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Abstract 

The advancements in power electronics in the past decade have resulted in a wide 
spread use of power electronically interfaced generation units and loads in both AC and 
DC distribution systems. Power electronics plays an important role in the modern 
automotive, sea and under sea and aircraft industry. Moreover, the use of power 
electronics based motor drives in industrial application has been growing very fast. 
Depending on the type of regulation, many of these PE interfaces behave as constant 
power loads (CPLs) for the utility. These power electronic (PE) interfaces can be 
optimally controlled to provide the bidirectional power flow and can therefore emerge 
as strong candidates to replace many dedicated devices being utilized for specific grid 
services.  

CPLs are important part of modern power distribution networks and their number will 
increase in the foreseeable future. In this research program, main focus has been put to 
use CPLs for transient stability enhancement and fault ride through (FRT) under 
balanced/unbalanced grid voltage dips instead of employing a dedicated compensating 
device for such ancillary grid services. Alleviation of harmonics and current distortions 
caused by the non-linear loads under both ideal and non-ideal voltage conditions has 
also been investigated in this work using CPLs as active power filters (APF). 
Simulations are carried out in PSCAD/EMTDC and different models of AC distribution 
systems with different shares of loads are considered in accordance with specific study. 

Transient stability study of the AC distribution system demonstrates that the CPLs can 
effectively replace the existing compensating devices and provide many ancillary grid 
services. A large increase in transient stability margins has been observed under 
balanced grid voltage sags when CPLs provide the ancillary reactive power during the 
fault and avoid a possible voltage collapse due to excessive reactive power 
consumption.  The ancillary reactive power provision increases the current rating of the 
CPL converters. However, the increase in the current rating of the distributed CPLs is 
always less compared to the current rating of a dedicated STATCOM when providing 
the reactive power during the voltage sag. It has been concluded that the reactive 
injection by the CPLs improves the terminal voltage by a small amount and hence 
decreases the total branch current. Therefore, an optimal operating point for a CPL can 
be established depending on the load power, network impedance and the severity of the 
grid fault.  

FRT enhancement under asymmetrical grid faults using CPLs has been carried out and a 
modification in the CPL control structure is proposed incorporating the positive and 
negative sequence voltage extraction. The positive sequence voltage compensation 
avoids the possible voltage collapse and the rotor does not accelerate beyond the 
electro-mechanical stability. The negative sequence voltage control removes the torque 
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and power oscillations during the asymmetrical grid fault and improves the life time of 
the generation system. FRT enhancement by the CPLs increases the current rating of the 
devices. However, each distributed CPL requires lower current rating compared to one 
centralized STATCOM when providing FRT enhancement services.  

Power quality issues have been addressed in a distribution system under ideal/non-ideal 
voltage conditions. CPL is used as APF and time domain IRP p-q and frequency domain 
CPC approach is used to extract the compensating current references in order to 
eliminate the harmonics in the source current. A positive sequence voltage detector is 
employed in the CPL control structure under non-ideal voltage conditions. Simulation 
results for both ideal and non-ideal source voltage conditions indicate that the 
harmonics in the source currents are removed using both the time and frequency domain 
approaches. CPC based control algorithm, however, provides slightly better results due 
to the sequence separation of the compensating current.  The natural CPL action further 
decreases the THD in source current because it adds a fundamental current component 
in the total source current. 
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1 Introduction 

 

 

The existing electrical grid, being unidirectional in nature, converts only one-third of 
fuel energy into electrical energy. The losses along the transmission lines are almost 8% 
while 20% of its generation capacity is kept active for only 5% of the time to meet the 
peak load demand, making the system inherently inefficient [1, 2]. We need better grid 
reliability while dealing with aging power system infrastructure. The future electrical 
grid known as smart grid is supposed to address the shortcomings of the existing grid. 
The smart grid is expected to achieve the environmental targets and to support the 
distributed generation and storage capabilities. The move towards the smart grid has to 
start from the distribution system as nearly 90% of the power outages and disturbances 
have their roots in the distribution system. 

Generally, smart grid is comprised of number of distributed energy resources (DERs) 
and power electronic (PE) interfaces, which must be properly exploited to address the 
power quality issues and increase the distribution system stability and efficiency. The 
existing power system is based on the assumption of few power sources with large 
capacity and sinusoidal supply.  The smart grid paradigm is different from traditional 
grid. The future smart microgrids are low voltage grids with small distributed energy 
sources of few megawatts range, where the possibility of supply voltages being 
asymmetrical and distorted is very high [3]. On the other hand, distributed generation 
(DG) feeding a microgrid offers many advantages.  Having the DG close to the point of 
power consumption reduces the transmission and distribution losses and prevents 
network congestion. Moreover, the chances of having the blackout are also reduced 
because many of these microgrids may be able to operate in islanded or standalone 
mode while being disconnected from the high or medium voltage transmission networks 
under abnormal grid conditions and contingencies [4]. System reliability is also 
improved because the smart grid consists of small generation units and the chance of 
losing big amounts of generation at a time is much reduced. 

This chapter briefly discusses the CPLs as elements of the future
electrical grid and the state of the art research being carried out
in CPL area. It presents an overview of the modern AC
distribution system and the ancillary grid services being
provided by some of its components. It also provides a short
overview of the thesis and presents the objectives, scope and
major contributions.  
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DERs based on wind, solar, geothermal, micro gas turbines, micro hydro turbines, 
engines and many energy storage devices have to be integrated into the Smart Grids [5]. 
Among them, wind has emerged as the fastest growing source of renewable energy and 
it will continue to grow in near future. Solar generation is lagging behind, but new 
advances in technology exhibit great promise for solar generation. Depending on the 
grid handling capacity, new wind or solar power generation can be installed, 
interconnected and commissioned in a short span of time. The economics of these 
resources are improving every year, reaching a close parity with conventional fossil fuel 
generations. However, intermittent nature of wind and solar generation poses many 
operational challenges for the transmission grid, including additional ramping and 
regulation requirements. In case of standalone microgrids, such as island power system, 
intermittency of these renewable sources might lead to instability, low operational 
efficiency and poor power quality, demanding different compensation strategies [2, 6]. 
Therefore, interconnection standards have to be further explored and broadened to 
address the power factor controllability and low voltage ride through (LVRT) needed to 
mitigate any transient stability issues in such power systems. 

There are many methods employed to address the stability related issues in a smart 
electrical network. One of them is the use of a centralized shunt connected static 
synchronous compensator (STATCOM) in grid-connected mircogrids to improve the 
voltage sags/swells and unbalances. The use of grid-connected converters of distributed 
energy resources for voltage support under grid faults is also very common. In doubly 
fed induction generator (DFIG)-based wind farms, either rotor or grid side converters 
can be used to address the power quality issues and provide the necessary voltage 
support. Another compensation solution that has been selected as the main area of 
research in this thesis is the use of tightly regulated PE load interfaces called constant 
power loads (CPLs) for stability enhancement in a microgrid scenario. This demands an 
optimal and robust control of PE converters serving as load interfaces in a distribution 
system. In this case, CPLs will be providing ancillary grid services such as reactive 
power and voltage support for transient stability, fault ride through and harmonic 
mitigation. 

1.1 Scope of Work 

The work carried out during the course of this research is focused mainly on the use of 
CPLs in AC distribution systems. In the past decade, the advancements in the power 
electronics have lead to a greater use of voltage source converters using IGBT switches 
in many applications. The persistent technology being used within CPLs has been 
mainly based on power diodes and thyristors in most of the applications. In spite of 
having advantages like higher power ratings, robustness and simplicity in control, they 
have the limitation of being unidirectional and hence cannot be easily used as active 
front end converters. Due to the lack of control flexibility, they are not able to provide 
any extra functions and just act as load interfaces. CPLs considered in this research are 
based on the VSC technology and are controlled to provide many ancillary grid 
services. 
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The desired features that should be fulfilled for control and operation of a VSC based 
CPL providing ancillary grid services in this thesis can be summarized by the following 
points: 

 The converter control system should be able to respond to the drop in voltage 
under different grid fault conditions. The voltage sag becomes critical in the 
presence of CPLs in distribution system as they try to draw more current to 
ensure the constant active power demanded by the load. The provision of 
reactive current during the fault will ensure the system stability and avoid a 
possible disconnection of the distribution system fed by a wind source. 

 CPLs as provider of ancillary reactive power can only be employed if they 
emerge as cost effective solution compared to already established reactive power 
compensation solutions. Therefore, the current rating of the CPLs has to be 
investigated when they are used to provide the extra services. The operation of a 
CPL demands to establish an optimal operating point where the CPL current 
remains at the lowest value. 

 The converter control system should be able to control both active and reactive 
power flow as well as the double frequency oscillating components of the active 
and reactive powers during asymmetrical grid faults. The control strategy should 
be generally valid for both balanced and unbalanced conditions, and it should be 
possible to respond quickly to asymmetrical grid faults in order to avoid the 
system disconnection and overheating in the generation drive train. 

 The converter control scheme should have the flexibility of adapting to the role 
of a shunt active filter in the presence of harmonic generating loads in the 
distribution system. It should be simple to accommodate the present reference 
current generation schemes into the converter control structure. It should be able 
to provide the power quality improvement as an ancillary service while being 
operating as a CPL.  

The focus of this thesis will therefore be limited to the use of CPLs as ancillary grid 
services providers in AC distribution system under both balanced and unbalanced 
grid voltage conditions and in the presence of harmonic generating loads within the 
power network.   

1.2 State of the Art Research in CPL Area 

PE load interfaces and motor drives when tightly regulated behave as CPLs which 
exhibit negative impedance characteristics at the input terminals. This might lead to 
voltage collapse, system oscillations and power quality issues. The stability of CPLs has 
been extensively addressed in DC distribution systems and several stability criteria have 
been investigated in specific applications. Power electronics based DC power 
distribution systems are becoming increasingly common, particularly for applications 
such as aircrafts, vehicles, future ships, the International Space Station and satellite 
power systems [7-13]. AC distribution system comprising of CPLs, on the other hand, 
have not been given the same share of research consideration. In the following 
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paragraphs, we will discuss some of the research efforts that have been made in the past 
few years to investigate the stability related issues of the power system having CPLs as 
resources.   

The large-signal analysis of a buck DC/DC converter operating with a CPL and using a 
PI controller has been carried out by C. Rivetta in [14]. This type of configuration is 
present as part of the integrated power systems in sea and undersea naval vessels. 
Similar work has previously been carried out in [15, 16] to buck and boost DC/DC 
converters with CPLs. An interesting digital control technique named pulse adjustment 
is introduced by A. Khaligh in [17-21], applied to a DC/DC buck–boost and flyback 
converter driving CPLs. The technique enables the power converters to operate in fixed 
switching frequency. The proposed method does not require a detailed small or large 
signal model of the power converter. In spite of its simplicity, it offers a fast dynamic 
response, and it is robust against the variations of the parameters of the power converter. 
In [22], A. Khaligh  studied the effects of loss components in the stability of DC/DC 
converters loaded by CPLs and traditional loads in both continuous and discontinuous 
conduction modes and necessary conditions for small-signal stability have been 
suggested.  

The stability characteristics of a DC power distribution system comprising of  CPLs 
have been analyzed by W. Jiabin in [23]. It has been emphasised that in the presence of 
a CPL it will be very difficult to maintain stability with a conventional voltage and 
current control structure, mainly when resistive loads are not present. It has also been 
shown that the stability margin reduces as the nominal output voltage decreases and the 
power demand increases. In [24], A. Rahimi proposes an active damping method to 
stabilize the DC/DC converters loaded by CPLs. It has been reported that by following a 
similar procedure, this technique can be applied to isolated converters. The operation 
and stability of basic buck and boost converters in discontinuous conduction modes 
loaded by CPLs have been investigated in [25] by A. Rahimi. Using time domain 
analysis, it has been shown that the open loop buck and boost converters are stable 
when they are loaded by CPLs. A. Rahimi in [26], introduces a novel nonlinear 
feedback, which is called the loop-cancellation technique, to cancel the destabilizing 
effect of the CPLs. Theoretically, any amount of CPLs can be compensated by this 
method. Another advantage of this technique is that its implementation is identical for 
different kinds of converters such as buck, boost and buck-boost converters. 

CPL connected to a DC power supply may lead to instability problems on the DC-link 
variables. In [27], local stability of the DC-link variables has been analyzed using 
Nyquist stability criteria. An oscillation compensation technique is proposed to improve 
the system stability margin driving a CPL. Reference [28] investigates start-up process 
and step response of average current-controlled buck cascading converters loaded with 
CPLs. The design criteria have been proposed to achieve system stability during 
dynamics, such as start-up and load transient processes. In [29], a boundary control 
operation of a buck converter with a CPL has been discussed. Boundary control is used 
to overcome the destabilizing effects introduced by the CPL and to drive the two-state 
buck converter system to a desired operating point. Current mode control has been 
examined in [30] for the boost converters with CPLs. By small signal modelling it has 
been shown how peak current mode control provides active damping. 
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Stability issues present in DC microgrids comprising of CPLs have been extensively 
addressed in recent research. CPLs introduce a destabilizing effect in DC microgrids 
that may cause their main bus voltages to show significant oscillations or to collapse. 
Reference [31] proposes techniques to achieve a stable DC voltage at the microgrid 
main buses by compensating the oscillatory action of CPLs both through hardware 
dependant techniques and through control related strategies. In [32], amplitude death 
methods are employed to solve the issue of unwanted oscillations appearing due to the 
presence of CPLs in DC microgrids. 

The growing number of electric vehicles and aircrafts utilizing CPLs demands the 
designers to minimize the size and the weight of power systems. DC-link capacitors are 
part of the first elements that should be reduced. Magne and Marx in [33, 34] propose a 
stabilization technique to reduce the DC-link capacitance supplying a CPL. Moreover, it 
is shown that the DC-bus voltage transient response can be shaped by the virtual 
capacitor. It has been investigated how a large signal stability analysis gives useful hints 
on the design of the system to optimize the stability criteria for constant and variable 
power loads. Another such study has been carried out in [35] based on the small signal 
model of the CPL. The implemented technique for damping DC-link oscillations and 
instability in brushless DC-drive systems results in a small DC-link capacitor and will 
make many passive damping networks undesirable.  

For distributed AC and hybrid AC/DC systems with CPLs, the very first design-oriented 
stability criteria have been developed by M. Belkhayat in [36, 37]. In this work, the 
stability criteria for a CPL to choose proper components of a single-stage LC filter 
based on the Brayton-Moser mixed potential theory has been derived. Moreover, AC 
stability criterion has been introduced based on the generalized Nyquist criterion and 
reference frame theory. A. Emadi in [38, 39] proposes a generalized state-space 
averaging method to investigate the negative impedance instability in hybrid AC/DC 
distribution systems. A stable region for a typical system has been presented. Some 
recommendations have been suggested to avoid negative impedance instability when 
designing AC power systems. In [40], CPL stability criteria has been developed based 
on the Brayton-Moser mixed potential theory to choose the appropriate parameters of 
multistage LC filters for an ideal CPL. The proposed criteria utilize the negative 
incremental impedance of the CPL to constrain the filter parameters and can be 
extended to actual CPLs. In [41], an analytical technique based on Brayton-Moser 
mixed potential for predicting the large-signal stability behaviour of a hybrid AC/DC 
power system with CPLs has been established. The proposed technique provides a 
computationally efficient tool for protection sizing and filter design optimisation. An 
interesting research has been carried out to stabilize the hybrid AC/DC power system 
with CPLs in hybrid electric vehicles in [42]. To improve system stability, model 
predictive control (MPC) is applied to minimize the change of DC-link voltage and the 
change of complex input impedance seen at the point of common coupling (PCC) 
during transients and faults. MPC provides an optimal trade-off between modification of 
load impedance, variation of DC-link voltage and battery current ripples. 
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1.3 Composition of Modern Distribution System  

Due to the recent growing emphasis on environmental issues in many countries, modern 
distribution networks are rapidly evolving toward the new concept of smart grid with an 
increasing level of penetration of distributed generation (DG) units, storage systems and 
information and communication technologies [43-46]. Depending on the characteristic 
of the grid supply voltage, the current distribution systems can be classified as hybrid 
AC/DC system.  DG incorporates a wide range of prime mover technologies, such as 
internal combustion (IC) engines, gas turbines, micro turbines, photovoltaic (PV) 
systems, fuel cells, wind power and AC storage. Most emerging technologies such as 
micro turbines, photovoltaic systems, fuel cells and AC storage have an inverter to 
interface with the electrical distribution system. These emerging technologies have 
lower emissions and are becoming cost effective with the passage of time [44]. Using 
DG in the distribution system reduces the physical and electrical distance between 
generation and load. By bringing the sources closer to loads contributes to the 
enhancement of the voltage profile, reduction of distribution and transmission losses, 
and postpones the investments in new transmission and large scale generation systems. 
The main changes in the modern distribution network due to the inclusion of DG 
technologies are the bidirectional power flow, the uncertainty in bus voltage profiles 
and the uncertainties in short-circuit power [47]. Basic configuration of a modern hybrid 
AC/DC distribution network connected to a medium voltage bus has been presented in 
Figure 1.1. 

 
Figure 1.1: Basic configuration of hybrid AC/DC distribution system 

The loads present in a distribution system can be classified as passive or active. Passive 
loads consume power from the utility without taking into consideration the stability and 
efficiency of the overall system. However, an active load can be used to enhance the 
system efficiency and stability under grid contingencies. Plug-in electric vehicle, motor 
drives and many other home appliances requiring DC are some of the examples of 
active loads. Depending on the type of regulation many of these loads behave as CPLs. 
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Due to the growing use of power electronics to interface the loads, the total low voltage 
distribution network could become a CPL in future electrical grid. 

CPLs interfaced to the grid by PE converters are the most destabilizing loads under 
abnormal voltage conditions due to inherent negative resistance instability 
characteristics. Most of the research efforts focusing CPLs have been focussed on the 
instability effects of the constant power characteristic as mentioned in section 1.2. On 
the other side, when operated efficiently these loads can be used to improve the stability 
and operation of the electrical system they are part of and provide many additional 
services, otherwise, requiring dedicated compensating devices.   

1.3.1 Ancillary Services in Distribution System 

In order to maintain the balance in supply and demand and grid reliability ancillary 
services are necessary in the power system. Ancillary services provided by DG systems 
interconnected to the electric power systems are defined by the IEEE standards [48]. 
Issues addressed in the standard include load regulation, energy losses, spinning, and 
non-spinning reserve reactive supply. Future ancillary services may also include power 
quality enhancement [49]. Ancillary services contribute to an efficient approach for 
management of the new power system characterized by several DG units. In fact, they 
are based on the specific characteristic of power electronically interfaced DG systems 
that can be used to inject active power, reactive power, and harmonics. The reactive 
power and harmonic mitigation is provided even if the energy source is not available. In 
this case, dedicated compensators are installed at the distribution level. Ancillary 
services provided by different types of DG units are briefly discussed as follows: 

 Ultracapacitors (UCs) are emerging storage devices characterized by high power 
density and high cycling capability. The combination of a fuel cell and an 
ultracapacitor, when interconnected to the distribution network through PE 
interfaces, allows performing ancillary services such as power quality 
improvement and the load regulation [50, 51]. This hybrid system with an 
efficient converter control structure is able to provide a fast and reliable response 
under several conditions. Fuel cell alone being not able to comply with the fast 
dynamics of the electrical system is not suitable for providing such ancillary 
services. 

 PV generation units are being used extensively in order to have a local 
production resulting in cutting down the use of conventional fuels and 
improving the reliability of the supply at the distribution level [52]. Such grid-
connected systems fix mandatory constraints to PE converters to meet power 
quality specifications and draw the maximum power conversion from renewable 
sources. Grid-connected PV units as reactive power compensators have been 
studied in the recent research and advanced control schemes have been 
developed in order to regulate active and reactive power injection into the grid 
[53]. 

 Wind power plants nowadays are able to partly participate in provision of 
ancillary grid services through different sets of control possibilities. Reactive 
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power/voltage control can be obtained from wind systems without significant 
investment and cost of equipment [54]. Generally, with tendency of increasing 
reactive power control capabilities, wind farms can significantly contribute to 
voltage regulation and act as reliable grid ancillary service provider. In the last 
decade, more advanced back-to-back (BTB) PE converters have been introduced 
in large scale which started to regulate the generated power from the wind 
turbines. The partial-scale power capacity for the DFIG and the full-scale power 
capacity for the asynchronous/synchronous generator (A/SG) are two most 
widely used configurations these days [55-57]. By introducing the BTB PE 
converters, it is possible to fully control the extracted power from the wind 
turbines, and also provide ancillary services to the grid. The advancement in 
power electronics has significantly improved the performance of the wind power 
plants. It resulted in the reduction of mechanical stress and increase in power 
production. 

 Plug-in vehicles can both behave as loads or as distributed energy and power 
resources in a concept known as vehicle-to-grid (V2G) connection [58]. The 
efficiency, stability, and reliability of the renewable electricity system can be 
enhanced with the vast untapped storage of plug-in vehicles when connected to 
the grid. Because of the bidirectional power transfer capability, the transmission 
system operator can request for a power transfer through an aggregator fleet of 
vehicles through control signals thus providing services like power system 
regulation [59]. Moreover, V2G-capable vehicles can offer reactive power 
support, peak shaving, tracking of variable renewable energy sources and current 
harmonic filtering. These technologies may provide ancillary services, such as 
voltage and frequency control and spinning reserve [58, 60]. The plug-in 
vehicles behave as CPLs when their PE converter is tightly regulated. In this 
work, CPLs have been introduced to provide some of the ancillary services 
mentioned in this section. The power rating of the converters used in a single 
plug-in vehicle is not sufficient enough to provide all the demanded ancillary 
services. However, when used as dispersed resources at different locations, 
better results can the achieved.  

1.4 Reactive Power Compensation Technologies 

Reactive power compensation is defined as the management of reactive power to 
improve the efficiency and stability of AC power systems [61]. The reactive power 
compensation issue is generally focused on two aspects; load compensation and voltage 
support. The main objectives of the load compensation is to improve the system power 
factor, to filter the active power drawn from the AC supply and to eliminate current 
harmonic components produced by large and fluctuating non-linear industrial loads.  
Voltage support is generally performed to reduce voltage fluctuation at a given terminal 
of a transmission or distribution line. There are many cost effective and easiest methods 
of reactive power provision in AC distributed systems and are explained as follows: 
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 In distributed power systems based on squirrel cage induction generators, 
capacitor banks are installed at the generator terminal to achieve the reactive 
power requirements [62, 63]. Capacitor banks are either connected in parallel at 
the generator terminals all the times or multiple capacitor banks are switched in 
and out based on the requirements at particular instant of time. 

