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Abstract

The energy sector is moving into the era of distributed generation (DG) and
micro-grids (MGs). This research focuses on development of a new family of
control and management strategies for integration of micro-grids with numerous
voltage source converters and synchronous generators in smart power grids
by introducing the new concepts of Synchronous Converters and Synchronous-
VSC. The stability and operation aspects of converter-dominated MGs are faced
by many challenges. Important among these are: 1) the absence of physical
inertia; 2) power quality issues due to permanent frequency offset and voltage and
current regulation; 3) mutual interactions among synchronous generators and
voltage source converters; 4) transitions to islanding and its detection delays; 5)
large sudden disturbances associated with grid restoration, transition to islanding
and DG out-of-phase re-closing; and 6) development of high impedance weak
MGs because of installation of renewable energy resources in areas which are
geographically remote from the load centers.

This dissertation presents a new family of comprehensive control and
management strategies for MGs in smart distribution grids. The thesis also
provides a general and computationally-efficient framework for the modeling and
analysis of the management strategies in a multiple-DG MGs; the framework
facilities MG dynamic studies and controller parameters in large micro-grids with
multiple DG units. Three different approaches for real and reactive power
management are proposed. The controllers offer the following advantages: 1) the
proposed topologies can be applied to both voltage-controlled (VC) and current
controlled (CC) voltage source converters (VSCs). 2) The controllers are
universal and realize requirements of both grid-connected and islanded modes, i.e.
share real and reactive power during islanding and act as grid supporting VSCs in
grid connected mode. 3) The controller emulates the behaviour of conventional
synchronous generators (SGs) which in turn results in better integration of
electronically-interfaced DG units into the power system and prevents instabilities

due to interaction of fast response DGs and SGs. 4) The controllers realize
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seamless and robust transition to islanding mode. 5) The controllers are equipped
with a nonlinear supplementary controller to mitigate large power angle swings
associated with large-signal disturbances. 6) The controllers can be easily adapted
to conventional synchronous machines. 7) The controller provides seamless self-
synchronization operation under out-of-phase reclosing. 8) The controllers
provide stable operation and superior current decoupling in very weak grids and

MGs.
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Chapter 1 Introduction

1.1 Forward

Due to fast development of renewable energy resources the distributed
generation (DG) concept has changed the paradigm of energy generation and
transfer under the smart grid vision [1]-[3]. DG has many advantages such as
closeness to customers, increased efficiency and reduced transmission loss, better
reliability, and improved energy management [4]-[8]. The majority of DG
resources are interfaced to grid/loads via power electronic converters. A cluster of
DG units, loads and energy storage devices connected in series or parallel
together form a microgrid (MG) [2] which can operate in three modes of
operation, namelyl) grid connected mode, 2) the islanded mode and 3) transition
between the two modes [2]. Fig. 1.1 shows a typical MG. Based on IEEE
Standard 1547.4-2011 [9], an effective approach to control and manage smart
distribution grids is to divide them into a set of MGs. The IEEE 1547
recommends that MGs should be disconnected from the main grid when the grid
voltage is lower than 0.85 p.u. or higher than 1.1 p.u. to prevent islanding
operation [9]. The concept of MG has been expanded to overcome the common
interconnection issues resulted from individual DGs in the conventional power
system. The main benefits of MGs are better customer satisfaction, local
reliability improvement, enhanced voltage profile and increased efficiency due to
loss minimization.

One approach to control and manage a smart power system is to split it to
several MGs as shown in Fig. 1.2. These MGs act like some power islands
connected to each other to form the total smart power system. MGs can be
connected to the grid or work in autonomous mode. In each case, the adopted
controller-management strategy is different and affects system behavior in terms
of its stability, performance and power quality. In islanding mode, DGs must
supply local loads power and provide satisfactory frequency and voltage stability
and quality. This approach eases hierarchical control and management of smart

grids by coordination of MGs such that smart grid management objectives are
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Figure 1-1. A schematic view of a typical MG.

achieved. Also, when a fault occurs in the transmission system, adjacent MGs can

be decoupled from the fault location to prevent propagation of instability

thorough the adjacent MGs. It also enables development of small power units in
various geographical areas and connecting to the utility grid after they are
expanded enough. It is also beneficial to eliminate communication infrastructure

(CD) in some lower levels of the smart to improve system reliability. The general

sequential control and management of an MG-based smart grid is summarized as

follows:

e Superior management and policies of the whole smart grid based on
economical and operational constraints of energy management of the total
smart power system.

e MG/area level control involving coordination and management of MGs and
areas to realize enterprise manager requirements. Simply speaking, based on
enterprise level policies, long and short term condition of renewable energy
resources and load demand, the power set points of each MG/area is adjusted.

e Unit level involves control of individual generation units within an MG
including conventional SGs and EI-DGs within MGs. These units are
responsible to supply local load demands during islanding and during grid

connection they inject the preset active and reactive powers to the utility grid.
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DR: Distributed resource

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

Each level supervises and coordinates the lower level systems and the stability
and satisfactory performance of each level is influenced by upper level
controllers. For an islanded MG, frequency and voltage droop control is widely
adopted to share active and reactive powers among units proportionally and
eliminate CI and as a matter of fact the droop control is a method for coordination
of DGs.

By optimal coordination and management of MGs, superior management
strategy of the smart grid can be realized. Instabilities due to interaction among
various electronically-interfaced (EI) DG units, synchronous generators and the
grid, steady state constant frequency operation, accurate load sharing, smooth
switching between modes and robustness against parameter variations are main
concerns of MG operation. The stability issues related to MG operation are
mainly because of lack of dominant energy resource in autonomous mode,
different response time constants of EI-DG and conventional generators due to
lack of inertia for frequency dynamics in EI-DG which may lead to angle/voltage
instability [10] and instabilities due to change of mode of operation.

The main goal of a grid-connected MG is to supply real and reactive powers
under high power quality injection constraints. In the islanded mode, DG units are

required to supply “regulated power” under controllable voltage and frequency



while maintaining accurate power sharing among different DG units [2], [5].
Driven by these requirements two main control strategies- namely communication
based centralized [10]-[14], and decentralized [5], [15]-[28] have been proposed
in the literature. Between these two methods, due to reliability issues, the droop-
based decentralized controller has been widely adopted for power sharing and
control of MGs.

The dominant control method for a grid-connected DG interface is based on a
current-controlled voltage source converter (CC-VSC), to inject the required real
and reactive powers via current control [12], [29]. However, when the MG works
in the islanding mode, the absence of a stiff grid to regulate voltage may lead to
voltage and frequency distortion [12], [29] or even instability with this control
method. Therefore, DG needs to switch to voltage controlled mode and so an
islanding detection technique is required. Furthermore, this transition to islanding
mode may result in very severe transients in power, frequency and angle, and
instability is expected. One approach is to shed loads intelligently to damp power
oscillations subsequent to islanding [30]. Katiraei studied system behaviour after
islanding and used a control reconfiguration to stabilize the system [31]. Robust
control of DG units subsequent to islanding is also proposed in [32]. Some
methods for smooth transition to islanding mode are investigated in [10, 33]. A
hierarchical control for seamless transition to islanding is proposed in [34].
However, all these methods need islanding detection; a delay in this process
makes system unstable. Moreover, almost all grid-connected VSCs need a phase-
locked loop to detect voltage phase angle for synchronization with the grid
voltage during start-up and grid restoration. Thus, in situations that the connecting
line of a DG is long, communication infrastructure (CI) is unavoidable. Even the
dynamic of the PLL may deteriorate performance of the VSC in transients [35],
[36].

