection of line 2, the re-closer attempts to reconnect it to the 

grid. It is assumed that the fault has been cleared before the line reconnection, 

thus the reclosing is successful. In this case, system encounters a sudden change  
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(a) 

 
(b) 

 
 (c) 

Figure  6-21. Results for the case of disturbance in the grid, (a) di (b) qi and (c) frequency. 

 

in the grid impedance; however, the proposed controller shows robust 

performance with damped transient response that settles down in less than 0.3 s.    

6.7.4 Transition to Islanding and Islanded Operation 
 
   For this scenario, it is assumed that the MG is separated from the utility grid at 

t=4 s accidentally and an islanded MG is formed. Fig, 6.22 shows the 

performance of the system in terms of transition from grid connected mode to 

islanding mode. In grid connected mode, the DG units generates their preset d-

axis currents whereas subsequent to islanding they are responsible to supply the  
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(a) 

 
 (b) 

Figure  6-22. Transition to islanding, (a) di  and (b) frequency.  

 

local and common loads power and share the total MG current demand  among 

themselves according to their capacities. There is no islanding detection process 

and since the topology is the same for both islanding and grid connected modes, 

the need for controller reconfiguration is eliminated. The current sharing 

capability is inherently embedded within the controller according to (6.59) and 

(6.64). Fig 6.22 shows that the proposed current control strategy, due to its fast 

response, results in satisfactory stability and transient performance during 

switching to islanding and permits a transition without load shedding. The 

generated d-axis currents of DG1 and DG2 are equal to 890 A and 885 A 

representing an error in current sharing of less than 0.4%, therefore both static and 

dynamic performance in islanded mode are satisfactory. This is in spite of the 

facts that connecting lines of DG units have unequal impedances, and both are 

very weak and resistive which is the worst scenario for current sharing. The 
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frequencies of the two DGs experience a frequency jump of 0.5 Hz in the interval 

of transition to islanding while the settling time is about 2 s. As shown, the steady 

state frequency in islanded mode is 60 Hz which is one of the main benefits of the 

controller. Actually, the controller presents accurate current sharing with steady 

state constant frequency operation resulting in high power and frequency quality.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

166 
 

Chapter 7 Conclusions and Future Work 

 

 
7.1 Thesis Conclusions   
 

   Smart power grids are facing severe challenging problems in terms of control, 

management, stability and regulation. One of major origins of instabilities is fast 

development of voltage source converters (VSCs) due to deep penetration of 

renewable energy resources and their interactions with conventional synchronous 

generators (SGs) and loads which may significantly degrade smart power system 

performance. One approach to manage smart grids and attenuate negative effects 

of VSCs is to group a cluster of distributed generation (DG) units and renewable 

energy resources as some microgrids and coordinate them to  achieve grid’s 

supervisory objectives. This thesis has addressed these challenges by introducing 

a comprehensive new family of control and management strategies which 

establish the foundations for the control of future smart grids. The controllers 

realize many requirements of microgrids requirements in both operational modes 

without a need for reconfiguration, such as mimicking (SGs), seamless transition 

to islanding, grid self-synchronization, application to weak grids, large signal 

stability and superior decoupling.  

    In Chapter 2, a new family of power management controllers was proposed for 

grid connected and islanded MGs in the smart distribution system environment. 

The controllers are flexible for all operating conditions without need for 

reconfiguration which can realize the “plug-and-play” concept and overcome 

difficulties due to islanding detection. The power manager adopts cascaded hybrid 

frequency and angle droop loops so it benefits from advantages of both schemes. 

The angle and frequency loops realize power sharing in the autonomous mode 
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while they present damping and synchronizing power in a grid connected MG. 

There is an extra power loop within the controller emulating dynamic behaviour 

of a synchronous generator rotor and presents some dynamics for the frequency. 

Various topologies including power drooping voltage-controlled, power drooping 

current-controlled and current drooping voltage controlled are proposed and their 

characteristics have been investigated. It was shown that stable operation, 

accurate power sharing and steady-state rated frequency operation can be 

achieved by the proposed controller. Some structures for reactive power 

management and voltage control of DGs were also developed enabling DG units 

to either work as P-V bus or share reactive power. A theoretical analysis and 

simulation results validate the effectiveness of the proposed controllers under 

various operating conditions. 