 An alternative approach to parallel reactive power compensation is the use of 
static Var compensator (SVC), which consists of a thyristor controlled reactor 
(TCR) connected in parallel with a thyristor controlled capacitor. SVC serves as 
a shunt-connected adjustable capacitive or inductive reactance, which supplies 
or absorbs reactive power in order to regulate the voltage magnitude at the point 
of connection to the distribution line [63]. 

 Another very effective shunt reactive power compensation scheme is VSC based 
STATCOM, which is composed of a PE converter with a capacitor or a DC 
voltage source on its DC side, a coupling transformer, and a control block [63]. 
STATCOM is a controlled reactive power source/sink that delivers or consumes 
the desired amount of reactive power entirely by means of electronic processing 
of voltage and current waveforms in a VSC [64].  

 In wind energy conversion systems (WECS), series capacitive compensation is 
the most cost effective method of improving voltage profile.  Typical series 
compensation systems employ capacitors to decrease the equivalent reactance of 
a power line at rated frequency [62]. Variable series capacitance is usually 
implemented by using thyristor control series capacitor (TCSC).  

 Application of unified power flow controllers (UPFC) is a combination of both 
series and shunt compensation of reactive power. The UPFC consists of two PE 
converters operated from a common DC link. One is connected in series with the 
line, and the other in parallel [61]. This arrangement functions as an ideal AC to 
AC power converter in which the real power can freely flow in either direction 
between the AC terminals of the two inverters and each inverter can 
independently sink/source reactive power. 

The reactive power supply from the network resources like CPLs could greatly improve 
the performance and stability of the power network. It could also prove to be the cost 
effective solution as it can replace the existing reactive power providers mentioned in 
this section. The work carried out in this thesis presents the application of CPLs to 
achieve the reactive power compensation targets as ancillary service for the grid in 
addition to feeding a load demanding constant power all the time. 

1.5 Main contributions of the thesis 

Following are the main contributions of this thesis: 

 CPLs providing ancillary reactive power: Most of the recent research work 
regarding the provision of reactive power in AC distribution system for voltage 
support considers a dedicated centralized STATCOM as a compensating device. 
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The use of DG inverters for voltage support is also common. This thesis presents 
CPLs as built in distribution system resources providing transient stability 
improvement through reactive power compensation. CPL works on voltage 
source principle and it inherits negative resistance instability, thereby, requiring 
a robust control. An optimal CPL control strategy has been developed in this 
work. A comprehensive investigation considering the current rating of the 
devices due to reactive injection is carried out. It confirms the advantages of 
using distributed CPLs over a centralized STATCOM.  

 Optimal operating point for a CPL: The reactive injection results in a small 
decrease in total CPL current as the voltage improves by a small amount. An 
analytical study aiming to find optimal operating point for the CPL has been 
performed. This can serve as a base to develop the loss minimization algorithms 
in a microgrid using distributed CPLs [65-68]. The amount of reactive injection 
by CPL increases with the increase in load power, grid impedance and grid 
voltage drop and optimal operating point varies with the varying network 
parameters. 

 CPLs providing unbalance fault ride through: The stability of the wind farm 
supplying a local microgrid under asymmetrical grid faults is very critical, 
specially, in the absence of any compensating devices. Unbalanced fault ride 
through has been achieved in DFIG-based wind farms using rotor and grid side 
converters. In case of absence of a PE interface for the DER, this service has 
been provided by a STATCOM. This work introduces the application of CPLs 
for fault ride through services under asymmetrical grid faults. The obvious 
advantage in this case is that a dedicated compensating device is not required 
and a CPL being a part of electrical network can be utilized, providing a cost 
effective solution. This requires a modification in the CPL control structure and 
it must be able to extract an incorporate the positive and negative sequence of 
the voltage to be compensated [69, 70]. 

 Active power filtering with CPL: Active power filtering and power quality 
improvement is one of the most interesting research topics these days. 
Traditionally, harmonics in the source currents are removed using a shunt 
compensating device. Likewise, harmonics in the source voltage can be 
effectively removed by using series compensator injecting the negative harmonic 
voltages into the network. This work investigates the use of CPL to address the 
power quality issues in the AC distribution system comprising a microgrid. The 
alleviation of current harmonics has been achieved with a modified CPL control 
structure under ideal and non-ideal source voltage conditions. This is an extra 
grid service that a CPL provides in addition to acting as an interface for a load 
requiring constant power. An interesting feature of the study is that CPL is 
naturally suited for source current harmonics alleviation as it adds a perfect 
sinusoidal term in it [71-74].  
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2. N. Jelani and M. Molinas, "Mitigation of Asymmetrical Grid Faults in Induction 
Generator-Based Wind Turbines Using Constant Power Load," Energies, MDPI, 
vol. 6, pp. 1700-1717, 2013. Reference [69] 
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1.6.2 International Peer-Reviewed Conferences 

1. N. Jelani and M. Molinas, "Optimal Use of Power Electronic Interfaces for 
Loads in Distributed Systems," in IEEE International Symposium on Industrial 
Electronics (ISIE) 2010, pp. 2449-2454. Reference [66] 

2. N. Jelani and M. Molinas, "Loss Minimization in AC Distribution System with 
High Share of Power Electronic Loads Providing Ancillary Reactive Power," in 
IEEE PowerTech, 2011 Trondheim, pp. 1-6. Reference [67] 

3. N. Jelani and M. Molinas, "Stability investigation of control system for power 
electronic converter acting as load interface in AC distribution system," in IEEE 
International Symposium on Industrial Electronics (ISIE), 2011, pp. 408-413. 
Reference [68] 

4. N. Jelani and M. Molinas, "Shunt Active Filtering by Constant Power Load in 
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in IEEE International Conference on Power System Technology (POWERCON), 
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5. M. Zadeh, N. Jelani, and M. Molinas, "Seamless Control of Distributed Multi-
Converter System with High Power Quality," CIRED, 22nd International 
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6. M. Shahbaz, N. Jelani, and M. Molinas, "Alleviating Harmonic and Reactive 
Power Issues in Smart Grid Based on the Implementation of the Instantaneous p-
q Power Theory under Unbalanced and Distorted Supply Voltages," 
International Conference on Power Systems Transients, IPST, Vancouver, 
Canada, 2013. Reference [74] 

1.7 Layout of the Thesis 

Chapter 1 of this thesis presented a brief introduction to the distribution system 
components focusing mainly on CPLs. It provides an overview of the past research done 
in this area. It also discusses briefly the provision of grid ancillary services by the DG 
units in a power network. It presents some of the technologies and configurations used 
to provide reactive power in a power system. This helped to identify the scope of work 
as presented in section 1.1. 

In chapter 2, a discussion has been made on different types of loads and their 
characteristics. It provides a brief overview of the different PE device being used as 
front end converters for CPL in AC distribution system.  Negative resistance instability 
associated with CPLs has been briefly discussed. CPL modeling approach has been 
presented and control structure is proposed. 

Chapter 3 presents the impact of reactive injection on the terminal voltage of the CPL. It 
first present the AC distribution system and its different components under 
consideration. A transient stability investigation has been performed in AC distribution 
system and the stability margins for different shares of load under balanced grid faults 
have been identified. A comparison between the current ratings of distributed CPLs and 
centralized STATCOM has been made. An analytical study has been presented in this 
chapter to identify the minimum CPL current for different load powers and varying 
network parameters. 

Chapter 4 studies the mitigation of asymmetrical grid faults in a wind farm using the 
CPLs. A control scheme has been presented to extract and incorporate the positive and 
negative sequence components of the voltage for asymmetrical fault ride through. It also 
presents a comparison between the current ratings of CPLs and a STATCOM under 
different values of asymmetrical grid faults. 

Power quality issues have been presented in chapter 5 under both ideal and non-ideal 
voltage conditions in an AC distribution system. The time and frequency domain 
approaches have been considered. It has been discussed that a CPL can effectively 
acquire the functionality of a shunt active filter and it naturally suited for such an 
application as it draws sinusoidal current from utility.  

Chapter 6 presents the summary of the thesis with concluding remarks and an outline of 
possible topics for further research based on the presented work. 

Four appendices are included to complement the thesis work. Appendix A presents the 
per unit system and the parameters of the different components of the distributed AC 
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system. Appendix B discusses the time and frequency domain results under low system 
voltage to assist the analysis done in chapter 2. Appendix C presents some of the 
generation and grid quantities that were not shown in chapter 3 and chapter 4. In 
Appendix D, a simulation study is performed to present the role of generation PE 
interface as shunt active filter.  
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2 CPL: Modelling and Control 

 

 

Proliferation of power electronics in the home appliances many years ago lead to the 
introduction of CPLs that now represent a significant part of modern power distribution 
networks. Many of the industrial application are using power electronics based motor 
drives that in some of the cases behave as CPLs. The number of this kind of loads has 
been rapidly growing and will continue increasing in the near future. A modification in 
their control structure can enable them to provide some of the services that were earlier 
provided by the dedicated compensating devices. A CPL can be either controlled or 
uncontrolled PE interface utilizing either diodes or thyristors for specific applications 
having higher power rating and better reliability and robustness. However, these PE 
devices provide limited control options and cannot be used to provide ancillary grid 
services. The constant power feature leads to negative resistance characteristics in 
CPLs. Due to negative resistance instability, it is very essential for the CPL control to 
be stable and robust [38, 39, 75]. For more flexibility in control, VSC based on IGBT 
switches are better option. Because of the unique characteristics, dynamics, and stability 
problems associated to constant power behaviour, conventional methods in AC power 
systems are not appropriate for investigating the role of these PE loads in AC 
distribution systems. In order to achieve the ancillary grid services from CPL, its control 
must be modified accordingly. This demands a basic robust control structure that can be 
easily made adaptive to the type of service required by the grid under different 
situations. This chapter presents the modelling, control and tuning techniques for the 
CPL to be further used in AC distribution system. A mathematical model of a VSC 
based PE load in synchronous reference frame (SRF) is considered with the 
implementation of vector control. The transfer functions for the voltage and current 
control loops have been derived and the tuning rules for the CPL controllers are 
proposed. A frequency domain analysis is carried out to see the effectiveness of the 
control scheme. 

This chapter presents a discussion about the existing CPL
technologies. It first presents the characteristics of different
types of electrical loads. It briefly discusses the negative
resistance characteristic of a CPL. The control system for a
CPL is developed and presented. It presents an analytical study
for the derivation of transfer functions for different CPL
controllers and suggests the tuning methods for finding the
values of controller parameters.  
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2.1 Types of Loads 

Power system dynamic behaviour can be affected by the load characteristics as the loads 
change the system transfer impedance [76]. The importance of proper representation of 
loads in power system stability studies has long been recognized and many studies have 
been made. Load modelling is qualitatively different from generator modelling; it is 
relatively simple and straightforward to construct models of practically any of the 
typical load components. The exact composition of the load is often very difficult to 
evaluate because it changes persistently reflecting the customer’s pattern of using 
various appliances and devices during different times of the day. The usage of 
appliances also depends on the customer’s lifestyle, the weather conditions, the state of 
economy and many other factors. Therefore, it is essential to estimate the load 
composition at time of critical interest such as under a heavy or light load condition. 
Load models are usually classified into two broad categories; static models and dynamic 
models. 

2.1.1 Static Characteristics 

It is most common to represent the loads by constant impedance (resistance or 
reactance), constant current and constant power (active or reactive) elements by 
separately considering the active power P and the reactive power Q. These types of 
loads are typically categorized as follows [76, 77]:  

 Constant impedance load: It is also referred to as a constant admittance load. 
The active and reactive powers vary with the square of the load voltage 
magnitude. An incandescent lamp is an example of such kind of loads. 

 Constant current load: The active and reactive powers are directly proportional 
to the load voltage magnitude. 

 Constant power load: It is also referred as a constant MVA model.The active and 
reactive powers are independent of the load voltage magnitude. The common 
examples are the motors linked to the grid through front end PE regulating 
converters. 

Static load characterization is implemented by the exponential model in which the 
powers are represented as an exponential expression of the load voltage magnitude as 
indicated by the following expressions [77, 78]: 
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where P0 and Q0 stand for the active and reactive powers consumed at a reference 
voltage V0. For a CPL model where real and reactive powers do not vary with changes 
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in load voltage (i.e. a =0). In constant current load model, the power varies directly with 
the voltage magnitude (i.e. a= 1). For constant impedance load model, the power varies 
with the square of the voltage magnitude (i.e. a = 2). 

2.1.2 Dynamic Characteristics 

Many components of power system respond to disturbances dynamically; i.e. responses 
to disturbances do not occur instantaneously but require some time. Depending on the 
nature of disturbances and also for the purpose of the study, the dynamics with a certain 
range of response times become more important. Therefore, a dynamic load model is a 
function of time and may be represented by differential equations. Spinning or dynamic 
loads are mainly induction motors [76, 78]. 

The dynamics associated with the motors are probably the only dynamic characteristics 
of the load that have been comprehensively studied. Various methods of analysis have 
been established to predict the dynamic behavior of a motor subjected to specific 
disturbances on the supply side. A large portion of the total load is comprised of motor 
load and exhibits the major dynamics during certain disturbances. In US only, more 
than 60% of the total electrical energy is consumed by motors. Aggregate motor load 
cannot be satisfactorily represented by single motor. Large induction motor loads can 
cause relatively severe instability conditions; the system is more stable with a dynamic 
representation of motor load at a remote generation than with a constant impedance 
representation of the same load. The total active power of the motor load depends not 
only on the system frequency, but also on the rate of the frequency change. For 
example, all the motors try to run faster when the system frequency is increasing, and 
consequently draw more active power to increase the kinetic energy associated with the 
inertia, as well as to compensate the increased losses and shaft loads [76]. Once the 
system frequency reaches a higher value, the motors need power only to compensate the 
increased losses and shaft loads. In this respect, small and medium induction motors can 
have substantial effects on stability. It might not be suitable to ignore inertia of small 
and medium motors when the disturbances are sufficiently abrupt and large and 
therefore, one can reasonably expect rapid changes in the motor speeds. There are many 
small and medium motors aggregating to a large portion of the total load with a 
substantial total inertia and a significant effect on damping.  

There are other dynamic characteristics of the load which must be discussed. They 
include the characteristics associated to protective operations of thermal and over-
current relays, such as one fitted on compressor motors, arc extinction and restart of 
various discharge lamps and thermostat control of space conditioning and refrigeration. 
The first two examples may be largely categorized as discrete-state characteristics. One 
can easily associate the characteristics with two distinctive states, on/off states for motor 
tripping and arc/no-arc states for discharge lamps. They are dynamic because it usually 
takes some time before motors are tripped or discharge lamp restarts. 
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2.2 CPLs in AC Distribution System 

Figure 2.1 shows several loads connected to each bus in a distribution system. The 
responsibility of the source subsystem is to maintain the amplitude and frequency of the 
bus voltage at a fixed level. It has been assumed that some of the loads, which are 
supplied from source subsystem, are tightly regulated controlled or uncontrolled PE 
converters. Therefore, these PE loads, which may be voltage regulators or motor drives, 
behave as CPLs [38]. 

 
Figure 2.1: PE controlled CPLs and passive loads connected to a typical bus [38] 

Figure 2.2 shows the CPL and conventional constant voltage load (CVL) connected to a 
typical bus. It also shows the equivalent circuit of the source subsystem at this typical 
bus with equivalent impedance [38]. Because P and R are equivalent constant power 
and constant voltage loads, respectively, they can change according to the number and 
power of the loads. It means that if a load is disconnected or a new load is added, P and 
R may change accordingly. However, P and R instantaneously show the equivalent 
power of CPLs and the equivalent resistance of CVLs, respectively. In order to 
determine the necessary conditions for stability of the circuit shown in Figure 2.2, CPL 
must be modelled. 

 
Figure 2.2: CPL and CVL connected to a typical bus [38] 
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2.3 Modelling of Diode/Thyristor-Based CPLs  

Most of the PE loads have rectifiers at their front end. Therefore, generally, CPLs are 
connected to AC distribution systems via a controlled or uncontrolled rectifier. These 
loads consume constant active power from the generation system irrespective of any 
abnormalities in the system voltage. In a CPL, input current is inversely proportional to 
the input voltage, it decreases/increases when the input voltage increases/decreases. As 
a result, CPLs have negative impedance characteristics at the input terminals [9, 17, 18, 
39, 79-81]. Figure 2.3 shows a thyristor rectifier connecting two AC and DC 
subsystems. The rectifier can be replaced by diodes as well. It has been assumed that the 
DC subsystem behaves as a DC CPL. The modeling and behavior of these loads has 
been presented from the AC subsystem point of view, considering small signal 
variations around the operating points [38]. The cases of diode and thyristor rectifiers 
driving a CPL have been discussed in the following subsection. 

 
Figure 2.3: AC/DC rectifier connecting a DC subsystem with CPL to an AC subsystem  

2.3.1 CPLs with Uncontrolled Diode Rectifiers at the Front End 

In this case, the rectifier is using the diodes to drive the DC subsystem behaving as 
CPL. Figure 2.3 is considered utilizing diodes instead of thyristors for the front end 
conversion. It is assumed that the converter is in continuous conduction mode (CCM) of 
operation and the voltage of the CPL is assumed to be sinusoidal; however, the current 
is not sinusoidal [38]. By neglecting harmonics in this section, only the fundamental 
component of the current is considered. Therefore, voltage and current of the load can 
be written as: 

 max

max

.cos

.cos -

t V t
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The average active power is presented by: 

 max max
1 .cos
2

V IP  (2.3) 
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For a diode rectifier, the voltage and fundamental component of the current are in phase 
assuming that the output current of the rectifier is constant. Therefore, the average 
power is expressed as: 

 max max
1 1
2 2 rms rmsV I V IP  (2.4) 

For modeling this load, a small-signal perturbation in the voltage amplitude is 
considered. This will further lead to a small-signal perturbation in the load current 
amplitude: 
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As the load power remains constant therefore: 

 * *
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By neglecting the second order term [38], it is possible to obtain: 
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This relation describes the small-signal behavior of the load. RCPL is defined as: 
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Therefore, the AC CPL considering small-signal variations behaves as a negative 
resistance. The absolute value of this resistance is equal to the impedance of the CPL at 
its operating point. Figure 2.4 shows the small-signal model of the load. 

 
Figure 2.4: Small-signal model of AC CPLs with uncontrolled diode rectifier at the 

front end 

This model is also valid for unity displacement which means that the voltage across the 
load and the fundamental component of the current through the load are in phase. 
Therefore, the same model of Figure 2.4 is used for this category of AC PE loads. 
Generally, these converters have a DC/DC boost converter after the diode rectifier. In 
this section, it has been assumed CCM of operation for the converters. However, some 
PE converters are working in discontinuous conduction mode or there is a buck 
converter after the rectifier. Therefore, the input current of the load is not continuous. If 
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the voltage and fundamental component of the current are in phase, the small-signal 
model given in Figure 2.4 is valid. However, if there is a phase difference, the small-
signal behavior of the load becomes inductive. 

2.3.2 CPLs with Controlled Thyristor Rectifiers at the Front End 

Like the uncontrolled diode rectifier, the fundamental component of the current in CCM 
mode of operation is considered for the uncontrolled thyristor rectifier at the front end 
[38]. The voltage and the current of the load are therefore represented by: 

 max
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t V t

t I t

v
i

 (2.9) 

where  is the firing angle of the rectifier. The average power can be expressed as: 

 max max
1 .cos .cos
2 rms rmsV I V IP  (2.10) 

For small-signal modelling of the load, small-signal voltage and current perturbations 
have been considered. Since the average power of the load is constant, it is possible to 
write: 

 * *
max max max max max max
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By neglecting the second-order term, it can be established: 
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ZCPL is defined as: 
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Therefore, the AC CPL interfaced through controlled rectifiers considering small-signal 
variations behaves as negative impedance. The absolute value of this impedance is 
equal to the impedance of the CPL at its operating point. Furthermore, there is a phase 
difference between the current and the voltage. Therefore, the small-signal impedance 
of the CPL can be expressed as: 

 * . .cos sinCPL CPL CPL CPL
je jZ R R R  (2.14) 

The small-signal resistance and inductance of the load can be represented as: 
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The small-signal model of the load is illustrated in Figure 2.5. 
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Figure 2.5: Small-signal model of AC CPLs with controlled thyristor rectifier at the 

front end 

2.4 Case Study: CPL 

In general, AC motor connected to the grid by a back to back converter can be 
considered as a CPL as shown in Figure 2.6. The intermediate phase is represented by 
the DC link which is usually modeled with a capacitance. Besides motor drives, other 
typical examples of CPLs in a modern grid are the battery chargers for electric vehicles 
and large rectifiers for DC loads.  

 
Figure 2.6: Induction motor load with back to back converters 

In the system under investigation, for simplicity, the equivalent DC side load is 
considered as shown in the Figure 2.7. 

 
Figure 2.7: Simplified model of a CPL 

In our case, CPL is an active rectifier such as three phase full bridge inverter with 
IGBTs or other similar switching semiconductor devices. An active rectifier provides 
more flexibility in operation, power factor controllability and reduced THD. A well-
known application of an active rectifier is a VSC as it is naturally suited for controlling 
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active and reactive current in a decoupled manner [75]. In this way, the inverter can 
control the direct current component absorbed towards the load independently of the 
control of reactive current, which can be injected towards the grid, thus supporting the 
stability of the distribution system under abnormal grid voltage conditions. Figure 2.8 
illustrates the VSC model of a CPL. 

 
Figure 2.8: Three phase VSC based on IGBT switches 

2.4.1 Negative Resistance Characteristic of a CPL 

Like many other non-linear loads the resistance of the CPL depends on the applied 
voltage at its terminals. Many of the home appliances are loads with AC/DC converters 
inside, feeding an internal part that works on a constant DC voltage. The control system 
of these AC/DC converters controls the direct voltage Vdc such that it becomes 
independent of the applied grid voltage vd. This means that the AC power is 
independent of the value of grid voltage [82-84]. A lower AC side voltage from the 
rated value results in a drop in DC link voltage. However, the increase in AC side 
current neutralizes the drop in DC link voltage which remains constant under all the 
conditions. Under symmetrical grid voltage sags, with no negative sequence voltage, the 
operation of the internal controller demands the VSC to draw more/less grid current to 
maintain a constant active power at the converter input, such that: 

 d
i

d

nPv
i

 (2.16) 

where Pin is the constant input active power and id and vd are the active components of 
the AC side current and voltage respectively. Since the input active power to the 
converter remains constant in a wide range of operating conditions, provided that the 
controller works properly and instantly, the vi characteristic of the CPL is investigated 
by considering the incremental input resistance RCPL [79]. This value is given by the 
ratio of small signal changes in input voltage over small signal input current:  

 d

d
CPLR v

i
 (2.17) 

Differentiating (2.16) with respect to the current yields negative input resistance:  
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RCPL represents the negative resistance seen from the AC side. Figure 2.9 demonstrates 
the negative resistance characteristic of the CPL and confirms the inverse relationship 
that holds between voltage and active current under balanced voltage dips. It can also be 
seen that the destabilizing effects of the negative resistance can be minimized when the 
CPL is able to inject the reactive current iq into the power system. The reactive injection 
leads to a small increase in AC side voltage at the CPL terminal and the active 
component of the current decreases to keep the input power constant. The increase in 
voltage is dependent on the amount of reactive injection and the overall impedance of 
the power network. The higher the reactive injection and the network impedance the 
more the voltage support. This has been addressed in details in chapter 3.  