Grid connected converters are categorized as three main groups, namely, grid-
forming, grid feeding and grid-supporting VSCs [37]. Grid forming VSCs act like
ac voltage sources to generate the voltage reference with low equivalent output

impedance. There are serious drawbacks related to the grid forming VSCs such as



lack of inherent current limitation, considerable coupling between real and
reactive powers, and poor synchronization process with the grid due to low output
impedance [37]; thus, they are usually not good candidates for grid-connected
mode. Grid-feeding VSCs inject the d- and g-axis preset currents and shows
current source behaviour with high parallel impedance. Since, grid-connected DG
units are usually required to supply their preset currents and the grid feeding
VSCs operate well in parallel with other grid-feeding converters most of grid-
connected VSCs are of this type. However, since the grid-feeding strategy causes
voltage and frequency distortion and even instability [29], it is not an acceptable
choice for islanding operation. An alternative is to use hybrid CC-VSC and VC-
VSC by switching between these two strategies subsequent to change of mode of
operation. Nevertheless, it is essential to embed fast and accurate islanding
detection techniques to guarantee smooth mode transition. Grid-supporting VSCs
are controlled as either voltage source or current source converters; the only
difference is that in the first the voltage reference and in the latter current
reference are adjusted by an outer drooping characteristics, therefore they can
participate in grid voltage and frequency regulation.

Since considerable portion of renewable energy resources, such as wind
turbines, photovoltaic (PV), fuel cells and energy storage systems and many
modern loads such as communication technology facilities, data centers and
motor drives are dc type, dynamics and controls of rectifiers and dc MGs are
gaining high interest [38]. However, in dc grids, many generation units such as
wind turbines must be interfaced to the utility grid via electronically-interfaced
(EI) rectifiers. Besides, several modern ac loads are coupled to the ac grid through
back-to-back rectifier-inverter to provide variable frequency operation. Based on
predictions given in [39], the resistive load share will be significantly reduced
whereas the EI loads share will increase to 60%-80% of the total load by year
2015.

Conventional droop controls suffer from some serious drawbacks. Important
among them are poor frequency and voltage regulation due to their permanent

offset, inaccurate power sharing, low stability margin, dependency on line



impedance and slow dynamic response [5]. As an alternative, since in fact real
power is proportional to the load angle it is also possible to use the load angle as
the drooping variable [28][40-41] to fulfill constant-frequency operation.
Hierarchical control strategy is also available to compensate frequency variation
via a secondary level [42]. Furthermore, in the conventional current-controlled
VSCs and also droop methods it is assumed that the connecting line is mainly
inductive and the load angle is considered to be small. In these scenarios, the real
power and reactive powers are independent and the first is controllable through
the load angle whereas the latter is adjusted by the voltage amplitude. However,
the operation is further complicated when considering weak grids, where load
angle is large, and also resistive lines, such as directly-coupled VSCs [43]. In
these cases, traditional control strategies fall short to guarantee system
satisfactory performance and decoupled control. Toward this, virtual impedance is
the most adopted approach [44] to fulfill a mainly resistive or inductive line.
Nevertheless, it drastically degrades system performance and voltage regulation.
The concepts of virtual power [45] and virtual frequency [43] have been
addressed in the literature for better decoupling. The first, suffers from inaccurate
power sharing and the latter needs complex mapping.

One of the major challenges facing future power systems is significant reduction
in grid equivalent rotational inertia due to the expected high penetration level of EI
units; which in turn may lead to frequency-stability degradation. To overcome this
difficulty, controlling VSCs as virtual synchronous machines is proposed for power
system frequency stabilization [46] by embedding a short-term energy storage to
the VSC facilitating power flow to and from to the energy storage device
proportional to the variation in grid frequency. Usually, the virtual inertia refers to
a short-term energy storage which is added to a VSC [46]-[48]. In [49], the virtual
inertia is emulated by proper dc-link control. In [50], the idea of ‘synchronverter’
was addressed to emulate the mechanical behaviour of a synchronous generator
(SG) in the inverters. However, the dc-link is considered as an ideal one with
infinite energy and the dynamics of dc-link voltage is not considered. Moreover, its

application to rectifiers has not been addressed. In [48-49], [51], methods to



emulate virtual inertia in VSCs interfacing wind turbines and HVDC systems, are
presented; however, the embedded inertia does not emulate the behaviour of an
SG. The analogy between voltage-source inverters and SG-based MGs has also
been addressed in [52]-[53]. The aforementioned survey indicates the interest in
developing new and improved control algorithms for VSCs to emulate the dynamic
behaviour of SGs.

Beside overall low inertia, future power systems and MGs will suffer from
interactions between fast responding VSCs and slower SMs which may contribute
to angle, frequency and voltage instability [10]. With the expected high penetration
level of power converters in future power grids; the system may face severe
difficulty in terms of frequency regulation because of lack of rotational inertia in
converter-interfaced generators. Another challenge is that frequency dynamics is
not known in the conventional control techniques of VSCs (e.g. voltage-oriented
control and direct-power control) which makes it difficult to analyze the angle and
frequency stability of a system containing several EI units and conventional
synchronous machines (SMs) and line-start motors. Therefore, the development of
VSCs with well-defined angle, frequency and dc-link voltage characteristics
(similar to SMs with extension to dc-link dynamics) are of high interest for future
smart power systems with high penetration of VSCs. Moreover, a general control
scheme which is suitable for both rectification and inversion modes without
reconfiguration is very attractive in power system applications since bidirectional
VSCs can work in generative and motoring modes similar to SMs.

Weak MGs are gaining considerable attention in the context of smart grids
vision [54-56]. This is due to the fact that increasingly large number of wind
turbines and photovoltaic (PV) units are installed in geographic areas, with best
wind and solar power resource, which are usually located far from load centers
(e.g., offshore wind farms). This is a major concern all over the world and raises
serious questions in terms of system stability and regulation. To gauge grid
capacity to transfer power, grid ‘strength’ measure is usually used [57]. Strong
low-impedance grids have higher power exchange capacity and limited impact on

the grid stability. On the contrary, weak interfaces with high impedance have



critical effect on power stability and voltage regulation. Short-circuit-ratio (SCR)
is defined as a criterion to show grid strength. Application of VSCs to weak grids
is faced by challenging interconnection issues in terms of stability, steady-state
performance and power transfer capacity. The main challenging phenomena are
as follows; first, the vector control has very limited capability to transfer the rated
power in weak grids. For example, in [58], it has been shown that in a weak grid
with SCR=1, only 40% of the maximum power capacity of a VSC can be utilized.
With significant tuning effort of the vector controller parameters and the PLL, this
percentage can be increased to 60% [58]. Second, in weak grids the load angle
deeply drifts the system dynamics to the nonlinear region; thus real and reactive
powers are highly coupled which in turn causes large steady-state error and poor
transient performance and even instability. Third, in weak grids, the phase-locked
loop (PLL) has a negative effect on overall system performance and may lead to
instability [59].

As an alternative, the concept of power synchronization control proposed in
[58-59] is also applicable to enable more power transmission by a VSC by
emulating SGs. Basically, SGs do not have any limitations for connection to weak
systems, consequently control methods, such as power synchronization which
mimic SG’s characteristics can effectively enable VSCs integration in very weak
grids. However, the developed techniques for weak grid integration are based on
linearized models and lack the self-synchronization and plug-and-play ability.
Furthermore, islanded operation of DG units can be allowed to enhance service
reliability [60]. The frequency drop method causes a permanent frequency offset
during islanding. Thus, when self-synchronization control is applied, frequency
and angle mismatch between a VSC and grid at the moment of connection may
cause severe transients. Another major concern related to VSC operation in weak
grids is the lack of physical inertia in conventional VSCs resulting in poor overall
frequency and load angle regulation; thus, islanded operation of microgrids with

high penetration of VSCs can be prone to frequency instability.



