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Abstract 

This thesis addresses the integration of renewable energy resources into the grid-connected and 

isolated distribution systems using voltage- and current-source converters. Motivated by its 

promising potential and attractive features, a one-stage current-source converter (CSC) is 

selected as an effective interfacing device for the photovoltaic (PV) generators to the utility-grid. 

The operation of the grid-connected CSC-based PV system is investigated under different 

operating conditions, parameters variation, and control topologies. From the dc-side, it is found 

that the variation in the weather conditions, e.g., solar irradiance levels, might affect the dynamic 

performance of the vector-controlled grid-connected CSCs.  Small-signal dc-side impedance 

models for the CSC and the PV generators are developed to investigate the system stability. 

Active compensation techniques are proposed so that the system performance is well maintained 

under different operating points. From the ac-side, a susceptible potential to instabilities is 

yielded under the very weak grid conditions. This potential significantly increases in the vector-

controlled converters. The implementation of the phase-locked loop (PLL) is found to have a 

detrimental impact on the system stability as the grid impedance increases. Two solutions for the 

very weak grid integration have been proposed. Firstly, the power synchronization control (PSC) 

scheme is developed for CSCs in PV applications so that the PLL is no longer needed, and hence 

a seamless integration to the very weak grid is achieved.  Secondly, supplementary compensation 

loops are proposed and added to the conventional PLL-based vector-controlled CSC so that the 

negative impacts of the PLL are completely alleviated. In both cases, small-signal state-space 

models are developed to investigate the system stability and provide a detailed design approach 

for the proposed controllers. 
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A larger system level integration is considered in this thesis by interfacing multiple 

distributed generation (DG) units to the conventional distribution system. A generalized hybrid 

alternating-current (ac)/direct-current (dc) system that constitutes ac and dc subgrids is created to 

efficiently accommodate the dc-type renewable sources (such as PVs, batteries, fuel cells, etc.) to 

the ac-type conventional distribution system. Both subgrids are interconnected using voltage-

source converters (VSCs) to facilitate a bidirectional power exchange via multiple inversion-

rectification processes. To achieve an accurate and efficient operation, a supervisory power 

management algorithm is proposed. The algorithm operates successfully regardless of the control 

mode of the individual DG units. However, the integration of severe dynamic loads, such as 

direct online inductions motors (IMs) into the ac-side of the hybrid system reflects very lightly 

damped modes, which in turns induce instabilities, particularly in the isolated mode of operation. 

Therefore, active compensation techniques have been proposed to increase the system damping.  

Throughout this thesis, time domain simulations under Matlab/Simulink® environment for 

the systems under study are presented to validate the analytical results and show the 

effectiveness of the proposed techniques. 
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Chapter 1 

Introduction 

1.1 Research Motivations 

Driven by environmental and economic concerns against the fossils-based power generation, 

distributed generation (DG) systems are gaining a high momentum to facilitate the integration of 

renewable energy resources into the alternating-current (ac) system. The ongoing deployment of 

individual DG units naturally creates active distribution systems, referred to as microgrids, which 

can operate in the grid-connected or the islanded mode.  

In the grid-connected systems, power electronic converters are utilized as interfacing devices 

to regulate the injected ac current, support the utility-grid, and achieve a satisfied level of power 

quality. Voltage-source converters (VSCs) are widely adopted as a grid interface. However, 

many attractive features give the current-source converter (CSC) the potential to be a 

competitive interfacing device in the grid-connected applications. In this thesis, the 

interconnection of the CSC as an interfacing device between the renewable energy resources and 

the grid is investigated. Amongst renewable energy resources, the utilization of photovoltaic 

(PV) generators is increasing with no signs of slowing down, and hence they are considered as 

the main source of the direct-current (dc) power of the grid-connected CSCs in this thesis. 

On the device-level integration of renewable energy resources, the interconnection of the 

CSC-based PV generator to the utility-grid is subjected to several challenges that might affect the 

system performance and stability. From the dc-side, the system performance can be affected 

following the variations in the solar irradiation levels. On the ac-side, the impedance of the grid 

might interact with the CSC dynamics and eventually leading to instabilities. Moreover, the 

lightly damped modes influenced by the resonance of the equivalent capacitive-inductive (CL) 

filter negatively affect the system performance. 

The device-level integration of the grid-connected CSC systems is expanded to a large-scale 

level where multiple DG units are interconnected. As the nature of renewable energy resources, 

e.g., PV systems, is dc whereas the conventional distribution system is ac, a hybrid mix of an 

interconnected ac and dc power electronic-based distribution system is created. A typical hybrid 
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system constitutes two (or more) ac and dc subgrids (or microgrids); each combines local loads 

(static and dynamic) and individual DG units. The interconnection of the ac and dc subgrids is 

achieved by one (or more) VSC to facilitate a bidirectional power exchange. As the renewable 

energy resources are intermittent, the main challenge is to secure a continuous and adequate 

supply under all modes of operation especially when the utility-grid is intentionally 

disconnected;  i.e., the hybrid system operates in the standalone mode. In this situation, 

preserving the system reliability with minimal energy disruptions or load shedding is at the 

highest priority. The coordination control of the hybrid system can be achieved by autonomous 

schemes. However, it is shown that the autonomous control fails to operate in large-scale 

islanded hybrid systems owing to the multiple variations in the power generation characteristics 

of the individual DG units (such as droop coefficients or set points variations, loss/connection of 

individual DG units, etc.) Therefore, a smart power management algorithm is necessary to 

maximize the benefits from the renewable energy resources, minimize the power losses, and 

increase the system reliability. The algorithm should be attributed by its generality and 

scalability such that it can be easily implemented in the large scale hybrid systems. It should also 

be independent of the local generation characteristics and control topologies. Beside the static 

loading conditions, e.g., resistive loads, direct online induction motors (IMs) are considered as 

dynamic loads at the ac-side of the hybrid system in order to investigate their influence on the 

overall system stability. 

1.2 Research Objectives 

This thesis aims to facilitate the integration of the renewable energy resources on two levels. The 

first is a device-level where the integration of PV generators to the utility-grid is effectively 

achieved by CSCs with proposed compensation techniques and controllers. The second is a 

system-level where multiple DG units as well as distributed static and dynamic loads are 

integrated via the hybrid ac/dc grid structure. The objectives of this thesis are as follows. 

- Preserving the stability of the vector-controlled grid-connected CSC-based PV systems 

under different operating points and weather conditions by developing linear active 

compensation techniques. 

- Facilitating a seamless integration of the grid-connected CSC-based PV systems to the 

very weak grid by developing the power synchronization control (PSC) for CSCs. 
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- The mitigation of the negative impacts of the phase-locked-loop (PLL)-based vector 

control of the CSCs in the very weak grid systems using supplementary linear active 

compensation techniques. 

- The development of a supervisory coordination algorithm in the hybrid ac/dc system to 

allow accurate, efficient, and reliable operation following variable loading conditions 

especially in the isolated mode of operation.  

- The development of active compensation techniques to facilitate the integration of direct 

online IM loads to the supplying vector-controlled VSCs at the ac-side of the hybrid ac/dc 

system in the isolated mode of operation. 

1.3 Thesis Contributions 

The key contributions of this thesis are as follows. 

- Enabling effective and stable integration of PV generators using the actively-

compensated vector-controlled CSCs under a wide variation range of operating points. 

- Enabling a successful operation of the grid-connected CSC-based PV systems under the 

very-weak grid conditions using two approaches; the PLL-less PSC topology, and the 

active compensation techniques in the conventional vector control structure. 

- Developing a smart supervisory power management algorithm for multiple DG units in 

the environment of the hybrid ac/dc grid.  

- Facilitiating a successful integration of the direct online IMs to the ac-side of the hybrid 

systems in the isolated mode of operation using active compensation techniques.  

1.4 Thesis Organization 

The remainder of this thesis is organized as following. A literature survey is introduced in 

Chapter 2. Chapter 3 addresses the interaction dynamics between the grid-connected CSC and 

the PV generator. A thorough analysis is conducted using the small-signal dc-side impedance 

models of both entities. Active compensation techniques are then proposed to ensure a stable 

performance under different operating conditions. The PSC of the grid-connected CSC-based PV 

system is introduced in Chapter 4. Small-signal stability analysis is conducted to ensure the 

system stability. A systematic design approach for the CSC controllers is also shown in details. 

Unlike the PSC topology in Chapter 4, Chapter 5 maintains the vector control strategy for the 
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CSCs while preserving the system stability under the very weak grid conditions. The negative 

impacts of the PLL are mitigated by proposing supplementary active compensation techniques.  

To facilitate the realization of the hybrid ac/dc system under different loading conditions, 

Chapter 6 investigates the integration of direct online IM loads to the isolated VSC-based ac 

subgrid. Small-signal impedance models of the VSC supplying units and the IM loads are 

developed to evaluate the system stability. Active compensation techniques are developed to 

allow a stable performance under different operating conditions. In Chapter 7, a dc subgrid is 

interfaced to the ac subgrid system using a bidirectional VSC to realize the hybrid ac/dc grid. A 

smart supervisory control algorithm is proposed to ensure an accurate power management under 

different loading conditions.  

Finally, the summary of this thesis and the future work are detailed in Chapter 8. 
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Chapter 2 

Literature Survey 

2.1 Power Electronic Converters in Distributed Generation Systems 

As most of renewable energy resources have an intermittent unregulated nature, they have to be 

interfaced by power electronic converters in order to ensure a maximum power point (MPP) 

operation and inject a controlled ac current to the utility-grid at a desired power factor [1]-[2].  

In the grid integration, VSCs are widely adopted as an interfacing stage [1]-[2]. However, 

many attractive features give CSCs the potential to be a competitive interfacing device [3]-[5]. 

The recent advances in semiconductors and magnetic components help CSCs to gain a wide 

acceptance in many other applications such as wind farms [6], PV systems [7]-[10], static 

synchronous compensators [11], motor drives [12], high-voltage-dc (HVDC) [13]-[14], etc. As a 

brief comparison, the key characteristics of VSCs and CSCs are summarized as follow [3]-[5], 

[10]. 

1) The controlled dc input in the VSC is the dc-link voltage whereas the dc current is the 

controlled input in the CSC which is a desirable feature in the PV applications. 

2) The dc-side element in the VSC is a capacitor whereas it is a choke in the CSC. The 

power losses in the dc choke is usually   –   whereas it is around      in the dc-link 

capacitor.  

3) The reliability of the dc choke is much higher than the electrolytic dc-link capacitor. The 

reliability of the dc-link capacitors significantly increases (e.g., up to        hours) if the 

newly improved film capacitors are used. However, film capacitors are still challenged by 

a relatively high price and less capacitance per unit volume as compared with the 

electrolytic type. 

4) The semiconductor switch in the VSC is usually the insulated-gate-bipolar-transistor 

(IGBT). An additional diode has to be added in series with each IGBT if it is used in 

CSCs to increase the reverse voltage withstanding capability, but this almost doubles the 

switching losses. However, the recently developed reverse-blocking IGBT and the 

integrated-gate commutated-thyristor (IGCT) switches that withstand high reverse 
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voltages are emerging; therefore there will be no need for the added series diode.  

5) CSC offers additional short-circuit protection as compared to the VSC due to the directly 

controlled dc current. However, CSC can be prone to a breakdown under the open circuit 

operation or sudden loss of the dc current flow.  

6) VSC is a buck inverter as the dc-link voltage should be at least twice the maximum of the 

ac phase voltage to avoid over-modulation. However, the output dc voltage of the PV 

arrays is typically low which might require either a step-up transformer at the ac-side or 

an intermediate boost dc/dc converter. On the contrary, the CSC is a boost inverter and, 

therefore, is more flexible to facilitate the PV-grid integration. 

2.2 Photovoltaic Solar Systems as a DC Power Source for the Grid-

Connected Converters 

Thanks to the progressive improvements in the PV industry, the cost of the PV-generated 

electricity (per watt in US$) is expected to decrease to       in      as compared to       in 

     and       in      [15]. Driven by these incentives, PV systems have gained a high 

growth rate among other renewable resources. New installations of         of PV plants have 

been added globally in     , as compared to       in     . The global installed capacity of 

PV generators has been increased to          in      [16].  

According to their generation capacities, PV systems can be classified into [17]: 1) Utility-

scale ground-mounted with generation capacity from       . 2) Large-scale for commercial 

applications (such as schools, hospitals, etc.) with ranges from   -       . 3) Small scale for 

residential and roof-top applications with PV units up to      . 4) Off-grid networks as in 

remote communities or telecommunication units with different ratings [18]. Off-grid PV systems 

are self-contained, isolated from the utility-grid, and currently constitute less than     of the 

total PV market, whereas the small scale PV systems are usually aggregated to reduce 

complexity in utility studies [17]. Therefore, it is more important to investigate the integration of 

the large- and utility- scale PV generators to the utility-grid due to their large power generation 

capacity and their potential impacts on the system stability. 

The basic building block of the PV generator is the PV cell that typically produces   to     of 

electrical power [19]. Multiple PV cells are connected in series to form a PV module. PV 
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modules are then stacked in parallel and series combinations to form a PV array. The state-of-art 

of the PV structures is classified into the centralized, the string, the multi-string, and the ac-

module [1]-[2], [20]. The centralized structure consists of a combination of parallel connected 

PV strings; each is formed by series connected PV modules, and all are interfaced by one 

centralized inverter.  This structure is commonly used and is positively characterized by its low 

cost and high conversion efficiency as one interfacing inverter is only utilized. In the string 

structure, the PV system is interfaced to the utility-grid by one inverter per PV string. The 

primarily advantage is that the MPP tracking can be separately achieved for each string and 

therefore better efficiency is yielded. However, the cost is obviously higher due to the additional 

number of interfacing inverters. The string structure is expanded to the multi-string scheme by 

interfacing each string by a dc/dc converter to boost the dc-link voltage. A common inverter is 

then used to interface the PV system to the ac-side. The most recent PV structure is the ac-

module which consists of multiple PV modules; each is interfaced by its own inverter. The future 

extension of this topology is flexible. The reliability is very high as there is no single-point of 

failure.  

The power electronic interface for PV systems are classified into the following [1], [19], [20]. 

1) A two-stage system that constitutes a dc/dc converter to achieve the MPP tracking, and a dc/ac 

inverter to inject the controlled ac current into the utility-grid. Clearly, this category includes the 

multi-string PV structure. 2) One-stage in which one dc/ac inverter is implemented to achieve the 

MPP tracking and control the injected ac current. This category includes the centralized PV 

structure. The one-stage structure reduces the power losses, cost, and system bulk and is a widely 

adopted configuration by major PV manufacturers [19], and hence this topology is considered in 

this thesis. 

2.3 DC-Side Interactions in the Grid-Connected Converter-Based 

Photovoltaic Generators 

The stability analysis and dynamic performance enhancement of the grid-connected PV systems 

are gaining high interest in the literature. Some issues regarding the destabilizing dc-side 

interaction dynamics between the grid-connected converter and the PV systems have been 

discussed in [7], [22]-[24]. The influence of the variable weather conditions, particularly the 
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solar irradiation, on the generated PV power and the associated impacts on the dynamic 

performance of the utility-grid has been tackled in [8]-[9], [25]. 

The negative impact of the non-linearity of the PV array model on the dynamic performance 

of the interfacing VSC and CSC has been alleviated in [22] and [7], respectively. The generated 

PV power is measured and added to the reference value of the active current component, and 

hence the dynamics between the dc and ac side of the interfacing converter are decoupled. A 

comparison between the performance of both CSC- and VSC-based PV systems is presented in 

[7] by conducting some simulation scenarios. It is found that the inherent over-current protection 

in the CSC is much better than VSC-based systems due to the regulation of the input dc current 

in CSCs. 

A design rule to minimize the value of the dc-link capacitor of the grid-connected one- and 

two-stage VSC-based PV systems has been proposed in [23] so that the low-reliability 

electrolytic capacitors can be replaced by the small capacitance high-reliability film types. It is 

shown that there is a right-hand pole appearing in the control dynamics of the PV systems when 

the PV generator is operating at voltages lower than the MPP. This pole is correlated to the 

cross-over frequency of the dc voltage controller, the dc-link capacitance, and the operating point 

of the PV generator. As the cross-over frequency (or approximately the bandwidth) of the dc 

voltage controller increases, the required capacitance per ampere to maintain a stable response 

decreases. An accurate selection of the dc-link capacitance is, therefore, mandatory so that the 

system stability is preserved. Similar conclusions have been drawn in [24] with further 

investigations on the dynamic properties of the PV generator to accurately emulate the PV 

behavior by a power electronic substitute. 

In [25], a zero dynamic feedback linearization technique has been applied to design a 

nonlinear dc-link voltage controller for the grid-connected VSC-based PV system. The system 

nonlinearities are transferred into a partial linear subsystem and a nonlinear autonomous system. 

The proposed controller is capable of running the grid-connected PV system under variable solar 

irradiation levels. However, the system performance has not been tested when the conventional 

proportional-and-integral (PI) controllers are implemented to justify the complexity of 

implementing a nonlinear controller. 
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2.4 AC-Side Interactions in the Grid-Connected Converter-Based 

Photovoltaic Generators 

An accurate model of a three-phase grid-connected one-stage VSC-based PV system with a high 

order inductive-capacitive-inductive (LCL) filter is developed in [26], in the synchronous 

rotating direct ( )-and-quadrature ( ) reference frame. A sensitivity analysis has been conducted 

to investigate the influence of the system parameters on the dynamics performance of the VSC.  

However, the PV-side is simply modeled as a current source injecting a constant active power, 

assuming a maximum power point operation. A similar system is further investigated in [27] 

where a proposed two degree of freedom active damping technique is presented to mitigate the 

ac LCL filter resonance. The control structure is implemented in the synchronous rotating  -  

reference frame. The active damping method does not require an additional measurement sensor 

as it utilizes the existing sensor of the grid-side ac current through a low-pass filter (LPF) and a 

compensation gain. Similar to [26], the influence of the PV generator model on the system 

response has not been accurately considered.  

 The ac-side stability has not been sufficiently considered for the grid-connected CSC-based 

PV systems. However, some active damping techniques for the ac filter resonance have been 

addressed for the CSC in general applications [28]-[30]. The control of a current-source rectifier 

(CSR) in the synchronous rotating reference frame is discussed in [28].  A conventional cascaded 

PI dc and ac current controllers are utilized. The terminal ac capacitor of the CSR with the 

equivalent utility-grid inductance can induce a resonant peak that causes undesirable oscillations 

in the supply current. The inductor-side ac current is measured and used as an input to an active 

compensation function.  Following the same motivation, multiple active damping methods for 

the ac-side CL filter resonance in CSRs are investigated in [29] where proportional, integral, and 

derivative states of the ac inductor current and the capacitor voltage are employed. It is found 

that the derivative inductor current and the proportional capacitor voltage feedbacks can 

significantly damp the resonance by appropriately designing their gains. A similar active 

damping control method for the CL resonance in the CSR operating in low switching frequency 

is proposed in [30] with an active compensation signal fed from the ac capacitor voltage through 

a high-pass filter (HPF). 

A multi-level grid-connected CSC-based PV system has been proposed in [8] by connecting 
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 -number of CSCs in parallel where each CSC unit has its own dc choke, PV system, and the 

MPP algorithm. The  -converters are terminated by one ac-side capacitor so that      current 

levels are yielded at the ac-side. The dc choke current is controlled independently by a PI 

controller and the outputs are summed to generate the  -component of the ac current reference. 

One PI ac current controller is utilized for the entire multi-level CSC system. Similar to [7] and 

[22], the PV power is fed-forward to the dc current control loop to mitigate the influence of the 

PV-side nonlinearity. It is found that a low-order harmonic current (   ) is injected to the utility-

grid due to the unequal irradiation levels incident on the   PV generators. Therefore, the work in 

[8] has been extended to [9] by proposing a supplementary PI controller to eliminate the    -

harmonics in the injected ac current.  The compensation method depends on extracting the    -

order harmonics of the  -  components of the ac currents and comparing them to a reference 

value through a PI controller. The yielded control signal is added to the generated modulation 

signal.  

2.5 Integration of Power Converters to the Very Weak Grids 

Following the progressive improvements in the semiconductors industry, high-voltage-high-

power power electronic switches (             ) are recently emerging the market [31]. 

Moreover, High-power-density converters have been developed based on the promising Silicon 

Carbide (SiC) technology [32]. Motivated by these advances, the proliferation rate of high-power 

three-phase converters has been increasing in many grid-tied applications such as HVDC, multi-

terminal-dc (MTDC), PV generators, and wind energy [19], [33]-[35]. Due to the nature of these 

applications, the power converter can be located remotely from the utility-grid (e.g., HVDC 

transmission and offshore wind systems). For economic and technical reasons, individual DG 

units can be installed at the terminals of rural feeders to support local loads [35]. In such cases, 

and based on the stiffness of the utility-grid, considerable interaction dynamics between the grid 

impedance and the power converter are yielded which can affect the overall system stability 

[36]-[48].  

An ac system is recognized weak if it has high impedance as seen from the point-of-common-

coupling (PCC) of the interconnected converter. A quantifying measure, known as the short-

circuit ratio (   ), is usually used to characterize the stiffness level of the utility-grid. The     
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is the ratio of the short-circuit capacity of the utility-grid to the rated dc power of the 

interconnected power converter [36]. A utility-grid is weak when         and very weak 

when      . The worst case scenario occurs when         [37]. 

The interconnection of power converters to a weak utility-grid requires reactive power 

support. In the PV applications, the present practiced standards (e.g., IEEE 1547 and UL 1741) 

suggest that PCC voltage shall not be regulated by the PV interfacing converters [49]-[50]. These 

recommendations are strictly followed in the distributed rooftop PV panels and some utility-scale 

applications [7], [22]. However, some other work adopts the regulation of the PCC voltage by 

the utility-scale PV inverters [19], [51]-[56]. A reactive-power/PCC-voltage droop control 

method is proposed in [52] so that the PCC voltage is controlled without exceeding the ratings of 

the interfacing converter. Another work in [53] uses the Youla parameterization method to 

regulate the PCC voltage of the PV generator. An algorithm is proposed in [54] to inject a 

controlled active power from zero up to the MPP while the PCC voltage is continuously 

regulated. On the transmission level, it is shown that the reactive power support of the utility-

scale PV inverters positively contributes to the damping of the PCC voltage and frequency 

oscillations following three-phase faults [55]-[56]. However, this positive impact is restricted to 

the relatively strong utility-grids as the vector-controlled converters have limited stability 

boundaries in weak-grid conditions as discussed in the following subsection. 