 
Figure 2.9: Negative resistance characteristics of a CPL and impact of reactive current 

injection [65] 

2.5 CPL Control Structure 

The control strategy implemented for CPL is based on vector control method in a 
synchronous reference frame (SRF) to achieve an independent control of active and 
reactive powers. Vector control method transforms the AC current and voltages into DC 
quantities, thereby, allowing the PI controllers to remove effectively the static errors in 
the control system. However, this is one possibility of the control scheme; many other 
control methods can also be employed.  

Figure 2.10 illustrates the CPL control configuration. Clark and Inverse-Clark 
transformations convert the three phase voltages and currents into stationary  
complex reference frame and vice-versa. Similarly, Park and Inverse-Park 
transformations convert the voltage and current quantities from stationary  reference 
frame to rotating SRF, and vice versa. Phase-locked loop (PLL) is a control system that 
generates a signal that has a fixed relation to the phase of a reference signal [85]. It is a 
closed loop control that controls the angle . The overall control scheme is based on the 
cascade of two independent controllers, a DC link voltage controller to regulate the 
output DC voltage and the current controller to control the load current. 
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Figure 2.10: CPL control structure with independent control of active and reactive 

powers in SRF 

2.5.1 Inner Current Controller 

The inner current control consists of two PI regulators separately for active and reactive 
current control, decoupling factors and the feed-forward terms. It controls the current 
flowing through the load to define the voltage that it needs to generate. The basic 
structure of the current control is shown in Figure 2.11. 

 
Figure 2.11: Block diagram of current controller 

PI regulators transform the error between the active and reactive components of current 
into corresponding voltage signal. The general expression for the PI regulators is 
presented by: 

 
1 .

( ) .
.
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where the subscript ‘c’ represents the current regulator. P(s) is the transfer function of 
the PI regulator, Kpc is the proportional gain and Tic is the integral time constant. The 
regulator block transfer function is then:  
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where idq and v´dq-conv are the active and reactive components of measured current and PI 
output voltage.  

PWM converter is an ideal power transformer with an average time delay equal to half 
of the IGBT switching cycle [86]. The transfer function of PWM converter is therefore 
presented by: 

 1 1( )
1 .1 .

2
switch a

Q s T T ss
 (2.21) 

 where Tswitch is the switching time and Ta is the average delay of the PWM converter. 
The converter block transfer function is given by: 
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where vdq-conv is the output voltage of the PWM converter as shown in Figure 2.8. 
Combining the PI regulators and PWM converter transfer functions, we have: 
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The reference voltage for PLL is VAC and current reference for the CPL control system 
is iconv as presented in Figure 2.8. The reference voltage is written as: 
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In SRF, (2.24) can be expressed as: 
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where vd and vq are the active and reactive components of the AC side reference voltage. 
The frequency terms in (2.25) provide cross coupling between the two axis. The cross 
coupling terms are compensated by the feed-forward terms in the controller. The system 
input from converter is defined as: 
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Substituting (2.26) into (2.22) and equating with (2.25), we have: 
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The cross coupling terms are thus cancelled out and independent control of active and 
reactive current is achieved, which is one of the important features of vector control 
[87]. Thus current controllers of each axis operate independently. The frequency 
domain representation of the active component of current is therefore: 
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The transfer function of the system is: 
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where  is the time constant of the distribution line. Complete block diagrams of active 
and reactive current component controllers are presented in Figure 2.12.  

 
Figure 2.12: Complete block diagram of active and reactive current controllers 
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However, as the cross coupling terms are cancelled out by the feed forward terms, 
therefore, the block diagram reduces to two separate loops in the d and q axis as shown 
in Figure 2.13. All the values are referred in per unit (pu). 

 
Figure 2.13: Reduced block diagram for inner current control 

The reference of the inner current controller comes from outer controller. The outer 
controller consists of DC voltage controller or active power controller.  Active current id 
is used to control either of active power or DC voltage level. Similarly, the reactive 
current iq is used to control either of reactive power flow into stiff grid connection or 
AC voltage support in weak grid connection or during faults on the transmission lines. 

2.5.2 Outer Voltage Controller 

The outer voltage controller maintains the DC link voltage to a specified level. The 
basic components of the voltage controller are the same as in the case of current 
controllers. The measured voltage is compared with the specified value and the error is 
fed to the PI regulators. The general block diagram of the outer voltage controller is 
given in Figure 2.14.  

 
Figure 2.14: Block diagram of DC link voltage controller 

PI regulator converts the DC link voltage error signals into corresponding active current 
signal that acts as input for the inner active current controller. Fluctuations in the DC 
link voltage caused by the variations in the AC side voltage are translated by the 
increase/decrease of the active current component. The regulator block is represented by 
the following expression: 
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where Kpv is the proportional gain and Tiv is the integral time constant. The subscript ‘v’ 
represents the voltage regulator. 
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For the design of outer voltage controller, the inner active current controller is generally 
assumed as ideal and represented by unity [87]. In this case, a simplified representation 
of the second order closed loop transfer function of the inner active current controller by 
the equivalent first order approximation is assumed, such that: 

 1 1( )
1 2 . 1 .a eq

Q s
T s T s

 (2.31) 

As the active power drawn by the CPL is constant, the power balance relationship 
between the input and output of the converter is given as, 
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where Vdc and Idc are the voltage and current respectively on the DC output side. The 
DC side current is represented by: 
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where IL is the load current. As d-axis is always synchronized with the grid voltage 
vector, therefore, vq=0. Therefore,  (2.32) is reduced to: 
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The active current component corresponds to the active power absorbed by the load 
while the reactive current component represents the injected or absorbed reactive power. 
The relation between the active component of AC current and the DC side current is 
represented by: 
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Inserting (2.35) into  (2.33), we get: 
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dc d
Ld

dc

dV v
C i I
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The DC link current equation is non-linear equation. The linearization of (2.36) is done 
based on Taylor series expansion and it is observed that IL acts as a disturbance and only 
significant input is the active component of AC current id. After linearization (2.36) is 
represented in frequency domain such that: 
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In pu the final system transfer function of (2.37) reduces to: 

 ,0

,

( ) .
.

( )
ddc b

d dc ref

vV s C
i s V s

 (2.38) 

To maintain the power balance, the DC link voltage controller controls the capacitor so 
that Ic=0 and, therefore, Idc=IL. Using this value of Idc in (2.35) and representing in pu, 
we have: 

 .dc
Ld

d

V
i I

v
 (2.39) 

This is the feed forward term used to minimize the slow dynamic response of the 
controller and to compensate for the variation in the load. The complete block diagram 
of the outer voltage controller with the derived transfer functions is shown in Figure 
2.15.  

 
Figure 2.15: Complete block diagram of outer voltage controller 

In the case of CPL, the outer voltage controller ensures a constant active power to the 
load under most the operating conditions. It has to adjust the level of the active 
component of the current in response to the changes in DC link voltage under grid side 
faults. The outer voltage controller has to be tuned to optimize the system behaviour and 
to show robustness in response to a disturbance.  

2.6 Controller Tuning 

Optimal performance of the inner and outer controllers can only be achieved when 
controllers are tuned properly. The optimal controller operation requires lowest possible 
overshoot and fast response which can be achieved by keeping the cutoff frequency 
higher. To obtain the described objectives modulus optimum and symmetrical optimum 
tuning methods have been implemented to select the parameters for inner current 
controller and outer voltage controller respectively. 
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2.6.1 Tuning of Inner Current Controllers 

Modulus optimum technique is used for the plants with low order transfer functions and 
makes the cutoff frequency as high as possible. When the system has one dominant and 
another minor pole in the transfer function, the integral time constant of the PI 
controller is selected to cancel out the dominant pole. 

From the Figure 2.13 the open loop transfer function of the inner current controller is 
represented as: 

 ,
1 . 1 1( ) . . .

. 1 . .(1 . )C OL
ic

pc
aic f

T s
H s K

T s T s R s
 (2.40) 

The zero of the PI controller is cancelled out by defining Tic= . The open loop transfer 
function hence reduces to: 

 ,
1( ) .

. .(1 . )C OL
pc

af

K
H s

R s T s
 (2.41) 

The close loop transfer function can be presented as: 

 , 2( )
. . . . . 1C CL

pc

af f

K
H s

R T s R s
 (2.42) 

The controller gain is calculated from the unity gain condition at cutoff frequency such 
that: 

 , 2( ) 1
. . .( ) . .( ) 1C CL

pc

af f

K
H j

R T j R j
 (2.43) 

The evaluation of (2.43) provides the value of inner current controller proportional gain 
Kpc, such that: 

 
2

f
pc

a

R
K

T
 (2.44) 

where Ta=Tsw/2.  The parameters of the inner current controller are summarized in Table 
2.1. The values of filter inductance Lf and filter resistance Rf are chosen to be 5 % and 
1% of the base impedance respectively [88].  
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Table 2.1: Parameters of the inner current controller 
Parameter Value 

Filter inductance Lf 
Filter resistance Rf  

DC link capacitor C 
Base frequency f 

Switching frequency fsw 
Average time delay Ta 

Integral time constant Tic 
Proportional gain Kpc 

Integral gain Kic 

0.05 pu  
0.01 pu 
1.34 pu 
50 Hz 
5 kHz 
100 μs  
0.016 s 

0.8 
50 

Using the calculated current controller parameters in (2.41), we get the open loop 
transfer function: 

 , 6 2

5000( )
100 10C OLH s

s s
 (2.45) 

The modulus optimum method offers a relatively non-oscillatory closed loop tracking 
response. A faster response and simplicity is required for the inner control loop of the 
CPL. Bode plot for the second order open loop transfer function is shown in Figure 
2.16. The gain margin is infinite and the phase margin is 65 . Therefore, from the 
frequency domain stability criteria stated in [89], the bode plot suggests the closed loop 
system to be stable and robust.  

 
Figure 2.16: Bode plot for open loop transfer function of current controllers 
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2.6.2 Tuning of Outer Voltage Controller 

Modulus optimum criterion is not a good choice in a case where one pole of the open 
loop transfer function is close to or at the origin. Instead, symmetrical optimum tuning 
technique is used to select the PI controller parameters [87]. The main advantage of the 
tuning schemes is that it maximizes the phase margin and optimizes the control system 
behavior with respect to disturbance input. 

From the Figure 2.15, open loop transfer function can be represented as: 

 ,

.1 . 1( ) . . . .
. 1 .V OL
iv d b

pv
eqiv dc

v CT s
H s K

T s T s V s
  
    (2.46) 

(2.46) is simplified by defining the Tc=1/ b.C and K=vd/Vdc, such that: 
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 (2.47) 

According to the tuning criteria based on Nyquist stability, the parameters of the outer 
DC link voltage controller are found as: 

 

2  and  

where,

Phase Margin, 
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1- sin
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T T

 (2.48) 

where a is a constant number and its recommended value is between 2 and 4 [87]. With 
the new defined controller parameters, (2.47) becomes: 
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3 2 2

1 . .1( ) .
. 1 .V OL

eq

eq eq

a T s
H s

a T s T s
 (2.49) 

The outer voltage controller parameters are selected using (2.48) and are presented in 
Table 2.2. 

Table 2.2: Parameters of the outer voltage controller 
Parameter Value 

Equivalent time delay Teq 
Integral time constant Tiv 

Capacitor time constant Tc 
Proportional gain Kpv 

Integral gain Kiv 
Steady state voltage ratio K 

200 μs   
0.0018 s 
0.0024 s 

4 
2222.22 

1  
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The open loop transfer function, therefore, becomes: 

 , 9 3 6 2

0.0018 1( )
0.216 10 1.08 10V OL

sH s
s s

 (2.50) 

The role of CPLs under abnormal grid side conditions is the main focus of this work. 
DC link voltage controller of the CPL must show robustness under distorted voltage and 
current conditions and must provide a constant active power to the load by adjusting the 
active current component. Figure 2.17 presents the open loop bode plot for the DC link 
voltage controller. The phase margin is 53  and it occurs at a frequency of 1.69e+3 
rad/s. The gain margin is infinite. Therefore, the margins to instability are sufficiently 
high. This ensures the stable operating limits of the system. The phase margin is 
maximum at the cross over frequency. Bode plot shows that the response of the transfer 
function is similar to a band pass filter. Therefore, the tuning of the outer voltage 
controller by symmetrical optimum method appears to be effective.  

Appendix B presents the detailed frequency domain analysis under low voltage 
conditions and impact of AC voltage drop on controller stability is discussed. It also 
presents the detailed simulation results confirming the results from analytical study. 

 
Figure 2.17: Bode plot for DC link voltage controller 
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and decreasing the active component of the CPL current. A mathematical model of the 
CPL control system in SRF is described and the tuning rules for the PI regulators of the 
converter controllers are established. For inner current controllers, modulus optimum 
tuning method is used to derive the parameters. DC link voltage controller parameters 
are derived by using the symmetrical optimum tuning technique. The stability of the 
CPL control system is analyzed in frequency domain to see its effectiveness under 
abnormal grid voltage conditions. Bode plots for both inner current and outer DC link 
voltage controller suggest a robust control with reasonably high phase and gain margins. 
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3 Role of CPLs in Transient Stability 
Enhancement and Loss Minimization 

 

 

Reactive power is one of the power system ancillary services and can be supplied from 
either static or dynamic VAR sources. Provision of reactive power in the proximity of 
load is clearly beneficial for the stability and efficiency of the overall system. The 
stability of PE loads compared to traditional passive loads has been a subject of research 
in DC distribution systems for a long time and several stability criteria have been 
investigated. However, the role of controlled CPLs in AC distribution systems from the 
system stability point of view has not been yet extensively investigated [38, 39, 75]. 
Reactive power provision as an ancillary service by the load itself could greatly increase 
the margin to voltage collapse in certain types of systems and, therefore, influence the 
stability of the overall system. 

This chapter investigates the role of the CPLs and their control in the transient stability 
and loss minimization of AC distribution systems. Other sources of instability in an AC 
power system, such as rotating machine parameters and overall system inductance, have 
also been taken into account. A typical AC distribution feeder with CPLs and other 
types of loads is modeled in PSCAD/EMTDC to investigate and compare the behavior 
during different levels of voltage sags. The impact of reactive current control by CPLs 
on the transient stability margins of the power system has been studied. Fast reactive 
power compensation will increase the power transfer capability of the power system and 
can, in this sense, help increase the robustness and stability margins of the power 
system. This will increase the capability to tolerate higher shares of CPLs in the system 
during steady-state operation and transient conditions. The additional functionality of 

This chapter investigates the role of CPLs on the transient
stability margins and loss minimization in AC distribution
system. The critical clearing time of the system is selected as a
measure of the transient stability limit for investigating and
comparing the cases of CPLs with and without reactive current
control. The increment in the current rating of the converter due
to the reactive injection is investigated. Centralized reactive
compensation by a STATCOM is used as reference to compare
with distributed compensation by the CPLs. Finally, the
influence of reactive compensation on the total attainable CPL
current is investigated analytically as well as through
simulations and a loss minimization methodology is introduced. 
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reactive current control by the loads is investigated on the assumption that all CPLs in 
the system are based on VSC as described in chapter 2, with force-commutated 
semiconductors and PWM techniques. Finally, loss minimization is discussed based on 
optimal reactive current injection by CPLs. 

3.1 Case Study: AC Distribution System 

The basic schematic diagram of the AC distribution system is shown in Figure 3.1. This 
basic system will be further extended to a larger system with multiple CPLs, depending 
on the type of analysis. The AC distribution system is composed of a squirrel cage 
induction generator (SCIG), a medium voltage grid, two transformers with voltage 
levels at 690 V and 22 kV, a CPL and electrical lines to connect the components 
together. The generation and the load are operating at 690 V and are connected to the 
distribution grid through two transformers. The main grid is a three phase AC source 
with impedance. The SCIG represents a wind turbine. Induction machines are most 
commonly used as wind turbine generators and small hydro applications due to their 
ruggedness, low cost and the need for little maintenance. However, under grid 
contingencies SCIG based DG need a dedicated compensating device to avoid possible 
disconnection. This system has been chosen because CPL will be used as a 
compensating device in addition to operating as a regulated load interface.   

 
Figure 3.1: Basic AC distribution system under investigation 

3.2 Impact of Reactive Injection on Voltage 

The relationship between converter terminal voltage and the active component of the 
CPL current can be understood by injecting the reactive current component iq under 
abnormal voltage conditions. The distribution system of Figure 3.1 has been considered 
and a resistive three phase to ground fault is simulated in the grid between the CPL and 
transmission line inductance Lg for a period of 0.5 sec as shown in Figure 3.1. By 
decreasing the value of the fault resistance, reduced values of the converter terminal 
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voltage can be obtained. In this simulation model, the CPL is consuming 30% of power 
generated by the generation system. 

Figure 3.2 shows the values of active and reactive components of current and active 
component of terminal voltage on the AC side of the converter when a voltage drop of 
20% compared to nominal voltage is simulated with no injection of the reactive current. 
When the voltage drop occurs, the active component of the current representing the load 
power also increases to keep the power input to the load constant in accordance with 
(2.16) and illustrated by the Figure 3.3.  

 
Figure 3.2: Voltage dip under no reactive current injection 

 
Figure 3.3: CPL powers under voltage dip 

Figure 3.4 presents the situation when CPL is allowed to inject the reactive current 
during the fault to see its impact on voltage. The amount of the injected reactive current 
is 0.2 pu. An improvement of terminal voltage as a result of the reactive injection can be 
seen and it is increased by 3%. This improvement in the voltage during the fault results 
in a small decrease in active component of the current compared to the case of no 
reactive injection. The active current is decreased by 1.2 %.  
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Figure 3.4: Voltage dip under 0.2 pu reactive current injection 

Simulations are repeated for the case when CPL injects 0.4 pu reactive current under 
voltage drop and the results are presented in Figure 3.5. This higher injection of reactive 
current results in an increase of 6% in the terminal voltage. The decrease in active 
current component during the fault in this case is 2.2%. The CPL power remains 
constant under all the voltage conditions. 

 
Figure 3.5: Voltage dip under 0.4 pu reactive current injection 

3.3 Reactive Injection by CPLs and Transient Stability 
This section presents a simulation study that is performed to analyse the transient 
stability in AC distribution system where several CPLs are connected. The impact of 
reactive injection by the CPLs on the transient stability margins has been investigated.    
For this analysis, the CPL control injects the reactive components of current during the 
fault. The reactive injection deactivates automatically when the fault ends. The 
following three different shares of loads have been considered: 

Case I: CPLs are consuming 80% of the total generated power by the distributed 
power source. The stability margins of the system are investigated with and 
without reactive current injection. 
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Case II: Stability limits of the system are investigated when the amount of load 
controlled by CPLs and uncontrolled induction motor (IM) load is equal. The 
investigation is done with and without reactive current injection by the CPLs. 

Case III: Investigation of stability margins of the distribution system is 
performed when the amount of load controlled by CPLs is less than that of 
uncontrolled IM load. 

CASE I 

For this analysis, the basic distribution system presented in Figure 3.1 is extended to a 
system with two CPLs as shown in Figure 3.6.  The parameters of the SCIG, medium 
voltage grid and lines are given in Section 3.1. The length of transmission line between 
the generator and CPL and between the two CPLs is taken as 6 km and the distance of 
the grid from CPL2 is taken to be 50 km. The distribution line length is considered to be 
100 m. The resistances of the transmission lines are neglected. 

 

 
Figure 3.6: AC distribution system with 2CPLs and wind turbine 

Each CPL is consuming 300 kW, which corresponds to 40 % of the total power 
generated by the wind generator. The remaining power produced by the generation 
system is exported to the grid. A three phase line to ground fault is simulated at point 
“A” between the medium voltage grid and the loads (Figure 3.6). Fault resistance is 
varied to get a voltage drop equal to 20% of the nominal voltage.  The value of the fault 
resistance found is 110 . Fault occurs at time t=2s during the simulation. Several 
simulations are carried out under this condition to obtain the critical clearing time 
(CCT) of the system; that is the maximum time during the fault before the system 
becomes unstable due to voltage collapse. 

Voltage at the point of common coupling (PCC) is shown in Figure 3.7 when the system 
becomes unstable. SCIG becomes unstable under grid voltage sag. A voltage dip 
increases the rotor slip and SCIG starts consuming more reactive power from the grid 
(Figure C.1and Figure C.2 in appendix C). It further lowers the voltage and eventually 
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voltage collapses. When the fault occurs the voltage drop is 0.2 pu. However, it goes on 
decreasing until it collapses. Figure C.3 in appendix C shows the SCIG losing the 
torque control during and after the fault. Figure 3.8 shows the voltage just being able to 
recover the pre-fault value. CCT is found to be 645 ms. All the system parameters show 
oscillations after a step change because of lower value of the generator polar moment of 
inertia. 

Simulations are carried out under the same load conditions, however, this time CPLs are 
allowed to inject reactive current to support voltage during the fault. The value of fault 
resistance is kept fixed in this case as well. The obtained voltage drop in this case is 
0.17 pu. This 3% improvement in voltage is a result of reactive injection by the CPLs. 
The amount of injected reactive current is 0.1955 pu for CPL1 and 0.1985 pu for CPL2. 
This difference of current corresponds to the effects of the severity of fault on each CPL 
which decrease with the distance from the location of the fault. CPL located nearer to 
the fault injects slightly more reactive current as the voltage drop across it is slightly 
higher. This current does not maintain the voltage at its pre-fault value during the fault. 
Instead, it makes sure that the system recovers from unstable point. Figure 3.9 shows 
the voltage recovering back the steady state value. The value of CCT is 1.18 s in this 
case, showing 83% increment corresponding to no reactive injection. The reason for 
higher value of CCT is the voltage support during the fault due to reactive injection by 
CPLs. The system is able to tolerate the longer fault. Figure C.4 in appendix C shows 
that the rotor does not reach the mechanical unstable point and Figure C.5 shows the 
generator regaining the torque control after the fault. 