1.2 Problem Definition and Motivation

There are two possibilities to manage a grid connected MG; in the first method,
a back to back rectifier-inverter is installed at the PCC and regulates the power
transfer between MG [61] and the utility grid according to the command given by
level 2. Instead of a back to back inverter a smart transformer (ST) can be used at
the PCC to control direction and amount of power flow between the MG and the
grid [62].This unit controls the active power exchange between an MG and the
utility grid dependent on the state of both networks and other information
communicated to the ST. The power transfer between MG and the grid is
controlled by change of tap. Hence, the total power generation of each MG is
adjusted by its ST and is shared among DG units using power sharing technique.
The converter and transformer decouple the MG from the rest of grid. Actually,
the common point acts like a variable load whose power varies based on its
reference power determined by level 2 and can be either positive or negative load
depending whether MG injects or absorbs active and reactive power from the
grid. In this scenario, even during grid connection MGs behave like island ones
with a variable load connected at its PCC, so adopted techniques for an islanded
MG like droop control can be applied during grid connection to share active and
reactive powers among DG units. As a result there is no need for change the
control strategy subsequent to operational switching and the synchronization with
the grid can also be done by the PCC converter. Although this method eliminates
the CI in a grid connected MG to adjust set points of DGs, it needs a large power
converter at PCC with power capacity of the MG which can be easily overloaded
during transients and consequently the reliability of this method is degraded.

Another approach to control and manage a grid connected MG is to eliminate
the PCC converter and allocate set points of various DG units using CI within the
MG individually via a CI. In other words, after the preset powers of various MGs
are determined by MG coordinator at level 2, at level 3 or DG coordinator level,
the preset powers of DGs inside the MG are tuned in such a way that finally the
desirable power flow between MG and the utility grid or MG power set point is

achieved. Whether an MG with a converter at PCC and elimination of CI is more



reliable or an MG with CI and without PCC converter is an open question for
future works.

Considering basic features of MG based smart grid like frequent switching
between islanded and grid connected mode, the basic requirements of MG
operations are summarized as follows:

1) The preset powers of various MGs are allocated by the smart distribution
system manager and MGs are required to generate this power.

2) DG units are required to either generate the preset real power and or maintain
DG bus voltage constant (PV bus) or generate the pre-specified reactive power
(PQ bus).

3) When islanding occurs, transition to islanded mode must be seamless to avoid
severe transients in voltage, frequency and power angle.

4) Large signal stability of the MG should be guaranteed even during sudden
large contingencies to avoid any poor performance or even instability. The linear
controllers are not capable to provide and ensure seamless operation subsequent
to severe transients.

5) Subsequent to islanding, DG units must share the total real and reactive power
demand according to their power capacities minimize circulating current, and
benefit from maximum power capacity of the MG.

6) After fault is cleared in the main grid, the MG must be reconnected to the grid.
A synchronization process is necessary to avoid flowing large current and severe
overvoltage at the moment of grid connection.

7) System stability and robust performance should be guaranteed in all situations
and after large contingencies. This issue is more pronounced in MGs where fast
response and lack of inertia for electronically-coupled DG units reduce stability
margin of voltage/angle.

8) It is recommended that VSCs mimic dynamic performance of the conventional
synchronous generators to minimize their interactions resulting in better
integration of VSC based DG units into a power system with high number of SGs.
9) From the power quality perspective, it is important that MG frequency is kept

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

10) Frequent load power variations results in frequency chattering in the
conventional droop controllers. The existence of inertia for frequency mitigates
this issue.

11) Since many renewable energy resources are located in areas with rich wind
and solar power which are far away from the load centers, weak high impedance
MGs will be significant part of the future smart power grids, will face challenging
issues in terms of stability, power transfer capacity, and high coupling between
real and reactive powers.

12) To realize a true plug-and-play MG, it is essential to provide the self-
synchronization capability for VSCs enabling autonomous grid restoration
subsequent to reclosing without a need for grid information.

13) Coordinated optimal control and power management of buffered MGs in
smart grids and DG units within each MG using a multi-objective intelligent
power management. In this case, a multi-objective function is defined aiming at
minimizing MG and smart grid losses, maximizing large signal stability of the
total smart grid including separate MG units, and maximum utilization and
penetration of renewable energy resources and energy storage devices.

This project aims at introducing a new family of universal control topologies
which can fulfill MG operation requirements in the smart grid environment. The
controller structures do not need to be reconfigured subsequent to change mode.
This helps to overcome problems such as non-detection zones (NDZ) and
islanding detection delays. The system is stable and robust during harsh transients
such as transition to islanding and sudden load power changes. It also provides
accurate real and reactive power sharing even with impedance mismatches and is
robust against controller parameters uncertainties drifts which allows higher
frequency and voltage drooping coefficients with better power sharing. The
proposed topologies can adopt either voltage controlled or current controlled
schemes. Load sharing can be applied using either power or quadrature
component currents. The VC-VSC has the advantage of voltage regulation within

acceptable limits which is an important factor for an autonomous MG.
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Nevertheless, since there is no current loop, current quality may be deteriorated.
Therefore, a CC-VSC can be adopted to improve current regulation. The proposed
controllers employ cooperative angle-frequency drooping for active power
sharing during islanding while the drooping constants act as power damper and
synchronizer in the grid connected mode. A nonlinear controller is proposed to
enhance the DG stability during severe disturbances and guarantee large signal
stability of the MG while the main motivation is the highly-nonlinear behaviour
of power sharing dynamics and the wide-band of operating conditions in a typical
MG system. The adaptive back-stepping (AB) method is employed to design the
nonlinear controller which is one of the most rigorous nonlinear control design
tools. The proposed nonlinear controller accounts for nonlinearities of power,

frequency and angle.

1.3 The Proposed Control Strategies and Literature Review

VSCs are finding expanded use in various applications in modern power
systems ranging from connecting renewable resources, integrating DG units, and
high voltage dc (HVDC) transmission systems. However, still the major portion
of generation units are the conventional synchronous generators and with the
current trends and the expected high-penetration level of VSC-based systems and
HVDC serious concerns are raised in terms of renewable energy resources and
also interactions between SGs and VSCs and deep penetration of DG. Moreover,
the future smart power grids are modeled and managed as interconnection of
several MGs; therefore control, management and coordination of MGs are
increasingly becoming important. Accordingly, the developing a universal family
of controllers-managers for VSCs in MG-based smart grids which can fulfill
requirements of both operational modes with plug-and-play capability is of high
interest. Also, it is desirable that the controllers behave similar to SGs, thus grid
fells them as virtual machines which reduces the analysis and control of smart
grids similar to the mature and well-known SG-based power systems and
attenuates the impact of such devices on system stability. Among the stability

topics, the interactions between VSCs with nearby synchronous generators and
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large-signal stability are important research topics. In this section, an overview of
the proposed controller-managers strategies and their comparison with the

previous works in the literature is presented.

1.3.1 New Family of Control and Management of VSCs in MG-Based Smart
Distribution Grids

Several control topologies are developed for switch-mode VSCs. The
conventional control topologies for three phase converters are voltage-oriented
vector control and direct-power control [63]. Fig. 1.3 shows these two control
variants for rectifying and inverting modes. As shown in Fig. 1.3, the dq
components of the current vector are regulated by a controller generating
appropriate values for the converter dq voltage components. A PLL is required to
transform current and voltage variables from the abc frame to the dq frame. It is

also feasible to implement the controller in the &—f3 or the abc frame using a

proportional-resonant (PR) controller. An alternative control strategy is to use
direct power control in which voltage components are adjusted based on real and
reactive power errors. None of these methods, however, can directly control the
frequency and load angle. Although the vector control technology has reached a
high level of maturity, serious questions have been raised about its operability and
effective integration into future power grids. These concerns are worldwide and
are in terms of their capability to transfer power to the grid, instabilities due to
PLL and its interaction with the controller during contingencies and grid
synchronization [35], interaction with conventional SGs due to their different
characteristics and response speed, instability in weak grids [54-56], low band-
width and unknown frequency and angle dynamics. To overcome these
difficulties, novel control strategies have been recently developed for control of
VSCs in polar coordinates mainly to mimic SGs behaviour in VSCs [35], [50].
Although the ‘synchronverter’ strategy proposed in [50], it is just for a grid-
connected VSC and its characteristics in islanding have not been investigated.