2.5.1 Conventional Vector Control 

In the literature, extensive research work has been conducted to address the connection of VSCs 

to weak utility-grid [36]-[44]. Under weak-grid conditions, vector-controlled VSCs suffer from 

instability and degraded performance due to the implementation of the synchronous reference 

frame (SRF) PLL [38]-[42]. To preserve the system stability, major limitations on the amount of 

injected active power to the weak grid should be considered. At        , no more than 0.4 per 

unit (p.u.) of active power could be injected from the conventional vector-controlled VSC [43]. 

In the most promising cases, a              of active power could be injected [37], [44]. It is 

reported that the high bandwidth PLL contributes to the increase of the negative real part of the 

inverter output impedance (particularly in the  -  channel), and hence the converter does not act 

as a passive system, which in turn challenges the system damping [38]. A similar behavior is 

reported in [39] where the incremental negative resistance is found to be independent of the PLL 
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structure (e.g., SRF-PLL, Decoupled-Double-SRF-PLL). A detailed modeling and analysis of the 

low frequency dynamics of the PLL under different grid impedances, loads, and modes of 

operation is presented in [40]. A coordination scheme between the PLL and the dc voltage 

controllers of a VSC connected to a weak grid is introduced in [41] in order to enhance the 

system damping. In spite of the interesting insights in [38]-[41], the negative impact of PLL on 

the power converters connected to a weak grid has not been alleviated. The work in [42] suggests 

the reduction of the PLL gains to small values in order to avoid instabilities. However, these 

reductions negatively affect the damping and the dynamic response of the system.  

In the grid-connected converters, the magnitude of the output impedance of a current-

controlled converter should be maximized so that the grid impedance has minimal interactions 

with the converter dynamics [45]. Following this guideline, the work in [42]-[47] introduces 

impedance shaping techniques for single-phase inverters to actively increase their output 

impedance in the presence of a high grid inductance. However, the influence of the PLL 

dynamics on the developed analytical models has not been considered. More importantly, the 

minimum value of the considered     level in [47] is    which is only reasonable in low power 

applications and single-phase converters. In high power three-phase converters, a unity SCR 

level is usually considered as a worst case scenario [36]-[37]. In [48], an adaptive feed-forward 

and current regulation scheme have been implemented for single-phase converters. The scheme 

depends on the estimation of the grid impedance to ensure a satisfactory performance.  In [37], 

an improved vector control topology based on a gain-scheduling of the outer loops is introduced. 

The proposed controller comprises eight parameters whereas an    fixed-structure control 

design methodology is followed for parameters tuning. Moreover, lookup tables should be 

utilized to achieve the gain-scheduling scheme to follow the variation of operating points. 

Referring to [37] and [48], a more simple, yet effective, vector-control-based technique is still 

demanded to facilitate the connection of power converters to the weak grid systems. 

2.5.2 Power Synchronization Control 

To overcome undesirable interaction dynamics between the grid impedance and the PLL in the 

vector-controlled VSCs, an alternative controller, referred to as PSC, has been proposed [36], 

[44]. In this technique, there is no need for the PLL and the inner current controller. An active 

power controller generates the synchronization angle necessary for the orientation of the rotating 
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reference frame, whereas a voltage controller is utilized to determine the magnitude of the 

inverter terminal voltage. The PSC method yields a fast and stable performance at the very low 

SCR values.  

Using the PSC, the grid-connected VSC located nearby a large synchronous machine does not 

have negative impacts on the sub-synchronous dynamics [57]. On the contrary, the vector 

controlled system is found to have a potential to degrade the system stability under similar 

conditions [58].  

In spite of being a promising technique, the PSC still has the following drawbacks. 1) The 

quadrature component of the PCC voltage is no longer zero, and hence there is no definition for 

the active and reactive current components.  2) As there is no a direct enforcement on the 

injected current components, the PSC has to switch to the vector current control at fault instants 

to set current limits [44]. Moreover, the PSC has not been investigated for the grid-connected 

CSC-based PV systems. 

2.6 System Level Integration of Multiple Distributed Generation Units in 

the Hybrid AC/DC Grid Environment 

The ongoing deployment of the distributed renewable-based sources, including PV units, into the 

conventional distribution system to supply local loads creates active islands, which are referred 

to as microgrids or subgrids. Microgrids can operate either in the grid-connected or intentionally 

islanded mode and are classified into ac or dc types [59]. The distinct features of ac and dc 

microgrids are; 1) AC microgrids are more compatible with the existing ac distribution system. 

However, the synchronization of the frequency, the phase angle, and the PCC voltage should be 

considered prior to closing the interfacing static switch [60]. On the contrary, the connection of a 

dc microgrid to the ac utility-grid is simple. 2) DC microgrids meet the inherent dc nature of 

most nowadays loads (e.g., home appliances, lighting systems, data centers, and motor drives, 

etc. [59]). Moreover, most of renewable energy resources are dc, such as PV generators, fuel 

cells, and energy storage units. 3) Complicated electromechanical protection devices and 

coordination schemes challenge dc systems due to the absence of the zero-current-crossing 

behavior that provides an inherent self-extinguish feature of the ac fault current [61]. 4) AC 

systems are associated with transmission lines skin effects whereas dc transmission systems are 

more efficient [62]. As most of renewable energy resources are dc whereas the conventional 
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distribution system is ac, the concept of the ac/dc hybrid active distribution systems is emerging 

in order to interface the dc renewables to the ac systems, combine the benefits of both generation 

types, reduce the system losses by avoiding multiple conversion stages, and increase the system 

reliability [62]-[85].  

In the literature, the operation of the grid-connected or islanded ac and dc microgrids is well-

established [86]. However, the interconnection between both subgrids to form a hybrid system 

requires a special attention. The research work on hybrid systems can be classified into dynamics 

and stability improvements [63]-[66] and the real-time power management using autonomous 

schemes [67]-[81] or supervisory controllers [82]-[85]. 

2.6.1 Autonomous Control of the Hybrid AC/DC System 

An islanded hybrid system that constitutes a dc bus aggregating a wind turbine, batteries, and dc 

loads; and an ac bus that interfaces the dc system to a diesel generator and ac loads via a 

bidirectional VSC is proposed in [67]. The hybrid system contains electrical water heaters as 

controllable dc loads which are controlled via dc droop loops to suppress any fluctuations in the 

dc bus voltage. In [68], a hierarchical active power management strategy for a medium voltage 

islanded hybrid system that includes fuel cells as a main source and super capacitors as a 

complementary source has been proposed. The systems in [67]-[68] are tailored to satisfy a 

specific objective, and, therefore, the proposed controllers might not be generalized to a larger 

scale hybrid systems. 

A more generalized islanded hybrid system structure is considered in [69]-[72] where two 

islanded droop-based ac and dc subgrids are interconnected by a VSC. An autonomous control 

method for the interconnecting VSC is proposed in [69]. The measurements of the normalized 

frequency and dc voltage at the terminals of the interfacing converter are used to estimate the 

local ac and dc subgrid loading. The same autonomous method has been utilized in [70] when an 

energy storage unit is considered. This work has been extended to [71] to consider the parallel 

operation of the interconnecting VSCs. Another autonomous method has been proposed in [72]-

[73] by applying the difference between the normalized frequency and dc voltage across the 

interconnecting converter over a PI controller to determine the positive or negative power 

reference. The autonomous control method of the interfacing VSC in [72]-[73] might deviate 

slightly from the ideal conditions when being implemented in the parallel operated interfacing 
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converters [71]. More importantly, the operation of the autonomous methods in [69]-[73] 

depends on the summation of the individual droop characteristics in both subgrids to obtain the 

combined power-frequency droop for the ac subgrid and the power-dc-voltage droop for the dc 

subgrid so that the measured frequency or dc voltage correctly reflects the actual local loading, 

and hence a bidirectional power flow via the interfacing VSC can be achieved accurately. 

However, the evaluation results only consider the case when both ac and dc subgrids are formed 

by a single droop-based power electronic converter and ignore the actual situation where 

multiple DG units are connected in parallel. The influence of the variation of the droop 

characteristics of the individual DG units on the accurate operation of the hybrid system has not 

been considered. A modified droop-based control strategy for the interconnecting VSC is 

proposed in [74]. The droop coefficients of the local ac sources are utilized to correlate the 

droops of the ac and dc subgrids. 

Different grid-connected hybrid systems that are structurally tailored to fulfill certain 

objectives are proposed in [75]-[77]. In [75], a back-to-back converter that interfaces an ac 

microgrid to the utility-grid with an extended dc-link to constitute a dc subgrid is evaluated. 

Different power flow strategies are achieved to ensure an efficient operation.  A power flow 

management for a grid-connected system that comprises a PV array, battery, and local loads 

connected to a utility-grid is proposed in [76]. A method to operate a grid-connected hybrid 

system formed by a PV array and fuel cell is proposed in [77]. The power management algorithm 

is proposed so that the PV source is operating at the MPP, and the fuel cell is maintained at its 

highest efficiency.  

Autonomous controlled hybrid systems that are flexible to operate in the grid-connected or 

islanded modes are addressed in [78]-[82]. A microcontroller-based power management 

algorithm is presented in [78] for a residential low voltage microgrid system that combines a 

battery, a fuel cell, and a PV module. The power management has been proposed to estimate and 

control the state-of-charge of the battery to enhance the system reliability, particularly in the 

islanded mode of operation. The proposed system can also operate in the grid-connected mode.  

The autonomous control strategy of a    rated hybrid ac/dc system that consists of wind 

turbines and PV panels as renewable resources, and batteries and super-capacitors as storage 

units is proposed in [79]. In the grid-connected mode, the dc bus voltage is maintained by the 

grid-connected VSC whereas the storage units supply the difference between the renewable 
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resources power and the local load demands. In the islanded mode of operation, the storage units 

maintain the dc-link voltage whereas the VSC maintains the ac voltage and frequency. A similar 

work has been proposed in [80] to achieve a smooth power exchange between ac and dc subgrids 

via an interfacing VSC in a hybrid system. 

The integration of a low voltage dc subgrid consisting of PV panel, batteries, super-

capacitors, and local dc loads into the conventional ac distribution system via a front-end VSC 

has been introduced in [81]. The autonomous control strategy of all interfacing converters are 

proposed such that the dc voltage is maintained stable and the individual DG units in the dc 

subgrid are optimally utilized.  

A demonstration of a large-scale autonomously-controlled microgrid is evaluated in [82]. The 

system consists of        fuel cell,        PV, and two        diesel generators integrated 

with large-scale energy storage and power factor correction capacitors. The system can operate 

in both islanded and grid-connected modes. 

2.6.2 Supervisory Control of the Hybrid AC/DC System 

A centralized controller has been introduced in [83] to balance the loading condition between the 

ac and dc systems via multiple interconnecting VSCs. The centralized controller selects the 

required number of the interconnecting VSCs to operate, based on the amount of the transmitted 

power. However, the controller is tailored to the power-controlled DG units and might not be 

easily generalized to the droop-based case or mixed droop-based/power-controlled DG sources. 

Also, the power flow through the interconnecting converters is not minimized in some cases. 

A PV system working in parallel with an energy storage unit is proposed in [84] using a local 

high-bandwidth smart grid communication in the real-time. The control algorithm processes the 

collected data from the utility-grid, individual DG units, and loads entities to generate the power 

reference command for the power electronic interfaces. The main goal is to continuously feed the 

load with maximum dependency on the full power produced from the PV system.   

A double-layer hierarchical control strategy for several DG units, batteries, and loads forming 

an islanded dc microgrid has been proposed in [85]. In the primary level, an adaptive voltage-

droop method to regulate the common dc bus voltage is implemented whereas a low-bandwidth 

communication interface is implemented in the second layer to achieve a supervisory control 

among microgrid entities. Although it is desirable to operate the PV at MPP, this is not always 
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appropriate in isolated systems as it can lead to overcharging the batteries. Therefore, the 

supervisory controller aims to regulate the batteries charging and discharging in a coordinated 

manner to preserve their life-cycle without compromising the common voltage control. 

In [86], a three-level hierarchical control strategy for the interfacing converters between ac 

and dc buses in a hybrid microgrid system is proposed. The interfacing converter is considered 

when operating in the rectification mode only. In the primary level, the decentralized dc droop, 

as well as current controllers, are employed. A secondary control level is included to eliminate 

the dc voltage deviation produced by the dc droop control using a low-bandwidth 

communication. The last level is the tertiary controller that is implemented to allow a seamless 

transfer between the dc standalone and the dc grid-connected modes. The influence of the 

communication delays on the overall system stability has been investigated using the small-

signal stability analysis. In [87], a similar control strategy has been proposed but for the local ac 

and dc subgrids in the hybrid microgrid system. The power sharing between the DG units in the 

isolated mode of operation are enhanced using a low-bandwidth communication in [88]-[89]. 

2.6.3 Integration of Dynamic Loads to the AC-Side of the Hybrid AC/DC 

System 

The power-angle stability of islanded ac microgrids has been extensively studied when wireless 

decentralized power-sharing schemes (e.g., droop controllers) are adopted [90]–[91]. However, 

passive loads have been considered in most of these studies without focusing on major dynamics 

loads in electrical systems such as the direct online IM. The total share of IM loads with respect 

to other electrical loads in distribution systems is around 60% whereas 80% of industrial loads 

are IMs [92]. Therefore, it is viable to investigate the effects of IMs on the stability of the low-

inertia VSC-dominated microgrids.   

The presence of IM loads in microgrids might induce; 1) source-load admittance mismatch 

between the IM load and microgrid converters, and 2) electromechanical rotor oscillations due to 

the lightly damped motor dynamics, particularly in large motors [93]-[94]. These special 

characteristics lead to two types of undesirable interaction dynamics in the islanded microgrids 

feeding direct-online IM loads; namely 1) medium-frequency interactions and 2) low-frequency 

interactions.  
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1) With respect to the medium-frequency interactions, in the small-signal sense, it can be 

shown that IM loads induce lightly damped dynamics that directly interact with the 

tightly-voltage-controlled VSCs in microgrids in the medium-frequency range (e.g., few 

tens of Hz to few hundreds of Hz). The lightly damped motor dynamics induce resonant 

peaks in the motor admittance and can directly violate the stable admittance ratio criterion 

between the load-side (IM) and equivalent source-side (VSC) [95].  

It is shown in this thesis that even with small IM loads; the medium-frequency 

interactions can be yielded. Such interactions destabilizes the islanded operation of 

microgrids due to the weak nature of the equivalent source admittance in isolated 

microgrids and the close regulation characteristics of VSCs, which are usually designed 

with high bandwidth characteristics for effective voltage regulation. On the contrary, 

when a microgrid system is connected to a strong utility-grid, the overall source 

impedance will be small and, therefore, the source-load impedance interactions will be 

minimal. These interactions occur directly between an IM and the voltage-controlled 

VSCs with minimum coupling from the power-sharing controller (e.g., droop control) due 

to the frequency-scale separation between the voltage control dynamics and the low-

bandwidth power sharing loops. It should be noted that using the VSC control parameters 

to avoid possible interaction dynamics (e.g., voltage control bandwidth) yields very 

limited shaping capability and directly affects the closed-loop performance. Therefore, 

there is a strong need to develop a second-degree-of-freedom active controller that locally 

shapes the source admittance of the VSC at the instability-related frequency-range 

without affecting the overall system characteristics.  

2) In large IM loads, the rotor-circuit time-constant is large and is comparable to the 

mechanical time-constant; therefore, the rotor-slip and flux-angle dynamics are highly 

coupled. This phenomenon leads to considerable low-frequency electromechanical 

oscillations (e.g., in the range of 0.2 Hz to few Hz). These oscillations directly affect the 

power-angle stability in the droop-controlled isolated microgrids with high power IM 

loads due to the inherent power-based feedback to regulate the microgrid frequency. 

However, such power-angle interactions are characterized by their low-frequency and can 

be separated from medium-frequency interactions. Power angle oscillations in droop-

controlled microgrids can be mitigated by employing an active damping loop in the droop 
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controller [91]. Therefore, and regardless of the power-sharing strategy, mitigation of 

medium-frequency interactions is still essential.    

The aforementioned difficulties, however, are not sufficiently addressed in the recent 

literature. Dynamic stability of the ac microgrids supplying a voltage-source rectifier (VSR) as 

an active load has been considered in [96] using a detailed small-signal modal analysis. An 

earlier work in [97] investigates the same problem using the Nyquist stability criterion. However, 

a generic and augmented model of the common active load has been considered. In [98], detailed 

small-signal impedance models of the VSC-based microgrid and the VSR load are introduced. 

Using the generalized Nyquist criterion, an active compensation method from the VSR (load) 

side has been proposed. 

The effect of impedance mismatch between a single voltage-controlled VSC and the IM is 

presented in [95]. However, approximate diagonal impedance models are used to transform the 

multi-input-multi-output (MIMO) interaction dynamics problem into a single-input-single-output 

(SISO) problem, where the conventional Nyquist admittance ratio criterion can be used. In [99], 

the impact of composite load (IM and static loads) on the microgrid angle stability is 

investigated, using the bifurcation theory, and under a high penetration level of IMs.   
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Chapter 3 

Analysis and Active Suppression of AC- and DC-Side Instabilities in the Grid-

Connected Current-Source Converter-Based Photovoltaic Systems 

CSCs can be a viable option to interface large PV systems to the utility grid.  However, 

interaction dynamics in both the ac- and dc-sides might be yielded and affect the converter 

stability. 1) On the ac side, interactions of the grid impedance with the CL ac-side filter might 

cause uncertain resonant frequency modes that should be damped without affecting the converter 

efficiency. 2) On the dc-side, under uncertain characteristics of the PV source impedance (e.g., 

number of PV modules connected and/or uncertainty in source circuit parameters), the Nyquist 

stability criterion might be violated due to equivalent source/load impedance mismatch. In this 

chapter, the ac-side CL filter dynamics are damped by an improved active compensator in the 

control structure of the CSC. More importantly, the dc-side interactions dynamics are effectively 

stabilized by proposing active reshaping techniques for the dc-side impedance of the CSC so that 

the Nyquist stability criterion is maintained, and positive damping is added. Time-domain model 

is implemented under Matlab/Simulink environment to validate the analytical results. 

3.1 The Grid-Connected Current-Source Converter-Based Photovoltaic 

System 

3.1.1 The Current-Source Converter 

The system under study is shown in Figure 3.1(a). The system parameters are all given in 

Appendices A3.1-A3.2. The CSC is a six-pulse converter employing IGBT switches in series 

with diodes. The dc-side of the CSC is interfaced by a choke (   ) with internal resistance (   ) 

to maintain the dc current (   ) regulated. An ac capacitor (  ) is directly connected to the CSC 

terminals to filter out the switching harmonics in the ac current   . An inductor (  ) with an 

internal resistance (  ) is used to increase the attenuation capabilities of the ac-side filter so that 

the filtered ac current (  ) is injected to the utility-grid. The CSC is connected to the utility-grid 

with a PCC voltage     whereas      is the terminal ac voltage of the CSC.  
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(a) 

 
(b) 

Figure 3.1 Grid-connected CSC-based PV system. (a) Power circuit. (b) Conventional vector control –   ( ), 

  ( ),   ( ), and   ( ) loops represent the proposed active compensators, one compensator at a time whereas   
   

 

and   
   

 loops represent the proposed active damping for the CL filter resonance. 

 

Based on Figure 3.1(a), the power circuit model of the grid connected CSC in the 

synchronous  -  reference frame that rotates by an angular frequency ( ) is given as following, 

where (     ), (       ), (       ) and (       ) are the  -  components of the generated 

modulation signals,   ,   , and   , respectively;   is the Laplace operator.  
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3.1.2 The Photovoltaic Generator 

The basic building block of the PV generator is the PV cell that typically produces           

of electrical power [7], [19], [22]. Figure 3.2(a) shows the circuit representation of a PV module 

in which multiple PV cells are connected in series to increase the module terminal voltage (  ) 

to        . The module current (  ) is similar to the PV cell current. The solar irradiance ( ) 

excites the electrons in the PV cells to generate the photovoltaic current (   ) which is dependent 

on the solar irradiance level, the PV module temperature ( ), and the short-circuit current (   ) of 

the PV module, 

 

    
 

  
,      (    )-                                             (3.6) 

 

where    is the reference irradiance level in     ;    is the reference temperature in Kelvin, 

and    is the temperature coefficient in         . 

As shown in (3.7), the relation between the diode current (  ) and voltage (  ) is governed 

by the non-linear Shockley diode model,  
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                                                                          (3.7c) 

 

where    is the number of PV cells in the module;    is the thermal voltage;    and     are the 

reverse saturation current at the operating and reference temperature, respectively;    is the 

band-gap energy of the PV cell;   is the unit charge;   is the ideality factor of the diode, and   is 

the Boltzmann‟s constant.  
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                       (a)                                                  (b)                                                      (c) 

Figure 3.2 Equivalent circuit representation of the PV generator. (a) PV module. (b) PV string. (c) PV array. 

 

As shown in Figure 3.2(a), a shunt resistance (   ) models the effect of the leakage current   

due   to   the   fabrication   process.  It  is   assumed  that       is  a  fixed   and   an independent 

quantity. A parasitic series resistance (  ) is also considered to model the power losses in the PV 

module. 

 

        ⁄                                                          (3.8) 

 

Several PV modules, similar to Figure 3.2(a), are stacked together and connected in series to 

form a PV string so that the terminal voltage builds up to     whereas the dc current is still the 

same. The equivalent model of a PV string is shown in Figure 3.2(b) where    is the number of 

series connected modules in the PV string. The PV array, shown in Figure 3.2(c), is finally 

formed by the parallel connections of multiple PV strings, denoted by   , so that the required 

level of the dc current is satisfied as shown in (3.9). As    is not directly measured, it is 

represented in terms of     and     in (3.10). The PV system is assumed to operate at the MPP. 

Therefore, the delivered power to the utility-grid is assumed constant (          ) [26]. 
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The dynamics of the dc-side of the PV generator is governed by (3.11). 
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3.1.3 The Conventional Vector Control of the Grid-Connected Current-

Source Converter-Based Photovoltaic System 

Figure 3.1(b) shows the control structure of the CSC in the synchronous rotating  -  reference 

frame. The measured dc current (   ) is compared to the reference value (   
 ) to process the error 

by a PI dc current controller (    ( )), which determines the  -axis component of the reference 

value of the injected ac current (   
 ). The  -axis component (   

 ) is set to zero. The PI ac current 

controller (    ( )) in both  -  channels regulates the corresponding measured values to follow 

their references. The control loops of the grid connected CSC are modeled as following. 

 

   
  (   

     )    ( )                                                  (3.12) 
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     )    ( )    
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      (   
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3.2 AC-Side Instabilities of the Grid-Connected Current-Source Converter-

Based Photovoltaic System 

The proposed ac-side active compensator to mitigate the ac CL filter resonance is presented. 

Assume that there is a series resistor (  ) with the capacitor (  ) in Figure 3.1(a), (   ) is 

modified to: 

 

      
   

       
                                                   (3.15) 

 

Similarly, (   ) is modified. The modified dynamics in (    ) can be rewritten in the 

following form. 