  In Chapter 3, a novel control topology for VSCs has been developed in the 

frequency-angle domain to regulate the dc-link voltage while providing 1) 

synchronizing and damping power components; and 3) emulated inertia function to 

the VSC. These features are highly desirable in VSCs interfacing renewable energy 

resources, dc MGs and active converter-interfaced loads to weak ac systems.  The 

proposed synchronous control topology offers the following advantages; 1) it is a 

new control topology implemented in the frequency-angle domain, which 

simplifies converter integration and analysis in grids with conventional SGs.  2) 

The controller introduces some inertia and dynamics for frequency. In fact, the 

power grid views the dc-link capacitor as a virtual rotor with virtual inertia. The 

stored energy in the dc-link is employed to damp frequency oscillations during 

contingencies. 3) Since the controller presents damping and synchronizing power 

dynamics, similar to SMs, it can automatically synchronize itself with the grid and 

tracks its variations, thus there is no need for a PLL after initial synchronization.  

5) During modeling and design process, the dc-link voltage dynamics are taken 

into account which provides a more general and accurate control framework. 6) 



 

168 
 

The controller offers fault-ride-through capability which enhances the overall 

system reliability. Both simulation and experimental results have been provided to 

validate controller performance in a wide range of typical operating conditions. 

   In Chapter 4, a comprehensive and general power management/control strategy 

for both converter- and synchronous machines-based DG units in islanded and 

grid-connected MGs has been developed in this chapter.  The proposed combined 

angle-frequency droop control can fulfill accurate power sharing, constant 

nominal-frequency operation at steady-state and stable performance in a wide 

range of operating conditions. However, in large sudden contingencies such as 

connection and disconnection of DG units and out-of-phase closing, using a linear 

controller cannot ensure stable MG operation. To overcome this problem and 

guarantee large-signal stability of the MG, a nonlinear supplementary controller 

has been developed for the linear droop control. The adaptive back-stepping 

technique has been employed to design the nonlinear controller and overcome 

modeling uncertainties. The effectiveness of the proposed controller is evaluated 

by simulation results under typical MG operating conditions.   

    In Chapter 5, a flexible control method for islanded and grid connected MGs 

with enhanced stability has been presented in this chapter. The control structure 

does not require reconfiguration upon islanding detection. Further, it involves a 

nonlinear MG stabilizer that guarantees large-signal stability of the MG system. 

The AB method has been adopted to design the augmented converter controller 

with MG stabilizer. The nonlinear MG stabilizer adds a supplementary signal to 

the voltage loop of the VSC so that the augmented system stability is guaranteed. 

The controller uses only local information where the need for communication is 

eliminated, and better reliability is yielded.  The controller works in the angle, 

frequency and power domain instead of the conventional current-voltage 

controllers. It has been shown that using the proposed control scheme, the system 

is stable over a wide range of operation with minimum transients.  Two different 
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virtual flux control strategies have been presented. Theoretical analysis and 

evaluation results have indicated that the proposed control strategy gives stable 

and flexible operation of DG MGs, and accordingly it contributes to increasing 

the safe penetration limit of DG in future smart power grids.   

   In Chapter 6, in the first section, a new control topology is presented to enable 

effective integration of VSCs to weak grids. The controller has two parts, namely 

a linear power damping controller and nonlinear supplementary controller. The 

linear part mimics SGs with extra power damping-synchronization capability 

providing self-synchronization with grid in steady-state which eliminates the need 

for a PLL. However, in grid restoration scenarios, any large mismatch between 

VSC and grid frequency and angle may cause poor performance and even 

instability. These cases are considered as large-signal disturbances, thus proposed 

nonlinear controller can enhance system performance in these cases. Moreover, 

the controller is able to work in very weak grids with SCR<2 and supplies the 

rated power because of its damping and synchronizing power characteristics. The 

design process for the linear and nonlinear parts has been presented and numerous 

simulation scenarios were presented to validate the controller effectiveness. 

    In the second section, a multivariable control topology for grid-connected and 

isolated weak MGs, using the concept of multivariable synchronous-converter, is 

presented. The controller provides universal strategy for both grid-connected and 

islanded MGs. DG units generates the reference current in grid-connected mode 

and share the total current demand during islanding.  It is also a good candidate to 

interface converter-based DG units to very weak MGs and enables the operation 

of VSCs in grids with SCR less than 2. The multivariable controller decouples the 

d- and q-axis currents which in turn results in very high performance steady-state 

and transient operation with low steady-state error and fast response in weak grids 

where d- and q-axis currents are highly coupled due to operation at high-load 

angles.  One of its salient features is that it mimics the behaviour of synchronous 
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generators and introduces some inertia for frequency dynamics; therefore it can be 

called a multivariable synchronous converter. Moreover, the current sharing is 

obtained with constant frequency operation. Another major advantage of the 

controller is eliminating the PLL during steady state because it produces internal 

synchronizing and damping currents and also the frequency is internally available; 

i.e., the VSC automatically synchronizes itself with the grid and track its 

variations. 