Moreover, the current limitation and regulation, and dc-link dynamics are not
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Figure 1-3. Various control topologies for the rectifiers, (a) vector control and (b) direct power
control.

taken into account during controller design. The back-EMF generations of SGs
are emulated in [64] by redesign of PLL and virtual impedance loop is employed
to mimic the SG’s equivalent impedance. However, a PLL is necessary during
steady state which may deteriorate system stability and does not allow the
controller to benefit the self-synchronization ability similar to [35, 50]. The
virtual inertia of an SG’s rotor and power sharing are simultaneously achieved in
[65] by a modified droop control with an adding an extra derivative term to the
conventional droop. In [66] the dynamic behaviour of an SG’s rotor is emulated
by proper dc-link voltage regulation and in fact grid feels the dc-link capacitor as
a virtual rotor. One major advantage of control of VSCs similar to SGs is
elimination of the PLL during steady state because of existence of damping power
which provides self-synchronization ability [35], [50]. Other techniques have

been reported in [52-53] to make the conventional vector control react similar to
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SGs. Obviously, the converters with SGs characteristics are the keys for the
development of future smart grid with high penetration of EI- interfaced DG units
and renewable energy resource. Although both vector and polar controllers show
some advantages and drawbacks, the question is that how we can exploit the
benefits of both in one unified controller.

Many works have been reported in the literature for MG operation in either grid
connected or islanded mode. As mentioned earlier, the most adopted approach for
power management of an islanded MG is the frequency and voltage drooping to
realize accurate real and reactive sharing to deploy the maximum capacity of the
DG units and avoid the circulating current among them without communication
links. VPD/FQB droop method [67], adjustable load sharing [68], adaptive droop
gain [69], virtual frame transformation [21],[70] and virtual output impedance
[71-72] are various variants. Feeder-flow strategy has been developed in [24] to
enhance power sharing accuracy. Reference [73] introduces a unified control
structure appropriate for both operational modes. Robust droop control method
has been expressed in [74] to compensate uncertainties in the system and
parameters. In all the droop control methods frequency-dependent operation of
droop control causes a deviation between the output frequency of the DG and the
grid, thus this method, in its original version, can be only applied to an islanded
MG [23]. Moreover, the droop control is effective for mainly inductive lines with
equal per unit impedances [43]. Therefore, in low-voltage resistive lines poor
power sharing is expected.

To eliminate frequency drop the angle droop method has been proposed in [40-
41]. However, there are some serious questions regarding this technique. First, it
needs a common clock in the MG to synchronize various units which in turn
necessitates communication infrastructure [75]. Furthermore, it is not clear how to
adjust the angle reference of various units and the practicability of the angle
drooping in the grid connected mode has not been addressed. Droop control is
considered as part of a more comprehensive framework for power management.
In [10] the theory of power management of MGs has been extensively discussed.

However, there are some questions about its operation and practicability. First,
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since the proposed controller is a current-controlled one and cannot guarantee
voltage regulation it is mainly applicable to a grid-connected MG in its primary
vision. Also, its performance and operation in both modes have not been clearly
addressed. Reference [67] extends the technique of [10] using concept of current
sharing but it is still a current-controlled strategy and cannot ensure voltage
regulation in the islanded mode which may lead to poor performance and
instability [29]. The MG hierarchical management structure was proposed in [23]
in which the droop control and inner current regulation loops are implemented in
the primary level and frequency and voltage restoration are embedded in the
second level. The aforementioned survey, confirms the extensive need for a
universal management policy which augments all the requirements in one
topology.

This dissertation aims at introducing a new family of universal control
topologies which can fulfill most of the MG operational requirements in the smart
grid environment by developing the new concept of synchronous converter. The
proposed new family offers the following advantages: 1) it is a comprehensive
and universal family which gives the designer a wide variety of options to select
the desirable controllers combination to achieve the required performance. 2) The
controllers can operate as current-controlled and voltage-controlled. Moreover,
hybrid voltage- and current-source based operation is also possible which is
presented for the first time in this thesis. 3) The concept of hybrid vector and
polar control is proposed in this thesis which allows exploiting the advantages of
both controllers. 4) Both VC-VSC and CC-VSC strategies are available. 5) The
controllers are applicable to both modes without a need for controller topology
reconfiguration which realize universal controllers and smooth transition to
islanding. This helps to overcome problems such as NDZ and islanding detection
delays. 6) The controllers provide steady state constant frequency operation
during islanding mode. 7) The controllers emulate the behaviour of SGs which
enables them to be easily integrated to power systems with conventional SGs
without loss of stability and dynamic interference. 8) Drooping variables can be

either current dg-components or real and reactive power, thus either power or
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current management strategies can be realized. The voltage controlled current-
source based strategy augments the current regulation, current limitation and
current management in one compact and neat controller. Fig. 1.4 shows the basic
concept of synchronous converter which is the intersection of control theories,
power electronics, power systems analysis, and electric machines. In other words,
control theories integrate the power electronics, electric machines and power
systems concepts into one unified and universal structure. In this case, numerous
VSCs and SGs can be easily integrated to smart grids since they show similar
behaviour. This eases power system analysis and significantly improves overall
system stability in the presence of El-interfaced generation and load units.

It is worth comparing synchronous converter and synchronverter to show the
superiorities of synchronous converters. Generally speaking, synchronous
converters are comprehensive families of controllers and managers for
management of both real and reactive powers and also control and regulation of
frequency, voltage and current in a compact structure. The main drawbacks
related to synchronverter are lack of current regulation and limitation, lack of

voltage regulation and control, simple structure and low degree of freedom to
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choice controller parameters, and permanent frequency offset. Moreover, the
authors didn’t discuss its performance in islanding mode, therefore its behaviour
and characteristics in islanding is unknown. Also, in the grid connected mode it
cannot realize either a constant voltage bus or a constant reactive bus. The
stability and small signal analysis were not addressed. The controller is only
implemented in polar coordinate, so control and decoupling of d- and g-axis
currents are missed. Despite, generally speaking, synchronous converters are
comprehensive families of controllers and managers for management of both real
and reactive powers and also control and regulation of frequency, voltage and
current in a compact structure. As discussed earlier, it is emphasised that they are
applicable to both operational modes without reconfiguration with emulated
behaviour of SGs. Both current-source and power-source based operation and also
power drooping and current drooping are available. The controller inherently
provides current and voltage regulation and limitation and can generate either
voltage or reactive power reference. No permanent frequency drop occurs and
because of existence of an extra power damping (angle) loop, stability is

improved.

1.3.2 Bidirectional Synchronous-VSC Control Strategy for Incorporating
VSCs to Smart Power Grids

Instabilities due to dc-link dynamics are one of major sources of instabilities in
VSCs [76]. Most of previous works on virtual SGs and/or self-synchronization of
VSCs consider the dc-link as an ideal battery with infinite energy [15]-[50].
However, it is obvious that this is not the case and in most of transient scenarios,
dc-link voltage varies; also its energy and power are limited. Moreover, if dc-link
voltage dynamics is slow and the voltage passes some thresholds for a relatively
long time, under- or over-modulation and consequently voltage instability is
expected [29]. To improve dc-link voltage stability, fast response short-term

energy storage can be installed in DG units [48].
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To overcome aforementioned difficulties, in this thesis, a comprehensive control
strategy is proposed for VSCs. It augments all the aforementioned requirements in
one compact topology which has the following salient features. 1) It emulates the
behaviour of SMs with proper adjustment of the dc-link voltage so the power grid
views the VSC dc-link as a virtual rotor. Thus, it can be easily integrated to grids
with numerous SMs; 2) it introduces some inertia for the frequency, therefore the
stored energy in the dc-link can be used for frequency regulation during
contingencies which is the same role of SM’s rotor; 3) Since it provides
bidirectional power transfer, even active loads can be used as an asset for
frequency stabilization [77]. Therefore, the proposed topology can be an
interesting choice for multi-terminal dc networks [78]-[79]; 4) since the controller
has cascaded frequency, angle and dc-link voltage loops, it offers extra damping
and synchronizing powers, therefore, it can automatically synchronize itself with
the main grid; offer self-synchronization capability; and eliminate the need for a
PLL; 5) since dynamics of the dc-link voltage is inherently taken into account
during design and analysis, it presents a more practical control topology and
design process. In [80], a simple control strategy for dc-link voltage regulation in
frequency domain and polar coordinates has been proposed; however, it lacks a
comprehensive and general framework for emulating and integrating SM
characteristics in VSCs. This thesis presents a comprehensive framework for
design of VSCs controllers with SMs behaviour while the dc-link acts like a
virtual rotor; 6) it offers well-defined dynamics for frequency, angle and dc-link
voltage, which in turn makes power system analysis easier; 7) similar to SMs, it
has a fault-ride-through capability.