 

      
     

       
                                             (3.16) 

 

From (    ), the  passive  damping  behavior  can be  actively  emulated  by adding  the term  
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(
     

       
      ) to the originally generated       from the control loop in (    ). Comparing 

(    ) to (    ) gives, 

 

  
    

     

       ⏟    
 ( )

      ⏟    
    

                                                    (3.17) 

 

where  ( ) is a HPF with a cut-off frequency equals      ⁄ . In a similar way,   
   

 is obtained. 

The gain    is used to enhance the high frequency attenuation as will be shown.  

The closed- and open-loop transfer functions of the ac current controller are obtained in 

(    )- (    ), respectively.  Figure 3.3(a) shows the frequency response of       
 ⁄  in (    ). 

The uncompensated response has a resonant peak at the resonance frequency of the CL filter. 

The response with the active damped method is shown when         and        and is 

typically as the passive damping technique with 10 Ω series resistance. The resonance peak is 

successfully mitigated; however, the attenuation level of the CL filter is reduced beyond the 

resonance frequency (420 Hz – 7
th

 harmonics). The high frequency attenuation is enhanced by 

multiplying the compensation function ( ( )) by the additional gain (  ). The frequency 

response of the open-loop transfer function with/without the proposed active damping is shown 

in Figure 3.3(b). The uncompensated system is unstable with a phase margin of      whereas it 

is stable with a phase margin of     when the proposed active compensator is activated. 
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3.3 DC-Side Instabilities of the Grid-Connected Current-Source Converter-

Based Photovoltaic System 

3.3.1 Small-Signal Impedance-Based Modeling of the Grid-Connected 

Current-Source Converter 
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                                                       (a)                                                                                     (b) 

Figure 3.3 Frequency response of the ac LC filter of CSC. (a) Closed loop (      
 ⁄ ). (b) Open loop. 

 

Applying the small-signal linearization on the system model and conducting some mathematical 

manipulations, the small-signal dc-side impedance of the grid-connected CSC that relates      

to      is obtained as follows. 

 

     ( )  
    

    
    ( )  .  ( )    ( )   ( )/    ( )           (3.20) 

 

The parameters of (3.20) are defined in Appendix A3.3. 

3.3.2 Small-Signal Impedance-Based Modeling of the Photovoltaic Generator 

The small-signal impedance model of the PV generator is obtained under the assumption of 

constant weather conditions, i.e., the operating temperature equals the reference temperature 

(    ) and the irradiation level ( ) is constant. Applying small-signal perturbations on the PV 

model in (   ),      is obtained in terms of      and     . The PV model in (   ) is then 

multiplied by     and a small-signal linearization is reapplied with        (MPP) so that the 

small-signal source impedance of the PV system (    ( )          )⁄  is finally obtained. 

The influence of both    and     on the PV generator model is neglected in this chapter. 
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The dc-link capacitor dynamics in (   ) are used to obtain the overall source impedance of 

the PV system (        ( )          )⁄  as seen from the dc terminals of the CSC, which is as 

follows. 

 

        ( )  
    

          
                                            (3.22) 

 

3.3.3 Input-Output DC-Side Impedance Mismatch 

An interconnected system that constitutes an equivalent source (        ( )) and load 

(      ( )) impedances, around the point of interconnection, i.e., the dc-link between the PV 

and the grid-connected converter, is stable if the ratio         ( )       ( ) does not encircle 

the (    ) point on the Nyquist contours. Note that the ratio         ( )       ( ) is only 

valid with voltage-sourced converters whereas it should be reversed with current-sourced 

converter, i.e.,       ( )         ( ) [45]. By utilizing this criterion, and based on the obtained 

small-signal impedance models of the CSC and the PV system in (    ) and (    ), the system 

stability is investigated. An unstable case is induced by reducing the integral gain of the CSC and 

   and the system response is shown in Figure 3.4. There are two intersections  in  the  

magnitudes  of  the  two  impedances  at  points     and     where  the magnitude of the Nyquist 

ratio is unity and hence it is required to achieve a stable phase margin [45]. At point  , the phase 

difference (                ) is     which satisfies the stability conditions. On the other 

side, the response at point   is unstable with a phase margin of     .  
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Figure 3.4 Input-output dc impedance interactions of the grid-connected CSC-based PV system – phase margin of   

and   equals     and     , respectively. 

 

3.3.4 Mitigation of the DC-Side Instabilities of the Grid-Connected Current-

Source Converter-Based Photovoltaic System 

To enhance the dynamic performance of the system in Figure 3.4, either the dc-side impedance 

of the PV system or the CSC should be reshaped to avoid the magnitude intersection or to 

achieve a sufficient phase margin at the frequency of intersection. One of the basic solutions in 

power electronic converter applications is to use passive damping techniques [100]. However, 

these methods are not preferred due to the associated power losses. In this chapter, active 

stabilizers from the CSC side are proposed to maintain the Nyquist stability criterion and 

enhance the dynamic performance of the CSC under wide variations of the PV parameters.  

3.3.4.1 DC-Current-Based Compensators 

As shown in Figure 3.1(b), the dc-choke current is applied through a compensation function 

(  ( ),   ( ), or   ( )) and is re-injected to three points in the  -axis control structure of the 

CSC. The compensation function can be in the form of a band-pass filter (BPF) or HPF as shown 

in (    ) where   ,    and    are the compensator gain, damping ratio and operating frequency 

of the compensator, respectively. The subscript   represents the point of injection; outer ( ), 

intermediate ( ) and inner point ( ).  
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The proposed compensation function allows the impedance reshaping at critical frequencies 

regions where the impedance intersections occur while preserving the characteristics of the CSC 

impedance elsewhere. The small-signal compensated dc-side impedance of the CSC (     
 ) is 

similar to that shown in (    ) but with     ( ) is replaced by     
 ( ) as shown in Appendix 

A3.4. Note that one compensator is only activated at a time with the BPF or the HPF 

characteristics.  

As a design example, the unstable case in Figure 3.4 is reconsidered with the BPF-based 

outer loop compensator (     ( )). Figure 3.5(a) shows the modified frequency response with 

the proposed compensator.   

The selected operating frequency (  ) of the BPF is         . The damping ratio (  ) is 

unity whereas the compensator gain (  ) is varied from    to   . The system stability is 

significantly improved by avoiding the magnitude intersections between the PV and CSC dc-side 

impedances. The corresponding Nyquist plots are shown in Figure 3.5(b). The stability margin is 

improved as compared to the uncompensated response. Similar damped response can be yielded 

by utilizing other injection points or a HPF-based compensator function. 

3.3.4.2 DC-Error-Based Compensator 

Figure 3.1(b) shows the proposed dc-error-based compensator (  ( )). The compensator 

function is selected as follows. 
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                                                    (3.24) 

 

The dc current error (   
     ) is used as the input to this compensator in order to extract any 

yielded oscillations at the dc-side. The signal is then applied to an integrator and is divided by 

the value of the dc capacitor (   ) to obtain the equivalent voltage drop. This voltage is applied 

to a gain (  ) to obtain the equivalent signal that is superimposed on the dc current and causing 

oscillations. The compensation signal is finally subtracted from the generated control signal in 

the  -axis (     ). The modified small-signal dc-side impedance of the CSC with this 
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compensator (     
 ( )) is similar to the uncompensated one in (    ) but with     ( ) is 

replaced by     
 ( ) as shown in Appendix A3.5. The frequency response of the compensated 

system is similar to that yielded in Figure 3.5.  

 

 
                                                       (a)                                                                       (b) 

Figure 3.5 Active stabilization of the dc-side instabilities using the proposed dc current-based compensator – outer 

loop, BPF. 

 

3.3.4.3 Sensitivity Analysis 

The proposed active compensators might affect the performance of the injected ac current. This 

can be evaluated by investigating the sensitivity function (        ⁄ ) to study the influence of 

the input      on the output      in the presence of the proposed compensators. The sensitivity 

function of the uncompensated system is     ( ) in (    ). For the actively compensated 

systems, they are all given in Appendices A3.4-A3.5 (    
 ( ),     

 ( )). 

Figure 3.6 shows the sensitivity functions with the proposed compensators as compared to 

the uncompensated case. The actively compensated functions consider the HPF- and the BPF-

based compensators to achieve a similar damping capability. As shown, the BPF-based 

sensitivity functions have better response as compared to the HPF-based ones. This is due to the 

localized effect of the BPF around its operating frequency. On the contrary, the HPF 

compensators operate from its cut-off frequency and beyond, which deforms the compensated 

dc-side impedance of the CSC and hence affect the sensitivity functions of the injected ac current 

on a wider frequency band.  
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                                                (a)                                                                                (b) 

Figure 3.6 Sensitivity functions (        ⁄ ) of the CSC-based PV system. (a) HPF. (b) BPF. 

 

3.4 Evaluation Results – AC-Side Instabilities 

A large-signal time-domain simulation model of the grid-connected CSC-based PV system 

similar to that shown in Figure 3.1 is built under Matlab/Simulink® environment to investigate 

the influence of the proposed compensators. All model entities are built using 

SimPowerSystem® toolbox.  The CSC is simulated using average-model-based blocks. The 

simulation type is discrete with a sample time of      . The system parameters are given in 

Appendices A3.1-A3.2. 

Figure 3.7 shows the one phase response of the injected ac current to the utility-grid under the 

uncompensated, passively, and actively compensated ac resonance of the CL filter. As shown, 

the uncompensated system is superimposed with high-frequency harmonics that decay in      .  

The same system is tested after adding a series resistor (   ) in series with the capacitor of the 

ac CL filter, and the system response is shown in Figure 3.7(b).  The proposed active 

compensation of the CL filter resonance [in (    )] is implemented, and the ac current response 

is shown in Figure 3.7(c) with two values of   . The system with         gives a well-damped 

performance similar to that yielded with the passive damping but with no active power losses.  
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                                                (a)                                                                               (b) 

 
(c) 

Figure 3.7 Influence of the CL filter resonance on the injected ac current in the grid-connected CSC. (a) 

Uncompensated. (b) Passively compensated. (c) Actively compensated with highly damped (        ) and less 

damped performance (     ). 

 

3.5 Evaluation Results – DC-Side Instabilities 

The first evaluation test is conducted when the insolation level is assumed constant. The 

uncompensated response is shown in Figure 3.8(a). As shown, the dc current has significant 

oscillations up to      . These oscillations are reflected to the injected ac current. On the same 

figure, the improved performance due to the increased number of parallel modules by     is 

shown. In spite of the           higher overshoot of the dc current at startup, the oscillations are 

damped after a shorter time at         . 

3.5.1 Passively Compensated Response 

The insolation level of the PV system is assumed to have step variations as a severe testing 

condition. The step variation of the solar irradiance level has been widely adopted in the 

literature to evaluate the stability of the PV systems [7]-[9], [22], and [25]. Accordingly, the 

MPP algorithm will change the dc current reference to cope with the modified energy balance. 

As shown in Figure 3.8(a) with          , the dc current follows the reference command but 

with considerable oscillations at the step instants. The uncompensated dc current peaks are     , 
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      and           at      ,     and      , respectively. The oscillations yielded in the dc 

current response are reflected to the injected ac current as shown in Figure 3.8(b). 

The influence of the passive damping is shown in the same figure by increasing     to        

The  dc  current  oscillations  are  relatively  damped  as compared  to  the  uncompensated  case. 

The passively-compensated dc current peaks are     ,       and           at      ,     and 

     , respectively. The effect of adding a passive element is clearly shown in Figure 3.8(b). At 

the period         to      , the steady-state value of the injected ac current is reduced due to the 

dissipated power in the added dc-side series resistor. 

 

 

 
(a) 

 
(b) 

Figure 3.8 Uncompensated (          ) and passively damped (            ) response in the grid-connected 

CSC-based PV system. (a) DC current. (b) d-axis component of injected ac current. 
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3.5.2 Actively Compensated Response 

Figure 3.9 shows the actively-compensated response using the proposed dc-error-based 

compensator. As compared to the uncompensated response in Figure 3.8, the dc-error-based 

compensation provides a significant damping to the system. The dc current peaks are     ,      

and          at      ,     and      , respectively. The high damped response is conveyed 

throughout the system as shown in Figure 3.9(b). However, there is a side effect of the 

compensated response on the injected ac currents at the disturbance instants. As shown in Figure 

3.9(b) the ac current peaks are      and          . at       and      , respectively. As  

compared  to  the  uncompensated  response  in  Figure 3.8(b), the current peaks  are        and  

            at         and      ,  respectively.  This side effect is attributed to the sensitivity 

analysis in Figure 3.6. The coupling between dc and ac currents increases due to the proposed 

dc-error-based compensator.  

Figure 3.10 shows the actively compensated response using the outer loop BPF-based 

compensator. In Figure 3.10(a), the startup peak of the dc-choke current is          The dc 

current is highly damped with no overshoots at       and      . Based on the sensitivity 

analysis in Figure 3.6, the influence of outer loop BP-based compensator on the injected ac 

current is less than that yielded with the dc-error-based compensator. This is clear from the 

response of the ac current in Figure 3.10(b) as compared to Figure 3.9(b). The influence of the 

intermediate and inner loop BP-based compensators on the system stability is shown in Figure 

3.11.  

The dc current response following different variations in the solar irradiance level is shown in 

Figure 3.12. In spite of the slower rate of change of the solar irradiance level, the uncompensated 

dc current response reflects a lightly damped performance. The outer loop compensator is 

implemented in the control structure and, clearly, the resultant performance is highly damped. 

The oscillations of the uncompensated system in Figure 3.12 imply power losses in the PV 

generator. On the contrary, the proposed compensator contributes to the damping of the PV 

system by following the MPP set points in a well-damped performance, which in turns enhances 

the dynamic efficiency of the PV generator.  
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(a) 

 
(b) 

Figure 3.9 DC-error-based active compensated response of the CSC-PV system. (a) DC current. (b) Injected ac 

current. 

 

 
(a) 

 
(b) 

Figure 3.10 Outer loop-based active compensated response of the CSC-PV system. (a) DC current. (b) Injected ac 

current. 
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Figure 3.11 Intermediate and inner loop-based active compensated response of the CSC-based PV system. 

 

 
Figure 3.12 System response following slow variations in the incident solar irradiance level of the CSC-based PV 

system.  

 

3.6 Conclusions 

The ac- and dc-side instabilities in the grid-connected CSC-based PV systems has been 

investigated in this chapter. It is found that instabilities of the CSC interface can be yielded due 

to the following. 1) Interactions with the ac-side due to the induced ac CL filter resonance. 

Therefore, an active damping technique that emulates a series resistance with the ac capacitor is 

proposed to mitigate the resonant peak of the CL filter. 2) Interactions with the dc-side, i.e., the 

PV generator, due to the input/output small-signal impedances mismatch that violates the 

Nyquist stability criterion. Linear, simple and efficient active compensation techniques have 

been proposed to reshape the input impedance of the CSC so that Nyquist criterion is maintained. 

The proposed compensators enable robust integration of the CSC into utility-grid under a wide 

range of ac- and dc-side uncertainties. Time-domain simulation results successfully validate the 

analytical results. 
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Chapter 4 

The Power Synchronization Control for the Grid-Connected Current-Source 

Converter-Based Photovoltaic System 

This chapter presents the PSC scheme for the single-stage grid-connected CSC-based PV system. 

A detailed small-signal model for the complete CSC-based PV system with the PSC strategy is 

developed to investigate the system stability, characterize the converter interactions with the 

utility-grid, and design the controller parameters. The PSC of the CSC-based PV system reflects 

a stable performance under different operating conditions and following sudden variations in the 

insolation level. Due to the inherent synchronizing feature of the PSC, the PLL is eliminated and 

hence, the integration to very weak-grid systems is inherently achieved.  Although there is no 

direct control on the injected ac current to the utility-grid, the physical structure of the CSC 

offers a self-current-limiting protection through the modulation of the regulated dc-choke 

current. Detailed nonlinear time-domain simulations results validate the theoretical analysis and 

show the effectiveness of the PSC for the CSC-based PV systems. 

4.1 System Under Study 

Figure 4.1 shows the system structure of the grid-connected CSC-based PV generator. The 

complete system parameters are given in Appendix A4.1. Note that high power converters can be 

easily realized especially with the development of the high-power-density IGBT modules [31], 

which are rated at        and       . The recent advances have motivated the researchers to 

adopt high-power IGBT-based CSCs in HVDC applications [13]-[14]. For instance, an 

augmented six-switch CSC-based model representing a typical CSC rated at        and 

operating at       switching frequency is considered in [13]. A similar converter topology is 

adopted in [14] with a CSC system rated at        and       switching frequency.  

The CSC is a two-level converter consisting of six cells; each comprises an IGBT in series 

with a diode to increase the reverse voltage capability. The converter structure is similar to that 

introduced in Chapter 3 [Figure 3.1 (a)] and hence no more details are elaborated here. 
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Figure 4.1 A grid-connected CSC-based PV system. 

 

The ac-side of the CSC is modeled in (4.1)-(4.2) in the rotating reference frame that rotates 

by the angular speed  . Neglecting the power losses through the CSC, the dc-side dynamics of 

the PV system is modeled as shown in (4.3). 

  

  ̅  (        ) ̅    ̅                                                    (4.1) 

 ̅   ̅  (           )  ̅                                                 (4.2) 

 

 
   

    
 

  
                                                                           (4.3) 

 

where the complex vector  ̅         such that    and    are the direct ( -) and quadrature 

( -) component in the rotating reference frame;   is the Laplace operator, and   is the imaginary 

unit number.   

The modeling of the PV generator is presented in details in Chapter 3. In this chapter, a 

Mitsubishi PV array of a model “PV-UD190MF5” has been considered [101]. All PV parameters 

are given in Appendix A4.1.  

4.2 Power Synchronization Control Structure 

The structure of the power synchronization control is shown in Figure 4.2. The control is 

developed in two levels; an active power controller and a PCC voltage controller [44].  

4.2.1 Active Power Control 

The power synchronization loop is shown in Figure 4.2(a), where the active power ( ) is 

regulated to follow the reference value (  ) and synchronize the CSC with the utility-grid using 

the orientation angle ( ). Note that the nominal grid frequency (   ) is added to the generated   

to provide the final synchronization angle (  ). The PLL is not needed in the control structure of 
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the PSC. As shown in (4.4a), the active power control is realized by an integral gain (  ). The 

superscript “c” refers to the converter reference frame. 

 

  (    )
  

 
                                                       (4.4a) 

                
 

 
(  

   
    

   
 )                                                (4.4b) 

 

 
(a) 

 
(b) 

Figure 4.2 Power synchronization control of the grid-connected CSC-based PV system. (a) Active power control and 

synchronization. (b) PCC voltage control. 

 

Referring to (4.3), the rate of change of the energy in the dc-choke is governed by the balance 

between the generated PV power (      )  and the  injected active  power to  the utility-gird  ( ), 

assuming a lossless CSC. The input-output power balance is maintained by regulating the 

squared value of the dc-choke current (   
 ). Therefore, and as shown in Figure 4.2(a), the 

reference value of the injected active power (  ) is determined by the outer dc-choke current 

control. The squared value of the dc-choke current (   
 ) is regulated by a PI current controller 

with a transfer function   ( )          ⁄  in order to follow the reference value (   
  ). The 

MPP algorithm generates    
  so that the solar power harvesting is maximized at different 

weather conditions [102].  
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    (   
      

 )  ( )                                                   (4.5) 

 

4.2.2 AC Voltage Regulation 

As shown in Figure 4.2(b), the magnitude of the PCC voltage ( ) is regulated to follow the 

reference value (  ) using a PI voltage controller,   ( )          ⁄ . The modulation signals 

in the  - and  - axis, i.e.,    and   , are generated and then transformed to the three-phase 

reference frame using the orientation angle ( ). The switching pattern is generated and applied to 

    to produce the modulated three-phase output current (  ). Eventually, a sinusoidal output 

current ( ) and voltage ( ) are obtained. Note that the regulation of the PCC voltage in the CSC 

is indirectly achieved by the control of    and the back-and-forth reactive power exchange with 

the utility-grid through the capacitive filter (  ). Following Figure 4.2(b), the PCC voltage 

control loops are modeled in (4.6),  

 

  ̅
  (     )  ( )   

     ̅
                                      (4.6) 

 

where    √  
     

  . 

An outer reactive power control loop can be implemented to modify the value of    so that 

the measured reactive power ( ) follows the reference value (  ) using a PI controller.  

However, the regulation of the PCC voltage is only considered in this chapter. More details on 

the reactive power support can be found in [44] and [57]. 

As shown in Figure 4.2(b), an active damping technique is implemented to damp the 

resonance peak resulted from the combination of    and the equivalent grid inductance (  ) 

[103].  The capacitor-voltage signals (  
  and   

 ) are multiplied by a constant gain (  ) and 

subtracted from the current references to generate the damped currents (   
  and    

 ). The 

implemented gains (  ) represent a damping resistor in series with   . Using (4.1)-(4.2), the 

following transfer function is obtained. 

 

 ⃗  
 (    )⁄

   (    ⁄ )  ( (    )⁄ )
 ⃗                                          (4.7) 
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The resistance    is neglected in (4.7) for simplicity whereas each   is replaced by      to 

obtain the space-vector representation of the currents  ⃗ and  ⃗  . As shown, (4.7) is a standard 

second-order system with a natural frequency  √    ⁄  and a damping ratio      √    ⁄ . 

Clearly, the implementation of the active damping loop (  ) increases the system damping.  

4.2.3 Frame Transformation 

Similar to the operation of the PLL, the generated   from the PSC is used in the transformation 

from the three-phase grid frame to the converter     reference frame, and vice versa [39]. 

Referring to Figure 4.2(a), the measured quantities (i.e,   and  ) should be transformed to the 

converter reference frame, whereas the controller output signals (i.e.,   ̅
  or  ̅ ) should be 

retransformed to the grid reference frame in order to accurately model the influence of the 

synchronization loop on the system dynamics. These transformations are as follows:  

 

 ̅       ̅, 

 ̅       ,̅ 

   ̅   
    ̅

 .                                                          (4.8) 

 

4.3 Small-Signal Modeling of the Current-Source Converter-Based 

Photovoltaic System 

In this section, the small-signal linearization modeling of the CSC-based PV system in Figures 

4.1 and 4.2 is presented. The matrices of the following models are defined in Appendix A4.2. In 

the following,  ,  ,  , are the state, input, and output matrices and are multiplied by the 

corresponding vectors, and Δ represents a small perturbation of the variable. 

4.3.1 Closed-Loop Transfer Functions of the Power Synchronization 

Controllers 

Applying the small-signal linearization on the power circuit model in (4.1) and (4.3), the 

controllers in (4.4) and (4.6), and  using the frame  transformations in (4.8),  the  following  state- 
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space model is yielded, 

 

,    
 -  ,   -,    -  [    ],  

 -  ,    -,  
 -  ,     -,    -  ,    -,      -             

(4.9) 

 

where      ,          
      -  and     represents the state of the integral gain 

(   ). 