 
Figure 3.7: Voltage collapse without reactive current control 
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Figure 3.8: CCT without reactive current control 

 
Figure 3.9: CCT with reactive current control 

CASE II 

In order to see the impact of uncontrolled load on transient stability margins of the AC 
distribution system, two CPLs and an additional IM load is considered as presented by 
Figure 3.10. The amount of load shared by CPLs is equal to that of uncontrolled IM 
load. Total power consumed by all the loads is 80% of the total produced power with 
each CPL taking 20% (150 kW) and IM consuming 40%. A three phase line to ground 
fault is simulated as in the previous case and fault resistance is kept fixed as in the 
previous case to achieve the same simulation conditions. 
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Figure 3.10: Schematic system with two CPLs and an IM load 

The simulations are first carried out with no reactive current injection during the fault. 
The value of CCT is found to be 468 ms as presented in Figure 3.11. Low value of CCT 
is justified by the overall increase in the power system inductance which leads to an 
earlier voltage collapse. The inclusion of uncontrolled IM load results in a substantial 
increase in the system inductance. The recovery time after the fault is longer compared 
to the case of controlled CPLs only. 

 
Figure 3.11: Voltage recovery without reactive injection with 40% CPLs and 40% IM 

Simulations are repeated under the same fault conditions and CPLs are controlled to 
inject reactive current during the fault. The Figure 3.12 shows the voltage recovering 
back to the pre-fault state. CCT is increased in this case and is found to be 660 ms. The 
amount of the injected reactive current is 0.191 pu for CPL1 and 0.193 pu for CPL2. 
Transient stability margins are highly compromised and it looks that further increase in 
inductive load will result in further lower value of the CCT. 
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Figure 3.12: Voltage recovery with reactive injection with 40% CPLs and 40% IM 

CASE III 

The model of the AC distribution system presented in Figure 3.10 is again considered. 
However, the amount of load controlled by CPLs is less than that of uncontrolled IM 
load. Total power consumed by the load is again 80% of the total generated power with 
each CPL consuming 10% (75 kW) and IM consuming 60% (450 kW). The fault occurs 
at time t=2s and, in the first case, CPLs are not controlled to inject reactive current 
during the fault. 

Figure 3.13 shows the PCC voltage when the system is able to recover back to steady 
state value. The value of CCT is found to be 340 ms. This very low value of CCT 
justifies highly weak system with a very high value of overall inductance. Simulations 
are repeated for the same share of load with controlled CPLs being able to provide 
voltage support during the fault. The voltage recovery to the pre-fault value is shown in 
Figure 3.14. The CCT is found to be 480 ms, which is larger than the case without 
reactive injection of current. The reactive injection, therefore, helps to increase the 
transient stability margins of the distributed system.  

 
Figure 3.13: CCT without reactive injection by CPLs 
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Figure 3.14: CCT with controlled CPLs and uncontrolled IM load 

In order to see the stability margins of the system when generator terminal voltage is not 
symmetrical, the simulations are repeated for all the mentioned cases and 2% phase 
voltage unbalance rate (PVUR) is simulated at the SCIG terminal. A three phase line to 
ground fault has been simulated on the medium voltage side as before. The results for 
the 80% share of CPLs are presented in Figure 3.15 showing the voltage recovery after 
the fault and the value of CCT is 520 ms. This value is lower than the value of CCT 
obtained for the same share of CPLs under balanced generator terminal voltage.  

 
Figure 3.15: Voltage recovery for 80% CPLs for 2% PVUR 

Results from all the simulations are summarized in Table 3.1 with and without reactive 
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Table 3.1: Summary of the simulation results for transient stability 

Transient stability limits of the distributed system are different for different load 
conditions. The best case is found to be the one with all controlled CPLs injecting 
reactive current during the fault under balanced source voltage, while the worst case is 
identified with 60% IM load and 20% CPLs without reactive current support under 2% 
PVUR. When an induction machine has even a very low unbalanced voltage, its stator 
currents will be highly unbalanced, resulting in unequal heating in the stator winding 
and torque pulsations in the machine. Therefore, the margins to voltage stability are 
highly reduced. The system appears to be more stable if a higher amount of load is 
controlled by the use of CPLs. This is because of the extra functionality of reactive 
current control to support the system voltage. This extra functionality can, however, be 
achieved at the expense of an increment in the required current rating of the 
semiconductor devices in the AC/DC converter. 

3.4 Incremental Current Rating of the CPL 

In this section, a simulation study is performed to investigate the impact of reactive 
current injection on the total incremental current rating of the converter. To achieve 
ancillary reactive power for the grid, the CPL current rating has to be increased beyond 
the total active component of current required to fulfill constant load power. The 
distribution system model of Figure 3.6 has been considered with each CPL consuming 
25% of the total power produced by the distributed resource. The fault resistance is 
varied to achieve different levels of the grid voltage drops. The higher the fault 
resistance the lower the voltage dip and vice versa. Several simulations are carried out 
for different values of voltage sags and CCT is calculated. Simulations are performed 
with and without the injection of reactive current by the CPLs. 

Voltage collapse is illustrated in Figure 3.16 when the fault resistance is reduced to get 
the 40% voltage drop without injection of reactive current during the fault. It is obvious 
from the plot that the CCT of the system is very low and it is measured to be 0.12s. The 
further drop in voltage leads to even lower stability margins of the system and the CCT 
is further lowered.  

Type of Loading Regulation 
CCT 

Balanced SCIG 2% PVUR 

Case 1: 80% CPL P constant only 645 ms 520 ms 
80% CPL P constant and iq 1.18 s 855 ms 

Case 2: 40% CPL, 40% P constant only 468 ms 360 ms 
40% CPL, 40% IM P constant and  iq 660 ms 495 ms 

Case 3: 20% CPL, 60% P constant only 340 ms 275 ms 
20% CPL, 60% IM P constant and  iq 480 ms 295 ms 
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Figure 3.16: Voltage collapse at 40% voltage dip without reactive injection 

Figure 3.17 shows simulation results for different converter current components for 
several levels of voltage dips. In this plot, id represent the active current component, iq 
the reactive current component and it the total current drawn by the CPL. When there is 
no  additional  injection  of reactive current, the total current rating required by the CPL 
is represented by only the active component of current, i.e; id

*= it
*. The incremental 

current magnitude is represented by the difference between the total current with 
reactive injection it and the total current without reactive injection it

*.  

 
Figure 3.17: Incremental current rating of CPL as a function of voltage drop 

The different current components of Figure 3.17 are defined by (3.1) and the relation 
between them is graphically illustrated in the vector diagram of Figure 3.18. 
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Figure 3.18: Relationship between different current components  

It is observed that the CCT of the system is higher for lower values of the voltage drops 
and lower for the higher values of voltage drop. A different value of incremental current 
is found for each voltage drop level. During the fault, the voltage cannot be kept at the 
initial value and the converter injects the sufficient amount of reactive current to avoid 
the possible voltage collapse. It is obvious from the graph that for all levels of voltage 
drops the value of active component of current id  is lower than the value of it

*. This is 
because of the small increase in the converter terminal voltage in response to reactive 
injection. As illustrated in section 3.2 the active current component decreases due to 
reactive injection to keep the load power constant. From Figure 3.17, it can be observed 
that when the voltage drop is 40%, the value of id is 0.438 pu and the amount of it

* is 
0.46 pu. Therefore, reactive injection results in 5% reduction in active current component 
id due to voltage increment. However, as the total current it represents the quadratic sum 
of active and reactive components as presented by (3.1). The net increment of 13% is 
required to avoid the voltage collapse for 40% voltage dip as indicated in Figure 3.17. 
The improvement in the voltage is prominent as the fault resistance is kept fixed for the 
cases of with and without reactive injection and the curve for it

* in the graph always 
leads the curve for it. The results observed in Figure 3.17 indicate that the deeper the 
fault the higher the required iq to avoid the voltage collapse. However, this increase in 
reactive current is not in proportion with the decrease in the active component of the 
current. Therefore, the required extra current rating of the converter is higher when drop 
in the voltage is deeper. 

3.5 Distributed CPLs vs Centralized STATCOM 

A simulation investigation is done in order to know whether it is beneficial to implement 
distributed compensation by CPLs compared to a centralized STATCOM to achieve the 
same stability margins for the distribution system. The simulation model used for this 
purpose is shown in Figure 3.19. A comparison between the system with a STATCOM 
placed at the secondary of the transformer and two non-controlled CPLs is made with the 
case of two or three CPLs with reactive current control, without a centralized 
STATCOM. The STATCOM operates according to voltage source principle; however, it 
differs from the CPL because it does not draw any active power. The total power drawn 
by the loads in all the studied cases is kept to 50% of the total wind generator power.  

d

q

it -it
*

di it
*

id
*=it

* and iq
*=0

iq
it
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Figure 3.19: Distributed AC system under investigation with 3 CPLs and a STATCOM 

Simulations are carried out for different values of fault durations and the fault resistance 
is varied to get different lengths of the fault before the voltage collapses. In other words, 
the fault durations represent the CCTs of the system. The higher the fault duration or 
CCT the higher the fault resistance and lower the fault severity.  The amount of reactive 
current iq injected by the STATCOM and CPLs ensuring a stable system is measured for 
a specific fault duration or CCT. It has been observed that the smaller the value of the 
fault duration the higher the drop in the voltage to provoke an instability in the system 
and the other way around. The reason for the voltage collapse is the excessive 
consumption of reactive power by the wind generator from the grid during the fault and 
the loss of torque control due to rotor over speed. 

Figure 3.20 illustrates the situation when only STATCOM is injecting for a fault 
duration or CCT of 0.4s. If the fault is not cleared beyond this time the voltage collapse 
will occur. To achieve a better CCT or longer fault duration for the system the fault 
must be less severe and the fault resistance must be higher. Unlike the previous section, 
where fault resistance is decreased to get a higher voltage dip, in this case, fault 
resistance is increased to get a higher CCT of the system.  

 
Figure 3.20: Voltage with CCT or fault duration of 0.4s with only STATCOM injecting 

The amount of reactive current component iq that these devices inject for supporting the 
voltage during the fault is plotted in Figure 3.21. The amount of reactive current 
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injected by the CPLs is slightly different from each other because of their distances 
from the fault location. The CPL located closest to the fault experiences slightly higher 
value of voltage drop at its terminal and, therefore, the injected reactive current is also 
slightly higher. On the other hand, CPL located far from the fault section is faced with 
relatively lower value of voltage drop at its terminal and injects slightly less current. 

 
Figure 3.21: Comparison of total reactive current iq injected by centralized STATCOM 

and distributed CPLs for different fault durations 

The total injected reactive current by the centralized STATCOM is higher for all the 
fault durations compared to the sum of reactive current injected by the CPLs. Similarly, 
the sum of reactive current injected by the two CPLs is higher than the sum of reactive 
current injected by the three CPLs to avoid a voltage collapse for all the considered fault 
durations. The total amount of reactive current injected by one CPL belonging to a 
group of three distributed CPLs is roughly four times lower than the total amount of 
reactive current injected by the centralized STATCOM for all the simulated cases. 
Similarly, the sum of reactive current injected by one CPL belonging to a group of two 
CPLs is nearly less than half compared to the total centralized compensation by a 
STATCOM. If the STATCOM is placed further towards the location of grid fault. It 
will inject slightly more current to neutralize the fault severity. In general, it can be 
concluded that the distributed compensation provided by CPLs is always more 
advantageous than centralized compensation. The lower reactive current requirement, 
however, comes at the expense of an increased cost of the installed semiconductor 
switches. 

3.6 Optimal Current for a CPL 

As we have observed in the previous section, for the cases with reactive current support 
by the CPL, it can be seen from the combination of (2.16) and (3.1) that according to the 
value of the grid inductance, active current decreases with increased reactive injection 
because of the voltage improvement. Therefore, an operating point can be achieved 
where the total converter current will be at its lowest value. A further reactive injection 
will, however, result in a large increase in total current. This section presents an 
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analytical investigation to find out the amount of reactive current iq corresponding to 
minimum total current it for a CPL. The results are then verified by the simulations. 

A simplified distribution feeder of Figure 3.22 is considered with one CPL. The total 
power demand is being supplied by the wind generator and the extra amount of power is 
delivered to the grid. The length of the distribution branch is considered to be 200 
meters. The length of the transmission line is taken to be 50 km. 

 

 
Figure 3.22: Simplified distribution feeder for CPL current optimization  

Let VG be the generation voltage and let’s assume that the phase of VG is 0 (there is no 
loss of generality since this choice corresponds to arbitrarily choosing a time reference 
for the analysis). In accordance with the implemented control strategy VG = vd. Let P - 
jQ be the active and reactive power supplied to the CPL. We can therefore write: 

 2
1

t
d d

i
v

P jQ o
v

 (3.2) 

where the o-notation means that, if f(x) = o (g(x)), then the function f(x) goes to zero 
faster than g(x), when x goes to 0, i.e; 

 
0

( )lim 0
( )x

f x
g x  (3.3) 

This approximation is justified for those networks only where voltage differences across 
different points are small compared to the nominal voltage vd. 

The load voltage VCPL can, therefore, be expressed as: 

 2
1. tCPL d path d path

d d

P jQV v Z i v Z ov v
 (3.4) 

where Zpath is the impedance of the path from the source to the load. 
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Now we write it as a function of the reactive power supplied to the load. Therefore, it(0) 
is the supplied current when only active power is demanded and no reactive power is 
supplied or consumed by the CPL. We have the exact expression: 

 ( ) *t

CPL

P jQi Q
V

 (3.5) 

Using (3.4) in (3.5), we have: 

 
2

( )

1*
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t
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d d
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P jQ
P jQv Z v

 (3.6) 

Let’s express Zpath as zej  =z(cos +jsin  ). We can then compute the squared absolute 
value of it(Q): 
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We have a minimum of the absolute value of the current it(Q) in the zeros of its 
derivative. However, finding the zeros of (3.7) is not easy. One possible solution could 
consist in neglecting irrelevant terms of (3.7). The irrelevant terms depend on the values 
of the parameters vd,P,z and . However, in most realistic cases, the terms 2zPcos  and 
z2/vd

2.(P2+Q2) should be much smaller compared to the others, and we could, therefore, 
approximate |it(Q)|2 with the simpler expression: 

 
22

2
2( )

2 sint
d

QP
i Q

v zQ
 (3.8) 

The derivative of (3.8) becomes: 

 
2

2 2 2( )
2 sin ( ) 2t

d

d i Q
z P Q v QdQ  (3.9) 

This is a second order equation that can be easily solved, obtaining the optimal reactive 
power injected by CPL: 
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2 4 2 2 24 (sin )

2 sin
d d

opt
v v z P

zQ  (3.10) 

The reactive component of the converter current iq is represented by: 

 
d

q
Qi v  (3.11) 

During a steady state operation we can, therefore, say that iq=Qopt. However, a perfect 
steady state condition is not possible under reactive injection because reactive 
compensation results in a small increase in the terminal voltage and the value of vd will 
be slightly more than 1.0 pu. Equations (3.10) and (3.11) do not take into account this 
small increase in vd. In a real online system, the control system of the converter will 
always keep on modifying the value of vd in response to reactive injection iq. The value 
of reactive current found through simulations, therefore, will differ by a small amount 
from the value of iq that we get using (3.11). This can be observed by conducting a 
comprehensive simulation study. For a CPL consuming 500kW, using (3.10), the 
optimal reactive power that is dispatched by the CPL to have minimum total branch 
current is 0.102 pu or 75 kVar. The amount of optimal reactive injection by CPL for 750 
kW consumption is calculated to be 0.21 pu. 

The variations of grid parameters also play important role and the optimal operating 
point for the CPL can vary significantly. If the grid impedance is doubled for load 
power of 500 kW, then for the steady state case the value of Qopt obtained from (3.10) is 
0.205 pu. However, for 10% drop in grid side voltage the obtained result for Qopt is  
0.278 pu and the value of optimal reactive current using (3.11) is 0.309 pu. 

3.6.1 Simulation Results 

The model of distribution feeder shown in Figure 3.22 is used for the simulation 
analysis. The CPL is consuming 500 kW from wind generator. The amount of active 
component of current is related to the power consumed by the load as indicated by 
(2.16). To find out the amount of reactive current corresponding to minimum attainable 
total current, different amounts of reactive current are injected into the network and the 
decreasing values of active currents are measured. The results are summarized in Table 
3.2 and plotted in Figure 3.23. The plot confirms that injection of reactive current iq 
decreases the amount of total current it and when the amount of reactive current is 0.1 
pu, the value of total current is minimum. The total current starts increasing from here 
onwards and reaches to its initial value when the reactive current is nearly 0.18 pu and 
then it increases rapidly with the further increase in reactive injection. 
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Table 3.2: Summary of simulation results, PCPL= 500 kW 
id [pu] iq [pu] it [pu] 
0.667 0 0.667 
0.66 0.05 0.661 

0.652 0.1 0.657 
0.647 0.15 0.662 
0.642 0.2 0.672 
0.638 0.25 0.685 
0,632 0.3 0.699 
0.627 0.35 0.718 
0,621 0.4 0.74 
0.617 0.45 0.763 
0.613 0.5 0.791 

 

 
Figure 3.23: Optimal total current for a CPL consuming 500 kW 

The active component of current id always decreases with the increase in reactive 
current. As the simulations take into account the changes in system voltage vd, therefore, 
we get about 2% smaller value of the optimal total CPL current. 

Simulations are repeated for the case when CPL is consuming 750 kW and the results 
are presented in Table 3.3 and plotted in Figure 3.24. In this case, 0.2 pu reactive 
current is needed to be injected to get the minimum attainable total current in the 
distribution branch. The error is 5% compared to the result obtained using (3.11) 
because more reactive compensation resulted in more increase in voltage. It is obvious 
from the plots that the amount of reactive current that must be injected to get the 
optimal amount of total current increases with the increase in load active power 
requirements. 
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Table 3.3: Summary of simulation results, PCPL= 750 kW 
id [pu] iq [pu] it [pu] 

1 0 1 
0.994 0.05 0.995 
0.986 0.1 0.991 
0.977 0.15 0.988 
0.966 0.2 0.986 
0.957 0.25 0.989 
0.95 0.3 0.996 
0.943 0.35 1.005 
0.935 0.4 1.017 
0.929 0.45 1.032 
0.922 0.5 1.05 

 

 
Figure 3.24: Optimal total current for a CPL consuming 750 kW 

Figure 3.25 shows the simulation results for the two cases with double grid impedance 
while CPL is consuming 500 kW. In this case, the operating point has moved further to 
the right and the injected reactive current is now 0.2 pu for steady state to get the 
optimal total current. The higher inductance of the system resulted in comparatively 
larger changes in the system voltage and the error obtained from calculations using 
(3.11) is more. For the low voltage condition, the value of reactive current found from 
the simulations is 0.3 pu. For this case, the value of total current in the distribution line 
at the start is higher compared to the steady state condition. This is because of the 
increased active component of the current to maintain a constant load power. 
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Figure 3.25: Optimal total current for a CPL consuming 500 kW with modified grid 

parameters 

Optimization of total current for a CPL will play an important role with regards to the 
future development of loss minimization algorithms for residential and industrial 
microgrids. There has been some studies conducted using grid-connected converters of 
DERs for loss minimization. However, no such effort has been made using the regulated 
PE load interfaces. This work will provide a foundation to develop optimization 
algorithms as ancillary services using controlled loads.  

3.7 Distribution Loss Minimization 

Energy losses in power system take place as power flows through the network to meet 
the customer load demands. Some of the input energy is dissipated in the conductors 
and transformers along the delivery route. These losses are inherent in the processing 
and delivery of power but can be minimized [90, 91]. Losses represent a considerable 
operating cost, estimated to add 6 to 10 percent to the cost of electricity and some 25 
percent to the cost of delivery. 

Distribution loss minimization has been an area of extensive research for last few years.  
Most of the recent literature available on this topic mainly concentrates on the 
utilization of the PE generation interfaces only. In the following sections, a 
methodology is introduced to provide lower distribution losses and local voltage support 
based on the reactive current injection by both the generation and load PE interfaces.  

3.7.1 Loss Minimization Methodology 

The impact of reactive current iq on the total branch current in a distribution system is 
investigated analytically and through simulations in the last section. Based on the 
analysis for the optimal reactive injection under different load powers, a methodology is 
proposed for loss minimization in AC distribution system. Figure 3.26 shows the 
distribution system used for this analysis.  The distribution system is comprised of two 
DERs with PE interfaces called controllable power sources (CPS). The transmission and 
distribution lines, medium voltage grid and CPL parameters are kept the same as 
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presented in appendix A. The distance between the connection point of the distribution 
system and DER1 is taken to be 50 meters and the distance between the DER1 and DER2 
is also considered as 50 meters. The length of the distribution line between each load is 
taken as 25 meters. The length of the distribution branches is 200 meters. The length of 
the high voltage transmission line is considered as 50 km. 

 
Figure 3.26: Distribution system dominated by power electronic interfaces 

It is supposed that the intervention of both the DERs will reduce the overall distribution 
losses as they are located very close to the point of utilization. A major part of the 
overall losses is composed of the losses in the long transmission line. The lower the 
power supplied from the grid to the local loads the lower will be the losses. 

In the system under consideration, the loss calculation is performed by measuring the 
input and output powers for the complete system and for each distribution line. The 
input power is the sum of the powers generated by the grid and the DERs in response to 
a particular load demand. The load powers are measured at the point of connection to 
find out the total distribution losses for a specified load demand. The powers by the 
DERs are measured to have an idea of how the CPS reacts to a particular load demand. 

The methodology involves the following three steps: 

 Intervention of DERs or controllable power sources located very close to the 
load centre for load sharing. 

 Cancellation of grid side reactive power by using the controllable power source 
located closer to the point of connection. 

 Injection of reactive current iq by the loads corresponding to the minimum total 
current it for a CPL. 