Two different topologies, namely virtual torque and direct dc-link voltage
control strategies are developed for the frequency control loop. In these
topologies, the output power and the dc-link voltage are used as control variables,
respectively. It will be shown that the direct dc-link voltage control presents very
good performance with a simple control structure; however, the virtual torque
control offers more degrees of freedom to select design parameters because there

is an extra power loop. For the voltage control loop, two variants are addressed to
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realize either a P-Q bus or P-V bus operation. A theoretical analysis, simulation
and experimental results are presented to verify the validity and effectiveness of

the proposed control strategy.

1.3.3 Enhanced Stability Operation of Microgrids Using Nonlinear Micro-
Grid Stabilizer

Although, the droop based decentralized controller eliminates the need for
communication infrastructure, its stability especially during sudden large
transients such as islanding, grid restoration and load power variations is of high
concern [5],[18], [81]. It is shown by small signal analysis in [5] that in a droop-
controlled DG, power changes may result in instability. Furthermore, the
conventional linear controllers and small signal analysis reported previously only
deal with small variations around the operating point or base load; this refers to
small signal stability because it just deals with stability at one specific operating
point when small perturbations appear in the system. However, in an MG system
with comparable sizes of DG units and because of the absence of physical inertia
due to high penetration level of converter-based DG units, an MG system will be
subjected to large transients and power angle swings. Typical large-signal
disturbances in an MG system include transition between grid connected and
islanding modes, and sudden large load demands. In these situations, linear
controllers are not sufficient to guarantee MG stability at different operating
conditions; and accordingly, instabilities due to severe transients are expected. On
the other hand, nonlinear controller with global stability can be designed to
guarantee stable and robust operation at different operating conditions.

The synchronverter [50] is adopted in chapter 5 to enhance the DG stability
during severe disturbances and guarantee large signal stability of the microgrid
while the main motivation is the highly-nonlinear behaviour of power sharing
dynamics and the wide-band of operating conditions in a typical MG system. The
adaptive back-stepping method is employed to design the nonlinear controller
which is one of the most rigorous nonlinear control design tools [82]-[86]. The

proposed nonlinear controller accounts for nonlinearities of power, frequency and

20



angle of VSCs in a power converter system while most of previous researches
focused on nonlinearities of current and voltage of VSCs [82],[87]-[92], which
are not noticeable effects in VSC operation. Further, the proposed controller
considers both angle and voltage control requirements by providing an additional
signal for the voltage loop to stabilize the system, which can be considered as a
nonlinear supplementary control signal. The nonlinear supplementary control
structure is inherently designed in the large-signal sense and therefore, it
automatically provides improved dynamic performance and global stability as

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

1.3.4 General Interface for Power Management of Microgrids by Nonlinear

Cooperative Droop Control

This thesis also proposes a general control strategy, for both converter- and
synchronous-machine-based DG units in MGs, based on a combined angle-
frequency droop controller with improved dynamic performance. As compared to
previous autonomous control strategies, the proposed controller has the following
advantages. 1) The proposed strategy combines frequency and angle droop
strategies, therefore better power sharing accuracy can be obtained. In addition,
designer has more degrees of freedom to select drooping gains since there are two
droop loops. Satisfactory static and dynamic performances can be simultaneously
fulfilled by proper selection of these two constants. 2) Since the first loop is the
angle loop, a designer has more degree of freedom, with respect to controllers in
1.2.1, to adjust the set values of the angle and power loops such that better overall
large signal stability and power sharing accuracy are simultaneously achieved. In
fact, to inject a given power in the grid-connected mode, there are infinite
combinations of power and angle references and by optimization of these values
system performance can be significantly improved. 3) A supplementary nonlinear
controller is designed to assist the angle-frequency droop controller. It provides a
supplementary additional signal for the voltage control loop. The duty of the
nonlinear controller is to preserve large-signal stability of the MG when severe

contingencies, such as transition to islanding, out-of-phase closing and DG
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reconnection occur. The embedded virtual inertia can significantly improve power
system dynamic performance and frequency regulation especially in converter-

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

1.3.5 Current Management Methodology for Weak Microgrids by

Multivariable Droop-Based Synchronous Converter

Although the technique of power synchronization has been proposed in [35],
[58] to overcome problems resulted from PLL, it is a simple power loop aims at
adjusting the load angle based on the real power error and the supplementary
power synchronization controller acts like a virtual PLL by emulating the
behaviour of SGs. However, it suffers from highly real and reactive powers
coupling and large steady-state error In fact, in weak grids, dq-axis components
coupling result in poor disturbance rejection and noticeable steady-state error. In
other words, in weak grids the single-input single-output (SISO) controllers does
not offer satisfactory performance and multivariable control is necessary [94]-
[98]. In order to realize a promising decoupled control, several methods have been
reported in the literature [94]-[98]. Nonetheless, these methods are developed for
single loop current-controlled-VSCs and are sensitive to mathematical modeling
mismatch. An optimization based multivariable control design has been reported
in [96]. Nevertheless, none of the proposed methods are applicable to both
islanded and grid-connected modes and since they are based on the vector control
strategy, they are subject to stability issues in weak grids.

This thesis presents a control and management strategy for weak MGs based on
loop shaping technique and multivariable control. The controller adopts a
multivariable controller which realizes d- and g-axis current components superior
decoupling. The decoupled behaviour results in better dynamic and static
performance in weak grids where real and reactive powers are highly coupled.
The current loop is used for current regulation during grid connected mode and it
can realize accurate current regulation and current sharing during islanding mode
by a multivariable droop. Thus, current regulation, limitation and sharing are

embedded in one compact and neat strategy. In summary, a universal compact
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multivariable topology with current regulation, limitation and sharing capability
and applicable to very weak MGs with superior dg-axis decoupling capability are

the main benefits of the controller.

1.3.6 Nonlinear Power Damping Control of Weak Grids

Synchronization of a VSC to a grid is of high importance since any mal-
synchronization may lead to severe transients and protection system action [99].
When an islanded VSC is suddenly connected to the grid via a weak interface
without a synchronization process, frequency and angle mismatch between a VSC
and grid at the moment of connection may cause severe transients. As mentioned
earlier, another major concern related to VSC operation in weak grids is the lack
of physical inertia in conventional VSCs resulting in poor frequency and load
angle regulation; thus, islanded operation of MGs with high penetration of VSCs
can be prone to frequency instability. Accordingly, significant efforts have been
recently devoted to introduce some dynamics for frequency using virtual inertia.