The small-signal model of the utility-grid in (4.2) is used to eliminate the input vector 

,      -  in (4.9) such that the following state-space model is yielded, where      

,          -
 . 

 

,    
 -  ,   -,    -  [    ],  

 -  ,    -,  
 -, 

   [    ],    -,    ,    -,    -.                                       (4.10) 

 

The final closed-loop transfer functions of the power and voltage controllers are then 

obtained as shown in (4.11). 

 

   [    (      )
      ]  

                                 (4.11a) 

   ,    (      )
      -  

                                 (4.11b) 

 

Using the dc-side model in (4.3) and (4.5), the dynamics of the dc current controller can be 

described by the following closed-loop transfer function. 

 

    
  

(       ⁄ )  (      ⁄ )

   (       ⁄ )  (       ⁄ )
    
                                   (4.12) 

4.3.2 Small-Signal Impedance Modeling 

The models of the dc current controller in (4.5) and the PV generator are used to substitute the 

inputs        and        in  (4.9).  The following state-space model is obtained, where      

,       -
 , and     represents the state of the integral gain of the current controller (   ), 



43 

 

 

,   
 -  ,  -,   -  ,  -,      - , 

,      -  ,  -,   -.                                                                   (4.13) 

 

From (4.13), the     output impedance matrix of the CSC- PV (     ( )), as seen from the 

PCC, is as follows where   is the identity matrix. 

 

,      -  ,  (     )
      -,      -                      (4.14) 

 

4.3.3 Small-Signal State-Space Model of the Entire System 

The dc current controller model in (4.5) is used in (4.10) to substitute the input    . As the 

reactive power control is not considered in this paper,     is set to zero. The final state-space 

model that represents the entire dynamics of the grid-connected CSC-based PV system is given 

in (4.15) where       ,       -
 . 

 

,     
 -  ,    -,     -                                            (4.15) 

 

4.4 Controllers Design 

This section presents the analysis of the CSC-based PV system using the developed models in 

(4.9)-(4.15). In this section, the inner active compensation loop is considered with       . 

4.4.1 The Power Synchronization Control Loop 

The frequency response of the closed-loop transfer function of the active power controller in 

(4.11a) is shown in Figure 4.3(a). When       ,    , and        ., the corresponding closed-

loop bandwidth is 174, 280, and 347 rad/s, respectively. Similar to the PLL, the bandwidth of the 

active power controller of the PSC is typically less than the half of the power frequency [57]. 

Therefore,    is set to 1.0 p.u.  
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                                                         (a)                                                                           (b) 

Figure 4.3 Frequency response of the closed-loop transfer functions of the power synchronizing controllers. (a) 

Active power controller when    increases from 1 to 3 p.u. (b) Voltage control when     increases from 1 to 3 p.u. 

and      .  

 

To investigate the influence of the inner compensation loop on the system performance, the 

gain     has been set to zero when         p.u.  As  shown  in  Figure 4.3(a),  the  CL  filter 

resonance  appears  in  the  relatively  high-frequency  region  (around  1000  rad/s)  but  with  a 

considerable attenuation of       . However, the negative impact of the CL filter resonance 

appears on the low-frequency region where the bandwidth of the power controller is remarkably 

affected. Moreover, a considerable resonance peak with an amplification of 10 dB appears 

around 60 rad/s. Therefore, the inner compensation loop of the PSC is crucial to maintain the 

system stability.  

4.4.2 The AC Voltage Control Loop 

In this chapter, the proportional gain of the PCC voltage controller is negligible (     ) [57], 

[104]. The influence of the integral gain (   ) on the closed-loop transfer function in (4.11b) is 

shown in Figure 4.3(b). The bandwidth of the voltage controller is 190, 250, and 300 rad/s when 

     , 2, and 3 p.u., respectively. It is shown that as     increases, the high-frequency 

attenuation decreases. Therefore,       p.u. is selected. The influence of the inner active 

compensation loop on the system damping is also shown in Figure 4.3(b). Limited control 

bandwidth and high-frequency resonance are yielded when the compensation loop is not 
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activated, i.e., when     . Similar to the power control loop, the inner compensator is 

necessary.  

4.4.3 The DC-Current Control Loop 

The closed-loop transfer function of the dc current controller [in (4.12)] can be represented by 

the standard second-order system. The natural frequency of the dc current controller is 

√       ⁄  whereas the damping ratio is    √       ⁄ . The bandwidth of the dc current 

controller is designed at 20% of the active power controller whereas a unity damping ratio is 

considered. 

4.5 Small-Signal Analysis 

4.5.1 Small-Signal Impedance Characteristics  

Using (4.14), the output ac impedance characteristics of the CSC-based PV system with the PSC 

are investigated. Figure 4.4 shows the frequency response of the ac impedance at different solar 

insolation levels and SCR values. The     is the ratio of the short-circuit capacity of the utility-

grid to the rated dc power of the interconnected power converter [36]. It is noted that the CSC 

topology is characterized by the large magnitude of the output impedance in the low-frequency 

region that, in general, conforms to the generalized Nyquist stability criterion [45]. At     

   , the lightly loaded conditions, i.e., at            , is associated with the highest 

magnitude, which implies a higher stability margin [45]. At the high loading conditions, i.e., at 

           , both    ( ) and    ( ) in Figures 4.4(b)-4.5(d), respectively, have an 

incremental negative resistance characteristics in the low-frequency range. On the contrary, the 

impedances    ( ) and    ( ) reflect a real incremental positive resistance in the low-frequency 

range. 

The lightly loaded condition (           ) is investigated at the very weak utility-grid 

condition at        . As compared with the case with         (solid-black), the impedance 

of the CSC at         (dashed) has a much lower magnitude, which implies a lower stability 

margin.  
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                                                       (a)                                                                             (b) 

      
                                                      (c)                                                                                 (d) 

Figure 4.4 Output ac impedance characteristics of the CSC-PV system with the PSC under different solar insolation 

level and SCR values – (a)    ( ). (b)    ( ). (c)    ( ). (c)    ( ). 

 

Despite the lower stability margin, and unlike the vector-controlled converters, it is shown in 

the following sections that the overall system stability is well-maintained under different 

operating conditions. 

4.5.2 Small-Signal Stability Analysis 

Using (4.15), Figure 4.5 shows the most dominant modes when the PV generator injects 1.0 p.u. 

power to the utility-grid at different SCR levels. The  most  dominant  eigenvalues   are  

          ,              ,              , and            at      , 2, 3, and 4, 

respectively.  It  is  clear  that  the  worst-case  condition  occurs  at  SCR = 1.  However, in all 

operating conditions, the system stability is well-maintained. Unlike the vector-controlled 
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converters, the PSC has minimal interactions with the utility-grid impedance at very low SCR 

levels. 

 

 
Figure 4.5 Eigenvalue analysis of the CSC-PV system under different SCR levels at            

 

4.6 Evaluation Results 

A detailed nonlinear time-domain simulation model for the CSC-based PV system is built under 

Matlab/Simulink® environment to evaluate the preceding theoretical analysis and validate the 

performance and the effectiveness of the PSC. The complete model entities are built using the 

SimPowerSystem® toolbox. The CSC is simulated using the average-model-based blocks. The 

simulation type is discrete with a sample time of      .  

4.6.1 System Performance at a Relatively Strong Grid 

Figure 4.6 shows the system performance when the CSC-based PV system is connected to a 

utility-grid with        . To challenge the PSC, step variations in the solar insolation level 

( ) is applied from 0.5 to 0.75      at      , and from 0.75 to 1.0       at      . A 

well-damped dc current performance is shown in Figure 4.6(a) whereas the corresponding 

injected active power response is shown in Figure 4.6(b). The rated active power is injected at 

     . The ac current response is shown in Figure 4.6(c). The magnitude of the PCC voltage is 

maintained at 1.0 p.u.  following the  step  variations in the  injected active  power as shown in 

Figure 4.6(d). At the step loading instants, negligible over- and undershoots in the PCC voltage 
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are yielded.  The results in Figure 4.6 validate the effectiveness of the PSC in the CSC--

interfaced PV generators. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.6 CSC performance at         and following different solar insolation levels. 
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4.6.2 System Performance at a Very Weak Grid 

The interconnection of the CSC-based PV system to a very weak utility-grid is investigated in 

this subsection. Figure 4.7 shows the system performance following a step variation in the solar 

insolation level from 0.75 to 1.0      at       and        . Under this challenging 

condition, the dc current   keeps tracking its reference value as shown in Figure 4.7(a).  The 

corresponding active power injection is shown in Figure 4.7(b) where the system stability is 

maintained. The active power injection at SCR=1 in Figure 4.7(b) has a slight overshoot as 

compared with the corresponding damped response in Figure 4.6(b) (SCR=5.0). This meets the 

analytical results in Figure 4.5. 

4.6.3 System Performance under Faults Conditions 

To investigate the ride-through capability of the CSC with the PSC, different types of faults are 

applied at the PCC, e.g., single-line-to-ground (SLG) and three-phase-to-ground (3PG). The fault 

is applied at the PCC of the CSC at         and is cleared after three cycles. In this test, a 

switching model of the CSC has been built and utilized. The PWM generation method reported 

in [105] is used. The system performance is shown in Figure 4.8. 

Figure 4.8(a) shows the dc and ac current performances following a SLG fault. An 

undershoot of 0.86 p.u. and an overshoot of 1.185 p.u. are yielded in the dc and ac currents, 

respectively. Despite the absence of the direct control of the injected ac current, the system 

performance with the SLG fault is well-damped. The system performance goes worse with the 

3PG faults as shown in Figure 4.8(b). An undershoot of 0.53 p.u and overshoot of 3.6 are yielded 

in the dc and ac current response, respectively.  

The results in Figure 4.8 reveal that the 3PG fault has a detrimental influence on the CSC 

whereas the SLG has a minimal impact. Taking into account that SLG faults are more common 

in the power system, the performance of the PSC-controlled CSC under this type of fault is 

remarkably superior. 

4.6.4 Comparison to the Power Synchronization Control of the Voltage-

Source Converters 

As a comparison, the PSC of the grid-connected VSC is investigated in this subsection [44]. For  
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a fair comparison, the  PV  generator is  considered as  the input dc  source to  the  VSC  whereas 

similar utility-grid conditions are considered at the ac-side.   

A step change in the insolation level from 0.75 to 1.0      at       is applied at the PV 

generator side when the     level is 1.0. The corresponding performance is shown in Figure 4.9. 

As compared to Figure 4.7, the system performance is stable at both solar irradiance levels. A 

similar amount of the reactive power [Figure 4.9(c)] is injected to maintain the magnitude of the 

PCC voltage at 1.0 p.u. as shown in Figure 4.9(d).  

The major difference between the PSC of both converter structures is the fault protection 

capabilities. Similar fault conditions to the case in Figure 4.8 are applied to the VSC. The system 

performance following the SLG and 3PG faults are shown in Figure 4.10. As compared to Figure 

4.8(a), the performance of the PSC-controlled VSC following the SLG is less damped. At the 

fault instant, the dc-link voltage has an undershoot of 0.58 p.u. Moreover, the damping of the 

system oscillations after the fault clearance is delayed to more than 40 cycles. The performance 

of the VSC following the 3PG fault is shown in Figure 4.10(b). The dc-link voltage drops to zero 

at the fault instant, suddenly increases to 2 p.u., and decays following an oscillatory response. 

The injected ac current is unstable with severe harmonic content. As compared to Figure 4.8, the 

performance of the CSC with the PSC is more stable than the VSC under the fault conditions. 

This is attributed to the self-protection nature of CSCs due to the regulation of the input dc 

current. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.7 CSC performance following a step variation in the solar irradiance from 0.75 to 1.0      at       – 

       . 

 

 

 

 

2 2.5 3 3.5 4 4.5 5
0.7

0.8

0.9

1

Time [s]

D
C

 C
u
rr

en
t 

[p
.u

.]

reference



52 

 

 

 
(a) 

 

 
(b) 

Figure 4.8 Performance of the PSC of the CSC-based PV system under faults conditions. (a) SLG Fault. (b) 3PG 

fault.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.9 VSC performance following a step variation in the solar irradiance from 0.75 to 1.0      at       – 

       . 
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(a) 

 

 
(b) 

Figure 4.10 Performance of the PSC of the VSC-based PV system under faults conditions. (a) SLG Fault. (b) 3PG 

fault.  
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4.7 Conclusions 

The PSC of the grid-connected CSC-based PV generation system has been investigated in this 

chapter. The active power controller is used to control the injected power and synchronize the 

converter with the utility-grid. Therefore, the PLL is no longer needed with this control scheme. 

The PSC of the CSC has the following features. 1) A stable performance under very weak utility-

grid conditions. 2) A self-current limiting protection, and hence the secondary vector control 

loop to regulate the injected ac current to the utility-grid at fault conditions is not required 

(unlike the PSC of the VSCs). 3) A stable performance following sudden variations in the 

characteristics of the PV generator. Time-domain simulations under Matlab/Simulink 

environment have been presented to show the effectiveness of the PSC of the CSC-based PV 

generator.   
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Chapter 5 

An Improved Vector Control Strategy for Current-Source Converters 

Connected to Very Weak Grids 

This chapter investigates the interconnection of CSCs to a very weak utility-grid using the 

conventional vector control in the rotating reference frame.  It is shown that the system stability 

is degraded under weak-grid conditions due to the implementation of the PLL. Supplementary 

controllers are proposed and integrated to the outermost control loops of the CSC to alleviate the 

associated negative impacts of the PLL. The proposed compensators do not alter the dynamic 

characteristics of the conventional vector control, i.e., the PLL, the current, and the voltage 

control. More importantly, it could be possible for the CSC to inject     p.u. of active power at a 

unity SCR. The small-signal stability analysis and controllers design procedures are presented in 

details. The design of the proposed compensators is independent of the conventional vector 

control, and hence no extensive coordination and parameters tuning are needed.  Time-domain 

simulations results are presented to validate the effectiveness of the proposed techniques. 

6.1 Modeling and Control of the Grid-Connected Current-Source 

Converter 

A grid-connected CSC is shown in Figure 5.1. More details on the structure of the CSC 

are presented in Chapter 3. The grid-impedance comprises a large inductive part (  ) in 

series with the equivalent resistance of the line (  ). The values of    and    are 

obtained according to (5.1), 

 

   
  
 

    

 

 
, 

    
   

  
                                                              (5.1) 

 

where       is the short-circuit capacity of the utility-grid [in   ],    is the 

inductance-resistance ratio of the transmission line, whereas   is the angular frequency 

of the utility-grid. 
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Figure 5.1 A grid-connected current source converter. 

 

5.1.1 Power Circuit Model 

The power circuit model of the filter and grid-impedance in the rotating reference frame that 

rotates by the angular speed   is as follows, 

 

  ̅  (        ) ̅    ̅                                               (5.2) 

 ̅   ̅  (           )  ̅                                              (5.3) 

 

where the complex vector  ̅         such that    and    are the direct ( -) and quadrature 

( -) component in the rotating reference frame,   is Laplace operator, and   is the imaginary unit 

number.   

5.1.2 PLL Dynamics 

As shown in Figure 5.1, the vector control is characterized by the PLL to synchronize the CSC to 

the utility-grid. The detailed structure of the PLL is shown in Figure 5.2(a). The PCC voltage is 

decomposed into the equivalent  - and  - components in the rotating reference frame. The grid 

frequency is then estimated by setting the normalized  -component of the PCC voltage to zero 

using a PI controller (  ( )          ⁄ ). The synchronization angle ( ) is obtained by an 

integrator, and is used in the transformation from the three-phase grid frame to the converter  -   

reference frame, and vice versa [38]. Under   transient conditions, the angle    oscillates to 
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resynchronize the converter with the utility-grid and eventually becomes zero at steady-state 

conditions. 

  

 

(a) 

 
(b) 

Figure 5.2 Vector control of the grid-connected CSC. (a) SRF-PLL. (b) Voltage and current control. 

 

Referring to Figure 5.2(b), the measured quantities (i.e,   and  ) should be transformed to the 

converter reference-frame whereas the controller output signals (i.e.,   ) should be retransformed 

to the grid reference frame in order to accurately model the influence of the PLL on the system 

dynamics [38]-[39]. The frame transformation is mathematically modeled in (5.4), assuming that 

the angle difference between the two frames is very small such that        and       , 

 

 ̅  (    ) ̅, 

 ̅  (    ) ,̅ 

  ̅  (    )  ̅
 .                                                     (5.4) 

 

where the superscript “c” denotes the converter frame.  

5.1.3 Vector Control Structure 
The detailed vector control loops of the grid-connected CSC are shown in Figure 5.2(b). The 
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control strategy is developed in two levels; an inner current control, and an outer voltage control. 

The proposed   ( ) and   ( ) loops are to facilitate the interconnection of the CSC to the very 

weak utility-grid.  

5.1.3.1 Inner Current Control 
The tracking of the  -  current references (i.e.,   

  and   
 ) is achieved via a PI current controller 

(  ( )          ⁄ ). Decoupling loops (i.e.,       
  and       

 ) are implement to mitigate 

the effect of the coupling terms in (5.2). Using (5.2)-(5.3) and Figure 5.2(b), and neglecting the 

frame transformation in (5.4), the current control dynamics can be obtained as follows. 

 

 ̅  
  ( )

    ( )
 ̅  

     

    ( )
 ̅                                                  (5.5a) 

 ̅  
  ( )

         ( )
 ̅  

    
           (   

    )

        ( )
 ̅             (5.5b) 

 

The first term in (5.5) reflects the closed-loop current control dynamics. By setting      , 

the current control bandwidth becomes     in      . Based on the rated power of the converter, 

the range of the current-control time constant (  ) is          where       
   [7]. In is this 

chapter,          . 

Similar to Chapter 4, an active damping technique using the gain   is implemented to damp 

the resonance peak resulted from the combination of    and the equivalent grid inductance (  ).  

More details on active damping techniques for LC filters are reported in [106].  

The controller computational delay and the PWM switching are modeled as a dead time   , 

where   ̅    ̅
       [38]. The dynamics of the current controller in (5.5a) are investigated when 

the dead time is considered in the model, and then (5.5a) is modified to (5.5b). Figure 5.3(a) 

shows the influence of the dead time on the closed-loop transfer function of the current controller 

in (5.5). The performance of the current controller with and without the dead time is almost 

identical. The bandwidth of the current controller decreases from 400 rad/s to 360 rad/s when a 

two-sample delay is considered.  The admittance of the current controller, i.e.,   ̅ ̅, is not 

affected by the two-sample delay as shown in Figure 5.3(b). It is clear that the dead time slightly 
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affects the inner current control loop. Therefore, the outer loops remain unaffected as the 

bandwidth of the inner loop is not significantly reduced to accommodate the delay. 

 

 
(a) 

 
(b) 

Figure 5.3 Impact of the dead time on the performance of the current controller. (a)   ̅ ̅ . (b)   ̅ ̅ – two sample delay. 

 

5.1.3.2 Outer Voltage Control  

One of the advantages of implementing the PLL in the vector control of CSC is the decoupled 

active and reactive power control [107]. As     , the active power ( ) injection is solely 

dependent on the active current component (  ) whereas the reactive power injection ( ) is 

determined by the reactive current component (  ). This is accurately valid when    is regulated 
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which is achieved by using a PI voltage controller (  ( )          ⁄ ). The reference value 

of the reactive current component (  
 ) is therefore obtained as shown in Figure 5.2(b) [108]. As 

   is regulated, the active current reference is simply obtained from            
 . 

The voltage controller bandwidth is designed with        of the bandwidth of the inner 

current controller. Therefore, the output of the voltage controller is   
    . Using the  -axis 

model of (5.3) and neglecting (5.4), the closed-loop transfer- function of the voltage controller is 

yielded in (5.6). Similar to the current controller design, by setting      , the voltage control 

bandwidth becomes       . 

 

  
  
  

     ( )

       ( )
                                                                (5.6) 

 

6.2 Small-Signal Modeling and Analysis 

The detailed small-signal modeling of the grid-connected CSC is presented in this section. The 

complete system parameters are shown in Appendix A5.1 whereas the matrices of the following 

state-space models are defined in Appendix A5.2. In the following,  ,  ,  , are the state, input, 

and output matrices and are multiplied by the corresponding vectors; and Δ represents a small 

perturbation of the variable. 

Using (5.2), (5.4), and the control loops in Figure 5.2, the small-signal state-space model of 

the grid-connected CSC is as follows, 

 

[         
 ]  [        ][         ]  [        ][    ]  [         ][    ], 

[    ]  [        ][         ].                                                                       (5.7)   

                       

where [         ]  ,                      - , [    ]  ,      -  , 

[    ]  ,      -  , and [    ]  ,      -  . 

The states (    ,     ), (   ), and (  ,    ), represents the integral terms of the current, 

the voltage, and the PLL control loops,      is the input vector from the proposed compensation 



62 

 

loops and is set to zero here. From (5.7), the     output impedance matrix of the 

uncompensated CSC (     ( )) as seen from the PCC is as follows. 

 

[    ]  0        (           )
  
        1 [    ]                       (5.8) 

 

The input vector      in (5.7) is obtained from the small-signal representation of (5.3), and 

hence the final state-space model of the uncompensated system is as follows, 

 

[        
 ]  [       ][        ]                                         (5.9) 

 

where [        ]  ,             -. 

As shown in Table 5.1, the system stability is preserved up to            In the stable 

operating range, the system stability margin increases as the amount of active power injection 

increases. For instance, the damping ratio increases from       to     at       and         , 

respectively. Note that the most dominant eigenvalues at       and          are influenced by 

the PLL controller (   ) and the frame transformation angle (  ). At           , the 

dominant mode is migrated to the right-hand side of the  -plane and hence the system stability is 

violated. As shown in Table 5.1, the instabilities are induced by the orientation angle (  ) of the 

PLL.  