3.7.2 Application of the Methodology  

In order to implement the methodology, simulations are carried out for the load 
condition when each CPL is consuming 750 kW of active power from the power 
system. The total power demand by the distribution loads is 3000 kW. At the start, 
simulations are run for one second without connecting the loads because of the 
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simulation software limitations. The simulation software PSCAD/EMTDC is time 
sensitive for a step change in load power and it is difficult to get the rated voltage when 
connecting the loads at the very start of the simulation. The loads are, therefore, 
connected to the system at time t=1s. Initially, only the grid is making sure to fulfill all 
the load power demand. At time t=2s, DER1 is turned on and starts contributing to the 
local load demand. At time t=3s, DER2 is turned on and result is further decrease in the 
power supplied from the grid. At time t=4s, DER1 injects reactive power to cancel out 
the reactive power supplied by the grid. At time t=5s, each CPL injects reactive current 
corresponding to the total minimum current obtained in the previous section for load 
power of 750 kW.  

When the loads are connected at time t=1s, all the power is being supplied by the grid. 
The amount of active power supplied by the grid is 3360 kW and the total local load 
demand is 3000 kW. The grid is generating 940 kVar reactive power. At this point the 
total losses in the system are 360 kW. The power input to each distribution line is 790 
kW. The process is illustrated by the following plots. 

 
Figure 3.27: Powers supplied from the grid 

 
Figure 3.28: : Active and reactive powers supplied from DER1  
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Figure 3.29: Active and reactive powers supplied from DER2  

 
Figure 3.30: Active power input for CPL1  

 
Figure 3.31: Total branch current for CPL1 
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Figure 3.32: Active and reactive current components of CPL1  

3.7.3 DER Intervention 

At time t=2s, the DER1 is turned on and it starts supplying 750 kW of power to the 
loads as shown in Figure 3.28. The power supplied from the grid reduces to 2529 kW. 
The introduction of DER1 unit also results in the reduction of reactive power from the 
grid and decreases it to almost half of the initial value. The total supplied power at this 
point is 3279 kW in demand to 3000 kW. Therefore, introduction of DER1 unit reduces 
the losses to 279 kW.  

At time t=3s, the DER2 is turned on to share the load demand (Figure 3.29). The DER 
units are now supplying 750 kW each. The power supplied from the grid comes down to 
1705 kW. The losses are reduced from the initial value of 360 kW to 205 kW.  The 
intervention of DER2 unit also reduces the reactive power supplied from the grid to a 
value of 163 kVar. 

3.7.4 Grid Reactive Power Cancellation 

At time t=4s, DER1 unit is enabled to inject the reactive current to cancel out the 
remaining reactive power from the grid. The reactive power from the grid comes down 
to zero value. At this stage the power calculations are as follows: 

Ptotal= PDER1+PDER2+PGrid  = 1700 +750+750 = 3200 kW 

In this step the total losses in the system are reduced to 200 kW. 

3.7.5 Reactive Injection by CPLs 

At time t=5s, each CPL injects 0.2 pu reactive current corresponding to total minimum 
attainable current for a load power of 750 kW. As a result of reactive injection, the line 
losses in each distribution line are reduced by 2.5 kW in this step as shown in the Figure 
3.30. Same results are found for the other three loads. It can also be observed that the 
power input to the distribution line is decreased from 790 kW to 785 kW after 
implementation of this three step methodology.  
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Figure 3.31 shows the total current for CPL1. It is obvious that the total current 
decreases with the implementation of each step in the methodology. In the last step at 
time t=5s, the decrease in current is nearly 3% in response to reactive current injection. 
This continuous decrease in current suggests the decrease in the distribution line losses. 
The losses in the distribution line cannot be further reduced as this is the minimum 
achievable value of the total current for the distribution line. The reactive injection for 
minimum current may also improve the terminal voltage that is otherwise unachievable.    

At this last stage, the grid is supplying 1680 kW and the power delivered by each DER 
unit is 750 kW. The total power delivered from the system is 3180 kW .Therefore, the 
losses are reduced to 180 kW. The total reduction in the losses is 180 kW which is 50% 
of the initial value. The Figure 3.30 shows that the total losses in the four distribution 
lines are still 140 kW and the losses in the rest of the system are 40 kW. The total losses 
in the system are now only 6% of the total power demand. 

The time behaviour of the distribution losses is shown in Figure 3.33. The intervention 
of DER units and reactive injection reduces the losses to 50% of initial value. This 
methodology incorporates the efficient utilization of the DERs interfaced to the grid 
through PE interfaces, voltage support at the load terminals, and lower distribution 
losses as a result of the decrease in total branch current. 

 
Figure 3.33: Time behaviour of distribution system total losses  

3.8 Summary 

This chapter first discribes the basic AC distribution sytem used for the simulation study. 
It then presents the effects of injection of reactive current by the CPL on the terminal 
voltage. It has been observed that the higher the amount of reactive injection the higher 
the increase in voltage. An investigation has been done to highlight the benefits of 
introducing the extra functionality of reactive current injection by the CPLs in the events 
of voltage dips to support voltage stability. The transient stability limit has been 
investigated for different combinations of CPLs and IM loads. The CCT is chosen as a 
performance index to compare the investigated cases. The simualtion results indicate that 

1 2 3 4 5 60

50

100

150

200

250

300

350

400

Time [s]

Lo
ss

es
 [k

W
]

 

 

Total Losses

DER1 Active

Grid Active

CPLs Optimal
Reactive Injection

DER1 Reactive
Compensation

DER2 Active



Role of CPLs in Transient Stability Enhancement and Loss Minimization
 

63 

the larger the number of CPLs that controls the reactive current, the higher the stability 
margin.  

The incremental current rating of the semiconductor switches of the AC/DC converters 
in the case of reactive current injection is studied and it is noticed that the deeper the 
voltage drop, the higher the current rating required for the converter to maintain the 
transient stability. SCIG consumes more reactive power from the utility when the grid 
fault is severe and therefore more reactive injection is required by the controlled CPLs 
to avoid a possible disconnection of the system. 

The required reactive current rating of converters when all CPLs in the system inject 
reactive current is compared with the required rating of a centralized STATCOM. The 
comparison proves advantages to the distributed reactive current compensation by the 
converter driving each CPL rather than one centralized STATCOM. This has been stated 
in some prevoius studies where distributed  reactive power injection proved beneficial 
than centralized reactive power compensation by capacitors or SVCs. This work, 
however, changes the compensation format to reactive current iq instead of reactive 
power. This is possible only with controlled PE converters. 

An analytical investigation to find the minimum total branch current is also presented 
for a basic AC distribution feeder with one CPL connected between wind generator and 
grid. It is observed that the amount of reactive injection increases with the increase in 
load power, grid impedance and voltage drop to get an optimal CPL current. A 
simulation analysis is perfomed to see the effects of the simplifications introduced during 
calculations. The results obtained from the simulations are very close to the results 
achieved from analytical study. 

A methodology is developed for the reduction in losses, based on the use of local DERs 
and distributed reactive injection by the CPLs. The methodology is based on the three 
steps. The intervention of the CPS to fulfill the load power demands, the reactive power 
cancellation on the grid side and the optimal reactive injection by the distributed CPLs. 
The simulation results for a total load power of 3MW, with each CPL consuming 750 
kW, indicate that a reduction of 50% in overall losses in the distribution system is 
achieved. The methodology, therefore, provides the maximum exploitation of the 
available PE generation and load interfaces, local voltage support at the load terminals, 
and lower distribution losses. 
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4 Asymmetrical Grid Fault Mitigation by 
CPLs 

 

 

Although fixed speed SCIG provides a cost effective solution for wind turbines, it also 
consumes reactive power from the grid. During a grid voltage sag it consumes large 
amounts of reactive power as its speed deviates from the synchronous speed, resulting 
in a voltage collapse and further fault propagation within the electrical network. 
Therefore, enhancement of SCIG fault ride through (FRT) capability is indispensible in 
order to improve the overall stability and reliability of the power system [92, 93]. Most 
of the work about FRT enhancement of the fixed speed SCIG based wind turbine is 
related to balanced grid voltage sags. However, in general more than 90% of the grid 
faults result in unbalanced voltage sags with both positive and negative sequence 
components [93]. Unbalanced voltage problems generate heating in the machine 
windings and toque oscillations, leading to mechanical vibrations and noise. 

Grid code requirement demands the FRT enhancement and reactive current injection in 
wind power systems during a fault. Some grid codes also require real power support 
during the fault [94-97]. In UK, FRT capability requirements demand that terminal 
voltage of the wind farm should not be less than 15% of the nominal voltage during the 
fault and it must be restored to 90% within 0.5s. Grid codes in Denmark set the 
minimum voltage level during the fault to 25% of the nominal voltage and it should be 
restored to 75% within 0.75s [98-100]. In the absence of a PE interface between the 
SCIG and the utility grid, the adjustable reactive power control cannot be performed and 
a dedicated device is required to fulfill the grid code requirements. 

Different methods have been investigated to fulfill the grid code requirements and 
enhance the FRT capability of a wind farm. These include the use of DFIG wind farm 
and a centralized STATCOM [101-106].It has been observed that DFIG experiences 

This chapter introduces the use of CPLs for asymmetrical grid
fault ride through enhancement. The CPL control structure is
discussed in detail for compensating the positive and negative
sequence voltages in a distribution system. A microgrid
structure comprising of several CPLs has been considered and
CPLs current rating under fault ride through has been
evaluated. A comparison is presented between the current
ratings of distributed CPLs and a centralized STATCOM to
achieve the extra service of asymmetrical grid fault mitigation. 
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inherent difficulties to ride through grid faults due to the high voltage induced in the 
rotor circuit. Many practical strategies of STATCOM reactive power control under 
asymmetrical grid faults and load unbalances have been discussed in [93, 103] and 
proved to be very effective. However, the installation of a dedicated switching 
compensator or a STATCOM is not very cost effective. The rapidly changing modern 
power infrastructure can utilize some of its installed resources for the services that were 
earlier provided by the dedicated devices. 

This chapter proposes the application of tightly regulated PE load interfaces or CPLs, 
connected to SCIG based wind farm, for FRT enhancement under unbalanced grid 
faults. The main contribution of this work is based on the fact that a dedicated device 
(STATCOM or DFIG) is not needed for FRT enhancement and industrial motor drives 
or other CPLs available in the vicinity of the SCIG based wind farm can be utilized to 
provide this extra service.  In addition to the typical positive sequence reactive current 
injection, the proposed method suggests a negative sequence reactive current 
compensation during the FRT operation to mitigate the unbalanced grid voltages. By 
taking into account both the positive and the negative sequence reactive currents, the 
proposed method can inject the real power and the reactive current demanded by grid 
codes and alleviate the grid voltage imbalance without exceeding the peak current limit 
of the PE load interface.  

4.1 Proposed Control Scheme 

The CPL control scheme for asymmetrical fault mitigation slightly differs from the 
basic control structure presented in chapter 2. An independent control of positive and 
negative sequence voltages demands the precise sequence extraction to be incorporated 
into the control structure. To achieve the FRT enhancement, the CPL control algorithm 
injects the negative sequence active current and both the positive and the negative 
sequence reactive current.  Four PI regulators have been added in the outer voltage 
control in this case. Positive sequence reactive current iq

+ compensates the positive 
sequence active voltage drop vd

+ while the negative sequence reactive current iq  
compensates for the negative sequence active voltage drop vd. Negative sequence active 
current id  is injected by CPL to compensate the negative sequence reactive voltage 
drop vq . CPL also absorbs the positive sequence active current id

+ to meet the load 
power requirements and maintain the DC link voltage. The basic control structure is 
presented in Figure 4.1. 
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Figure 4.1: CPL control structure with independent control of positive and negative 

sequence voltages at PCC 

A phase lock loop (PLL) based on dual second order generalized integrator (DSOGI) 
has been employed for this purpose [107-110]. Using the DSOGI-PLL sequence 
separation scheme, the positive and negative sequence of the voltage appear as DC 
values in SRF and can be easily controlled by using PI controller. The current limitation 
and priority block presented in Figure 4.1 adjusts the level of positive and negative 
sequence active and reactive currents so that a predefined ampere constraint (1.0 pu) of 
the CPL is not exceeded; thus, the risk of overcurrent tripping of the CPL can be greatly 
reduced. The priority has been given to the positive sequence reactive current iq

+ to 
compensate the positive sequence voltage, thereby making sure the maximum FRT and 
stability enhancement of the SCIG based wind farm. The remaining current capacity of 
the CPL will be used to compensate the negative sequence voltage in order to reduce the 
torque pulsations during the unbalanced grid fault. The negative sequence voltage is the 
quadratic sum of negative sequence active and reactive voltage components. The total 
negative sequence current injection will therefore be the quadratic sum of negative 
sequence active and reactive current components. 

4.1.1 Positive and Negative Sequence Calculation in SRF 

DSOGI-PLL sequence separation technique translates the three phase voltage from the 
abc to stationary  reference frames. A dual SOGI-based quadrature signals generator 
(QSG) is employed for filtering and obtaining the 90° shifted versions from the  
voltages. The SOGI-QSG scheme is presented by Figure 4.2 and its characteristic 
transfer functions are given by: 

 2 2( ) ( ) k s
s k s

vD s s
v

 (4.1) 
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Figure 4.2: SOGI-QSG scheme 

These signals act as inputs to the positive and negative sequence calculator (PNSC). The 
positive and negative sequence  voltages are then translated to the rotating SRF and a 
PLL (SRF-PLL) is employed to make the system frequency adaptive [108]. 

The instantaneous positive and negative sequence components, v+
abc and v-

abc of a 
generic voltage vector vabc =[ va   vb    vc ]T are written as: 

 
v v

v v

T
abc a b c abc

T
abc a b c abc

v v v T

v v v T
 (4.3) 

where [T+] and [T-] are represented as: 
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where a=e j2 /3. Clarke transformation allows voltage vector translation from the abc to 
the  reference frames such that: 

 
1 112 2 2v 3 3 30 2 2

v vabc abcT  (4.5) 

Therefore, the instantaneous positive and negative sequence voltage components in 
stationary  reference frame are represented by: 

 1
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1

v v v

1 1v v12

abc abcT T T

qT T T q

 (4.7) 

where q=e-j /2 is a phase shift time domain operator to obtain in-quadrature version of 
an original waveform. Finally, the stationary positive and negative sequence voltage 
components are transformed to synchronously rotating voltage components, such that: 

 

cos sinv v vsin cos

cos sinv v vsin cos

dq dq

dq dq

T

T
 (4.8) 

Figure 4.3 represents the QSG and PNSC used for the extraction of positive and 
negative sequence voltage in SRF. 

 
Figure 4.3: Positive and negative sequence calculation in SRF 

4.2 Operation of SCIG under Asymmetrical Grid 
Voltage Sag 

Apart from many advantages such as low price, robust design, overload handling and 
little maintenance, the biggest disadvantage of fixed speed SCIG is the uncontrollable 
reactive power consumption. The compensation for the reactive power consumption 
needs shunt capacitor banks at no-load [111, 112]. SCIG easily becomes unstable under 
low voltage conditions as low terminal voltage increases the rotor slip and consumption 
of reactive power, thereby, further lowering the voltage which leads to disconnection of 
the turbine. 

The torque T+ of the induction generator has a quadratic dependence on the positive 
sequence stator voltage magnitude [112], and can be represented by: 
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where Rs, Rr, Xs and Xr are the stator and rotor resistance and impedance parameters of 
the SCIG equivalent circuit, p is the number of pole pairs, s is the slip and s is the grid 
frequency. For a smaller voltage dip, the SCIG may regain a stable operating point, but 
for a deep voltage dip the SCIG loses its torque control and may have to be 
disconnected from the grid due to over speed or a voltage collapse may happen in the 
network due to high reactive power consumption. 

Under the unbalance voltage conditions, the stator currents become unbalanced too and 
even a small amount of negative sequence voltage Vs

- results in a very high negative 
sequence current Is

-, such that: 

 
,. . .

s
s

s s s N

V
L II  (4.10) 

where Ls is the stator inductance, Is,N is the rated stator current and  is the leakage 
factor. Average torque is not much affected by the negative sequence current; however, 
it causes the torque ripples of double grid frequency. The magnitude of the positive 
sequence torque and negative sequence torque T- can be represented by [112]: 

 3. . .2 s s
s

p V IT  (4.11) 

 3. . .2 s s
s

p V IT  (4.12) 

Due to the decreased positive sequence voltage magnitude, the average torque is 
reduced, leading to the acceleration of the generator. The additional torque oscillations 
of the double grid frequency result in the heating of the stator windings and reduced 
lifetime of the turbine drive train. The average torque and the torque ripples can only be 
controlled independently if the CPLs are able to control the positive and negative 
sequence voltages. 

4.3 Structure of the Distribution System 

The investigated AC distribution system for unbalanced grid fault mitigation is shown 
in Figure 4.4. It consists of a 750 kW wind turbine with a fixed speed SCIG connected 
directly to the grid through a transformer and a 750 kVA CPL connected at the 
terminals. CPL is connected to the low voltage bus. The transformer is rated for wind 
turbine and CPL power. The main grid is a three phase AC source with internal 
impedance. The grid fault occurs at the medium voltage bus. The power system 
parameters in pu are presented in Table 4.1. In the beginning, the FRT enhancement 
analysis is restricted to single machine generation system and will be further extended 
to multi-machine generation system. 
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Figure 4.4: System under study with wind turbine connected to the grid and a CPL 

connected at the terminals 

Table 4.1: Power System Parameters 
Induction Generator 

Base Apparent Power  
Rated Active Power  

Rated Voltage (line to line)  
Stator resistance  

Stator leakage inductance  
Mutual inductance  

Rotor mutual inductance  
Polar moment of inertia  

Mechanical damping 

800 kVA 
750 kW  
690 V  

0.0092 pu 
0.1580 pu 
3.87 pu  

0.0651 pu 
5 s  

0.008 pu 
Constant Power Load  

Rated Power  
Rated Voltage (line to line)  

Filter Inductance Lf  

Filter Resistance Rf  

DC Link Voltage Vdc 

750 kVA 
690 V  

0.05 pu  
0.01 pu  
1126 V 

Grid and Transmission Line 
Rated Voltage (line to line)  

Rated Frequency  
Resistance  
Inductance  

Transmission Line Inductance Lg  

22 kV  
50 Hz  

0.84 pu  
2.51 pu  
105.5 pu 

4.3.1 Simulations Results for Asymmetrical FRT 

In this section, a comprehensive simulation study has been carried out to investigate the 
FRT capability of an installed CPL at the distribution level supplied by SCIG based 
wind turbine. CPL starts consuming 30% (225 kW) of the SCIG power at time t = 1s. 
This has been done to achieve a steady state operating point for the SCIG. An 
asymmetrical fault (single phase amplitude falls to 78%) is simulated at the medium 
voltage bus as shown in Figure 4.3 at time t =2s for a duration of 1 second. The 
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(Figure 4.8c), and SCIG consumes more reactive power, resulting in a continuous 
decrease in the positive sequence voltage component. The system, however, does not 
reach the mechanical unstable point and returns to the rated operating point after the 
fault. Figure 4.8e shows the oscillating CPL active and reactive powers during the fault. 

 
Figure 4.8: Simulation results with CPL negative sequence voltage control (a) Positive 
and negative sequence voltages at PCC (b) SCIG Torque (c) SCIG speed (d) Positive 
and negative component of compensating current (e) CPL active and reactive powers 

 In this case, the active and reactive powers can be represented by: 

 
 
 

CPL

CPL

q qd d d d d d d d

q q q qd d d d

P
Q

v i v i v i v i v i
v i v i v i v i  (4.17) 

During the fault, both the active and reactive powers exhibit second order harmonic as a 
result of interaction between the opposite sequence voltage and current components.  
The input active power oscillates around a constant load demand. The power 
oscillations under fault conditions are higher in this case as confirmed by (4.17) 
compared to the previously discussed two cases. In this case, there is more interaction of 
opposite sequences of voltage and current. From the load side perspective, these 
oscillations are undesirable. However, even without the negative sequence voltage 
compensation through injection of negative sequence current idq , the system will be 
exposed to oscillation due to unbalanced nature of the grid fault as seen in the case 
without positive or negative sequence voltage control. 
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Figure 4.9: Simulation results with CPL coordinated positive and negative sequence 

voltage control (a) Positive and negative sequence voltages at PCC (b) SCIG Torque (c) 
SCIG speed (d) Compensating current (e) CPL active and reactive powers 

For higher voltage sag, the CPL may not have the sufficient current capacity left to 
achieve the coordinated voltage control. In this case, the priority is given to positive 
sequence voltage compensation; because the speed of the rotor keeps on increasing out 
of control and a voltage collapse becomes unavoidable. Figure 4.10 shows the results 
for a more severe fault (single phase amplitude drops to 58%). The fault results in 
comparatively higher negative sequence voltage (Figure 4.10a). The CPL is able to 
compensate the positive sequence voltage by injecting its full allowed current capacity. 
If the fault is even more severe, then the CPL will not be able to fully compensate the 
positive sequence voltage. However, in that case, it can avoid the voltage collapse by 
supporting the PCC voltage by injecting maximum current without exceeding its current 
rating. The disadvantage in this case is that there is no extra current to compensate the 
negative sequence voltage and the torque oscillations will remain during the fault, 
resulting in unbalanced heating in the stator windings. 
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Figure 4.11: Simulation results for multi-machine medium size wind farm without CPL 
voltage control (a) Positive and negative sequence voltages at PCC (b) SCIG Torque (c) 

SCIG Speed (d) Active component of current representing the load power (e) CPL 
active and reactive powers 

Simulation results for the case when CPL is controlled to provide both the positive and 
negative sequence voltage support are presented in Figure 4.12. CPL control affectively 
maintains the voltage during the fault to the specified values. The torque ripples are 
largely reduced after the negative sequence voltage compensation. The positive 
sequence voltage avoids the acceleration of the rotor during the fault and helps to 
improve the overall system stability and the possible disconnection of the wind farm as 
shown by Figure 4.12c. CPL injects the positive and negative sequence compensating 
currents and the current limiter block shown in Figure 4.1 does not impose any 
restrictions on the amount of injected current. Figure 4.12d illustrates the different CPL 
current components. The total CPL current in this case is 1.44 pu. This is 44% increase 
in the total CPL current rating even though the wind farm power rating is increased by 
three-fold. However, as the overall inductance of the system is very high in this case, 
the CPL does not need to inject three times more compensating current.  
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Figure 4.12: Simulation results for multi-machine medium size wind farm with CPL 

voltage control (a) Positive and negative sequence voltages at PCC (b) IG Torque (c) IG 
Speed (d) Compensating current (e) CPL active and reactive powers 

4.4 FRT Enhancements with Distributed CPLs 

This section presents a simulation analysis for FRT enhancement in a microgrid 
consisting mainly of distributed CPLs. A simulation analysis is carried out to find the 
impact of negative sequence voltage support on the incremental current rating of the 
CPLs. A comparison between the distributed compensation of positive and negative 
sequence voltages and the centralized compensation by a STATCOM has also been 
presented. 