Motivated by the aforementioned challenges, a hybrid nonlinear control of
VSCs in weak grids is proposed in this thesis. The main characteristic of the
proposed controller is that the hybrid nonlinear power damping controller enables
self-synchronization of a VSC in weak grids. This means that the controller does
not need a separate synchronization unit and it automatically synchronizes itself
with the grid. Self-synchronization is a new concept [100], and its importance is
more pronounced in weak grids. It should be noted that the proposed method in
[100] still needs the inception time of synchronization and some information from
the remote grid, thus it cannot realize a true plug-and-play operation. Moreover,
its performance and stability in weak grids have not been investigated. It is
noticeable that during islanding, an MG may usually face permanent frequency
drop representing considerable frequency and angle mismatch at the moment of
reconnection, however, with the proposed controller system does not need any

initial synchronization with grid and it realizes a plug-and-play system.
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1.4 Research Objectives

Driven by the aforementioned challenges, this dissertation is an attempt to
address a universal family of controller-management strategies for VSCs and
conventional SGs in smart distribution grids and enhancement of their operation
in the large signal sense and weak grids. To achieve these goals, the following

subtasks are proposed:

= (Creating a new comprehensive and general family of managers-controllers
for VSCs mainly for MG operation which can realize requirements of both
grid-connected and islanded operational modes without the need for
reconfiguration and also present dynamic characteristics similar to SGs
and emulated virtual inertia by developing the concept of synchronous

converter.

e Proposing a novel control strategy for integrating VSCs to smart power
grids with ability of simultaneous regulation of dc-link voltage, ac side
voltage and power which makes it suitable for dc and hybrid ac/dc MGs
using the concept of synchronous-VSC.

e Establishing foundations for large signal stability of MGs with stability in
a wide range of operating points by emulating inertia and nonlinear

microgrid stabilizer.

e Developing a general and unified control framework for incorporating
VSCs and SGs into MGs with ability to work in both islanding and grid-
connected modes without a need for reconfiguration, constant steady state
frequency operation and large signal stability using the concept of

nonlinear cooperative droop control.

e Providing the basis for operation of DG units and VSCs in very weak
grids with guaranteed large signal stability and self-synchronization

capability by the concept of nonlinear power damping control.
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Besides extremely nonlinear behaviour of VSCs in weak grids which
necessitates nonlinear power damping, another major issue related to the
operation of weak MGs is noticeable coupling between real and reactive
powers or equivalently d- and g-axis currents which results in large steady
state error, poor performance and instability when system drifts to the
nonlinear region. Toward this, the concept of multivariable synchronous
converter will be proposed for current management of weak MGs to

realize superior decoupling by using loop shaping technique.
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Chapter 2 New Family of Microgrid Control and
Management Strategies in Smart Distribution Grids-
Modeling, Testing and Comparison1

This chapter presents a general framework for power and current management
of MGs by a universal family of controllers-managers in smart distribution grids
applicable to both islanded and grid-connected mode without a need for
reconfiguration action. The controller are based on the new concept of
synchronous converters as they mimic the dynamic characteristics of SGs as they
provide frequency and voltage regulation similar to SGs with emulated inertia.
The proposed controllers are compact and neat ones which open a new field for
integration of VSCs into future smart grids as they can overcome problems
resulted from interaction between conventional electric machines and VSCs and
also realize many operational requirements of MGs by one comprehensive

strategy.

2.1 The Load Sharing Theory

Fig. 2.1 shows a typical MG including two DG units, local loads and a common
load connected at the point of common coupling (PCC). The MG is connected to
the utility grid at the PCC through a static switch. If the static switch is closed, the
MG is in the grid-connected mode whereas if it is opened, an islanded MG is
formed. To improve system reliability and guarantee continuous power supply of
the critical and sensitive local loads, the islanding operation of MGs is becoming
an essential requirement of smart grids [9]. As mentioned earlier, in an islanded
MG, it is required that DG units share total power demand among themselves
proportional to their power capacities. In a grid connected mode, a DG unit
should generate its preset power or current. The basic theory of power and current

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

' This work is published in IEEE Transactions on Power Systems [101].

26



I/LZZé‘ 2

Ei26 e Sulon PCC P Rpy + jX oy 246,
AN
= [vsc vsc| =%
Figure 2-1. A typical MG with local and common loads.
the ith unit is expressed by the well-known equations
E, . (2.1
b= W(X 7V SN Opg; + Ry (B, =V €08 6p;))
Fi TAF
E . 2.2
O, =———5 (RyV,sin Opgi + X (E; =V, c08 ;) 22)

TR+ XD

The main assumptions in the conventional control methods are that the load angle
is small and the line is inductive. In this case, the real power is controllable
through the load angle J,; and reactive power is regulated by the voltage
amplitude. The method which is usually employed for the power sharing is to
drop frequency as a function of the real power and drop voltage amplitude
proportional to the reactive power. The P-w and Q-E droop controls are
addressed as

=y =m;(Fyg = Fey) (2.3)
E=E—n(0,u = Oy (2.4)

where P, and Q

avg avg

are the average real and reactive powers, respectively, which are

adopted instead of their instantaneous values to eliminate VSC switching effects

and avoid interference between power and current loops and are expressed by

o, 2.5)
" st
Qavg: e 0 (26)
s+,

Since the goal of power sharing is to minimize the circulating current among DG

units, an alternative is to use current components as drooping variables and
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consequently apply direct current sharing instead of conventional power sharing.
Toward this, if (2.1)-(2.2) are presented in the d-g frame, the following equations
are derived
P =1.5(eyiy; +eyiiy; (2.7)
O, =1.5(e iy —e,iiy) (2.8)
which in steady-state are simplified to

P =15e,i, (2.9)

i—steady

O yeary = 1.5, (2.10)

This means that real and reactive powers are proportional and controllable

through i, and i, respectively. Therefore, P and Q can be replaced with i, and i,

to realize a direct current sharing and control. The governing equations in this
case are

@ =y =m;(iy_ gy ~ ly—ser) = o - Milg_qygi (2.11)

E= Ea -n; (iq—m/gi - iq—seti)

(2.12)

Similar to power sharing, the average current components are adopted for

drooping, and they are given by

. o (2.13)
ld—avg = ld

s+,
o (2.14)
q-avg S+(0(, q

Equations (2.11)-(2.14) realize direct current management-sharing in an MG
whereas (2.3)-(2.6) provide power sharing. Although the power sharing is the
common adopted method, designers can also employ the current sharing as it
fulfills direct control and management over the currents of DG units. Also, the
frequency drooping suffers from some drawbacks such as permanent frequency
offset and low stability margin [5]. To compensate the permanent frequency drop,
the angle drooping is recently proposed in [40]-[41],[61] which necessitates a
general clock and communication links in an MG to synchronize various units

[40],[61].
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2.2 Proposed Strategies for MG Management

In this chapter, a new family of management methodologies is proposed using
either current or power sharing which integrates the requirements of MG
operation in one compact structure called synchronous converter. To determine
the output power requirements, the controller employs independent real/reactive
power control strategies. The output of the power manager can be either d-q
currents or voltage amplitude and frequency. The first is a CC-VSC and the latter
is a VC-VSC. In the current-controlled VSC, a PLL is required to process the
measured currents and voltages of the DG unit and to estimate the local

frequency.

2.2.1 Real Power Management and Frequency Control

To share real power among DG units, either frequency or load angle drooping
method can be utilized. It was mentioned that the load angle regulation is the
basic tool for power sharing. An alternative approach to benefit from advantages
of both frequency and angle droop methods is to combine them and use as one
unified control method. Fig. 2.2 represents the proposed hybrid droops with
connection of angle and frequency droops in series. The series connection of the
frequency and angle loops allows to use advantages of both drooping methods and
they provide some damping and synchronizing power which significantly enhance
system stability It has three cascaded loops namely angle, frequency and power
loops. The first loop is the frequency loop in which the reference angle is obtained
as a function of the frequency error. Generated by the angle droop loop, the
reference of the real power loop is obtained. The power loop involves an
integrator which acts as a controller and simultaneously emulates momentum of
inertia of a virtual rotor and introduces some dynamics for frequency. As shown
in Fig. 2.2, the output of the power controller can be either frequency (Fig. 2.2
(a)) or d-axis reference current (i, , Fig. 2.2 (b)). The first case yields a VC-

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

current regulation, current limitation and better current quality due to the
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Figure 2-2. Proposed topologies with cascaded series frequency-angle drooping; (a) VC-VSC with
power drooping (model-a), (b) CC-VSC with power drooping (model-b), (¢) Current-course-based
CC-VSC with current drooping (model-c).

existence of a current loop; however, it is not a suitable choice for an autonomous
MG because of lack of voltage frequency and amplitude regulation which may
result in poor voltage profile and even instability whereas it is a good candidate
for a grid connected DG. If a voltage amplitude control loop is embedded within
the reactive power manager, since voltage regulation is realized in the reactive
power manager, it is possible to eliminate the voltage loop and apply the vector
voltage directly to the PWM; however current quality may be deteriorated since
there is no current regulation and feedback loop.