The unstable performance of the CSC at the very weak utility-grid condition is attributed to 

the power transfer mechanism between the sending bus at the CSC terminals ( ) and the 

receiving end at the back emf of the utility-grid (  ) [44], where   
   

   
    , assuming high 

XR ratio. At this weak condition,     is maximized, and hence the angle   has to increase to 

transmit the same amount of active power ( ). Therefore, the operating points move to the non-

linear region on the     curve such that   approaches   ⁄        at the rated power operation 

under a unity     level. More importantly, and due to the implementation of the PLL, the grid 

and converter dynamics become highly coupled under weak grid conditions. For these reasons, 

instabilities are yielded in weak-grid-connected power converters.   
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Table 5.1 Dominant Eigenvalues of the Uncompensated System 

P [p.u.] Dominant Modes Influencing State(s) 

0.2 

                     

             

0.4 

             

                       

0.6 

             

                 

0.7 

             

                     

0.8                

1.0                 ,   

 

Figure 5.4 shows the frequency response of      ( ) of the CSC [in (5.7)]. Based on the 

Nyquist stability criterion, the magnitude of the output impedance of the CSC should be as high 

as possible in order to preserve the system stability [45]-[47]. As shown in Figure 5.4, the light 

loading of the CSC is associated with the highest magnitude of the converter impedance which 

implies a stable performance [Table 5.1]. However, at           , the magnitude of the small-

signal impedance decreases which in turns maximizes the influence of the large grid-inductance 

on the system stability. Note that        
( ) does not follow this trend due to the associated 

coupling terms. Figure 5.4 also shows the frequency response of      ( ) at a unity active 

power injection when the PLL dynamics are ignored (dashed-red). As compared to the case 

when the PLL is considered (blue), both responses have a similar behavior beyond           

but significantly deviate at low frequencies. It is shown that the “no-PLL” case reflects a high 

magnitude of the CSC impedance.  This implies that the PLL dynamics are the main source of 

instabilities as it reduces the magnitude of the converter impedance at low frequencies. 
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                                                      (a)                                                                           (b) 

 
                                                       (c)                                                                          (d) 

Figure 5.4 Frequency response of      ( ) at different power levels. (a)        ( ). (b)        
( ). (c) 

       
( ). (d)        

( ). 

 

6.3 Proposed Active Compensation Techniques 

The PLL loop has been eliminated as introduced in Chapter 4 in order to alleviate the 

interactions between the PLL and the utility-grid impedance. The vector control in the stationary 

Alpha ( )-Beta ( ) frame that does not depend on the PLL can be also implemented. However, 

the control in the     has it is own challenges; 1) From the control systems point of view, it is 

desirable and easier to track and reject dc (or slowly varying) signals as compared to sinusoidal 

signals. Therefore, the vector control of power converters in the  -  frame is more common. 2) 

Power system dynamics are usually modeled and characterized in the standard  -  frame. 

Therefore, studies involving power converter interactions with power grids are preferably 

conducted in the  -  frame. Interfacing the converter dynamics with its controller implemented 
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in the     frame to the power system dynamics in the  -  frame is not straight-forward. 3) 

The implementation of resonant controllers and filters, needed for a control system implemented 

in the     frame, requires much greater care in the algorithm design. In this chapter, an active 

compensation technique is proposed in the PLL-based vector control to introduce additional 

degrees-of-freedom to stabilize the system dynamics. 

As shown in Figure 5.2(b), the compensation signals (  ( ) and   ( )) are added to the  - 

and  -channel of the vector control. The proposed compensation signals are as follows. 

 

  ( )    
      

            
  .                                        (5.10a) 

  ( )     ( )     ( ),    

                                                        ( )    
  

    
  
 ,      

   ( )     
  

    
  
                                                  (5.10b) 

 

The compensator signals are desinged based on the fact that the PLL is the dominant 

detrimental element in the vector-controlled converters in weak grid systems [37]-[40]. 

Therefore, the output of the PLL, i.e.,   , is used as the input signal to the compensation function 

in (5.10a), whereas the control variable of the PLL, i.e.,   
 , is utilized in (5.10b) to obtain the 

compensation signal    ( ). The frequency   is then applied over a band-pass filter to obtain 

  ( ), where     is the damping ratio and    is the cut-off frequency. The voltage signal   
  is 

applied to an LPF with a cut-off frequency    and a gain   . Note that the output of   ( ) and 

   ( ) is zero in steady-state conditions and hence the proposed compensators do not affect the 

tracking of the control variables.  

In addition to    ( ), the PCC voltage (  
 ) is applied to an LPF with a cut-off frequency    

and a gain    to obtain   ( ). It is shown that   ( ) introduces further damping and enhanced 

disturbance rejection at the instants of sudden loading.  However,   ( ) and    ( ) are sufficient 

to maintain the system stability at the very weak grid conditions. 
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5.3.1 Small-Signal Modeling of the Compensated System 

Four states are added to the uncompensated model in (5.9); three from the proposed compensator 

and  one  from  the  feed-forward  loop. The state-space model representation of the proposed 

compensator is as follows, 

 

,   
 -  ,  -,   -  ,  -[    

 ]  ,   -  , 

[    ]  ,  -,   -.                                                                       (5.11) 

 

where      ,                -  and      
  ,   

    
 - . 

The model in (5.11) is solved with (5.7) and the grid model in (5.4), and the final state-space 

model of the compensated system is shown in (5.12) where [          ]  

,               -. 

 

[          
 ]  [         ][          ]                                (5.12) 

 

5.3.2 Stability Analysis and Compensators Design 

The design of the proposed compensators in (5.10) is achieved over three steps: 1) design of 

   ( ). 2) design of   ( ) considering    ( ). 3) design of   ( ) considering    ( ) and   ( ). 

In all steps, the worst case scenario, i.e.,      , is firstly considered.  

5.3.2.1 Design of    ( ) 

Starting with (5.10b), the compensator    ( ) is considered in the small-signal model in (5.12) 

when            . Figure 5.5(a) shows the corresponding influence on the system damping as 

   increases from   to  , under different cut-off frequencies. It is clear that low    implies 

higher   system   damping.  Therefore,     and      are designed at       and         , 

respectively. At          and        , the most dominant eigenvalue is relocated to 

            which is influenced (damped) by the state of the proposed compensator (    ). 

The influence of the designed parameters on the system damping under different operating 
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conditions is investigated in Figure 5.5(b). In spite of the maintained system stability under the 

entire loading levels, the damped performance at            is negatively affected when the 

loading conditions decreases to       and        . Referring to Table 5.1, the uncompensated 

most dominant conjugate-complex mode at            is         , whereas the damping 

of this mode decreases to         in Figure 5.5(b). This trade-off is mitigated by adding 

  ( ) to the system model. 

 

     
                                                        (a)                                                                              (b) 

Figure 5.5 Influence of    ( ) on the system dynamics at          (a)    increases from   to   under different 

cut-off frequencies –            (b)        and              at different loading conditions. 

 

5.3.2.2 Design of   ( ) 

The state-space model is investigated when both   ( ) and    ( ) are considered. Figure 5.6(a) 

shows the locus of the most dominant modes at          . As compared to Figure 5.5(b), the 

compensation signal in (5.10a) successfully relocates the most dominant modes to more damped 

locations. Following Figure 5.6(a), the selected compensator gain (  ) and the cut-off frequency 

(  ) are    and          , respectively, whereas       . The effect of   ( ) and    ( ) on 

the system dynamics under different loading conditions is shown in Figure 5.6(b). As   compared 

to Table 5.1, the proposed   compensators   successfully maintain a stable performance under all 

loading conditions.  The CSC is capable to inject the full rated active power at        . 
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                                                      (a)                                                                                 (b) 

Figure 5.6 Influence of    ( ) and   ( ) on the system dynamics at         –         and            . (a) 

         ,    increases from   to   ,       , and       ,    ,          . (b) Different active power 

levels,      ,       , and        rad/s. 

 

5.3.2.3 Design of   ( ) 

In spite of the introduced system damping by the proposed   ( ) and    ( ) compensators, the 

presence of   ( ) is found to provide more damping capabilities and enhanced disturbance 

rejection at the instants of loading variations. Figure 5.7(a) shows the locus of the most dominant 

modes of the CSC at SCR=1.0 and active power injection of 1.0 p.u. Both compensators, i.e., 

  ( ) and    ( ), are considered while the gain of   ( ) increases from   to     at different cut-

off frequencies (  ). More damped performance is yielded with        and            . 

Figure 5.7(b) shows the locus of the dominant modes when the proposed compensators in (5.10) 

are all implemented at different levels of active power injection. As compared to Figure 5.6(b), 

more damped performance is apparently observed.  

6.4 Evaluation Results 

A large-signal time-domain simulation model for the grid-connected CSC is built under 

Matlab/Simulink® environment to evaluate the preceding theoretical analysis and validate the 

influence of the proposed compensators. A very weak utility-grid is considered at        . 

The complete model entities are built using SimPowerSystem® toolbox. The CSC is simulated 

using average-model-based blocks. The simulation type is discrete with a sample time of     .  
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                                                   (a)                                                                                     (b) 

Figure 5.7 Influence of    ( ),   ( ), and    ( ) on the system dynamics at         –         and    

        ,      ,             ,       . (a)          ,    increases from   to     and      ,   , 

        . (b) Different active power levels,        and       rad/s. 

 

5.4.1 Uncompensated System – Small-Signal Model Validation  

The uncompensated system response is investigated in this subsection. The control topology in 

Figure 5.2 is implemented in the Simulink model but ignoring the proposed compensators. 

Figure 5.8 shows the response of the active power injection to the utility-grid. Figures 5.8(a)-

5.7(c) reflect a lightly damped performance at low-medium active power loading. The system 

stability is preserved until the active power injection level increases to          as shown in 

Figure 5.8(d). Note that a small step in the active power command from      to          is 

sufficient to induce the system instabilities. 

The accuracy of the small-signal state-space models in (5.9) are evaluated in Figure 5.8. For 

an eigenvalue        , the frequency of oscillation is   [in      ] whereas the envelope of 

the oscillatory response decays following the exponential function      (   ), where   is the 

amplitude of the oscillation and   is the time in seconds [51]. Referring to Table 5.1, the 

frequency of oscillation of the dominant conjugate-complex modes at      ,    ,    , and 

         is      ,      ,    , and           , respectively. The corresponding frequency of 

oscillation of the large-signal time-domain results is shown in Figure 5.8, which closely meets 

the analytical results. Moreover, the corresponding exponential function, i.e.,      (   ), is 

plotted on Figure 5.8 where   is taken from the analytical model in Table 5.1 whereas   is 
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measured from the time-domain simulation results. The analytically plotted red-dashed 

envelopes in Figure 5.8 closely match the behaviour of the time-domain signals. Figure 5.8 

successfully validates the accuracy of the developed small-signal models. 

5.4.2 Compensated System 

The proposed compensators in (5.10) are implemented in the time-domain model and 

investigated in this subsection. 

5.4.2.1 Influence of    ( ) 

Figure 5.9(a) shows the response of the injected active power at       when the compensator   

   ( ) is implemented. As compared to Figure 5.8(d), the system stability is maintained at the 

full rated power injection to a very weak utility-grid. In spite of the stable performance at 

         ., the system damping is significantly degraded at medium loading levels as shown 

in Figure 5.9(b) where          . The results in Figure 5.9 meet the eigenvalues analysis in 

Figure 5.5(b). 

5.4.2.2 Influence of    ( ) and   ( ) 

The proposed compensator in (5.10a) is added to    ( ) in order to enhance the system damping. 

As compared to Figure 5.9(a), the damping of the high frequency oscillations of the injected full 

active power is enhanced as shown in Figure 5.10(a). These results verify the eigenvalue analysis 

in Figures 5.5(b)-5.5(b) where the dominant mode changes from           when    ( ) is 

implemented to             when   ( ) is added [         ]. The associated trade-off 

with the implementation of     ( ) at medium power injection is mitigated by adding   ( ) as 

clearly shown in Figure 5.10(b). The analytical results reveal similar influence as previously 

investigated in Figures 5.5(b)-5.6(b). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.8 Uncompensated CSC response at different levels of active power loading – small-signal model 

verification. (a)            (b)            (6)            (8)            
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(a) 

 
(b) 

Figure 5.9 Influence of    ( ) on the damping of the grid-connected CSC –        . (a)          . (b) 

        . 

 

 
(a) 

 
(b) 

Figure 5.10 Influence of    ( ) and   ( ) on the damping of the grid-connected CSC –        . (a)          . 

(b)         . 
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5.4.2.3 Highly Damped Performance 

The proposed compensators in (5.10) are all implemented in the time-domain model, and the 

system performance is investigated in this subsection. Figure 5.11(a) shows the injected active 

power to the utility-grid. The active power commands are    ,    ,    , and     at      ,    , 

   ,      , respectively. The high damped performance that is concluded from Figure 5.7(b) is 

clearly reflected to the time-domain results. The magnitude of the PCC voltage is shown in 

Figure 5.11(b) where a  unity       value  is  maintained  under  different  loading  conditions  by 

injecting the corresponding reactive power to the grid. The injected current ( ) to the utility-grid 

is shown in Figure 5.11(c). As mentioned earlier, the compensation signals have a zero steady-

state value and hence they do not alter the accuracy of the controlled parameters which is clear 

from Figure 5.11(d).  

A switching model of the grid-connected CSC system is built under Matlab/Simulink for 

further investigations. The PWM technique in [105] has been implemented to obtain the 

switching patterns for IGBTs. Following the simulation scenario in Figure 5.11, Figure 5.12 

shows the loading instant from     to          at       [phase   only]. Similar results to those 

obtained in Figure 5.11(c) are yielded. 

The compensated CSC is further challenged at            and         by varying the 

parameters of the utility-grid voltage (  ). Figure 5.13 shows the influence of shifting the phase 

angle of      by      between       and      .  The active   power injection suffers from   an 

overshoot of 1.4 p.u. and undershoot of 0.281 p.u. at       and      , respectively. However, 

the system stability is preserved. The similar conditions have been applied to the uncompensated 

system at            where the system stability is clearly violated. This implies the robustness 

of the proposed compensators against grid-voltage parameter variations. 

5.4.2.4 Sensitivity Results 

The influence of the proposed compensators on the dynamics of the CSC is investigated in this 

subsection. The frequency of the utility-grid voltage (  ) is perturbed by 1 Hz at         and 

the output of the PLL is shown in Figure 5.14(a). At           , the compensated and 

uncompensated responses are similar. The  response  of the compensated  system at             
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is also shown where similar characteristics are observed. 

The response of    is shown in Figure 5.14(b) when the active power command increases 

from     to          at      . As compared to the uncompensated case, the influence of the 

proposed compensators on the current tracking is positive where the current overshoot and 

oscillations are reduced due to the increased damping. The impact of both compensators on the 

tracking response of the voltage controller is not significant as clearly shown in Figure 5.14(c) 

when a      p.u. step change in the PCC voltage is applied at        . 

6.5 Conclusions 

To faciliate the use of the vector control strategy in a very weak grid-connected CSC, active 

compensation techniques have been proposed to alleviate the negative impacts of the PLL under 

weak grid conditions. Unlike the uncompensated converter where the system undergoes 

instabilities beyond           , the rated active power injection has been achieved with the 

proposed techniques. Small-signal state-space model of the entire system is developed in order to 

investigate the system dynamics under weak grid conditions, and to design the compensators 

parameters. The proposed compensators have the following features. 1) They are simple and can 

be easily designed using linear analysis tools. 2) They do not influence the steady-state operation 

of the CSC. 3) They have no effect on the dynamics of the PLL, the current, and the voltage 

controllers; therefore, the proposed compensators can be augmented with the standard vector 

controller without major changes in the controller structure and/or parameters. 4) They are robust 

under different operating conditions. Time-domain simulations have been provided to validate 

the developed analytical models and reflect the effectiveness of the proposed techniques. 

 

 

 

 

 



75 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.11 Average model of the CSC at        . (a) Active power. (b) PCC voltage. (c) Injected current to the 

grid. (d) Compensation signals. 

 

 

      
                                                        (a)                                                                       (b) 

Figure 5.12 Switching model of the CSC at        .  (a) Injected current. (b) PCC voltage. 
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Figure 5.13 Influence of applying a     phase shift of the grid-voltage (  ) from       to         –        . 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5.14 Influence of the proposed compensators on the CSC controllers –      . (a) PLL response following 

1 Hz step in    at        . (b) Current response ( -channel) following a step in   from     to          at     . 

(c) Voltage response following a step in   
  from     to           at        . 
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Chapter 6 

Performance Evaluation and Stabilization of Isolated AC Microgrids 

Supplying Direct Online Induction Motor Loads 

This chapter presents detailed small-signal admittance models, analysis and stabilization of a 

VSC-based microgrid with direct online IM load. Using the generalized Nyquist stability 

criterion, it is shown that the interactions between the lightly damped dynamics of IMs and 

isolated VSC-based microgrid have a significant destabilizing effect. Active compensation 

techniques are proposed to maintain the system stability. Time-domain simulations and 

experimental results are presented to validate the theoretical analysis. 

12.1 Small-Signal Admittance Model of Voltage Source Converters in the 

Islanded AC Microgrids 

Figure 6.1 shows a microgrid system, which is adapted from the IEEE Standard 399 [107]. The 

microgrid system is composed of three DG units interface by VSCs, a common IM load and a 

passive load.  Figure 6.2(a) shows the power and control structure of a single interfacing VSC. 

As shown, three control loops are utilized; the power sharing, voltage, and current controllers 

[89]. The current and voltage dynamics of the power circuits are modeled by (6.1)–(6.4) in the  -

  reference frame that rotates synchronously with the angular frequency  .  

 

       (      )                                                  (6.1) 

       (      )                                                  (6.2) 

                                                                      (6.3) 

                                                                      (6.4) 

 

where   ,    and    are the per-phase resistance, inductance and capacitance of the converter ac 

LC filter, respectively; (     ),  (       ), (     ) and (       ) are the  -  components of the 

injected ac current from the VSC ( ), the ac load current (  ), the VSC ac terminal voltage ( ) 

and the ac load voltage (  ), respectively;   is the Laplace operator. 
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Figure 6.1 The system under study. 

 

 
(a) 

 

(b) 

Figure 6.2 VSCs in the DG systems (a) System structure. (b) Conventional control scheme with the proposed 

compensators –  -channel only ( -channel is complementary); power sharing loop is not shown. 
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The dynamics of the current and voltage controllers are as follow [89], 

 

  
    (  

    )  ( )   
                                               (6.5) 

  
    (  

    )  ( )   
                                               (6.6) 

  
  (   

     )  ( )        
                                  (6.7) 

  
  (   

     )  ( )        
                                   (6.8) 

 

where   is a feed-forward gain;   ( ) and   ( ) are the PI voltage and current controllers, 

respectively;   
    and   

    are the  -  control output applied to pulse-width-modulation (PWM) 

generator of the VSC, respectively. The superscript “*” represent the reference value of the 

variable. 

The instantaneous active ( ) and reactive ( ) power delivered to the ac common bus are 

given by the following. 

 

     (             )                                               (6.9) 

     (             )                                             (6.10) 

 

The average active ( ) and reactive ( ) powers that correspond to the fundamental 

components are obtained by an LPF with a cut-off frequency    to achieve high power quality 

injection. 

 

   
  

    
    ( )                                             (6.11) 

   
  

    
    ( )                                             (6.12) 

 

To provide a sufficient damping of the low-frequency modes in a microgrid, the following 

improved droop functions are adopted [89], 

 

          
  

  
                                              (6.13) 
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                                               (6.14) 

 

where   and   are the static droop gains of the active and reactive powers, respectively;    and 

   are the improved dynamic droop coefficients. 

In the microgrid system in Figure 6.1, the rotating reference frame of one VSC is considered 

as the common frame with respect to the remaining converters. As shown in Figure 6.3, the 

common  -  reference frame rotates with an angular frequency   whereas (     ) is the 

arbitrary direct-and-quadrature reference frame for the remaining     converters and is rotating 

by   . The angle between the arbitrary and the common reference frames is   . 

 

   
 

 
(    )                                                    (6.15) 

 

6.1.1 Exact Small-Signal Admittance Model of the Voltage-Source Converter 

By applying small-signal linearization on (6.1), (6.5) and (6.2), (6.6) and solve together, the 

resultant two equations are arranged in a matrix form as follows: 

 

[
   
 

   
 ]  ,  - [

   
   
]  ,  - [

  
    

 ] ,                                 (6.16) 

 

where   represent the small-signal perturbed variable. Similarly, (6.17)- (6.18) are obtained. 

 

[
   
 

   
 ]  ,  - [

    
    

]  ,  - [
    
    

]  ,  - [
  
    

 ]                          (6.17) 

[
   
   
]  ,  - [

    
    

]  ,  - [
    
    

]  ,  - [
  
    

 ]                          (6.18) 

 

Apply small perturbation on the power sharing dynamics in (6.9)–(6.14), 

 

[
  
    

 ]  ,  - [
    
    

]  ,  - [
    
    

]                                (6.19) 
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Figure 6.3 Common and arbitrary reference frame transformation. 

 

With some mathematical manipulations, the following equation is obtained, 

 

[
    
    

]  ,  -
  ,  - [

    
    

]  6
    ( )     ( )

    ( )     ( )
7

⏟            
,       -

[
    
    

]                     (6.20) 

 

where ,       - is the output admittance of the VSC in the islanded microgrid mode of operation. 

The parameters of the preceding equations are all defined in Appendix A6.1.  

The source admittance obtained in (6.20) is in the common rotating reference frame. In a 

similar manner and based on Figure 6.3, the source admittance of the VSC in the arbitrary 

reference frame for the remaining     converters is obtained as follows, 

 

[
     
     

]  ,       - [
     
     

] .                                        (6.21) 

 

where 

 

 [
     
     

]  ,  - [
    
    

]  ,  -[   ]                                     (6.22) 

[
    
    

]  ,  -
  [

     
     

]  ,  -[   ] .                                (6.23) 

 

The coefficients of (6.22) and (6.23) are defined in Appendix A6.2. The arbitrary-to-common 

reference frame source admittance of the VSC is obtained as following. 
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]  ,  -
  ,       -,  - [

    
    

]  (,  -
  ,       -   ,  -  ,  -)[   ] .        (6.24) 

 

6.1.2 Approximate Small-Signal Admittance Model of the Voltage-Source 

Converter 

A simplified source admittance of the VSC in the isolated mode can be obtained but with the 

following assumptions: 

1- Ignoring the effect of the outer power-sharing loop by setting droop coefficients (    

     ) to zero. This assumption is accepted due to the sufficient frequency-scale 

separation between the very slow power- sharing loop and the inner cascaded voltage and 

current control loops. It is shown in this chapter that the exact and approximate methods 

are almost equivalent within the medium frequency range. 

2- Ignoring the ac capacitor current (   ) as compared with the injected ac current to the 

load (  ) and hence ignoring the coupling terms (       ,        ) in (6.7) and (6.8). 

By applying these simplifications and following similar procedures, the approximated source 

admittance of the VSC (,       
 -) can be obtained in the form of (6.20) but with zero anti-

diagonal elements (    ( )      ( )   ) and equal diagonal elements .    ( )      ( )  

  ( )/. The approximated source admittance is defined in the Appendix A6.3. 