4.4.1  Microgrid Structure with High Share of CPLs 

The investigated microgrid is shown in Figure 4.13. It consists of a 3 MW fixed speed 
SCIG based wind farm connected directly to the medium voltage grid. Several CPLs are 
connected to the low voltage distribution bus. It has been assumed that the distribution 
level is entirely dominated by the consumers with PE interfaces at the front end. An 
aggregate model of the wind farm is used so that the sum of the turbines is modeled as 
one generator using the standard T-equivalent circuit. The grid fault occurs at the 
medium voltage bus. All the power system parameters are presented in Table 4.2. 
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Figure 4.13: Structure of the investigated microgrid with SCIG based wind farm and 

distributed CPLs 

Table 4.2: Wind Farm, CPL, Grid and Lines Parameters 
Wind Farm 

Base Apparent Power 
Rated Active Power 

Rated Voltage (line to line) 
Stator resistance 

Stator leakage inductance 
Mutual inductance 

Rotor mutual inductance 
Polar moment of inertia 

Mechanical damping 

3.36 MVA 
3 MW 
690 V 

0.0092 pu 
0.1580 pu 

3.87 pu 
0.0651 pu 

0.5 s 
0.008 pu 

Constant Power Load (Individual Device) 
Rated Power 

Rated Voltage (line to line) 
Filter Inductance Lf 
Filter Resistance Rf 

DC Link Voltage Vdc 

3 MVA 
690 V 

0.21 pu 
0.042 pu 
1126 V 

Grid and Lines 
Rated Voltage (line to line) 

Rated Frequency 
Resistance 
Inductance 

Transmission Line Inductance  
Distribution Line Inductance LP  
Distribution Line Resistance RP  

22 kV 
50 Hz 

3.52 pu 
11 pu 

66.5 pu 
0.11 pu 

0.0353 pu 
 

4.4.2 Simulation Results for Unbalanced FRT Enhancement with 
Distributed CPLs 

For this simulation analysis, all the four CPLs are controlled to provide the FRT 
services and are equipped with both the voltage and current controllers. Each CPL starts 
consuming 450 kW power from the wind farm at time t=1s. An asymmetrical fault 
(single phase amplitude falls to 60% as shown in Figure 4.14a) is simulated at the 
medium voltage bus as presented in Figure 4.13 at time t=2s for a duration of 1 second. 
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Figure 4.18: Simulation results with coordinated positive and negative sequence voltage 

control (a) PCC voltages (b) SCIG torque (c) SCIG speed (d) CPL1 compensation 
currents (e) CPL1 powers 

The obvious advantage of the proposed scheme is that the installed resources at the 
distribution level can be used to achieve the performance of a STATCOM that has been 
specifically used for compensation purpose. However, in order to achieve this, the CPL 
current rating must either be enhanced or it must be operated below its rated active 
power to allow the injection of extra current for voltage compensation. 

4.5 Impact of Unbalanced FRT Enhancement on Current 
Rating of a CPL 

This section presents the impact of negative sequence voltage compensation on the total 
current rating of the CPL. As indicated by (2.16), the voltage support comes at the cost 
of reactive current injection under balanced grid faults. The improvement in the voltage 
profile leads to the reduction of active component of current to keep the input power 
constant. This is analogous to the previously discussed case of positive sequence 
voltage compensation under unbalanced grid faults, while the negative sequence voltage 
still remains in the system. Under this condition, total CPL current I+

t can be expressed 
by (3.1) which can be rewritten to distinguish the currents components such that: 

 2 2( ) ( )qdt i iI  (4.19) 

It is supposed in this investigation that CPL is designed to provide the positive sequence 
voltage compensation through reactive power ancillary service. In order to mitigate the 
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negative sequence effects in the system, the CPLs have to inject the negative sequence 
active and reactive current components during the fault. This demands an increment in 
the total current rating of the each CPL comprising a microgrid. In this case, the total 
CPL current ICPL,N can be represented by: 

 
2 2 2 2

2 2

, ( ) ( ) ( ) ( )

( ) ( )
q qd d

t t

CPL N i i i i

I I

I
 (4.20) 

where It  is the total negative sequence current in SRF. 

The microgrid model of Figure 4.13 is considered with each CPL consuming 450 kW. 
Single phase to ground fault at the medium voltage bus is simulated to get the different 
values of voltage sags. Simulations are performed with and without the compensation of 
negative sequence voltage and the results are presented in Figure 4.19. It can be 
observed that the total CPL current is higher for unbalanced FRT enhancement of 
deeper voltage dip. This is due to the increment in the positive and negative sequence 
compensation currents for FRT enhancement. Before the fault occurs, each CPL is 
consuming only the active component of positive sequence current corresponding to the 
load requirements. The value of this current is 0.15 pu. For a single phase voltage dip of 
70%, the total CPL current increase to 0.37 pu. This is 150% increment in the total CPL 
current compared to the pre-fault value. However, for a higher single phase voltage dip, 
the positive sequence voltage drops rapidly at the low voltage bus and CPL has to draw 
more positive sequence active current in accordance with (2.16) if there is no FRT 
enhancement provided by CPLs. This also requires an increment in the total CPL 
current and the system is highly vulnerable to a voltage collapse. Therefore, a demand 
for an increase in the current rating of the CPL is essential to avoid a complete voltage 
collapse. 

 
Figure 4.19: Incremental current rating of the CPL as a function of single phase to 

ground fault 
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4.6 Centralized STATCOM vs Distributed CPLs 

In order to evaluate the extra functionality of each CPL belonging to a group of 
distributed CPLs for FRT enhancement, a comparison is made with the operation of a 
centralized STATCOM. A simulation study is performed in order to know the impact of 
distributed compensation on the total current of each device compared to a STATCOM. 
The microgrid model used for this purpose is shown in Figure 4.20. CPL1 will be 
occasionally replaced with the centralized STATCOM.  

 
Figure 4.20: Investigated microgrid with SCIG based wind farm, STATCOM and 

distributed CPLs 

 A comparison between the system with a STATCOM and three non-controlled CPLs is 
made with the case of two, three and four CPLs with FRT capability. Like the previous 
cases, the total power drawn by the each CPL is 450 kW. Simulations are carried out for 
different levels of single phase to ground voltage dips at medium voltage bus. The total 
compensating current ICOMP in this case is represented by: 

 2 2 2( ) ( ) ( )q qCOMP di i iI  (4.21) 

The amount of total compensating current for FRT enhancement is plotted in Figure 
4.21 for different single phase fault levels. Each individual CPL injects an amount of 
current according to the voltage drop at PCC. The voltage drop across each CPL is 
almost the same, therefore, all the CPLs inject almost equal amount of current for FRT 
enhancement. It can be observed that the total compensating current by the STATCOM 
for all the fault levels is higher compared to the total compensating current by a single 
CPL belonging to a group of two, three and four distributed CPLs. The higher the 
number of distributed CPLs in the microgrid, the lower the compensating current 
injected by individual device. However, the sum of total distributed compensating 
current for all the studied cases is higher compared to the centralized STATCOM. This 
is because of the varying distances of the CPLs from PCC. The total compensating 
current has to be higher to overcome the increasing impedance of the system due to 
addition of each CPL device. In general, it can be concluded that the distributed 
compensation as an ancillary service provided by CPLs is beneficial than centralized 
compensation and it demands the lower current rating for the individual devices. 
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Figure 4.21: Total compensating current comparison between STATCOM and 

distributed CPLs for FRT enhancement 

4.7 Summary 

This chapter introduces the idea of using a CPL to mitigate the asymmetrical grid faults 
in a fixed speed SCIG-based wind farm instead of using dedicated devices such as a 
STATCOM or DFIG wind turbine. A detailed simulation analysis is carried out to 
understand the voltage control performed by CPL and the resulting operation of the 
SCIG under unbalanced fault. A tightly regulated VSC utilizing vector control method 
is used as a CPL. DSOGI-PLL is employed in the control strategy for the precise 
extraction of positive and negative sequence components of the PCC voltage. A CPL 
control structure is proposed to achieve the independent compensation of positive and 
negative sequence of the voltage. The priority has been assigned to the positive 
sequence voltage control for the maximum FRT enhancement of the wind turbine.  

The positive sequence voltage compensation avoids the acceleration of the rotor and 
improves the voltage stability. The negative sequence voltage control is activated when 
there is remaining current capacity to remove the torque oscillation in the machine 
during the unbalanced fault. The simulation results for multi-machine wind farm 
confirm that the CPL effectively provides the positive and negative sequence voltage 
compensation and the increase in CPL compensation currents is not in proportion with 
the increase in system power rating. 

A detailed model of microgrid comprising of several distributed CPLs has been 
considered. A more severe grid fault leading to a complete voltage collapse has been 
simulated. All the CPLs are taking part in unbalanced FRT enhancement and they 
effectively provide the positive and negative sequence voltage compensation thereby 
avoiding the mechanical instability of the wind farm.  

The incremental current rating of the semiconductor switches of the CPLs for 
unbalanced FRT enhancement is studied and it is observed that the deeper the voltage 
drop, the higher the CPL current rating required for FRT enhancement.  
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The total compensating current injected by the individual CPL belonging to a group of 
distributed CPLs is compared with the total compensating current by a centralized 
STATCOM. It is found that the each distributed CPL injects less current for FRT 
enhancement compared to one centralized STATCOM. 
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5 Power Quality Enhancement by CPL 

 

 

As has been investigated in previous chapters, CPLs can be used for improving the 
transient stability and FRT enhancements in a distribution system through provision of 
active and reactive powers under grid voltage dips. This chapter explores the possibility 
of using them for active power filtering in the presence of harmonic generating non-
linear loads under both ideal and non-ideal voltage conditions.  

The inclusion of power electronics based devices at the transmission as well as at the 
distribution level in large numbers has badly deteriorated the power quality in the recent 
times. These devices and PE load interfaces, if not tightly regulated, draw non-
sinusoidal current from the utility. Elimination of harmonic pollution in power grid and 
improving quality of electrical power supply to consumers has become one of the 
important research subjects in modern electrical power system. In a microgrid, 
employing local DG units, harmonics and voltage sags have been identified to be the 
most serious problems for the industrial consumers. Shunt active power filters (APF) 
can be used to alleviate some of the major power quality issues. They generally provide 
reactive power compensation, harmonic compensation and flicker/unbalance 
compensation [113-118]. 

In this chapter, it is proposed that the CPL installed in an AC distribution system can be 
used to provide active power filtering as an ancillary service in the presence of non-
linear harmonic producing loads. The reference generation of compensating currents has 
been done using both the time domain and frequency domain approaches. Time domain 
approach is based on the instantaneous reactive power (IRP) p-q theory and frequency-
domain approach is based on current’s physical components (CPC) theory, utilizing 
Fourier analysis of the distorted current to extract the compensating current. Simulation 
results indicate that the controlled load can be applied to achieve active power filtering 
in addition to providing constant power to consumers under both ideal and non-ideal 
source voltage conditions. 

This chapter addresses the power quality issues in AC
distribution system with CPL acting as active power filter in
addition to serve the load. The analysis has been performed
under both ideal and non-ideal source voltage conditions. A
slightly different control strategy for the CPL based on time and
frequency domain reference signal generation has been
presented in detail. 
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5.1 Reference Signal Generation Schemes 

In the presence of non-linear loads, the source current will have very high harmonic 
content. It is essential to remove the lower order harmonics from the utility to avoid the 
harmonic voltage drops across the electrical network. Therefore, harmonic requirement 
of the non-linear loads has to be fulfilled by a source located close to them as presented 
in Figure 5.1. Reference signal generation schemes calculate the harmonic components 
of the load current to be further used as set points in the control system of the APF. In 
this section, two reference signal generation schemes based on two most common 
power theories will be discussed. The compensation purpose for both the reference 
signal techniques is to make the source current sinusoidal with the source supplying 
only the constant active power to the load. 

 
Figure 5.1: Functional diagram of an active compensator with reference signal generator 

5.1.1 IRP p-q Based Time Domain Approach 

IRP p-q theory [119, 120] is the most widely used to generate reference signals for the 
control system of switching compensators. The theory is based on the assumption that 
the instantaneous active power of an ideally compensated load must always be constant 
and the oscillating components of the instantaneous power should be compensated 
[121]. It utilizes Clark transform of the line current and phase voltages. For a balanced 
three phase three wire system, we can write: 

 a

b

x x
Cx x  (5.1) 

where x represents either the phase voltage or line current and C is a constant, such that: 

 
3 02

1 22

C  (5.2) 

The instantaneous active and reactive power as defined in [119-121] is: 

Isource=I1 Iload=I1+Ih

Non-linear Load
PCC

Ih

Reference Signal
Generator

Active Power Filter

Ih

Electrical Grid

I1=Fundamental current 
Ih=Harmonic current
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q v i v i

 (5.3) 

Using the instantaneous powers, instantaneous active and reactive currents in stationary 
reference frame can be defined as: 
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 (5.4) 

where p~ is the oscillating active power that needs to be compensated. A generic 
reference signal generation scheme based on the IRP p-q theory is shown in Figure 5.2.  

 
Figure 5.2: IRP p-q based reference signal generation scheme 

Control methods based on SRF are very similar to the control methods based on IRP p-
q. In this case, the currents are transformed into SRF that is synchronized with the AC 
supply voltage such that: 

 
cos sin
sin cos

d

q

i i
ii  (5.5) 

The d and q components of currents represent the active and reactive components of the 
load current. Figure 5.3 shows the reference current extraction scheme in SRF for the 
system under investigation. Both the methods employ filters to extract the load current 
components to be compensated. The filters are not needed for the q component if total 
reactive power is to be compensated. 
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Figure 5.3: Reference signal generation scheme in SRF 

5.1.2 CPC Based Frequency Domain Approach 

The CPC theory [122] is a frequency based approach to describe the power properties of 
an electrical circuit. CPC provides orthogonal decomposition of currents into physical 
components [123-130]. Phase voltages and line currents are expressed in terms of 
Fourier series and presented in the form of vector u and i such that: 
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where u(n)=[U(n)a U(n)b U(n)c]T and i(n)=[I(n)a I(n)b I(n)c]T are the vectors of voltage and 
current complex rms values [122, 123]. N is the set of current and voltage harmonics. 
The complex power for the nth order harmonics is represented by: 

 ( ) ( )
* ( ) ( )( ) U IT

n n n nnS jP Q  (5.8) 

where P(n) and Q(n) are the nth order active and reactive load powers. In the presence of 
harmonic generating loads (HGLs), harmonic frequencies generate active power that is 
transmitted from the load to the source. The set of these harmonics can be represented 
by NC. According to CPC, the current of HGL can be decomposed into five 
components: 

 +i i i i i ia s r u c  (5.9) 

All these current components can be defined as: 
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 (5.10) 

where ia is the active current representing the active power transfer to the load, ir is 
reactive current representing the phase shift between voltage and current harmonics, iu 
is the load current unbalance, is is the scattered current representing change of load 
conductance Ge(n) with harmonic order, iC represents the flow of active power from load 
towards source due to harmonic current, U#

(n)=[U(n)a U(n)c U(n)b]T and A(n) is the 
unbalanced admittance as reported in [122, 123, 125, 126]. 

Each of these current components contributes to the power losses independently. The 
compensation goal is such that the load appears ideal for the source. In this case, it will 
draw only useful active power. However, only the active power of positive sequence 
current and fundamental voltage is the useful power for most of the machine loads. 
Active power resulting from the negative sequence current and voltage and higher order 
harmonics contribute to the power and torque oscillations. 

The asymmetrical source voltage can be decomposed into the positive and negative 
sequence components of fundamental harmonic up

1, un
1, and higher order harmonic 

components uh such that: 

 
'

1 1 1u p n
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n N
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where N´ represents the set without n=1. The active power can be decomposed into the 
same harmonic components so that: 
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The active power of the positive sequence of the fundamental harmonic Pp
1 is named as 

working power in [122, 123] and is represented by Pw such that: 

 1 1 1
p p p

wP P u i  (5.13) 

where ip
1 is the current of minimum value called as working current iw. It provides the 

power Pp
1 at the source voltage up

1, and is represented by: 
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where p
1  is the phase difference between the fundamental harmonics of the positive 

sequence of the voltage and current. 

The rms value of the working current is therefore: 

 1 1cosp p
w Ii  (5.15) 

When the working current is subtracted from the total load current, the remaining 
current is the non-useful current reported as detrimental current idet in [122], such that: 

 wdet ii i  (5.16) 

The CPL must inject the detrimental current into the power network so that the source 
only delivers the working current and will see the load as ideal. The CPC based 
reference signal generation scheme is shown in Figure 5.4. DFT is used to extract the 
magnitude and phase angles of the fundamental harmonics of the voltage at point of 
common coupling (PCC) and load current. The frequency domain algorithm makes it 
easy to calculate any harmonic component of the current or voltage. Working current is 
found using (5.15) and is subtracted from the active component of the load current. All 
the other components given in (5.10) are the part of detrimental current. CPC based 
reference signal generation scheme is not purely frequency domain approach. The 
detrimental current is specified in time domain and working current is calculated using 
frequency domain approach. Therefore, it is a hybrid reference signal generation 
technique. 

 
Figure 5.4: CPC based hybrid reference signal generation method 

5.2 Active Power Filtering under Ideal Source Voltage 

A simplified model of microgrid as depicted in Figure 5.5 is considered for simulation 
analysis under balanced source voltage. The model consists of an ideal voltage source, a 
CPL and a non-linear load. The non-linear load is an uncontrolled diode bridge 
supplying a resistive load. The system parameters are presented in Table 5.1. To 
investigate the effectiveness of CPL control for an unbalance and distorted PCC 
voltage, the source inductance Ls of the phase-b is kept lower. CPL is used as APF using 
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the reference signals generated from both the time and frequency domain approaches 
presented in the previous section. Simulation parameters are kept identical for both 
methods. 

 
Figure 5.5: Model of the microgrid under investigation with CPL and non-linear load 

Table 5.1: Simulation Model Parameters 
Parameter Value 

Rated frequency f 
Rated Voltage Vs(L-L rms) 

DC link Voltage Vdc 
DC link Capacitor C 
Filter Inductance Lf 
Filter Resistance Rf 
Line Inductance Ll 

Load Resistance Rl,dc 
Ls (Phase a &c) 

Ls (Phase b) 
Source Resistance Rs 

P non-linear load 
Q non-linear load 

PCPL 

50 Hz 
690 V 

1126 V 
4000 μF 
0.1 mH 
6 m  

0.8 mH 
4.15  

0.75 mH 
0.075 mH 

0.2  
161 kW (0.215 pu) 
53 kVar (0.07 pu) 
150 kW (0.2 pu) 

5.2.1 Simulation Results for Time Domain Approach 

In this section, the simulation results obtained from IRP p-q approach are discussed. 
Simulations are run for a total time of 0.6 second. At the very start, CPL is disconnected 
from the system and only the non-linear load is connected. At time t=0.2s, CPL is 
connected, however, it is acting only as APF and does not draw any power from the 
source. CPL injects the reference compensating current obtained from IRP p-q approach 
using (5.4). The main compensation objective is to eliminate the harmonics in the 
source current.  
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Figure 5.6 shows the source and non-linear load currents and PCC voltage before and 
after the compensation. The load and source currents before compensation are identical. 
However, after compensation the source current effectively becomes sinusoidal. Some 
harmonics in the PCC voltage can also be observed due to voltage drop across source 
impedance when harmonic current flows through it. After compensation, as source 
current harmonics are mitigated, the PCC voltage becomes perfectly sinusoidal as well, 
because now the voltage drop across the source impedance is also sinusoidal. 

Figure 5.7a presents the non-linear load active and reactive components of currents that 
oscillate around a fixed value. The higher frequencies are filtered out and the filter 
output is shown by Figure 5.7b. These oscillating currents must be compensated to 
make the supply current sinusoidal along with the fixed reactive current component. 
CPL closely follows the reference signal (Figure 5.7c). The source current has reduced 
to a lower value because the CPL is now supplying the reactive power and harmonics 
demanded by the non-linear load.  

 
Figure 5.6: (a) Source current (b) Non-linear load current (c) Voltage at PCC 
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Figure 5.7: (a) Active and reactive components of non-linear load current (b) Oscillating 

active and reactive components after filtering (c) Phase-a of IRP p-q based reference 
current and compensating current by CPL 

Figure 5.8 illustrates the simulation results when the CPL starts acting as an interface 
ensuring a constant power demanded by the load.  The source is providing the active 
power demanded by the non-linear load only till time t=0.4s. The active power supplied 
by the source is almost doubled at time t=0.4s because of the CPL power requirement 
(Figure 5.8a) and the increase in source current is observed (Figure 5.8b). The 
amplitude of the PCC voltage is dropped as shown in Figure 5.8c because the increase 
in source current leads to a slightly more voltage drop across the source impedance.  

THD of the source current is reduced from 23.5% to 2.05% as shown in time domain 
plot of Figure 5.9a when CPL is operating as APF only. This confirms that the lower 
frequency current harmonics having higher amplitudes are effectively compensated 
using IRP p-q. The distortion produced by the non-linear current across source 
impedance is effectively improved due to the improvement in source current waveform. 
The voltage THD is reduced from 10.5% to 1.3% as illustrated in Figure 5.9b. 
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Figure 5.8: (a) Phase-a source current and PCC voltage for total simulation time (b) 

Source current (c) PCC voltage THD 

 
Figure 5.9: (a) Source and load current THD (b) PCC voltage THD (c) DC link voltage 

At time t=0.4s, when CPL starts consuming active power from the source the THD of 
the source current is further reduced to 1.1%. The reason for this is the addition of 
perfect sinusoidal current drawn by the CPL to the total source current that has very 
small distortion due to CPL switching operation. Figure 5.9c shows that the DC-link 
voltage controller provides a very stiff control during the whole simulation period 
irrespective of CPL mode of operation. The voltage remains fixed to the specified value. 
Shunt active filtering as an ancillary service is an added feature of the CPL if its control 
is modified in accordance with the application requirements. 
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5.2.2 Simulation Results for Frequency Domain Approach 

CPC based hybrid signal generation scheme has a major advantage over IRP p-q that it 
can separate the current into its components such as positive sequence, negative 
sequence and higher order harmonic current. In this way, it can compensate for the 
negative sequence fundamental and higher current harmonics when the loads are mainly 
induction or synchronous machines to avoid overheating in the machine windings.  