The existence of the current loop allows current shaping, regulation and
limitation simultaneously with very fast response. Actually, this is a neat
controller which augments many of the MG operational requirements in one

compact structure. In spite of this, if the inner current and voltage loops are
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removed from model-a, current limitation and regulation are missed which may
result in very high current injection during severe contingencies and poor current
quality. Otherwise, if inner loops are adopted, they may degrade system overall
stability and the response speed. If the output vector voltage is directly applied to
the VSC, the extra internal voltage and current regulation loops shown in Fig. 2.2
(a) can be eliminated which results in very fast response with very high
bandwidth. Another major advantage of model-c is that it operates as a current-
source-based VSC with high equivalent parallel impedance which in turn

facilitates smooth grid synchronization [37].

2.2.2 Reactive Power Management and Voltage Control

The proposed topologies are shown in fig. 2.3. They consist of sequential
voltage and reactive power loops. The model shown in Fig. 2.3 (a) provides a
constant voltage operation with proper reactive power adjustment. Although
constant voltage operation can be applied to both grid-connected and islanded DG
units, it is not the common approach for an islanded MG. On the contrary, the
voltage drooping is applicable for both operational modes but it is not an optimal
solution for a grid-connected MG since voltage regulation is violated. It is
recommended in [9] that for the sake of constant voltage regulation, one DG unit
works in constant voltage mode whereas other units should participate in the
reactive power sharing. To obtain a general topology for both modes, the

integrator must be eliminated. In the case of K, =0, the characteristics equation is
obtained as

0,,=0-KE, (2.17.a)

O =KE (2.17.b)

set

Based on (2.9-2.10), reactive power is proportional to i , so the g-axis current can

be utilized for the reactive power control while current regulation is automatically
realized within the reactive power manager. In this case the static characteristic

equation is
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Current-controlled constant reactive bus and (c) Voltage-controlled constant reactive power bus.

(2.18.a)
i =K,E, (2.18.b)

If an islanding detection strategy is available within the controller, the reactive
power management can be changed from P-V to voltage drooping after transition

to islanding by setting K, to zero which is not the case in this chapter.

Fig. 2.3 (b) represents a current-controlled constant reactive power bus in which
the voltage reference in the outer reactive power regulation loop is adjusted to
compensate the reactive power error and g-axis current component is regulated as
a function of voltage amplitude error. Similar to model-b of the real power
controller, since this topology cannot usually guarantee voltage regulation within
acceptable limits during islanding, the current controlled method is mainly
applicable to a grid-connected DG unit. Therefore, to realize a CC-VSC control,
topologies shown in Fig. 2.2 (b) and Fig. 2.3 (b) should be adopted for the real

and reactive power management, respectively.

32



P ) —mP il
avg —| @ — —
g s |G| |Reference

generator
" block
OQavg ™| E'-nQ,,
L—po
e,po.—= PLL _./_1
)
— q
Cabe abe/ |—» i,
. dq =V,
labc - —V
q

Figure 2-4. The conventional control strategy.

To have a voltage-controlled constant-Q bus, the sequence of reactive power and
voltage loops are reversed in Fig. 2.3 (c). Suitable for the grid-connected

mode, the constant-Q bus is not appropriate for the autonomous mode and may
lead to severe under- or over-voltage and even instability. Moreover, the reactive
power sharing is also not fulfilled in an autonomous MG. In other words, if a DG
unit is employed as a constant-Q bus in the grid-connected mode, it may suffer
from poor voltage regulation and instability subsequent to islanding. If the

integrator is removed (K, =0), the proportional gain (K ) is equal to the voltage

drooping constant (»):

E=E -K0,, (2.19.2)
E =E,+K,Q, (2.19.b)
E=E-KQ,, (2.20.2)
E =E,+Ki, . (2.20.b)

2.2.3 Conventional Control Strategy

Fig. 2.4 shows the conventional MG control strategy. As shown, for the grid-
connected mode, the VSC acts as current source and generates the preset dq-axis
currents whereas subsequent to islanding, the controller is switched to voltage-
controlled power drooping, therefore an islanding detection technique is required
for the switching action. Also, for the grid-connected mode, a PLL is necessary to

detect the grid angle and synchronize the VSC to the grid.
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Table 2-1 Comparison of Different Control Strategies.

Feature Model-a Model-b | Model-c | Conventional
(without strategy
inner loops)

Generality for both operational modes v v

Constant frequency operation v v v

Seamless transition to islanding v v

Current regulation v v v

Current limitation v v v

Mimicking SGs v v

Elimination of PLL in steady state v v

Vector control v v v

Polar control v v

Current-source-based operation v v v

2.2.4 Discussion

The proposed real power management strategies involve power drooping
voltage-controlled (model-a), power drooping current controlled (model-b) and
current drooping voltage-controlled VSC (model-c). Table 2.1 shows a
comparison between the characteristics of the proposed controllers and the
conventional control strategy. For the sake of voltage regulation and reactive
power control, the constant voltage operation, constant reactive power operation
and voltage drooping are proposed. By the proper combination of real and
reactive power control strategies, current-controlled-based, voltage-controlled-
based and hybrid voltage-current-control-based operation can be obtained. For
example, if the current-controlled-based (model-c) management and constant
voltage regulation (Fig. 2.3 (a)) strategies are adopted, hybrid current- and
voltage-controlled VSC is realized. Alternatively, polar vector and hybrid polar-
vector control are various available variants as model-a, model-b and model-c
work in polar, vector and hybrid coordinates, respectively. The controllers also
augment the secondary and primary controllers in one neat compact controller as
they provide nominal frequency and voltage restoration, and voltage and current
regulation in one topology. Since the model-b is a current controlled one and
cannot guarantee voltage regulation, it is not commonly a good candidate for the
islanding mode and consequently cannot realize a universal strategy. The power
drooping voltage controlled strategy is not able to guarantee current limitation and

regulation without the inner loops. Inner current and voltage loops can provide
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voltage and current regulation and limit the current amplitude during fault and
transients; however they reduce the overall controller bandwidth and response
speed and may degrade system stability. This control strategy can work in both
modes without controller switching. Model-c can provide current management,
regulation and limitation in one compact and neat scheme without the need for
inner loops. It is a hybrid polar-vector controller with ability to work as both
current source-based and hybrid current- and voltage-source-based controller. The
same concept is valid for the reactive power/voltage controller with inner g-axis
current loop (Fig. 2.3 (a)) where voltage and current regulation, limitation and
sharing are achieved simultaneously. It should be noted that all the proposed
controllers need a synchronization process for their initial start-up by using a
PLL; however, model-a and model-c can realize self-synchronization with the

grid after initial synchronization without a need for a PLL.

2.3 Small Signal Analysis

To analyze the dynamic performance of the proposed control schemes and
optimize their parameters, a set of small-signal analysis for a grid connected VSC
is performed on the systems shown in Figs. 2.2 (a) and (c¢) (model-a and model-c).
These two topologies are selected for further studies because of their generality
for both grid-connected and autonomous modes and elimination of PLL in steady

state.