 

,       
 -  ,  

 -  ,  
 -  [

  ( )  

   ( )
]                             (6.25) 

 

12.2 Small-Signal Admittance Model of the Direct Online Induction Motor In 

the Arbitrary Reference Frame 

A symmetrical squirrel cage IM is modeled in arbitrary reference frame as follows [92]: 

 

    (      )                                                                 (6.26) 

           (      )                                                          (6.27) 
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         (    )      (      )    (    )                    (6.28) 

  (    )             (    )      (      )                  (6.29) 

   
 

 
   (             )                                                                            (6.30) 

   
 

  
(     ) .                                                                                            (6.31) 

 

The model in (6.26) – (6.31) describes an idealized two-pole IM in the arbitrary reference 

frame where (       ), (       ), (       ) are the  -  components of the stator ac terminal 

voltage (  ), the stator ac current (  ) and the rotor ac current (  ), respectively;   ,    are the 

stator and rotor (referred to stator) resistance, respectively;   ,   ,    are the stator, rotor and 

magnetizing inductance, respectively;   ,   are the rotor and arbitrary angular velocity, 

respectively; P is the number of pole pairs; J is the inertia constant;    and    are the 

electromagnetic and load torque, respectively. 

Applying small-signal linearization on (6.26) and (6.27), 
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]  ,  -,  -                          (6.32) 

 

Similarly, and following some mathematical manipulations, 
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 ,  -(,  -  ,  -,  -)  ,  -,  -,   -                                (6.35) 

 

The first term in (6.35) in the input impedance of the IM and is expressed as shwon in (6.36). 

The parameters of (6.35) are defined in Appendix A6.4. 
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,     -    6
    ( )     ( )

    ( )     ( )
7                                      (6.36) 

 

12.3 Analysis of the Small-Signal Source and Load Admittance 

6.3.1 Voltage-Source Converter 

Using (6.20), the four-channel source admittance of the VSC is plotted as shown in Figure 6.4. It 

is noted that     ( ) is equal to     ( ). The droop coefficients reshape the real part of the 

source admittance in the very low-frequency range for the diagonal elements as shown in Figure 

6.4(b). In general, the power sharing loop is designed with an LPF with low cut-off frequency (in 

the range of few Hz); therefore, the influence of the droop coefficients appears within this low-

frequency range [89].  

6.3.2 Direct Online Induction Motor 

The frequency response of the IM admittance in (6.36) is shown in Figure 6.5 for two IMs rated 

at 50 and 200 hP. The four channel input admittance of the IM has two magnitude peaks; one 

around 30 Hz and the other around 60 Hz at rated speed [solid curves]. The 30 Hz peak 

corresponds to the rotor dynamics as it is sensitive to the rotor speed whereas the 60 Hz peak 

corresponds to stator dynamics (supply frequency). Comparing the high- and low-power IMs in 

Figure 6.5, the magnitude of the input admittance is reduced by 10 dB in the 50 hP IM as 

compared to the 200 hP. Based on the Nyquist stability criterion, as the load admittance 

decreases, the stability margin increases [43]. Therefore, the 50 hP IM has a higher stability 

margin than the 200 hP motor.   

A small-signal state-space model of the IM is developed as shown in Appendix A6.5. Using 

the same parameters of both 50 and 200 hP IMs, the eigenvalues are depicted in Table 6.1. At the 

rated  speed  there  are; two  conjugate  poles  close to  the  supply  frequency  and  are  primarily 

associated with the stator dynamics, and two conjugate poles close to 30 Hz and are associated 

with  the  rotor   dynamics,  and  a  lightly-damped  real   pole  which   is   mainly  related  to  the 

mechanical dynamics [92]. Table 6.1 also shows that 50 hP IM has larger real part magnitude 

than the 200 hP implying higher damping.  
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                                                      (a)                                                                          (b) 

Figure 6.4 Small-signal source admittance of the VSC with/without droop coefficients. (a) Frequency response. (b) 

Real part. 
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Figure 6.5 Small-signal load admittance of the direct online 200 and 50 hP IM at standstill and rated speed. 

 
Table 6.1 Eigenvalues of the Induction Motor 

 hP Rated Speed Standstill 

200 

Stator:  

Rotor:  

Mechanical:  

-49.47 ± j 367.25 

-34.97 ± j 203.23 

-2.55 

Stator:  

Rotor:  

Mechanical:  

-84.42 ± j 378.64 

-0.83 ± j 377.01 

-0.92 

50 

Stator:  

Rotor:  

Mechanical: 

-60 ± j 362.33 

-43.1 ± j 207.75 

-2.77 

Stator:  

Rotor:  

Mechanical: 

-102.5 ± j 378.46 

-1.43 ± j 377.02 

-1.01 

 

12.4 Admittance-Based Stability Analysis 

6.4.1 Approximated-Voltage-Source Converter-Model-Based Analysis 

From the approximate source admittance of VSC in (6.25), the approximated source impedance 

can be obtained in the following, where   ( )     ( )⁄ : 
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,       
 -    ,       

 -   
   [

  ( )  

   ( )
] .                               (6.37) 

 

Using (6.37) and the load admittance of the IM in (6.36), the Nyquist matrix ratio  is  yielded  

as follows [96]: 

 

,     -,       -  6
    ( )  ( )     ( )  ( )

    ( )  ( )     ( )  ( )
7                        (6.38) 

 

The matrix impedance ratio can be decomposed into equivalent four SISO subsystems and 

the corresponding Nyquist plots are shown in Figure 6.6. The analysis is based on one 200 hP IM 

as a common load in the isolated microgrid. The effect of adding an additional VSC unit in 

parallel to the original three units is also shown on the same figure. The added VSC positively 

affect the system stability by reducing the equivalent source impedance.  

The first subsystem in Figure 6.6 is represented by a Bode plot in Figure 6.7. As shown, with 

the three-VSC case, there are two points of interaction between   ( ) and     
  ( ) at A1 and A2. 

For the four VSCs case, the intersections occur at B1 and B2. Note that both A1 and B1 are 

stable with sufficient phase margin of 159.4° and 138.6°, respectively. However, the stability 

margin at the point A2 is -3° implying the unstable response. With the four-VSCs micro-grid, the 

phase margin of the point B2 is increased to 9° resulting in a lightly damped stable response [as 

concluded from Figure 6.6].  

 

 
Figure 6.6 Nyquist stability criterion for the approximated source impedance of the VSC and the IM – Influence of 

the parallel connection of VSC units. 
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Figure 6.7 Nyquist stability criterion for the subsystem      ( )       ( ) in Figure 6.6. 

 

6.4.2 Exact-Voltage-Source Converter-Model-Based Analysis 

The preceding analysis is restricted to the condition of zero anti-diagonal (or diagonal) elements 

in the source (or load) impedance matrices. Otherwise, the exact model-based analysis should be 

followed. According to (6.39), the magnitudes of all eigenvalues (  ) of any square matrix M is 

bounded by the maximum ( ( )) and minimum ( ( )) singular values of the matrix M, 

respectively.  

 

 ( )  |  ( )|   ( )                                                (6.39) 

 

Therefore, a matrix norm of the ratio      ( )       ( ) that includes the maximum 

eigenvalues can be defined for MIMO systems and should be limited to be less than one so that 

no eigenvalue plot would encircle the       point [108]-[109]. This can be mathematically 

described by (6.40). 
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source impedance is less than the minimum singular value of the load impedance. 

Figure 6.8 shows the source-load interactions based on (6.40). It is shown that the interaction 

between the source and load might yield instabilities due to the unsatisfied condition in (6.40). 

Instabilities occur in a relatively wide frequency range (e.g., 30 Hz to 300Hz as shown in Figure 

6.8).  

To investigate the accuracy of the approximated source impedance of the VSC, the maximum 

singular value of both exact and approximated models have been obtained as shown in Figure 

6.8. The approximated and exact impedance have similar responses starting from low 

frequencies  (~10 Hz).  However, at very low frequencies, below 10 Hz, there is a significant 

difference between the two impedances. Figure 6.8 also shows the exact impedance with  

different  values  of  the  LPF  cut-off  frequency (  )  in  the  power-sharing  loop.  As     

decreases from 1.0 p.u. to 0.25 p.u., the response of the source impedance changes in the very 

low frequency region. 

In the small-signal sense, it is clear that IM  loads induce resonant peaks in the motor 

admittance [around 30 and 60 Hz in Figure 6.5] which can violate the stable admittance ratio 

criterion between the load-side (IM) and equivalent source-side (VSC), particularly in the 

isolated mode of operation. Due to the weak nature of the equivalent source admittance in 

isolated microgrids and the close regulation characteristics of VSCs, instabilities are yielded. On 

the contrary, when a microgrid system is connected to a strong utility-grid, the overall source 

impedance will be small and, therefore, the source-load impedance interactions will be minimal. 

These interactions occur directly between an IM load and voltage-controlled VSCs with 

minimum coupling from the power-sharing controller (e.g., droop control) due to the frequency-

scale separation between the voltage control dynamics and the low-bandwidth power sharing 

loops. It should be noted that using the control parameters of the VSC to avoid possible 

interaction dynamics (e.g., voltage control bandwidth) yields very limited shaping capability and 

directly affects the closed-loop performance. Therefore, there is a strong need to develop a 

second-degree-of-freedom active controller that reshapes the source admittance of the VSC 

locally at the instability-related frequency-range without affecting the overall closed-loop 

frequency response characteristics.  
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Figure 6.8 The approximated and exact source impedance of the VSC. 
 

12.5 Active Stabilization of the Isolated AC Microgrids with High 

Penetration of Induction Motor Loads 

Figure 6.2(b) shows the control structure of the VSI in the isolated microgrid systems with the 

proposed active damping controllers. The proposed compensation technique depends on feeding 

the d-q ac bus voltage into a compensator function (Cn(s)) and injecting the generated output into 

two possible points in the control structure of the VSC; the first and second injection points 

correspond to the voltage- and current-reference-based (VRC, CRB) compensators, respectively.  

The compensation function is selected to have BPF characteristics so that the source 

impedance is only reshaped around the required frequency band without causing a deformation 

in other frequency ranges. The compensation function is given in the form of (6.41),  
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                                                (6.41) 

 

where    is the compensator gain;    is the damping ratio;    is the operating frequency of the 

BPF and the subscript n equals 1 or 2 according to the activated compensation loop. An LPF can 

be also used instead of BPF in (6.41). 
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   By considering the proposed compensator and following similar procedures to get (6.20), 

the compensated source admittance of the VSC is given as following, and is defined in Appendix 

A6.6. 
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6.5.1 Damping Capabilities 

Figure 6.9(a) shows the effect of the VRB compensator (  ( )) on the Nyquist stability criterion. 

The operating frequency (  ) of the BPF is selected to be 377 rad/s so that the source impedance 

of the VSC is actively reshaped around the frequency of the lightly damped eigenvalues. The 

damping ratio (  ) is selected to equal 0.2. As the compensator gain (  ) increases from 10 to 12, 

a higher stability margin is added to the system. When    is increased to 0.8, the system stability 

is still maintained but with considerable deformation in the source impedance. In a similar trend, 

the BPF-based compensator is replaced by an LPF operating at a lower cut-off frequency 

(0.5×377 rad/s). The system stability is obviously maintained but with a considerably high 

deformation in the low-frequency region of the source impedance of VSC. 

The CRB compensator (  ( )) is also investigated as shown in Figure 6.9(b). With a 

damping ratio (  ) equals 0.2 and a compensator gain (  ) equals 10, the intersection around the 

60 Hz region is completely avoided. However, the stability margin is reduced in the very low 

frequency (around 20 Hz). The source impedance can be improved by increasing the value of the 

damping ratio to be 0.8 so that the width of activity of the BPF compensator increases. As 

shown, with        and with the increase of the compensator gain from 10 to 12, the system 

stability is satisfied but with significant deformation in the source impedance that would affect 

the behavior of the VSC. The behavior of the LPF-based compensator is also shown in Figure 

6.9(b) and can provide sufficient stability margin.  

The influence of the proposed VRB compensator on     *    (  )+ is shown in Figure 

6.10(a). With the BPF-based compensator, the magnitude of the negative admittance in the low-

frequency range is significantly increased in the range up to 60 Hz and then the real part 
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becomes positive up to 300 Hz. This shows that the proposed compensator increases the 

damping of the source admittance as seen from the IM side. Figure 6.10(a) shows the effect of 

the LPF-based compensator which actively shifts the real part to be positive up to 600 Hz. In 

Figure 6.10(b),     *    (  )+ is negative in the low-mid frequency range of 30-420 Hz with 

the BPF-CRB compensator.  

 

 
                                                (a)                                                                                     (b) 

Figure 6.9 Exact model-based Nyquist stability criterion with the proposed compensators. (a) voltage-reference-

based. (b) current-reference-based. 

 

 

                                                  (a)                                                                               (b) 

Figure 6.10 Real part of the actively compensated source Admittance of VSC –     *    (  )+. (a) voltage-

reference-based. (b) current-reference-based. 

 

6.5.2 Influence of the Proposed Compensators on the Tracking of the AC 

Voltage Controller 

From Figure 6.2, and using the block diagram reduction rules, the transfer function that describes 

the ac voltage controller dynamics is given by (6.43) in which only one compensator is activated. 
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   (  ( )       )     ( )  ( )0    ( ) 
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1
                           (6.43) 

 

Figure 6.11 shows the frequency response of (6.43). For the uncompensated system, the 

voltage controller bandwidth is selected to be around 300 Hz. Figure 6.11(a) addresses the effect 

of using BPF-based compensator as compared to the uncompensated case. The compensators 

parameters are equal for a fair comparison. It is obvious that the VRB compensator has minimal 

effect on the ac voltage tracking as compared to the CRB. Figure 6.11(b) shows the influence of 

the LPF-based compensators on the voltage controller dynamics. Higher frequency range is 

affected as compared to the BPF-based compensators. 

 

 
                                                           (a)                                                                  (b) 

Figure 6.11 AC voltage controller tracking for the VRB and CRB compensated VSC. (a) Using the BPF. (b) Using 

the LPF. 

 

12.6 Simulation Results 

A 450 kVA isolated   microgrid   model    is    built    under Matlab/Simulink® environment to 

evaluate the preceding theoretical analysis and validate the efficiency of the proposed 

compensators. The microgrid model is similar to that shown in Figure 6.1. The common load in 

the microgrid system is a 200 hP direct online IM rated at 460 Vac and 1785 rpm. A pure 

resistive load rated at 15kW (20 hP) is placed in parallel with the IM. Three 150 kVA DG units 

are considered in the model with the circuit structure and control topology as shown in Figure 

6.2. The complete model entities are built using SimPowerSystem® toolbox.  The VSCs are 

Frequency (Hz)

-10

-5

0

M
a
g
n
itu

d
e
 (

d
B

)

10
0

10
1

10
2

10
3

-90

-45

0

P
h
a
s
e
 (

d
e
g
)

Bode Diagram

Frequency  (Hz)

M
ag

n
it

u
d
e 

(d
B

)
P

h
as

e 
(d

eg
.)

BPF-Based

uncomp.

VRB

CRB

-10

-5

0
M

a
g
n
itu

d
e
 (

d
B

)

10
0

10
1

10
2

10
3

-90

-45

0

45

P
h
a
s
e
 (

d
e
g
)

Bode Diagram

Frequency  (Hz)

LPF-Based

VRB

CRB

uncomp.

Frequency (Hz)

M
ag

n
it

u
d
e 

(d
B

)
P

h
as

e 
(d

eg
.)



94 

 

simulated using average-model-based blocks. The simulation type is discrete with a sample time 

of 50µs. The system parameters are given in the Appendix A6.7.  

6.6.1 Operation of the Induction Motor in the Uncompensated Islanded AC 

Microgrid 

The same control structure in Figure 6.2 is adopted for the ac microgrid but without the proposed 

active compensation loops. The free acceleration performance of the 200 hP IM under these 

conditions is shown in Figure 6.12(a).  The response of the starting periods [up to 0.6 s]   is   

relatively   stable.   At  t = 0.6 s,  the   dynamics  of   IM successfully  approach  the  steady  state 

operating points.  However, the system response is completely unstable after t = 0.6 s. The 

electromagnetic torque builds up and the motor speed decays to zero in a building-up manner. 

The simulation results in Figure 6.12(a) successfully validate the analytical findings in Figures 

6.6 and 6.8. Figure 6.12(b) shows the same results but with the 50 hP IM. The system starts up 

successfully, and the steady-state operating point is reached. However, at t = 2.2 s, the system 

damping is degraded and the overall stability as completely violated.  

 

 
(a) 

 
(b) 

Figure 6.12 Free acceleration response of the IM supplied from the uncompensated isolated microgrid. (a) 200 hP 

IM. (b) 50 hP IM. 
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6.6.2 Operation of the Induction Motor in the Compensated Islanded AC 

Microgrid 

Figure 6.13 shows the performance of the IM when supplied from the VRB-compensated 

isolated microgrid grid. As shown in Figure 6.13(a), the IM is loaded by 0.5 p.u. and 1.0 p.u. 

mechanical loads at t = 3 and 4.5 s, respectively. The proposed active compensator provides a 

highly damped performance in both cases. Even the start-up response is highly damped as 

compared to the uncompensated case in Figure 6.12(a). The well-damped electromagnetic torque 

in Figure 6.13(a) is reflected to the speed response. Figure 6.13(b) shows the voltages and 

currents responses of the IM stator. 

The performance of an individual DG unit is investigated as shown in Figures 6.13(c)-

6.13(d). The Local voltage and injected currents are highly damped. There is a slight steady-state 

reduction in the local frequency at both step loading instants by 0.3 and 0.5 rad/s whereas the 

magnitudes of the transient anti-peaks of the frequency response in both instants are 372.5 and 

372.3 rad/s. It is clear that the proposed active compensator in the isolated microgrids provides 

sufficient damping capabilities. 

Figure 6.14 shows the performance of one DG unit when the proposed compensator is tuned 

under two parameter sets that correspond to a high- and a low-damped performance. In both 

cases, the improved droop controllers in (6.13)-(6.14) are used. A large-signal step loading of 1.0 

p.u. is applied at     . The influence of the high- and low-damped performance of the 

proposed compensator on the injected active power and local frequency is shown in Figures 

6.14(a)-6.14(b), respectively. The lower-damped performance has low-frequency oscillations (in 

the range of few Hz) in both injected active power and local frequency which are mainly 

attributed to the electromechanical oscillation of the IM load that are reflected to the droop-based 

power-sharing scheme. However, as the compensator gain increases, these low-frequency 

oscillations are well-damped, which indicates that the proposed compensator has a suppressive 

influence on the oscillations of the injected active power and local frequency of the individual 

DG units. 

It is worth mentioning that the simulation results in Figure 6.14 have been observed 

following different variations in the value of the ac-side capacitors from 1 p.u. to 2, 4, and 6 p.u. 

In all cases, the influence of the variation of the system capacitance is very minimal on 
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harmonics of the input stator current and the steady-state performance. Moreover, the proposed 

compensators (with the same tuned parameters) provide similar damping capabilities in all cases.   

A SLG fault is applied at t=4 s at the terminals of one DG units, and is cleared after 3 cycles. 

The compensated system performance is shown in Figure 6.15. The injected stator current is 

well-damped. The damped performance is reflected on the mechanical motor speed. The 

proposed compensator positively contributes to the fault ride through capabilities of the power 

converter. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.13 Actively VRB-compensated performance of the isolated microgrid-IM system (200 hP IM). 
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   (a)                                                                   (b) 

Figure 6.14 Influence of the proposed VRB compensator on the suppression of frequency and injected power 

oscillations. 

 

      

 

Figure 6.15 Performance of the compensated IM system following a SLG fault at the terminals of one DG units – 

fault is applied at       and is cleared after 3 cycles. 

 

6.7 Experimental Results 

A 1.0 kVA laboratory-scale microgrid setup, as shown in Figure 6.16, is implemented. The 

experimental system parameters are given in Appendix A6.7.  
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(a) 

 
(b) 

Figure 6.16 Laboratory verification. (a) Schematic diagram. (b) Hardware setup. 

 

A Semistack intelligent power module, which includes gate drives, six IGBTs, and protection 

circuit is used as a VSC. The switching frequency is 10 kHz, which indicates that the proposed 

compensator can be effectively implemented under high sampling frequency. The inverter- and 

load-side inductor currents are measured by HASS-50-S current sensors (CS1, CS2) whereas the 

output ac voltage signal is measured by LEM-V-25-400 voltage sensors (VS). A QD200 speed 

encoder with a resolution of 2048 lines and a quadrature output of 5V-RS422A-Line-Driver is 

used to measure the IM speed. 
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6.7.1 Uncompensated System Performance – Starting of the Induction Motor 

The system in Figure 6.16 is initially started on the 250 W resistive load. At steady-state 

conditions, the IM is started by closing the breaker (Br) at       . Before       , both voltage 

(  ) and current (  ) are stable [Figure 6.17]. However, the voltage and current signals continue 

for almost two cycles before the protection of the VSC system trips. It is noted that the voltage 

signal is superimposed by relatively high order harmonics. The frequency of these harmonics is 

around 4-6 times of the power frequency which lies in the mid-frequency region (between the 

power frequency and current control bandwidth). These kinds of oscillations are due to the 

Nyquist criterion mismatch, which usually occur in the medium-frequency range [Figure 6.8]. 

Figure 6.17(b) shows the corresponding ac current with a similar trend. The highest voltage and 

current peaks/dips are 1.275 p.u. and 1.1 p.u., respectively (circled in Figure 6.17).  

6.7.2 Uncompensated System Performance – Switching-on a Resistive Load 

The system starts on the 250 W resistive load. Instead of starting the IM at       , a 500 W 

(0.67 hP) resistive load is switched on. The system response is shown in Figure 6.18.  Although 

the additional resistive load is higher than the IM load, the system response is well-damped 

without any significant oscillations. This implies that the interaction dynamics problem is mainly 

attributed to the input/output impedance mismatch due to the nature of the IM load.  

6.7.3 Active Compensated System – Starting of the Induction Motor 

The proposed VRB compensator is employed in the control structure of the VSC. The system is 

started on the 250 W resistive load, and the IM is switched-on at     . The system response is 

shown in Figure 6.19 with a highly damped performance. Figure 6.19(a) shows the voltage 

waveform before and after starting the IM. There is a negligible voltage dip of 0.075 p.u. after 

starting the IM that recovers quickly. The load current is shown in Figure 6.19(b). As shown in 

Figure 6.19(c), the maximum value of the IM inrush current is 0.91 p.u, as compared to 1.1 p.u. 

in the uncompensated case. The speed response is shown in Figure 6.19(d) with a well-damped 

response. The steady-state voltage and current signals are shown in Figure 6.19(e). 
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6.8 Conclusions 

This chapter has introduced the modeling, analysis and stabilization of the isolated ac microgrids 

with the high penetration of direct online IM loads. Using the generalized Nyquist stability 

criterion, it has been shown that IMs load can significantly affect the stability of an isolated 

microgrid system. Proposed active compensation techniques from the VSC side are introduced to 

maintain the system stability. The proposed compensators have the following features. 1) They 

are designed and modeled using linear analysis tools which implies their simplicity. 2) They are 

efficient and satisfy the Nyquist criterion under large-signal disturbances (such as 1.0 p.u. instant 

loading). 3) They have a positive influence on the power-frequency oscillations of the individual 

DG units in isolated microgrids. 4) The “plug-and-play” feature of the future microgrids can be 

easily achieved with harsh dynamic loads, such as IMs. 