Simulations are carried out for CPC based method for the same duration as in the case 
of IRP p-q approach. CPL does not consume power till time t=0.4s, like the previous 
case. Figure 5.10a shows the source current. After the compensation the source current 
reduces to the value of working current as specified by (5.15). CPL injects the amount 
of detrimental current represented by (5.16) to compensate for the reactive, scattered, 
unbalance and harmonic components of the non-linear load current as depicted in Figure 
5.10b. The source current is exactly in phase with the voltage at PCC as shown in 
Figure 5.10c. The PCC voltage harmonics caused by the voltage drop across the source 
impedance are largely eliminated after the compensation by CPL.  

 
Figure 5.10: (a) Source current (b) Phase-a of CPC based detrimental current and 

compensating current (c) Phase-a source current and PCC voltage 

THD in the source current is reduced from 23.5% to 1.46% as presented by time domain 
plot of Figure 5.11b when the CPL does not consume active power from the source. The 
PCC voltage THD is reduced from 10.5% to 1.15 % (Figure 5.11c). At time t=0.4s, CPL 
starts drawing constant active power. The sudden effect of it is the reduction in THD of 
the source current which reduces to 1.05% (Figure 5.11b). In fact, if CPL draws more 
active power, the source current THD will further reduce because the more fundamental 
current component will be added in the total source current. This means that tightly 
controlled loads in a microgrid not only provide shunt active filtering but they can 
additionally improve the source current shape by drawing a pure sinusoidal current as 
switching effects can be neglected. This higher source current results in more voltage 
drop across the source impedance and the voltage at PCC further reduces. This has been 
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indicated in Figure 5.11a. Therefore, CPL control needs to be very robust to withstand 
the drop in AC side voltage. 

 
Figure 5.11: (a) Phase-a source current and PCC voltage for total simulation time (b) 

Source and load current THD (c) PCC voltage THD 

5.3 Active Power Filtering under Non-Ideal Source 
Voltage Conditions 

The simulation analysis presented in the previous section confirms that under ideal 
source voltage conditions, both the time and frequency domain reference signal 
generation techniques perform well. However, IRP p-q approach generates erroneous 
reference signals when the source voltage is unbalanced and distorted with harmonics. 
Equation (5.3) will yield incorrect values of the active and reactive powers because 
source voltage is polluted. The reference signal is corrected by using the fundamental 
positive sequence of the voltage in the CPL control that needs to be modified 
accordingly. CPC approach, however, is based on the extraction of fundamental 
components of currents called working current using FFT algorithm and is not affected 
by the source voltage unbalance. 

5.3.1 CPL Control Modifications 

The control structure of the CPL is modified to incorporate the positive sequence 
voltage detector. The fundamental positive and negative sequence voltage detection 
technique based on DSOGI-PLL has been discussed in detail in chapter 4. For the 
analysis under investigation we will adapt only the positive sequence extraction. The 
control structure is presented in Figure 5.12.  

A dual SOGI-based QSG is employed for filtering and obtaining the 90° shifted 
versions from the  voltages and (4.8) is used for the extraction of positive sequence 
voltage extraction. Positive sequence voltage calculator is shown in Figure 5.13.  
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Figure 5.12: CPL control structure for non-ideal source voltage 

 
Figure 5.13: Positive sequence calculation in SRF 

5.3.2 Simulation Model for Non-Ideal Voltage Conditions 

The simulation model of the microgrid under non-ideal voltage conditions is shown in 
Figure 5.14. The source impedance is not considered in this case compared to the case 
with ideal source voltage discussed in previous section. The objective of this analysis is 
to make the CPL operate as APF under non-ideal conditions and the harmonics are 
directly added in the supply voltage using simulation software features. The addition of 
source impedance would further distort the voltage shape by adding a voltage drop in it. 
The distribution system parameters are presented in Table 5.2 and are kept identical for 
all the studied cases. The source voltage is unbalanced and polluted with harmonics and 
is represented by the following expression: 
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Figure 5.14: Model of the microgrid under investigation with a CPL and non-linear load 

under non-ideal source voltage 

Table 5.2: Microgrid Parameters under Non-Ideal Voltage Conditions 
Parameter Value 

Rated frequency f 
Rated Voltage Vs(L-L rms) 

DC link Voltage Vdc 
DC link Capacitor C 
Filter Inductance Lf 
Filter Resistance Rf 
Line Inductance Ll 

Load Resistance Rl,dc 
P non-linear load 
Q non-linear load 

PCPL 

50 Hz 
690 V 

1126 V 
4000 μF 
0.1 mH 
6 m  

0.8 mH 
4.15  

167 kW (0.222 pu) 
78 kVar (0.104 pu) 

150 kW (0.2 pu) 

5.3.3 Simulation Results for IRP p-q Approach 

First the simulation results obtained from IRP p-q approach are discussed. The total 
simulation run time is 0.6 sec. Initially the CPL is not the part of system and only the 
non-linear load is connected, similar to the simulation analysis done in the previous 
section.  At time t=0.2s, CPL is connected so that it acts only as APF and does not draw 
any power from the source. CPL injects the reference compensating current without 
incorporating the fundamental positive sequence voltage. However, as the input voltage 
is unbalanced and highly distorted (Figure 5.15a), the reference currents calculated by 
control algorithm are erroneous and it does not completely filter the current harmonics 
demanded by non-linear load as shown in Figure 5.15b. The source current is not 
sinusoidal. CPL closely follows the reference signal (Figure 5.16a). The source voltage 
THD level is 18.7%. THD of the source current is reduced from 21.8% to 12.92% as 
shown in Figure 5.16c. The lower frequency harmonics are still present. 
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Figure 5.15: System voltages and currents (a) Distorted source voltage (b) Source 

current without positive sequence voltage inclusion in CPL control 

 
Figure 5.16: Simulation results for IRP p-q method without fundamental positive 

sequence voltage (a) Phase-a reference and compensating current (b) Source and CPL 
powers (c) THD for the source voltage, source current and load current (d) DC link 

voltage 

At time t=0.4s, CPL starts consuming active power from the source. The total source 
current is increased as shown in Figure 5.15b. THD of the source current is further 
reduced to 6.72% due to the addition of perfect sinusoidal current drawn by the CPL to 
the source current. Figure 5.16c provides information about system powers. The source 
provides reactive power only when there is no active filtering provided by the CPL 
(Figure 5.16c). At time t=0.2s onwards, the source no longer supplies reactive power to 
the non-linear load and the CPL takes on this responsibility. It can be observed that the 
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input CPL active power remains constant under all the conditions. Figure 5.16d shows 
that the DC-link voltage controller provides a very stiff control. The voltage remains 
fixed to the specified value during the simulation.  

Figure 5.17 presents the results for the IRP p-q approach when the fundamental positive 
sequence voltage is incorporated in the control algorithm presented by (5.3). In this 
case, the harmonics are affectively filtered and the source current THD reduces from 
21.8% to 3.0% as shown in Figure 5.17c. When the CPL starts consuming the active 
power the source current THD is further improved and reduces to 1.48%. 

 
Figure 5.17: Simulation results for IRP p-q method with fundamental positive sequence 
voltage (a) Source current (b) Phase-a reference and compensating current (c) Source 

and load current THD 

5.3.4 Simulation Results for d-q Approach 

Instead of calculating the oscillating powers for the reference signal generation using 
(5.3), the time domain d-q approach extracts the reference currents for the converter 
control directly from the measured load currents using filters in SRF. The control of the 
converter becomes very simple as it avoids many power and current calculations. The 
CPL control however, needs the precise extraction of the positive sequence voltage to 
be used in PLL for phase angle calculation. 

Figure 5.18 presents the simulation results obtained using time domain d-q technique. 
The CPL is connected to the distribution system at time t=0.2s and acts as APF only. It 
not only effectively compensates the harmonics in the source current, it also supplies the 
total reactive power required by the non-linear load. The source is only supplying the 
constant active power to the non-linear load. Figure 5.18a illustrates the different shapes 
of the source current during the simulation and the impact of harmonic and reactive 
power compensation on it. The source current THD is reduced from 21.8% to 2.54%, 
showing the effectiveness of the d-q reference signal generation scheme (Figure 5.18c). 
Figure 5.18b confirms how closely the CPL is following the reference signal, though the 
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source voltage is highly distorted. At time t=0.4s, the CPL acts as a regulated load and 
consumes the same amount of power as in the previous case. This leads to a further 
reduction in source current THD, which further comes down to 1.4% and is confirmed 
by Figure 5.18c. 

 
Figure 5.18: Simulation results for d-q method (a) Source current (b) Phase-a reference 

and compensating current (c) Source and load current THD 

5.3.5 Simulation Results for CPC Approach 

Simulations are carried out for CPC based method for the same duration as in the case 
of time domain approaches and the results are presented in Figure 5.19. CPL does not 
consume power till time t=0.4s. Figure 5.19a shows the source current after the reactive 
power and harmonic compensation using (5.16). The source current is affectively 
reduced to the value of working current as specified by (5.15). It is also exactly in-phase 
with the voltage at PCC. CPL control follows the value of detrimental current to 
compensate for the reactive, scattered, unbalance and harmonic components of the non-
linear load current (Figure 5.19b). THD in the source current is reduced from 21.8% to 
2.3% as presented by Figure 5.19c.  

At time t=0.4s, CPL starts drawing constant active power. The sudden effect of it is the 
reduction in THD of the source current which reduces to 1.3%. The voltage harmonics 
are not compensated and the distortion in the source voltage is not due to the voltage 
drop across source impedance. Instead the source voltage is assumed to have fixed 
harmonics. The harmonics in the source voltage can only be mitigated using series 
voltage compensation. Shunt compensation, as in our case cannot achieve all the power 
quality targets.  
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Figure 5.19: Simulation results for CPC method (a) Source current (b) Phase-a 

reference and compensating current (c) Source and load current THD 

Appendix D presents the use of generation side PE interface for power quality 
enhancement. The study highlights the difference between the role of CPL and 
generation PE interface when employed as APFs in distributed energy systems.   

5.4 Summary 

This chapter explored the possibility of using CPL in an AC distribution system as 
shunt active filter. A tightly regulated VSC utilizing vector control method is used as a 
CPL. Generation of reference signal is achieved using both the time and frequency 
domain approaches. Hybrid reference signal generation approach based on CPC theory 
uses the time domain approach to measure the detrimental current while the working 
current is measured with frequency domain approach using DFT. CPL present in 
proximity of the non-linear load supplies the reactive and harmonic currents demanded 
by the non-linear load. 

For ideal source voltage conditions, the simulation results obtained from the time 
domain IRP p-q approach using high pass filters show that the THD of the source 
current is reduced from 23.5% to 2.05%. CPL natural action further lowers the THD in 
the source current to 1.1% by adding a perfect sinusoidal term in the total source 
current.  For CPC based frequency domain approach, THD of the source current 
reduces to a value of 1.05%. The harmonics in the PCC voltage due to the voltage drop 
in the source impedance are largely eliminated after the compensation performed with 
both the time and frequency domain approaches.  

For non-ideal source voltage conditions, IRP p-q method generates erroneous reference 
signals for compensation and demands a positive sequence voltage detector. Therefore, 
a SOGI-QSG based PLL is employed in the control structure for the extraction of 
fundamental positive sequence voltage. The simulation results obtained from the time 
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domain IRP p-q and d-q methods using high pass filters show that the THD of the 
source current is reduced from 21.8% to 2.54%. Compensation of detrimental current by 
CPL using CPC approach reduces the source current to a minimum value called 
working current. Source current THD reduces to 2.3%. It further reduces to 1.3% when 
CPL starts consuming active power. 
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6 Conclusions and Future Work 

 

 

6.1 Conclusions 

The main conclusions from the work presented above are grouped as follows: 

6.1.1 CPL Control  

Due to the inherent negative resistance instability issue associated with CPLs; the 
control structure needs to be robust. In this thesis, CPL is an active three phase full 
bridge rectifier utilizing IGBTs switches. Inner and outer controllers of the CPL are 
tuned using modulus optimum and symmetrical optimum methods respectively.  
Frequency and time domain study of the CPL controllers suggests that the proposed 
control and modelling approach for the CPL is effective. It has been shown through 
simulations that the negative resistance instability effects of the CPL can be minimized 
by the injection of reactive component of the current which supports the CPL terminal 
voltage.    

6.1.2 Reactive Power Ancillary Service  

CPLs have been considered as AC distribution system resources providing ancillary grid 
services in addition to acting as regulated load interfaces. The role of the distributed 
CPLs has been discussed for the transient stabilty enhancement of the distribution 
system. Transient stabilty margins have been investigated through simulations in the 
events of symmetrical grid voltage sags for different combinations of CPLs and IM 
loads. It has been observed that the the larger the number of CPLs that controls the 
reactive current, the higher the stability margin. The injection of reactive power during 
the grid voltage sag helps to keep the rotor speed well within the mechanical stabilty 
limits which otherwise could run out of stabilty due to excesive consumption of reactive 
power by the wind generator.   

The provision of reactive power for the stability margins enhancement during grid 
contingencies demands an increase in the current rating of the PE converters. The 
incremental current rating of the PE converters in the case of ancillary reactive current 

Some concluding remarks and few recommendations for future
work are briefly discussed in this chapter. 
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injection is studied and it is observed that the deeper the grid voltage sag, the higher the 
current rating required for the converter to maintain the generation system stability and 
avoid the possible disconnection.  

A comparison between the current ratings of the distributed CPLs and conventional 
centralized STATCOM has been made to avoid the generation system disconnonection 
under voltage collapse. The comparison proves advantages to the distributed reactive 
current injection by the CPLs rather than using dedicated centralized STATCOM for this 
purpose. 

The injection of reactive current results in a small decrease in the active current 
component by improving the voltage. At a certain operating point the total current for a 
CPL reaches to its minimum value before increasing again with further reactive 
injection. A theoretical study is carried out to find the minimum total branch current in a 
basic AC distribution feeder. It has been noticed that the amount of reactive injection 
increases with the increase in load power, grid impedance and voltage drop to achieve an 
optimal CPL current.  

6.1.3 FRT Enhancement 

Unbalanced FRT enhancement using CPLs has been introduced as an alternative to the 
existing compensation solutions.  For a fixed speed SCIG-based wind farm, a dedicated 
STATCOM has been generally employed to mitigate the unbalanced grid faults and 
DFIG is the existing solution for variable speed wind farms. This service has been 
achieved using the installed CPLs in distribution system. A modification in the CPL 
control is proposed to extract and incorporate the positive and negative sequence of the 
voltage. DSOGI-PLL is employed in the control strategy for this purpose and the outer 
voltage control is modified with the incorporation of positive and negative sequence 
voltage controllers.   

The positive sequence voltage compensation avoids the acceleration of the rotor beyond 
the mechanical stability limits and avoids possible voltage collapse. The negative 
sequence voltage control removes the torque and power oscillations in the generation 
system during the asymmetrical grid fault. This avoids the overheating in the stator 
windings and improves the life time of the generation system. 

FRT enhancement by the CPLs comes at the cost of an increase in the current rating of 
the PE converters. The more severe the grid voltage sag and the unbalance in the system 
voltage, the higher the CPL current rating required for FRT enhancement. A comparison 
between the current rating of the distributed CPLs and a dedicated STATCOM for FRT 
enhancement indicates that each distributed CPL requires lower currant rating compared 
to one centralized STATCOM. 

6.1.4 Power Quality Issues 

CPL is used as APF to address the power quality issues in a distribution system polluted 
with the voltage and current harmonics. Time domain IRP p-q and frequency domain 
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CPC approaches are used to extract the compensating current in order to eliminate the 
harmonics in the source current under ideal and non-ideal voltage conditions. IRP p-q 
based control algorithm generates the erroneous reference signals under non-ideal 
voltage condition. A positive sequence voltage detector is employed in the CPL control 
structure. 

For both ideal and non-ideal source voltage conditions, it has been observed that the 
harmonics in the source currents are removed using both the time and frequency domain 
approaches. CPC based control algorithm, however, provides slightly better results.  
When the CPL starts consuming active power from the source in addition to acting as 
APF the THD in source current is further decreased due to the addition of a fundamental 
current component in the total source current.  

6.2 Recommendations for Future Work 

An extensive research is still needed to take the presented work forward. In the 
following lines few recommendations are proposed. 

6.2.1 Variable Speed DFIG-Based Wind Farm 

The presented work in this thesis mainly focuses on the compensation methods for fixed 
speed SCIG-based wind farm. Variable speed DFIG-based wind farms are widely used 
as generation sources employing both the rotor and grid side converters for 
compensation objectives. CPLs can be used as additional standby compensators thereby 
sharing the compensation objectives alongside DFIG PE converters. This will reduce 
the current rating for both the generation and load PE interfaces. 

6.2.2 Hosting Capacity 

Due to the voltage control provided by CPLs, more such loads can be hosted by the 
network although they have negative resistance instability associated with them. A 
theoretical investigation is required to find out the critical share of CPLs in a microgrid 
for balanced/unbalanced grid fault mitigation and other additional grid services. A 
comprehensive stability study of such a network is also worth doing. 

6.2.3 Power Quality Issues with High Share of CPLs 

This work addressed the power quality issues in a basic distribution system comprising 
of a CPL which acts as APF. It can provide a foundation to address the power quality 
issues in a more complex distribution system comprising of many CPLs acting as APFs. 
A mechanism for sharing the reference current or power between the CPLs can be 
established resulting in a reduced current rating for each device. 
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6.2.4 Loss Minimization Algorithm for a Microgrid 

Loss minimization method presented in this work can be extended to a microgrid 
comprising of many active and passive loads and generation PE interfaces. The 
theoretical study presented in this work can be extended to a specific case with 
reduction of total current and minimum losses as objective function. The control system 
of each device must be adaptive to the changes in the voltage in response to reactive 
injection for optimal current.            
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A System Parameters and Per Unit Value 

 

AC distribution system discussed in this thesis is composed of a wind turbine utilizing a 
SCIG for power generation, PE load interfaces, a medium voltage grid, transmission 
and distribution lines and transformers. Parameters of the all the components of the 
system have been discussed in details in per unit quantities to make the simulation 
analysis appear simple. 

A.1 Per Unit System 

The implementation and design of the control system of the VSC based CPLs becomes 
simple by using the per unit (pu) system. In this way, it is easy to determine the real 
value of a generic quantity by multiplying it with a reference value. First of all, it is 
essential to choose a reference power and reference voltages. Then the reference 
currents and impedances can be calculated. This is very common method to select the 
base values in the electric drives research area [88]. The following reference values 
have been selected for the system under investigation: 

 
1

2

800 [ ]

2 .690 563.38 [ ]
3
2 .22000 17962.92 [ ]
3

314.159 [rad/s]
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b

b

b
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V V

V V
 

where Sb is the nominal power, Vb1 and Vb2 are the primary and secondary side voltages 
of the main transformer, and b is the base frequency. The base impedance and current 
referred to the primary side are given as: 

The details of the basic AC distribution system have been 
discussed in the appendix A. Per unit system used for the 
simulations has been described and the parameters for the
different components comprising the distributed system have
been presented. 
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The values referred to the secondary side are the following: 
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In order to prevent the over-modulation, the DC-link voltage must always be greater 
than 1.35 times the value of base voltage [88], such that: 

 12 1126.77 [ ]dc bV V V  

The lower value of the DC link voltage will result in serious instabilities in the VSC 
operation. DC side base current is given by: 

 . 1
3 710 [ ]
4dc base bI I A  

DC base impedance is calculated as: 

 .
.

1.587 [ ]dc
dc base

dc base

V
Z

V
 

A.2 Squirrel Cage Induction Generator 

An induction machine can operate in either generation or motoring mode. The mode of 
operation is determined by the sign of the mechanical torque. Positive mechanical 
torque indicates motoring operation while negative value of the torque represents 
generation mode. A fixed speed SCIG and a capacitor bank for magnetization, form the 
DG in the system of Figure 3.1.  Need for a separate source of magnetizing reactive 
power is a main disadvantage of induction generators and, therefore, they are not a 
preferred choice to be used as sources of electrical power. Synchronous generators are 
the widespread means of electric power generation. However, small generators used to 
supply a farm or residence or an industry from wind energy can be SCIGs. Induction 
generators draw their magnetizing reactive power from the utility system in the absence 
of capacitor bank at their terminal and generate electrical power for the local load and/or 
supply power to the utility system. In Europe, SCIG based wind farms represent a 
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considerable 30% of the installed wind power and they need a compensating device in 
order to increase the power system stability and reliability [131].  

The capacitor bank provides the magnetization to SCIG for the smooth operation. Its 
value is adjusted in such a way that nominal voltage at the generator terminal can be 
fixed to1.0 pu for the operation in steady state. The value found is 260 kVar. This value 
along with the generator power gives the apparent value of 794 kVA, which is very 
close to the chosen reference value. The value of power factor is, therefore, 0.944.The 
parameters of induction generator are presented in Table A.1. 

 
Table A.1: Induction Machine Parameters 

Parameter Value 
Nominal power 
Nominal voltage 
Nominal current 

Nominal frequency 
Pole pairs 

Stator resistance Rs 
First cage resistance Rr 
Second cage resistance 
Second cage reactance 

Mutual inductance 
Stator leakage inductance 
Rotor mutual inductance 

Polar moment of inertia H 
Mechanical damping F 

750000 [W] 
690 [Vrms] line to line 

628 [Arms] 
50 [Hz] 

2 
0.0092 pu 
0.0076 pu 

10 pu 
10 pu 

3.8693 pu 
0.1580 pu 
0.0651 pu 

0.5 s    
    0.008 

 

A.3 Three Phase Transformer 

Two transformers in Y-  configuration are shown in Figure 3.1. This configuration 
produces a phase shift. Y-winding is a primary winding with a voltage level of 690 V 
while -winding is secondary winding and operates at 22 kV. Star point of the Y-
winding is grounded. Magnetization and saturation currents are neglected. Table A.2 
presents the transformer parameters. 
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Table A.2: Parameters of the Three Phase Transformer 
Parameter Value 

Nominal power 
Nominal frequency 

Winding 1 type 
Winding 1 nominal voltage 

Winding 2 type 
Winding 2 nominal voltage 

 lags or leads Y 
Positive leakage reactance 
Ideal transformer model 

No load losses 
Copper losses 

Saturation enabled 

800000 [VA] 
50 [Hz] 

Y 
690 [V3ph rms] 

 
22000 [V3ph rms] 

Lags 
0.06 [pu] 

Yes 
0.001 [pu] 
0.01 [pu] 
      No 

A.4 Medium Voltage Grid and Lines 

The induction generator is connected to a medium voltage grid through a three phase 
transmission line. The inductance of the transmission line is chosen to be 1mH/km. The 
lines length for this type of system can extend to tens of kilometres depending upon the 
maximum acceptable losses.The main grid is a three phase AC source with impedance. 
Resistances of the transmission lines are small compared to reactance so they are 
neglected. The inductance Lp and resistance Rp of the distribution line is assumed to be 1 
mH and 0.1  per kilometre respectively [132]. Capacitances between lines and the 
ground are neglected. Parameters of main grid and lines are given in Table A.3.  