   Finally, a design guideline and benchmark is given to compare and select 

optimum controller topology for different applications. In chapter 2 a new family 

of controller topologies was developed. They are suitable for both operational 

modes with seamless transition to islanding. Both power droop and current droop 

methods are available. Also, the proposed family of controllers enables current 

controlled (model-b and model-c) and voltage controlled-VSC are applicable, 

where model-c enables current management, control and limitation in one 

compact structure with very fast response which makes it the best candidate for 

microgrid. However, synchronous converters cannot fulfill dc-link regulation so 

they are not proper choices for rectifying mode and dc microgrids. Toward this, 

the synchronous-VSC strategy can be employed to regulate the dc-link voltage 

and have it constant. It is also possible to inject a specific power to the grid with 

regulated, but not constant, dc-link voltage. The main drawback is that ac side 

power sharing capability is missed during islanding therefore it is mainly for a 

grid connected VSC. The cooperative angle-frequency droop, presented in chapter 

4, provides a plug-and-play MG with large signal stability in a wide range of 

operating points with self-synchronization capability. In large signal disturbances, 

the proposed linear controllers in chapter 2 fall short to guarantee system smooth 

performance. Weak grids are another challenging issue in smart grids. In weak 

grids, the load angle is large and drifts to the nonlinear region, so system is prone 

to instability. The nonlinear power damping controller is used to integrate VSCs 
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to very weak with SCR=1 grids with self-synchronization ability and guaranteed 

stability. Beside poor performance and low stability, weak MGs suffer from high 

coupling between d- and q-axis currents and also real and reactive powers. 

Although, the nonlinear power damping controller is successful in stable 

performance of weak grids, the superior decoupling is not achievable by this 

controller. Therefore, a multivariable droop synchronous converter is proposed 

which aims at reducing the steady state error and decoupling between d- and q-

axis currents. However, it cannot realize large signal stability and self-

synchronization. Therefore, if the goal is to achieve satisfactory static and 

dynamic performance with minimum steady state error and transients, 

multivariable droop synchronous converter is the optimal choice.   

 

7.2 Suggestions for Future Works 
  
Finally, the following directions are proposed to extend the work presented in this 

thesis: 

� Although VSCs are the dominant technology for interfacing DG, HVDC 

and other electronically-interfaced (EI) units, current-source converters 

(CSCs) are becoming more and more important, especially for integration 

of PV systems, because of their ability to provide smooth current, short-

circuit protection and fault-ride trough capability. Similar to VSCs, vector 

control is the common adopted control method for the CSCs which may 

cause serious instability issues due to interaction with SGs, VSCs, and EI-

interfaced units. Toward this, concept of synchronous current converter 

(synchronous-CSC) can be developed in a continuation of the 

synchronous-VSC and synchronous converter to achieve a unified and 

seamless control and management strategy for SGs, VSCs and CSCs in 

smart grids. The concept of synchronous-CSC offers some advantages 
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over the synchronous-VSC as the dc-link inductor stores more energy as 

compared to a VSC with similar size.  

� The focus of the thesis was on control and management of ac microgrids 

in both grid-connected and islanded modes. However, a major portion of 

EI-interfaced loads and generation units such as PV are dc type, therefore, 

dc and hybrid dc/ac microgrids are gaining high momentum n the context 

of smart grids. An interesting research area to work is the application of 

synchronous-VSC and synchronous converters to these microgrids and 

study their characteristics.  

    With the developed controllers, future researches could study and 

characterize effect of nonlinear loads on the control performance and 

establish a general methodology for harmonic current sharing and 

elimination. Moreover, the impedance model of the proposed controllers 

can be investigated and some active damping techniques similar to the 

vector control can be developed to attenuate instabilities that may be 

resulted from interaction with static and dynamic loads and also output 

filter.   

� In chapter 6 two separate controllers, namely nonlinear power damping 

and multivariable synchronous converter are proposed for the integration 

of VSCs to weak grids. However, they cannot fulfill superior decoupling 

and large-signal-stability simultaneously. For future work, it is possible to 

develop a combined multivariable nonlinear controller using adaptive 

back-stepping. Further, the controllers can be easily made robust against 

system uncertainties by techniques like singular values. Also, as shown in 

chapter 6, the design of the multivariable controller is highly dependent on 

a given operating point; therefore the controller cannot guarantee 

decoupling in a wide range of operating conditions. Thus, an adaptive 
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multivariable with variable parameters can be adopted to overcome this 

difficulty.  

� The proposed controllers are feasible to both rectifiers and inverters. 

Therefore, application of synchronous-VSC and synchronous converter to 

back-to-back converters such as HVDC links and wind turbines is another 

appealing work especially when they are connected to weak grids. 
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