 

 
(a) 

 
(b) 

Figure 6.17 Uncompensated system response – Switching-on IM at   . (a) Terminal phase voltage. (b) Injected load 

current. 
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Figure 6.18 Uncompensated response – Switching-on additional resistive load at   . 

 

        
                                         (a)                                                                        (b) 

      
(c) 

      
                                           (d)                                                                       (e) 

Figure 6.19 Active compensated system – Switching-on IM at to. (a) Phase voltage. (b) Total load current. (c) Phase 

voltage and load current – starting period. (d) Speed response of the IM. (e) Steady-state response of the phase 

voltage and the total load current. 
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Chapter 7 

Networked Control and Power Management of Hybrid AC/DC Microgrids 

Supplying Variable Static and Dynamic Loads 

This chapter addresses power management and control strategies of a hybrid microgrid system 

that comprises two ac and dc subgrids, each consists of multiple DG units and local loads. Both 

entities are interconnected by VSCs to facilitate a bidirectional power flow and increase the 

system reliability. The control of the interconnecting VSC can be achieved autonomously. 

However, it is shown that the autonomously controlled hybrid microgrid fails to operate 

following variations in the power generation characteristics of the local DG units (such as droop 

coefficients, set points, or loss/connection of the individual DG units, etc). A supervisory 

controller is therefore proposed and compared to the autonomous scheme. Small-signal stability 

analysis is conducted to investigate the influence of the communication delays on the system 

stability. The proposed active compensation technique in Chapter 6 has been utilized to 

accommodate direct-online IM loads at the ac-side of the Hybrid AC/DC Microgrid system. 

Time-domain simulations under Matlab/Simulink® environment are presented to show the 

effectiveness of the proposed techniques and the drawbacks of the conventional scheme. 

7.1 Hybrid AC/DC System Structure 

A generalized hybrid system, shown in Figure 7.1, is considered. The system comprises an ac 

subgrid that is formed by aggregating the individual ac DG units and distributed loads along a 

common ac bus. Similarly, the dc bus aggregates the corresponding individual DG units and 

loads to form a dc subgrid. The dc subgrid is interfaced to the ac system by one (or more) 

interconnecting VSC. In the grid-connected mode, any dc demand that exceeds the generation 

capacity of the individual dc DG units can be imported from the utility-grid via the 

interconnecting VSCs [80]. In the islanded mode, the operation of the hybrid system is more 

challenging. The interconnecting VSCs have to be properly controlled to manage the 

bidirectional power exchange to accommodate the excessive ac/dc demands with minimal power 

disruptions or load shedding. This objective should be accurately achieved regardless the control 

modes or parameters of the local DG units in both subgrids.  
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Figure 7.1 A hybrid ac/dc active distribution system. 

 

Figure 7.2 shows the detailed hybrid system structure where the ac and dc subgrids are 

formed by “ ” and “ ” individual DG units, respectively, and are interfaced by “ ” 

interconnecting VSCs. The ac systems are all controlled in the rotating  -  reference frame. The 

hybrid system models and control loops are detailed in Appendix 7.1. 

7.1.1 AC Subgrid  

The individual ac DG units consist of three-phase voltage-source inverters (VSIs) fed from two 

types of dc sources; 1) A dc current source to emulate a non-dispatchable DG units such as a PV 

or wind, and are current-controlled in the rotating reference frame. 2) A dc voltage source to 

represent dispatchable DG units which are controlled by the conventional droop scheme as 

detailed in the following. 

Figure 7.3(a) shows the individual droop characteristics of two DG units in the ac subgrid. 

The operating frequency (  ) is linearly related to the corresponding injected active powers 

(    ) according to the droop coefficient (    ). The plot in Figure 7.3(a) is mathematically 

represented by (7.1) where the subscript   represents the DG unit number;   
  is the no-load 

operating frequency whereas    is the orientation angle. 
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                                                         (a)                                                           (b) 

Figure 7.3 AC droop – The droop curve of unit-1 is mirrored for better representation. (a) Individual droop of two 

DG units. (b) Combined droop for the entire ac subgrid. 
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     ∫    .                                                              (7.1) 

 

The injected active power from each individual DG unit (    ) is wirelessly determined to 

satisfy the common ac-load (    ), following the equality                   where      

          and hence one operating frequency prevails [   in Figure 7.3(a)]. If the droop 

coefficient      is slightly increased, the power share from the DG unit-2 decreases to satisfy 

the same load at the expense of lower operating frequency (  ) and a higher share from the DG 

unit-1. 

The reactive power of the ac-load can be shared among the individual DG units as well. The 

generated reactive power from each individual DG unit is related to the magnitude of the 

terminal ac voltage by the corresponding droop coefficient [87]. Active power support is the 

main concern of this work and hence the reactive power sharing is not shown here. 

7.1.2 DC Subgrid  

The individual dc DG units are half-bridge dc/dc converters fed from a dc voltage source. The 

conventional droop-based power sharing in the dc subgrid is shown in Figure 7.4(a). The 

terminal dc-link voltage of each dc/dc converter is drooped with the generated dc power (    ) 

via the droop coefficient      as shown in (7.2), 
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where    
 ,    

  are the reference and no-load dc-link voltage of the dc/dc converter whereas the 

subscript   represents the individual DG unit in the dc subgrid.  The injected dc power from each 

DG unit (    ) is wirelessly determined to supply the common dc-load (    ), following the 

equality                   where               . Unlike the active power sharing in the 

ac subgrid, inaccurate dc power sharing is more likely yielded due to the transmission line losses 

that impose different voltages at the terminals of the individual DG units. This problem is also 

yielded in the reactive power sharing in ac subgrids. Some mitigation techniques can be 

implemented to enhance the power sharing accuracy as discussed in [87].  

 

 
(a)                                                       (b) 

Figure 7.4 DC droop – The droop curve of unit-1 is mirrored for better representation – assume lossless transmission 

lines. (a) Individual droop of two DG units. (b) Combined droop for the entire dc subgrid. 
 

7.1.3 The Interconnecting Voltage-Source Converter 

As shown in Figure 7.2, the interconnecting converter is a three-phase PI current-controlled VSC 

in the rotating reference frame. The interconnecting VSC is not responsible for reactive power 

support and hence the  -component of the ac current is set to zero [69]. The  -component 

follows its reference to determine the amount of the active power. The reference value is defined 

from the power management algorithm; either using autonomous schemes [selector “1”], the 

proposed supervisory controller [selector “3”], or the hierarchical controller that combines both 

schemes [selector “2”]. 

7.2 Autonomous Power Management of the Hybrid AC/DC Microgrid  

Referring to Figure 7.2, assume that the switch SW1 is open, and each subgrid comprises two 

droop-based DG units and are interconnected by one VSC. To operate the interconnecting VSC 
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autonomously, the loading status in both subgrids should be determined without communication. 

This can be achieved indirectly by summing the individual droop characteristics of all individual 

DG units inside both subgrids as shown in Figures 7.3(b)-7.4(b) [69]. Based on Figure 7.3(b), the 

maximum generation capacity of the ac subgrid is    
    which corresponds to the minimum 

allowed operating frequency (    ). The points (0,   ) and (   
   ,     ) form the augmented 

droop slope of the entire ac subgrid as described in (7.3), 

 

   
    

        

   
                                                          (7.3) 

 

where     is the augmented droop coefficient of the entire ac subgrid. From Figure 7.3(a), 

 

   
        

        
    

        

    
 
        

    
                              (7.4) 

 

   
 

 

    
 

 

    
                                                                       (7.5) 

 

Generally, with “i” individual DG units, the droop coefficient of the entire ac subgrid is given 

by, 

 

 

   
 ∑

 

    
 

                                                        (   ) 

 

Similarly, and referring to Figure 7.4 the augmented droop coefficient of the entire dc subgrid 

(   ) is given by (7.7). 

 

 

   
 ∑

 

    
 

                                                         (   ) 

 

Using the combined droop plots in Figures 7.3(b)-7.4(b), the local loading of the ac and dc 

subgrids can be determined by measuring the dc voltage and frequency at the terminals of the 

interconnecting VSC. As shown in Figure 7.3(b), if the measured frequency is below the 
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minimum threshold value (      ), e.g., at     , the ac subgrid is detected overloaded and 

the amount of overload power is as follows. 

 

    
      

    
      

   
 
       

   
 
       

   
                               (7.8) 

 

From (7.8), both      and     are known from the combined droop plot;      is 

measured at the ac terminals of the interconnecting VSC, and hence the amount of overload 

power (    
      

   ) is autonomously determined. As the ac subgrid is connected to the dc entity 

via the interconnecting VSC, the overload power can be compensated. The ac subgrid places a 

power request (      ) to import the deficit. On the contrary, if       , the ac subgrid is 

detected underloaded and no external support is needed. Similar to the ac subgrid, the dc subgrid 

places a power request if the dc voltage is below the minimum threshold value [     
    in 

Figure 7.4(b)] whereas no external support is needed when      
   . This scenario is 

mathematically formulated in (7.9) where the final power processed through the interconnecting 

VSC is      
                 , which is positive in the rectification mode, negative in the 

inversion mode, and zero if both subgrids are over- or under-loaded. 

 

       8

      

   
            

       
,                                         (7.9a) 

       {
  
      

   
           

   

       
,                                        (7.9b) 

     
  {

                     
   

                    
.                              (7.9c) 

 

The generated power command (     
 ) in (7.9c) is then used to generate the current controller 

reference in the control structure of the interconnecting VSC as shown in Figure 7.2 [selector 

“1”]. The subscript “ic,A” represents the autonomous control of the interconnecting VSC. Note 

that a safety margin can be multiplied by the final value in (7.9c), e.g., 0.95, to ensure a safe 

operation [69].  
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7.2.1 Drawbacks of the Autonomous Strategy 

The main drawback of the autonomous operation of the hybrid system is that the droop 

coefficients of the individual DG units have to be combined as shown in Figures 7.3(b)-7.4(b). 

The combined droop curves are obtained based on the pre-knowledge and fixed assumption of 

the droop characteristics of the individual DG units. However, this assumption may be violated 

due to: 

1) The droop coefficients of the individual DG units are not only determined according to 

their     ratings but following variable economical conditions such as the fuel price, the 

selling price of the    , running cost, and any penalties imposed by the system operator 

or the market [112]-[115]. Therefore, the droop characteristics of some individual DG 

units may be static (constant), dynamic (variable slope, i.e., droop coefficient and/or set 

points), or optimized (highly nonlinear) [112]. 

2) Some individual DG units might be disconnected due to the scheduled maintenance [115] 

or unscheduled issues such as faults.  

3) Some other new individual DG units might be connected to the system. 

Based on the above reasons, it is clear that the pre-combined droop curves of the individual 

DG units might reflect a deceptive image of the actual loading condition inside the subgrid. For 

instance, refer to Figure 7.3(a) where the common ac frequency is    and both DG units inject 

     and      to satisfy the common ac-load (    ). The same loading status is accurately 

reflected on the augmented droop curve in Figure 7.3(b); at     ,              . 

However, if the droop coefficient of the DG unit-2 is slightly increased [the new red line in 

Figure 7.3(a)], the operating frequency decreases to    so that the ac subgrid satisfies the same 

ac-load. As shown in Figure 7.3(b), the measured    reflects a loading of     
 

 which is higher 

than the actual load (    ). The deviation from the accurate case depends on the difference 

      
 
     . If the actual loading (    ) lies in zone-A, the ac subgrid will be detected 

overloaded and the interconnecting VSC may start to operate unnecessarily (if there is a surplus 

power on the dc side.) Any actual ac loading located in zone-B will be supported by a higher 

amount of power from the dc subgrid (i.e., the power flow via the interconnecting VSC is not 

minimized.) 
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Figure 7.4(a) shows the opposite situation where the dc droop coefficient (    ) is slightly 

decreased [the new red line] whereas the dc-load is still the same. As a result, the common dc 

voltage of the dc subgrid increases from   
  to   

 . On the augmented droop curve [Figure 

7.3(b)],   
  corresponds to     

 
 which less than the actual is loading inside the dc subgrid. If the 

actual loading (    ) is in zone-A, the interconnecting VSC will not start to operate in spite of the 

actual overloading condition. Any actual loading in zone-B will be supported by less amount of 

power from the ac subgrid. 

Note that the droop coefficients can be updated using a tertiary control layer so that the 

autonomous controller generates accurate references [70]. However, it is assumed in this chapter 

that the autonomous controller is not supported by any communication infrastructure. 

7.2.2 Time-Domain Simulations 

Based on Figure 7.2, two identical droop-based VSIs rated at         forms the ac subgrid. The 

dc subgrid consists of two dc/dc converters rated at       . Both subgrids (       generation 

capacities) are interconnected by an         VSC. 

7.2.2.1 Successful Operation 

Consider the ideal case, i.e., the droop coefficients of all individual DG units are set to 1 p.u., 

and are static. Therefore, the augmented droop curve of both subgrids successfully reflects their 

actual loading condition. As shown in Figure 7.5 with          droop coefficients, both ac and dc 

subgrids are initially loaded by        before           (i.e., underloaded) and hence the 

interconnecting VSC is not working. At          , the dc subgrid load is suddenly increased to 

        (overloaded by        ) whereas the ac subgrid load is kept unchanged. Therefore, 

the interconnecting VSC starts to operate and transmits         from the ac side so that the dc 

subgrid is maintained healthy at       . 

7.2.2.2 False Operation 

At          , the droop coefficient of one individual dc DG unit (    ) is initially changed to 

         and hence the augmented droop plot of the dc subgrid is no longer accurate. Referring to 

Figure 7.4(a), the reduction of      is followed by an increase in the common dc-link voltage 
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such that the actual overloaded conditions might not be detected [zone-A.] This is clear from 

Figure 7.5 where the interconnecting VSC totally fails to start. The dc subgrid maintains the 

overloaded condition in spite of the availability of a surplus power at the ac side.  

Another case is also shown in Figure 7.5 when      is reduced to          at           such 

that the operation of the interconnecting VSC is in zone-B [Figure 7.4(b)]. The interconnecting 

VSC supports the dc subgrid with less amount of power than actually needed, which leaves the 

dc subgrid overloaded by       . Similar to Figure 7.3(a),      is increased to          so that 

the common dc-link voltage decreases under the same loading conditions. This is associated with 

a higher amount of transmitted power to the dc subgrid than actually needed, i.e., the 

interconnecting VSC is unnecessarily loaded. In other words, the power flow through the 

interconnecting VSC is not minimized in some cases. 

 

    

 

     
Figure 7.5 Autonomous operation of the hybrid system when the dc subgrid is overloaded at         and      is 

varied from     to          at          . 
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7.3 Networked Control and Supervisory Power Management Scheme 

Motivated by the aforementioned difficulties and drawbacks of the autonomous schemes, an 

efficient supervisory power controller for the islanded hybrid system in Figure 7.2 is proposed. 

The controller is designed so that the hybrid system operates according to the following features: 

- The power flows from the underloaded to the overloaded subgrid via the interconnecting 

VSC. No power transmission is allowed if both subgrids are under- or over-loaded. 

- The priority of the power supply is given to the local load within the underloaded entity 

over exportation to the overloaded side. The power transmission should be automatically 

updated as the local loading increases in the underloaded subgrid. 

- The supervisory controller is only implemented in the interconnecting VSCs to keep both 

subgrids under their own control scheme (i.e., droop-based, power control, etc.) This 

allows a flexible operation without imposing any requirements from the supervisory 

controller. 

- Unlike the autonomous scheme, the operation of the hybrid system should be independent 

of the control topologies of the local DG units in both subgrids. For droop-based DG units, 

the operation should be flexible to accommodate any variations in the droop coefficients, 

set points, or connections/disconnection of units without affecting the power transfer. The 

intermittent nature of non-dispatchable resources is also considered.  

7.3.1 Input Signals to the Supervisory Controller  

As shown in Figure 7.6, the inputs to the supervisory controller are: 

- AC DG units: each unit sends its maximum     (  
   ) that can be generated and the 

active (     
    ) and reactive (  

    ) power measurements.  

- DC DG units: they send their maximum power (     
   ) that can be generated and the 

actual power measurement (     
    ). 

- Interconnecting VSCs: they send their maximum active power that can be transmitted 

(     
   ) and the actual active power measurements (     

    ).  

Note that the power measurements are only needed at each DG unit as well as the 

interconnecting VSCs.  This  complies with IEEE 1547 standards where each DG unit of 
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         or more shall have provisions for monitoring the active and reactive powers [49]. On 

the other side, no measurements are needed at the terminals of loads.  

The received quantities are summed together to obtain the amount of total powers (subscript 

     ), as shown in Table 7.1. The following quantities are then calculated,  

 

   
    √(    

   )  (    
    ) , 

   
           

   .                                                                  (7.10) 

 

where the superscript “   ” denotes the power generation capacity, i.e., the maximum power 

that can be generated from the corresponding subgrid. This term is similar to the maximum 

power generation of the dc subgrid but is different in the ac subgrid to account for the local 

reactive power generation. 

 

 

Figure 7.6 Input/output signals to/from the supervisory controller. 
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7.3.2 Estimation of the Loading Conditions in the AC/DC Subgrids 

Following the behavioral schematic of the hybrid system in Figure 7.7, the power flow through 

the interconnecting VSC (       
    ) is positive in the rectification and negative in the inversion 

mode. In the rectification mode, the actual power consumption inside the ac subgrid (   
    ) is 

the measured generated power from all individual ac DG units (       
    ) minus the power flowing 

through the interconnecting VSC. In the inversion mode,    
            

     (        
    ). In a 

similar manner, the actual loading in the dc subgrid (   
    ) can be estimated as shown in (7.11). 

 

   
            

            
    , 

   
            

            
    .                                             (7.11) 

 

Using (7.10)-(7.11), the subgrid is detected overloaded if   
      

     and is underloaded if 

  
      

     where the subscript   denotes ac or dc. 

The power signals from all power electronic converters in the hybrid system are sent to the 

supervisory controller as long as the corresponding unit is healthy. Therefore, the generation and 

transmission capacity of both subgrids and interconnecting VSCs are continuously updated. 

To ensure a safe operation of the interconnecting VSC and both subgrids, the maximum 

power that can be generated by all DG units in both subgrids, i.e.,   
    and      

   , are multiplied 

by a safety margin       . From (7.10), the safety margin reflects less power generation 

capacity than actually available in both subgrids to account for any fast changing transients or 

loading conditions.  

 

 
Figure 7.7 Estimation of the loading condition inside both subgrids. 

 

 

 

AC Subgrid DC Subgrid

P
ic,tot

meas

P
ac,tot

meas

P
ac

load

P
dc,tot

meas

P
dc

load
? ? 



115 

 

7.3.3 Output Signals from the Supervisory Controller  

As shown in Figure 7.6 and (7.12), the output signal is the amount of the power that has to be 

transmitted between both subgrids, i.e., the power command to the interconnecting VSCs (     
 ). 

The subscript “ic,C” denotes the supervisory scheme. 

As shown,      
  has three different modes. The first is the rectification, shown in (7.12a). It is 

activated when the dc subgrid is overloaded (   
        

   
) and the ac subgrid is underloaded 

(   
        

   
). The first term (|   

       
    |) denotes the amount of deficit power needed to 

satisfy the overload in the dc subgrid. The second term (|   
       

    |)  denotes  the  amount  of 

the surplus power in the ac subgrid that can be exported. If the deficit dc power is initially less 

than the surplus ac power, the dc subgrid is completely supported. Similarly, if both quantities 

are equal, the output will be either and the dc subgrid will be totally supported. However, if the 

local ac load increases during this mode such that |   
       

    | becomes less than |   
    

   
    |, the dc subgrid is then partially supported. The highest priority is given to supplying the 

local load inside the underloaded subgrid.  
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The second mode of operation is the inversion, shown in (7.12b), when the dc subgrid is 

underloaded (   
        

   ) simultaneous with an overloading condition in the ac side (   
     

   
   
).    

  is negative for the reversed power direction whereas |   
   

    
    | and |   

   
 

   
    | denote the amount of surplus and deficit powers, respectively. As shown in (7.12c), the 

interconnecting VSC is not working if both subgrids are simultaneously over- or under-loaded. 

The power command of the interconnecting VSC is used to determine the value of the current 

controller reference [Figure 7.2, selector “3”]. 
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It is clear that the operation of the interconnecting VSC is independent of the droop 

characteristics of the individual DG units as it processes the amount of injected power from each 

DG unit regardless the mode of operation.  

7.3.4 Parallel Operation of Multiple Interconnecting Converters 

Parallel operation is considered either to increase the system reliability or the amount of power 

transmission between both subgrids. As shown in (7.13), the generated power command (     
 ) 

in (7.12) can be shared among parallel operated interconnecting VSCs according to their power 

ratings where      
  ∑      

   
   . 

 

     
  (

     
   

       
   )      

                                                   (7.13) 

 

7.3.5 Sensitivity Analysis – Influence of the Communication Delays 

The small-signal stability analysis is conducted to investigate the influence of the communication 

delays on the system stability. Referring to Figure 7.6,       ( ) represents the communication 

delay transfer function where    is the communication delay time and   is the Laplace operator 

[116]. 

 

      ( )  
 

     
                                                    (7.14) 

 

For simplicity, the system in Figure 7.2 is considered in the small-signal stability analysis but 

with switches SW0, SW1, and SW2 opened. The small-signal state-space model is obtained 

under two modes of operation; rectification and inversion, assuming a full support from the 

underloaded toward the overloaded entity, and, therefore, the power command to the 

interconnecting VSC is as follows. 

 

     
  8

      ( )(   
        

   )                   

       ( )(   
        

   )               
                    (7.15) 
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The small-signal system models are detailed in Appendix A7.2 whereas the complete system 

parameters are given in Appendix A7.3. The small-signal state-space model considers the entire 

power circuit and controller dynamics of the hybrid system and consists of 26 states; 13 for the 

ac droop-based VSI, six for the dc droop-based dc/dc converter and seven for the interconnecting 

VSC. The most dominant Eigenvalues are investigated when the communication delay increases 

from       to      . At         , the most dominant Eigenvalue is relocated to      and 

         under the rectification and inversion modes as shown in Figures 7.8(a)-7.8(b), 

respectively. 

 

     
                                                       (a)                                                                           (b) 

Figure 7.8 The small-signal stability of the hybrid system – the communication delay (  ) increases from       to 

     . (a) Rectification mode. (b) Inversion mode. 