 
Table A.3: Parameters of the Power Grid and Lines 

Parameter Value 
Nominal voltage 

Nominal frequency 
Resistance 
Inductance 

22 [kVrms] line to line 
50 [Hz] 
2 [ ] 

0.2 [H] 

A.5 Summary 

The different components of the AC distribution system under consideration have been 
discussed. The design and implementation of the control system of the CPLs is easier 
using the pu system. Reference power and reference voltages have been selected. Then 
the reference currents and impedances are calculated. Different modes of operation of 
the fixed speed SCIG have been briefly discussed. Some advantages and disadvantages 
of using the SCIG have been presented. However, SCIG-based wind turbines represent 
a significant percentage of the total installed wind power in Europe. Magnetization 
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requirements of the SCIG have been calculated. Parameters of the three phase 
transformers, medium voltage grid and transmission and distribution lines have also 
been discussed.   
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B Stability of DC Link Voltage Controller  

 

 

CPL control structure and modelling has been discussed in detail in chapter 2. The 
transfer functions for the CPL controllers have been derived and the tuning rules for the 
identification of controller parameters have been suggested. The transient stability of the 
power system has been addressed in chapter 3 for different cases. However, the stability 
of the CPL controllers has not been discussed in detail when there is a reduction in AC 
side voltage. The following sections present the frequency and time domain 
investigation to identify the robustness of the DC link voltage control. 

B.1 Frequency Domain Analysis under Reduced AC side 
Voltage 

The open loop transfer function of the DC link voltage controller presented in (2.50) is 
independent of the value of the grid voltage. However, for the real online systems there 
are always delays in the control system and the changes in the converter control 
parameters are not modified instantaneously. The controller parameters are kept the 
same as calculated for steady state operating conditions. Only the values of K will be 
modified. For a 20% drop in AC side voltage we have: 

0.8d

dc

v
K

V
 

The transfer function for this condition therefore becomes: 

, 9 3 6 2

0.0018 1( )
0.27 10 1.35 10

V OL
sH s

s s
 

The details of the CPL control structure under reduced AC side
voltage have been discussed in the appendix. A frequency
domain analysis is performed for different values of the AC side
voltage and the response of the DC link voltage control is
observed. Simulations are carried out on a basic system to
investigate the impact of AC voltage sags on the CPL control. 
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Bode plot for this case is shown in Figure B.1. There is a small reduction in the phase 
margin compared to the steady state operating conditions (Figure 2.17). The value of 
phase margin is 52  and it occurs at a frequency of 1.38e+3 rad/s. The cross over 
frequency has also decreased compared to the steady state case. The DC link voltage 
control is still stable under reduced voltage conditions. The high value of the phase 
margin suggests that the system is robust as well. 

 
Figure B.1: Bode plot for DC link voltage controller for vd=0.8 pu 

Bode plot for 60% drop in AC side voltage is shown in Figure B.2. The phase margin is 
further reduced to 46  and is just greater than the acceptable limit of 45 . The margins 
show that system is still within the stable operating conditions [89]. However, any 
further drop in voltage will result the system to be unstable and a voltage collapse is 
obvious. 
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Figure B.2: Bode plot for DC link voltage controller for vd=0.4 pu 

Bode plot for 70% drop in voltage as presented in Figure B.3 confirms that the phase 
margin is 42  and the gain margin is infinite. The value of the phase margin is lower 
than the acceptable value for the stable operation of a system. It is obvious that the 
stability of the system is compromised with the reduction in grid voltage to this level. 

 
Figure B.3: Bode plot for DC link voltage controller for vd=0.3 pu 

B.2 Simulation Results 

The controller parameters found from the tuning methods are incorporated in the control 
system of the CPL. A simulation study is done to verify the results from the analytical 
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study. The system used for the simulation analysis is shown in Figure B.4. It consists of 
a CPL and an ideal grid. The induction generator shown in the system of Figure 3.1is 
removed for this analysis. The presence of induction generator makes it impossible to 
distinguish between the instability caused by the converter control and the transient 
instability following a major grid side disturbance. Transient stability analysis of the 
power system is performed in chapter 3 where a weak grid with a very high overall 
inductance results in a less stable system under grid voltage sags. Therefore, in the case 
presented here, an ideal grid is used to investigate the CPL’s control stability. The 
effectiveness of the converter control strategy and its impact on the system stability can 
only be judged through simulations when all the other destabilizing factors are removed 
from the system. For these simulations, the CPL draws 300 kW of active power from 
the ideal grid. 

 
Figure B.4: CPL with an Ideal Grid  

Simulations are performed for the steady state conditions. The total duration of the 
simulation is 4 seconds. The results are shown in Figure B.5. The grid voltage is 1.0 pu 
and the corresponding value of the DC link voltage is also maintained to 1.0 pu. There 
is a small overshoot and initial transients in the DC link voltage before settling down to 
the given reference value. The performance of the system is very stable and the outer 
voltage controller is following the reference value. 

 
Figure B.5: AC/DC side voltages for steady state operation 
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The grid voltage is reduced by 20% and 60% respectively and the simulations are 
repeated to see its impact on the control system.  Figure B.6 and Figure B.7 show the 
simulation results. As can be observed that the control system is still able to maintain 
the DC link voltage to the specified value of 1.0 pu. The simulation results are very 
much in accordance with the frequency response of the open loop transfer function of 
the DC link voltage controller performed under the same AC side voltage dips and 
presented in the previous section. However, for the 60% drop in voltage the initial 
transient in the DC link voltage lasts for a relatively longer time before settling to the 
specified value. 

 
Figure B.6: AC/DC side voltages for 20% grid voltage sag 

 
Figure B.7: AC/DC side voltages for 60% grid voltage sag 

When the AC side voltage is reduced to 0.3 pu the DC link voltage collapses (Figure 
B.8). It has been earlier confirmed by the bode plot under the same condition showing 
the lower value of the phase margin than acceptable limit. At the start of the simulation 
converter control system tries to maintain the DC link voltage to the specified reference 
value of 1.0 pu. However, it fails to hold the voltage and a DC link voltage collapse 
occurs. The DC link capacitor then charges to a value of 0.18 pu for the rest of the 
simulation. This result also confirms that the input AC voltage must always be kept 
higher than 0.3 pu for the stable operation of the converter control system. This 
condition however applies only for the system under consideration to see the stability 
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and robustness of the CPL control structure. The distribution systems presented in 
chapter 3 incorporate an induction generator along with a medium voltage grid with a 
reasonable value of inductance. In such system, the transient stability becomes much 
important than the stability of the PE interface. 

 
Figure B.8: AC/DC voltages for 70% grid voltage sag 

B.3 Summary 

A frequency domain analysis is carried out under different AC side voltage sags and the 
open loop transfer functions of the DC link voltage controller are plotted. It has been 
observed that the phase margin reduces with the reduction in AC side voltage. For a 
60% drop in AC side voltage, the phase and gain margins are within the acceptable 
limits. However, when the grid voltage is reduced further, the frequency domain 
analysis shows a low phase margin and a collapse in DC link voltage is observed 
through simulations.     

0 0.5 1 1.5 2 2.5 3 3.5 40

0.2

0.4

0.6

0.8

1

1.2

1.4

Time [s]

A
C

 S
id

e/
D

C
 L

in
k 

Vo
lta

ge
 [p

u]

 

 

Vdc
vd



Appe

C 

 

 

The 
react
diffe
prese
sectio

C.1

Some
prese
diffe

C.1.

Figur
CPL
the fa
gene
leadi
the p

The r
to 1.
nega
a me
rotor

 

endix C: G

Ge

generation 
tive current
rent grid c
ented in cha
ons.   

 Tra

e paramete
ented in thi
rent simula

 CPL.1

re C.1 illus
s are not in

fault occurs 
ration syste
ing to a com
pre-fault val

rotor speed
.005 pu wh

ative slip is o
echanical un
r speed keep

The 
and 
Gen
for t
grid
by th

Generation 

enerati

system dyn
t for trans

contingencie
apters 3 and

ansient S

ers of the A
is section. T

ation conditi

Ls withou

strates the r
njecting reac
the reactive

em consume
mplete volta
lue of the re

d is represen
hich means
obtained. A
nstable poin
ps on increa

details of 
unbalance

neration dyn
transient sta

d faults are 
he CPL. 

System Dy

ion Sys

namics play
sient stabili
es. In orde
d 4, some of

Stability

AC distribu
These inclu
ions. 

ut Reactiv

reactive pow
ctive curren
e power con
es reactive 

age collapse
eactive powe

nted in the p
 that the m

As shown in 
nt is obtain

asing after th

f generation
ed grid fau
namics and
ability analy
discussed f

ynamics 

stem D

y an import
ity improv
er to enhan
f the simula

y Analysi

ution syste
ude the reac

ve Injecti

wer absorbe
nt during th
nsumption i
power from

e at the distr
er is not res

plot of Figu
machine is 
n the plot, th
ned. The di
he fault is c

n system pa
ults are di
d grid side p
ysis. Then t
for differen

Dynami

tant role wh
ement and 

nce the und
ation results

is 

em for tran
ctive power

on 

ed by the g
he fault. It c
is negligible
m the utility
ribution leve
stored.  

ure C.2. The
working as

he rotor acce
stribution s

cleared. 

arameters u
scussed in 
powers are

the results fo
nt cases of 

ics 

hen CPLs a
FRT enha

derstanding 
s are presen

nsient stabil
r, speed an

generation s
can be obse
e. When the
y and it kee
el. When th

e steady sta
s a generat
elerates dur
system stab

under bala
this appen

e first discu
for asymmet
voltage sup

are providin
ancement u
of the ana

nted in follo

lity analysi
nd the torqu

system whe
erved that b
e fault occu
eps on incre
he fault is cl

ate value is 
tor. Therefo
ring the faul

bility is lost

anced
endix.
ussed
trical
pport

129 

ng the 
under 
alysis 
owing 

is are 
ue for 

en the 
before 
urs the 
easing 
leared 

equal 
ore, a 
lt and 
t. The 



Appendix C: Generation System Dynamics 

130 

 
Figure C.1: SCIG reactive power 

 
Figure C.2: Rotor accelerating during and after the fault 

Figure C.3 shows the electromagnetic and mechanical torque of the SCIG. The 
electromagnetic torque achieves the steady state value equal to -1.0 pu after a transient 
lasting for 2 seconds. For the first second during the simulation, the machine control is 
adjusted to speed control and at time t= 1s the torque control is implemented. This 
initial trend depends on how the simulation software initializes the operation of the 
machine. The electromagnetic torque has to balance the mechanical torque in order to 
keep the rotor speed constant. The relationship between the electromagnetic torque and 
the rotor speed is presented as: 

 .mech el
dT T J
dt

                                              (C.1) 

where Tmech is the mechanical torque, Tel is the electromagnetic torque, J represents the 
moment of inertia and the  is the rotor speed. At steady state, the electromagnetic 
torque and the mechanical torque are almost identical, thus the speed derivative is equal 
to zero this means that the speed is a constant. However, when the fault occurs the rotor 
accelerates and the machine loses the control of electromagnetic torque as shown in 
(C.1). When the fault is cleared the machine is not able to recover the pre-fault value of 
the electromagnetic torque. 
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Figure C.3: SCIG losing torque control during and after the fault 

C.1.2 CPLs with Reactive Injection 

Figure C.4 shows the rotor speed before and after the fault. During the fault the speed 
increases as the machine is consuming reactive power form the utility. However, the 
reactive injection during the fault keeps the rotor acceleration within the tolerable limits 
so that the machine does not run out of mechanical stability. The rotor speed recovers 
back to its pre-fault value when the fault is cleared after a transient which lasts for 1 
second.  

 
Figure C.4: Rotor speed recovery  

Machine torque under reactive injection is presented by Figure C.5. The torque settles to 
a value of 1.0 pu after an initial transient. During the fault, the generator does not lose 
control of electromagnetic torque and it follows the mechanical torque. After the fault is 
cleared the machine regains the specified value of the torque for its normal operation. 
The oscillation in the speed and torque of the machine can be further reduced by 
increasing the value of the moment of inertia.    
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Figure C.5: Torque recovery during and after the fault    

C.2 Asymmetrical Grid Faults 

Some of the system parameters for the FRT analysis performed in chapter 4 are 
presented in the following sections for different cases of voltage support by the CPLs. 
PCC voltage and generation/grid side powers are the system parameters that must be 
explained to understand the system behaviour for different voltage support methods.  

C.2.1 No Voltage Support 

For the asymmetrical grid faults, the active and reactive powers on the generation side 
are presented by Figure C.6. CPL is not providing voltage support at this point. The 
SCIG is producing the rated active power after the initial transient dies out. During the 
fault at time t=2s, the oscillations of double grid frequency are present due to the 
interaction of opposite current and voltage sequences. SCIG consumes reactive power 
during the fault and terminal voltage decreases. After the fault is cleared, the powers 
retain their pre-fault values after a transient.   

 
Figure C.6: SCIG powers without voltage support during the fault  
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Figure C.7 shows the grid side powers without any voltage support. The CPL is 
consuming 225 kW from the generation system and the rest of the power is being 
exported to the grid. The oscillations are visible during the fault. The powers regain the 
pre-fault value after the fault is cleared at time t=3s. 

 
Figure C.7: Grid side powers without voltage support during the fault 

C.2.2 Positive Sequence Voltage Support 

The phase voltages at PCC are shown in Figure C.8 when positive sequence voltage 
support is being provided. The voltage unbalance is clearly visible as the negative 
sequence of the voltage stays in the system. The generator and grid side powers are 
shown in Figure C.9 and Figure C.10 respectively. It can be seen that the positive 
sequence voltage control compensates for the reactive power during the fault and the 
value stays around pre-fault value (Figure C.9). The negative sequence present in the 
system, however, results in the power oscillations during the fault. 

 
Figure C.8: PCC voltages with positive sequence voltage support  

 

 

 

1 1.5 2 2.5 3 3.5 4-0.2

0

0.2

0.4

0.6

0.8

Time [s]

P/
Q

 G
rid

 [k
W

/k
Va

r]

 

 

PGrid
QGrid

2 2.1 2.2 2.3 2.4 2.5-1.5

-1

-0.5

0

0.5

1

1.5

Time [s]

V 
PC

C
 [p

u]

 

 

Va,PCC Vb,PCC Vc,PCC



Appendix C: Generation System Dynamics 

134 

 
Figure C.9: SCIG powers with positive sequence voltage support  

 
Figure C.10: Grid side powers with positive sequence voltage support 

C.2.3 Negative Sequence Voltage Support 

The phase voltages at PCC are shown in Figure C.11 with negative sequence voltage 
compensation only. The unbalance in the voltage is largely eliminated. Figure C.12 
shows the generator powers for the negative sequence voltage support. The oscillations 
in the active and reactive powers are clearly removed due to the compensation of 
unbalance present in the system. The SCIG still consumes reactive power during the 
fault as the positive sequence voltage drop increases during the fault. It recovers the pre-
fault values after a transient when the fault ends. The grid side powers are shown in 
Figure C.13. On the medium voltage side, the effects of the fault are present and the 
oscillation in the powers can be observed. The magnitude of the oscillations is high 
because of the addition of the injected powers by the CPL during the fault to 
compensate for the negative sequence.  
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Figure C.11: PCC voltages with negative sequence voltage support 

 
Figure C.12: SCIG powers with negative sequence voltage support 

 
Figure C.13: Grid side powers with negative sequence voltage support 
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consumption by the induction machine during the fault is largely controlled. The result 
is the reproduction of the pre-fault voltage value. The oscillations in the grid side 
powers are increased due to the injected oscillating powers by the CPL during the fault 
as presented by Figure C.16. The removal of oscillations avoids heating in the machine 
winding and ensures better operational life for the equipment. 

 
Figure C.14: PCC voltages with both positive and negative sequence voltage support 

 
Figure C.15: SCIG powers with both positive and negative sequence voltage support 

 
Figure C.16: Grid side powers with both positive and negative sequence voltage support 

2 2.1 2.2 2.3 2.4 2.5-1.5

-1

-0.5

0

0.5

1

1.5

Time [s]

V 
PC

C
 [p

u]

 

 

Va,PCC Vb,PCC Vc,PCC

1 1.5 2 2.5 3 3.5 4-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time [s]

P/
Q

 G
en

er
at

io
n 

[k
W

/k
Va

r]

 

 

PGen
QGen

1 1.5 2 2.5 3 3.5 4-0.2

0

0.2

0.4

0.6

0.8

Time [s]

P/
Q

 G
rid

 [k
W

/k
Va

r]

 

 

PGrid
QGrid



Appendix C: Generation System Dynamics 

137 

C.3 Summary 

The generation system parameters presented for the transient stability analysis indicate 
that the reactive injection by the CPLs during the fault keeps the rotor speed and torque 
within the mechanical stability limits and the voltage collapse is avoided.  

When the distribution system experiences the asymmetrical grid fault the CPL injects 
the reactive power into the network to compensate for the reactive power consumed by 
the SCIG. This maintains the positive sequence voltage to the pre-fault value. To 
compensate for the unbalance in the system the CPL injects the active and reactive 
powers of double grid frequency. The injected unbalanced powers are translated on the 
grid side.  
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D Active Power Filtering with PE Generation 
Interface 

 

 

In chapter 5, it has been shown by a detailed simulation analysis that a CPL can be 
affectively used as shunt active filter in a distribution network. However, most of the 
modern distribution networks have the renewable generation sources interfaced to the 
network through PE converters. These generation PE interfaces can be used to alleviate 
the harmonics and address the power quality issues in the network. In the following 
sections, a simulation analysis has been presented to discuss the role of PE generation 
interfaces for power quality enhancements. Both the time and frequency domain 
approaches have been considered for extraction of compensating current for converter 
control. A brief discussion has been made on the effectiveness of the CPL and PE 
generation interface both acting as APFs in a distribution network.   

D.1 Simulation Model  

This section presents the simulation model for active power filtering when a generation 
interface is utilized as a APF instead of using a CPL. The distribution system of Figure 
D.1 has been considered for this purpose. The PE generation interface called here as 
controllable power source (CPS) is a VSC similar to a CPL. The control structure is also 
the same as utilized for the CPL. CPS acts as an interface for a distributed energy source 
and is able to supply active and reactive power to the distribution system. The 
parameters of the system are same as considered in section 5.3 except that CPS supplies 
75 kW of active power at time t= 0.4s. The source voltage is distorted with the same 
harmonic content as presented by (5.17). 

This appendix presents a simulation analysis performed to
investigate the role of generation PE interface as shunt active
filter in a distribution network. Unlike the CPL, a generation PE
interface supplies the active power to the non-linear load and
hence reduces the fundamental component of the source current.
It has been discussed how a CPL acting as APF serves better
than a generation PE interface acting as APF. 
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Figure D.1: Distribution system with CPS as active power filter 

D.1.1 Simulation Results for d-q Approach 

Simulation results for the d-q approach have been presented first. CPS acts as a filter 
only when it is connected at time t=0.2s. Like the cases with CPL acting as active filter 
presented in the previous section, here also, the distortion in the source current is 
dropped from a value of 21.8% to 2.5% as shown in Figure D.2c. The CPS control is 
following the reference value generated by d-q approach very accurately (Figure D.2b). 
CPS is supplying the reactive power and the harmonic contents required by the non-
linear load as presented in Figure D.3a. No active power is being supplied by the CPS 
and all the active power requirements of the load are being provided by the grid.  

At time t=0.4s, the CPS starts supplying a portion of active power required by the non-
linear load and the amount of power supplied is 75 kW (Figure D.3b). The reduction in 
the source current at this instant can be seen in the plot of Figure D.2a. The distortion in 
the source current is increased compared to the cases with CPL. This is opposite to the 
situation when CPL acts as APF presented in section 5.3.4. The source current THD is 
increased to 5.1% in this case as shown in Figure D.2c. As we know that THD can be 
presented by the following expression: 

 
2

2
2 1

100THD % n

n

I
I

 (D.1) 

where I1 is the fundamental component of current and In is the component of current 
with nth order harmonics. The APF is providing the harmonic compensation very 
effectively; however, some harmonic content remains in the system due to switching of 
the PWM converter. It can be noticed that the fundamental component of the source 
current is decreased because some portion of it is being provided by the CPS. When a 
reduced value of the fundamental component is present in the denominator of (D.1) and 
the same value of the switching harmonics remain in the numerator, we will get a higher 
value of the THD in the source current. In the CPL case, the fundamental component of 
the current required by the load is added in the fundamental component of the source 
current resulting in an overall improvement in the distortion. 
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Figure D.3a illustrates that the reactive power provided by the source remains zero and 
the CPS is providing the reactive power to the non-linear load. The DC link voltage 
stays at the defined value during each stage of the simulation (Figure D.3b).     

 
Figure D.2: Simulation results for d-q method with CPS as active power filter (a) 

Source current (b) Phase-a reference and compensating current (c) Source and load 
current THD 

 
Figure D.3: Simulation results for d-q method with CPS as active power filter System 

(a) Source and CPS powers (b) DC link voltage 

D.1.2 Simulation Results for CPC Approach 

Simulation results for CPC based reference signal generation scheme are shown in 
Figure D.4. The results are very much similar to the d-q approach. At time t=0.2s, when 
CPS only provides active power filtering the THD in the source current is reduced from 
21.8% to 2.3%. CPS control closely follows the reference current signal generated by 
the CPC based method as presented in Figure D.4b. 
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When CPS starts providing the active power at time t=0.4s, the value of the source 
current is decreased (Figure D.4a) and the THD in the source current is raised to a value 
of 4.8% as shown in Figure D.4c. However, as in the cases of CPL as APF, in this case 
also CPC approach provides slightly better and accurate reference signal compared to 
the time domain method. 

 
Figure D.4: Simulation results for CPC method with CPS as active power filter (a) 
Source current (b) Phase-a reference and compensating current (c) Source and load 

current THD 

D.2 Summary 

Generation PE interface called CPS used as APF under non ideal voltage conditions has 
been considered. It has been observed that THD in the source current is increased when 
CPS starts supplying a part of active power to the non-linear load. This is in opposite to 
the operation of a CPL acing as shunt active filter. In this case, a sinusoidal term is 
subtracted from the total source current.  
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