 

7.4 Evaluation Results 

A large-signal time-domain model for the islanded hybrid system in Figure 7.2 is built under 

Matlab/Simulink to investigate the capabilities of the proposed supervisory controller. All model 

entities are built using SimPowerSystem® toolbox.  The converters are simulated using average-

model-based blocks. The ac subgrid comprises two droop-controlled VSIs and a   -controlled 

DG unit. Two        (        ) direct-online IMs are connected to the ac subgrid.  The 

influence of the dynamic loading on the operation of the supervisory controller is therefore 

investigated. The dc subgrid comprises two droop-controlled half-bridge dc/dc converters to 

supply a resistive load. The two entities are interconnected by one VSC. The no-load frequency 

and dc voltage of both subgrid is         and       , respectively.  
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7.4.1 Static Loading Conditions 

In this section, the switch SW1 in Figure 7.2 is open. Figure 7.9 shows the local loading 

conditions in each subgrid where the maximum allowed loading is        and is equally shared 

between the two DG units. The loading is initially        and increases  to      and          at 

      and    , respectively, in the overloaded case. The underload condition is        and 

increases to    ,    ,        at            , respectively, and decreases back to        at 

       . 

 

 
Figure 7.9 Local loading scenarios in both subgrids. 

 

7.4.1.1 Rectification Mode 

The local dc-load follows the overloaded plot in Figure 7.9 whereas the ac-load follows the 

underloaded curve so that the interconnecting VSC operates   in   the   rectification   mode.  The 

complete system response is shown in Figures 7.10. The system performance can be described as 

following: 

-             : Both subgrids are underloaded and hence the interconnecting VSC is not 

working. 

-             : The dc subgrid is overloaded (      ) whereas the ac subgrid is still 

underloaded (      ). The interconnecting VSC starts to operate and transmit the 

       dc power deficit from the ac side. As result, the dc subgrid is maintained healthy 

at        and the ac subgrid generation increases to       . At        , the droop 

coefficient of the dc DG unit-2 is decreased from     to          so that the dc subgrid 

voltage increases from      to       . This variation does not affect the accuracy of the 

power transfer.  
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-             : The dc subgrid is still overloaded (      ) but the local ac-load increases 

from     to       . The amount of transmitted power through the interconnecting VSC is 

not affected but the ac subgrid generation increases to        to keep supporting the dc 

side. At        , the droop coefficient of the dc DG unit-2 is increased from     to 

         This does not affect the accuracy of the power management. 

-             : The dc subgrid is still overloaded and the local load inside the ac subgrid 

increases to       . Only        surplus ac power is available to support the 

       dc deficit. Based on (7.12), the supervisory controller generates the        

power reference to the interconnecting VSC (select the minimum value). The priority is 

given to support the local load of the ac subgrid. The ac subgrid generation is        

whereas the dc subgrid is partially supported and        dc load has to be shed. The 

operating frequency is at the minimum allowed value. 

-             : The dc subgrid is still overloaded and the local load inside the ac subgrid 

increases to the full       . No surplus ac power is available and hence the 

interconnecting VSC will not operate. The dc subgrid load is not supported in this 

situation and the        overload has to be completely shed.  

-              : The dc subgrid load increases to        whereas the ac subgrid load 

decreases to       . The interconnecting VSC operates again to import the full        

dc deficit from the ac side.  

Figure 7.11 shows the current response at the ac and dc sides of the interfacing converters as 

well as the total ac and dc loads in both subgrids. The current performance is well-damped and 

follows a similar trend to Figure 7.10. 

7.4.1.2 Inversion Mode 

Referring to Figure 7.9, the ac load follows the overloaded curve whereas the dc load follows the 

underloaded one. Therefore, a complementary scenario is yielded. The system performance is 

shown in Figure 7.12. 
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Figure 7.10 Power coordination of the hybrid system with over- and under-loaded conditions in the dc and ac subgrids, 

respectively (rectification mode). 

 

 

 

Figure 7.11 AC and DC current response of the hybrid system with over- and under-loaded conditions in the dc and ac 

subgrids, respectively (rectification mode). 
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Figure 7.12 Power coordination of the hybrid system with over- and under-loaded conditions in the ac and dc 

subgrids, respectively (inversion mode). 

 

7.4.1.3 Parallel Operation of the Interconnecting Converters 

The parallel operation of two interconnecting VSCs is shown in Figure 7.13, under the same 

rectification mode shown in Figure 7.10. The amount of power transmitted between both 

subgrids via two interconnecting VSCs is shared according to their power ratings, where 

     
          

   . 
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Figure 7.13 Power transfer through two parallel operated interconnecting VSCs – Same rectification scenario in 

Figure 7.10. 

 

7.4.1.4 Hierarchical Control Structure of the Interconnecting Converters 

To increase the reliability and maintain an adequate operation of the hybrid system, a 

hierarchical control strategy that combines both autonomous and supervisory schemes is 

adopted. As shown in Figure 7.2 (selector “2”), the difference between the autonomous and 

supervisory references generates the error signal (  ). In the main layer,      
  is continuously 

generated but corrected by    as long as the communication network is healthy. If      
  is lost or 

fall to zero,    is set to zero and      
  is kept generated but with no correction.  

As shown in Figure 7.14, the supervisory controller operates the interconnecting VSC in the 

rectification mode when the dc subgrid is overloaded by         at        , with underloaded 

condition in the ac side.  At          , the droop coefficient of one dc DG unit is reduced to 

          In the meanwhile of the rectification process, the communication network fails to 

operate at            The hierarchical structure successfully switches the operation to the 

autonomous scheme. Note that the amount of the transferred power is less than needed due to the 

reduced dc droop coefficient at           (a drawback of the autonomous scheme.) The 

communication network is restored within       and the supervisory controller is seamlessly 

reactivated at        . 
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Figure 7.14 Transition from the supervisory to the autonomous control at         and the restoration of the 

communication network at         with over- and under-loaded conditions in the dc and ac subgrids, respectively 

(rectification mode). 

 

7.4.2 Dynamic Loading Conditions 

In this part, SW1 in Figure 7.2 is closed to consider the two        IM loads as well as the 

          -controlled DG unit. In order to accommodate the IMs in the islanded ac subgrid, 

the proposed active damping compensator in Chapter 6 has been implemented in the ac droop 

loop for all dispatchable DG units. Figure 7.15(a) shows the loading behavior in both subgrids. 

The power generation capacity of both entities is limited to         so that the dynamic load 

has a considerable load share. It is also noted that the simulation time is significantly increased to 

      for further investigations. The simulation type is discrete with a sample time of       and 

the actual simulation time of this scenario is            . The system response is described as 

following: 
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-              : Both subgrids are underloaded at       . The IMs start in the free-

acceleration mode, i.e., at no mechanical load. The interconnecting VSC is not working as 

shown in Figure 7.15(b). 

-               : A          mechanical load is applied on one IM at          and 

hence the ac-load increases by        . The motor speed is decreased due to the full 

mechanical load as shown in Figure 7.15(c). The dc subgrid is also overloaded by 

      . As shown in Figure 7.15(b), the interconnecting VSC operates in the rectification 

mode to transmit the        to the dc side. The local generation in the dc subgrid is 

maintained healthy at        as shown in Figure 7.15(d).  

-               : The dc-load is fixed whereas the ac-load increases to        . Similar 

performance to the previous time interval is yielded. The ac subgrid generation increases 

as shown in Figure 7.15(e). 

-                : The dc-load decreases to        whereas the ac-load increases to 

       at       . As shown in Figure 7.15(b), the interconnecting VSC operates in the 

inversion mode with a        reversed step power to support the ac side. At       , the 

second IM is mechanically fully loaded so that the total ac-load increases to        . As 

the dc-load is 0.5 MW, a full support to the ac overload is still provided. 

-                 : The dc-load increases to        and the ac-load is still the same. 

Only        surplus power is therefore available to support the ac side and hence 

        has to be shed. 

-                 : The dc-load is        whereas the ac-load decreases to       . The 

interconnecting VSC is not working. 

7.5 Conclusions 

This chapter addresses the power management in a hybrid ac/dc active distribution system. The 

coordination schemes are achieved by an autonomous and a supervisory controller. It has been 

shown that the autonomously controlled interconnecting VSC is subjected to false operation in 

large scale hybrid systems. On the contrary, an effective supervisory controller is proposed 

which has the following features. 1) It is only implemented for the interconnecting VSCs 

whereas both subgrids are kept under their own control scheme. 2) It depends on the power 
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measurements from the generation units only, not the loads, to decrease the number of 

measurement sensors and transmitted signals throughout the network. 3) It operates successfully 

regardless the control mode of the individual DG units in both subgrids. Therefore, the proposed 

controller can be generalized to different types of DG units as it only requires the active and 

reactive power measurements. 4) It can be generalized to large-scale hybrid systems. 5) The 

input signals are the average power measurements which are typically obtained using low-pass 

filters. Therefore, the communication bandwidth is not necessarily fast. 6) Parallel operation of 

multiple interconnecting VSCs can be easily considered so that the transmitted power between 

both subgrids is shared according to their power rating.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 7.15 Power coordination of the hybrid system with IM loads – rectification mode from        to      and 

inversion mode from       to      . 
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Chapter 8 

Summary and Future Work 

8.1 Thesis Summary 

This thesis has addressed the integration of the renewable energy resources to the active 

distribution systems using voltage- and current-source converters. To achieve the objectives of 

this thesis, different active compensation techniques and controllers have been proposed and 

developed for the interfacing converters. Time-domain simulations under Matlab/Simulink 

environment have been presented to validate the analytical results and show the effectiveness of 

the proposed controllers.  

In Chapter 3, the integration of the CSC-based PV generators into the utility-grid has been 

investigated using the vector control topology. Using the small-signal dc-side impedance models 

of the PV generator and the interfacing CSC, the system stability has been investigated under 

different operating conditions. It is found that the variation of the weather conditions, 

particularly the insolation level, might affect the system stability. Therefore, active compensation 

techniques have been proposed to increase the system damping. Moreover, the lightly damped 

modes induced by the resonance of the CL filter of the CSC have been actively damped without 

affecting the conversion efficiency.  

In the vector-controlled converters, the PLL is necessary to synchronize the converter to the 

utility-grid. However, the presence of the PLL negatively affects the system damping, 

particularly in the presence of a relatively high grid impedance. Therefore, a new control 

topology, i.e., the PSC, has been developed for the grid-connected CSC-based PV generator in 

Chapter 4. The PSC does not require a PLL due to its inherent synchronizing feature. The PSC-

controlled CSCs provide a stable performance under the very weak grid conditions. Moreover, 

and unlike VSCs, the self-protection characteristic of CSCs against fault conditions gives them a 

very attractive feature for utility-grid integration. 

The vector control strategy has been completely replaced by the PSC in Chapter 4 to avoid 

system instabilities under weak-grid conditions (due to the PLL). In Chapter 5, supplementary 

compensation loops have been proposed to facilitate the integration of CSCs to the very weak 
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utility-grid under the vector control strategy. The proposed compensators successfully mitigate 

the negative influence of the PLL in the presence of high grid impedance. It could be possible to 

inject the full-rated active power into the utility-grid with         using the proposed 

compensators.  

In order to enhance the integration of the dynamic loads such as IMs into the large-scale 

active distribution systems, Chapter 6 has investigated the stability of VSC-based microgrids 

with high penetration of IM loads under the isolated mode of operation. Using the generalized 

Nyquist criterion, the system stability has been investigated under different operating conditions. 

Linear active compensation loops have been proposed to increase the system damping and 

maintain a stable performance under a wide range of operating points. The proposed 

compensators facilitate the „plug-and-play‟ feature in the future microgrids.  

A larger system level integration of DG units is considered in Chapter 7 where a dc subgrid is 

integrated to the ac microgrid in Chapter 6 using a bidirectional VSC. To enhance the 

bidirectional power flow, a centralized power management algorithm has been proposed. The 

algorithm is only developed for the bidirectional VSC; it is independent of the control structure 

of the local ac/dc DG units; and it provides an accurate and efficient operation under variable 

ac/dc loading/generation conditions, particularly under the isolated mode of operation. The 

proposed controllers facilitate the realization of the hybrid ac/dc active distribution systems. 

8.2 Future Work 

The following research directions can be followed as an extension out of this thesis: 

- The utilization of the robust control theory to mitigate the dc-side interactions between 

the PV generator and the interfacing converter. The performance should be compared to 

the results of Chapter 3. In the literature, linear controllers have been proposed to 

decouple the dc-side dynamics between the PV generator and the interfacing converter 

[7]-[9]. Similarly, nonlinear controllers have been also proposed [25]. However, the 

robust control has not been addressed in the literature to improve the dynamic 

performance of the PV system following parameters and/or operating point variations. 

The future work includes the one-stage interfacing topology as well as multi-string 

topology, e.g., an interfacing centralized inverter with intermediate dc/dc converter.  
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- The development of the PSC for the CSC-based HVDC systems to 1) exploit the inherent 

short-circuit protection feature of CSCs as compared to VSCs, and 2) facilitate the 

interconnection to the very weak utility-grid systems. This includes a comparison study 

between the CSC- and VSC-based HVDC considering the dynamic stability and fault-

ride through capabilities. 

- The proposed supplementary compensators in Chapters 3, 5, and 6 can be implemented to 

enhance the stability of multiple DG units with uncertain operation of individual DG 

unit(s), e.g., reactive power support mode, active power mode, droop control, etc. Also, 

the switching of individual DG unit(s) with the associated variation in the equivalent 

capacitance of the overall system can be considered. First, the uncompensated system 

stability under different operating scenarios shall be investigated. Second, and based on 

the Nyquist stability criterion, the proposed compensators in this thesis can be designed 

and tuned to enhance the system stability margin. 

- The improvement of the proposed supervisory power management controller for the 

hybrid ac/dc active distribution system. The reactive power support and ancillary services 

shall be considered in the supervisory scheme to support the ac subgrid. The supervisory 

controller algorithm should be improved to detect the communication loss and increase 

the system reliability by avoiding the single-point-failure scenario. Moreover, in Chapter 

7, a simple approach to consider the communication delays has been followed. Therefore, 

the influence of the communication delays on the system stability and the accuracy of the 

bi-directional power flow should be considered thouroughly in the future.  

- The consideration of different types of challenging loads, such as pulsating and non-

linear loads, in the ac-side of the hybrid microgrid and the investigation of the 

corresponding influence on the overall system stability as well as the performance of the 

supervisory controller.   
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Appendices 

Appendix A3 

A3.1 CSC Parameters 
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Appendix A4 

A4.1 System Parameters 
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A4.2 Small-Signal Modeling of the Grid-Connected CSC-Based PV 

Generator with the PSC 

- Frame Transformation 
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- Small-Signal Model of the Power Controller in (4.4) 
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- Small-Signal Model of the Voltage Controller in (4.6) 
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- State-Space Model in (4.9) 
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- Final State-Space Model in (4.15) 
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Appendix A5 

A5.1 System Parameters 

CSC:      ,        ,             ,         ,   ( )    
   (    ⁄ ),   ( )  

     (    ⁄ ),   ( )      (     ⁄ ),      . 

Utility-Grid:       ,        ,      ,       . 

A5.2 Small-Signal Modeling of the Grid-Connected CSC 

- PLL Model 

[
   

   
 ]  0

  
  

1
⏟  
  

[
  
   

]  6
      

 ⁄

      
 ⁄
7

⏟        
  

[
   

 

   
 ], 

   ,  -⏟  
  

[
  
   

]  [      
 ⁄ ]⏟        

  

[
   

 

   
 ] . 

- Frame Transformation 
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- Power Circuit Model 
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- Current Control Model 
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- Outer Loop Model 
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- Active Compensation Model 
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- Final State-Space Models 
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          6
                  
,      -   
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 , where  
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Appendix A6 

A6.1 Exact Source Admittance of the VSC in the Islanded Mode of Operation 

,  -  [

         ( )

  ( )
 

 
         ( )

  ( )

], ,  -  [

   
   

  ( )
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], ,  -  [
  

   
    ],  
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    (     )  ( )   

     (     )  ( )   
 

    (     )  ( )   
    (     )  ( )   

 7, 

,  -  6
    (     )  ( )   

  

     (     )  ( )   
 7,  

,  -  ,  -  ,  -,  -  ,  -,  -  ,  -,  -,  -  ,  -,  - , 

,  -  ,  -,  -,  -  ,  -,  -  ,  -,  -  ,  -  ,  -,  -.  

A6.2 Exact Source Admittance of the VSC Considering the Reference Frame 

Transformation 
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 7. 

A6.3 Approximated Source Admittance of the VSC in the Isolated AC 

Microgrid 
,  
 -  ,  -  ,  -,  -, ,  

 -   ,  -  ,  -,  -;  

where          in ,  - and ,  -. 
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A6.4 Small-Signal Admittance Model of the Direct-Online Induction Motor 
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1. 

A6.5 State-Space Model of the Direct Online Induction Motor 

             ; where ,  -  is the state vector and equals [                       ]; 

,  -  is the input vector and equals [                       ];     
   ;      . 
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A6.6 Actively Compensated Source Admittance of the VSC 

,  -     6
(  ( )   )  ( )    ( )    

   
  
   (  ( )   )  ( )    ( )

7, 

[  
    ] and [  

    ] are equal to ,  - and ,  - but replace ,  - by ,  -    . 

A6.7 System Parameters 

- Simulink Model 

VSC:150  kVA, 460 V, 60 Hz, Lf  = 2 mH, Rf  = 0.15 Ω, Cf  = 45 µF,  m = 0.8×10
-5

, n = 1×10
-4

, ωc 

= 30 rad/sec, H = 0.7, Gv(s)= 0.165 + 400/s, Gi(s)= 50 + 15300/s.  
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IM: 200 hP, 460 V, 60Hz, 1785 rpm, Rs = 0.01818 Ω, Lm = 9.415 mH, Ls = Lr = (0.19+Lm) mH, 

Rr = 0.009956 Ω, J = 2.6 kg.m
2
, P = 2. 

- Experimental Setup 

VSI: 250 Vac, 350 Vdc,  Fsw = 10 kHz, L = 1.2 mH, R = 0.2 Ω, C = 50 µF, Lc = 1.2 mH, Rc = 

0.2 Ω, Cdc = 2040 µF, ac voltage controller = 1 + 1/s, ac current controller = 0.6 + 0.01/s. 

Resistive Load: 250 W, 500 W at 208 Vac. 

IM: 0.25hP, three-phase, 208 V, 60 Hz, 1725 rpm. 
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Appendix A7 

A7.1 Large Signal Model of the Hybrid AC/DC System 

In the following;  ⃗⃗  (        ) 
   ( )     

   ( ) is a three-phase space-vector that is 

decomposed into the equivalent  -  components, in the rotating reference frame;   ( ) is the 

orientation angle and is obtained from (7.1) in the droop-controlled VSCs, and from a PLL in the 

interconnecting VSCs or the   -controlled DGs. The system model is based on the power 

circuits in Figure 7.2.  

- VSI in the AC Subgrid, “ ” Inverter, Dispatchable DG 

Power Circuit: 

 ⃗    ⃗      ⃗    
  ⃗ 

  
, 

 ⃗    ⃗      ⃗      
  ⃗  

  
, 

  
  ⃗⃗  

  
  ⃗   ⃗  , 

 ⃗      ⃗  

Current and Voltage Control: 

    (  
    ) (     

    
 
)

⏟        
   ( )

             

  
  (   

     ) (     
    
 
)

⏟        
   ( )

                

Power Calculation: 

          (          )   , 

       
   

     
(      ) 
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- DC/DC Converter in the DC Subgrid, “ ” Converter 

Power Circuit: 

               
   

  
, 

                  
    

  
, 

  
    

  
       , 

          . 

Current and Voltage Control: 

    (  
    ) (     

    

 
)

⏟        
   ( )

 

  
  (   

     ) (     
    

 
)

⏟        
   ( )

       

Power Calculation: 

   
   

     
       

- Interconnecting VSC, “ ” Converter 

The following model is for the rectification mode. The current direction is reversed for the 

inversion operation. 

Power Circuit: 

 ⃗   ⃗      ⃗    
  ⃗ 

  
 , 

  
    

  
    (             )     , 
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Current Control: 

     (  
    ) .     

    

 
/⏟        

   ( )

           , 

   
  

     
 

      
 , 

   
   . 

Power Calculation: 

     
     

   

     
       

 

A7.2 Small-Signal State-Space Model of the Hybrid AC/DC System 

In the following,  ,   are the state and input vectors;   and   are the state and input 

matrices;   represents a small perturbation of the variable.  

- VSC in the AC Subgrid 

     
                      

where 

      

,                                                         - 

and        ,        -  such that the pairs (           ), (           ) represent the 

state of the integrator of the PI voltage and current controllers in the  -  reference frame. The 

state and input matrices are: 
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     6
(    

     )   
    

7, which are obtained in terms of the state-space models of the power 

circuit and controllers, as following: 

State-Space Model of the Power Circuit of the VSC in the AC Subgrid: 
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. 

State-Space Model of the Droop Loop of the VSC in the AC Subgrid: 
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1. 

 

State-Space Model of the Voltage Controller of the VSC in the AC Subgrid: 
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State-Space Model of the Current Control of the VSC in the AC Subgrid: 
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       . 

 

Model of the AC Resistive Load in the AC Subgrid: 

    [
    
    

]. 

 

- DC/DC Converter in the DC Subgrid 

    
                  

 

where      ,                       - ,           and     ,      

represent the state of the integrator of the PI voltage and current controllers. The state and input 

matrices are: 
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where, 
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],    
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]. 

 

- Interfacing Converter (Rectification Mode) 

    
                                                  

where      ,                       
           - ,           ,       

,        - ,           ,            such that the pairs (           ) represent the 

state of the integrator of the PI current controllers in the  -  reference frame; ,        -  

   ,          -     ,        - ,      
     

   
     . The state and input matrices are: 
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which are obtained in terms of the state-space models of the power circuit and controllers, as 

follows. 

State-Space Model of the Power Circuit of the Interconnecting VSC: 
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State-Space Model of the Current Control of the Interconnecting VSC: 
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State-Space Model of the Centralized Power Control of the Interconnecting VSC: 
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- Interfacing Converter (Inversion Mode) 

Similar to the inversion mode but exchanging the following matrices: 
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- Entire System Model 
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A7.3 System Parameters 

- VSC-1, 2:      ,          ,           ,          ,          ,        , 

        ,    ( )      
   

 
,     ( )      

  

 
. 

- DC/DC converters-1, 2:     ,                ,          ,          ,        , 

          ,    ( )      
   

 
,    ( )    
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-   -Controlled VSI:       ,          ,           ,          ,          , 
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- Interconnecting VSC:     ,          ,           ,          ,          , 
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