2.3.1 Model-a with Power Feedback

In this section, small-signal dynamics of model-a is obtained. The load angle
derivative is given by
Ad = Aw. (2.21)
The frequency dynamics is governed by
Ad=-K KK ,Ao-K K,A5~K AP, . (2.22)
Considering (2.5), the average power derivative is expressed by

AP, =-@AP, +®AP. (2.23)

avg

The voltage dynamic is calculated based on Fig. 2.3 as follows:
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AE =-K K AE, -K,AQ, (2.24)

where
AQ,, =-w,AQ,, +©,AQ (2.25)
and AE , is the perturbation of the feedback voltage. Equation (2.25) is written for

the voltage drooping case with K, . If a constant voltage bus is required, (2.24) is

rewritten as

AE=-K K AE,-KAQ, +K.z (2.26)

z=-K AE, (2.27)

Thus, the new state variable (z) which is the output of the integrator K, is

introduced to the system. The perturbation of the real and reactive powers at an
operating point is obtained by linearization of equations (2.1) and (2.2):

AP=H ;A6+H ,AE (2.28)

AQ=H A5 +H,,AE (2.29)

where the variablesH ;, H,., H ; and H  are given by

PE?

ps = I in (2RE, —RV cos S, + XV'sind,). (2-30)
v = R in (RE,V sin 8, + XE,V cos 3. (2.31)
w =g +1 o (XEV sind, ~ RE, cos6)). (2.32)

" = R in (2XE, — XV cos S, — RV sin 8). (2.33)

Equations (2.21)-(2.27) along with algebraic equations (2.28)-(2.33) present the
overall small-signal analysis of the power manager. Fig. 5 represents the modes of

model-a as a function of K, and K. The fifth pole is not shown here because it

appears far away from the imaginary axis and has high natural damping. It is
evident that the MG has acceptable stability margin and the most dominant pole
appears away from the imaginary axis. This is due to existence of extra damping
and synchronizing powers in this topology which provides more damping as

compared to the conventional angle or frequency droop [7,34]. The dominant
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Figure 2-5. Eigenvalue locus of model-a, (a) 0.2< Kr<5. Ka=3e5. (b) Se4< Ka<le6.

poles are highly dependent on K, and K,while poles number 3 and 4 are almost

constant.
Fig. 2.5 reveals that considerable stability margin can be achieved by the
proposed controller. However, by further increment of K, X K, the system stability

margin is drastically degraded and the dominant mode moves toward the

imaginary axis.
2.3.2 Model-c with Current Feedback

In this case, the real power management block is modeled by the following
equation:
Aw=-K KK Ao—K K,A5-K A, .. (2.35)

According to (2.13) and (2.14), it is followed that

Ay, =—0OAi, . +OA, (2.35)
Ai_,., =—0Ai_, +0OA (2.36)

The following equations relate i, and i, to the load angle and voltage amplitude:
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194 _ pooss—Riy +ayLi -V, (2.37)
dt !

&
L2 Esing-Ri —w,Li, -V (2.38)
dt 1

q

Small-signal dynamics of model-c is obtained by linearizing these equations
around the operating point:

(2.39)

: R E . AE
Ai, =——Ai, + @,Ai, ——>AJsind, +—-cos I,
L L L

. E .
Al = —£Ai —@yAi, +—=AcosF, +£sin§ (2.40)
L (1 L [ L [

The voltage dynamics are the same as (2.24)-(2.27) with the difference thatg_ is

avg

replaced with ; Thus, equations (2.21), (2.22) and (2.34)-(2.40) describe the

g-avg "
overall small-signal analysis of model-c. Fig. 2.6 shows the loci of system modes
as a function of control parameters. With equivalent drooping constants, the
stability margin in this case is pretty similar to the power drooping case and
system still presents considerable damping. Mode 3 appears at the cut-off

frequency (200 rad/s) and mode 4 appears near to the cut-off frequency and move
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toward left by increment of drooping constants. Except two right most modes

other modes are not affected by changing drooping constants. By increasing X, ,

model moves toward the imaginary axis and mode 2 converges to the cut-off

frequency. Modes 3 and 4 are almost constant.

2.3.3 Small-Signal Analysis of a Multiple-DG MG

To investigate the interactions between VSCs which significantly influence the
frequency and voltage stability, it is of high importance to evaluate overall system
performance in both grid-connected and islanded MGs. In the following, a small-
signal framework for a multi-DG MG is presented. From power systems
perspective, since most of buses are load ones, modeling the whole system
including the load nodes is not helpful to draw a conclusion about the controllers
performance. One approach is to model passive loads with their impedances and
eliminate these nodes by Kron reduction [102]. In fact, in this case, the load
impedances are transferred to be in parallel to the nearby VSCs feeding the load
by T to~transformation method and the grid is modeled by an admittance matrix
representing the equivalent admittance between the generation units whereas there
is no common load node. This allows studying the coupling and interaction
between controllers and generation units. To obtain an augmented model for the

whole MG, VSCs, network and the grid are combined. In this case, VSCs

determine the voltage phasors (7 ) the network and load models feedback the
power and current to the controller. The governing equations for each VSC are the
same as (2.21)-(2.27), with only difference that the real and reactive powers are
given by

= 2.41
P =E cosé}Z(GﬁE‘/ cos5j - ByEj sin5j) ( )
[

N+1
+E; siné}Z(GﬁE‘/ sind; + B;E;; cosd;)
j=1
2
+——cos ¥
ZLi
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N1 (2.42)

=E; sm&Z(GUEJ cosJ; — B;E;; sind))
N+l
+Eicosé}Z(GyE/s1n5 + By E;; cosd))
2
+—L=sin?},
Zri

The terms E?cos#’/Z, and E?sind}/Z,, represent the real and reactive powers
absorbed by the equivalent reflected local load bus, respectively. The term Z,,

represents the total equivalent impedance of the local load connected to bus i and
involves the reflection of the common loads set to the bus 7 after » transformation

or Kron reduction. The linearized form of (2.41) and (2.42) around an operating

point is
4l (2.43)
AP, = Z( AE gAé )
& 90, 90, (2.44)
AQ, —;(aTjAE/ %, AS))

The overall system state-space model consists of the state-space of all DG units,

ie. X =(Ad,Aw, avg,AQavg,AE AzZ)" where AS =(Ad,,...,Ad,)and the vector of

other variables are obtained similarly. The overall MG model is expressed by

X = ax (2.45)
0y Iy R O R (2.46)
_KpiniIN _KpiniKﬁIN _KpiIN ON ON ON
@, LAIj Oy —a.ly Oy @ E Oy
PREREY; “9AE
0AQ 0AQ
O —= 0 0 -l o.—= 0
c IS N N ' N BAE N
ON ON ON _Keil Kez Kl 11 KﬁiIN
0N ON ON ON -k wi 7 N ON

Note that for a grid-connected MG, the perturbations of the real and reactive
powers, frequency, voltage and angle of the bus number N+1 which is connected
to the grid are set to zero and it is assumed that they do not have dynamics

(ASy, =A®y,, =APy,, =AQ,,, =AE,,, =0).
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Figure 2-8. The location of eigenvalues of a two-DG MG using model-a.

The proposed model is applied to an islanded MG shown in Fig. 2.7. The MG
has two DG units and a common load at its PCC. DG1 is a constant voltage bus
whereas DG2 works in voltage drooping mode, 1.e. K, =0. The state matrix of 4
has 11 eigenvalues and Fig. 2.8 shows their locations as three clusters. Fig. 2.9
shows the trajectory of the dominant eigenvalues by variations of X, K,, and X, .
The oscillatory mode represented by eigenl, which corresponds to the voltage
drooping mode of DG2 with respect to the electrical system has a relatively low
damping. Thus, it has a detrimental effect on the system performance. Another
factor which significantly affects the dominant eigenvalues isK,. In fact, as
shown in Fig. 2.9 (b), all the eigenvalues except eigenl are dependent on this
parameter. Actually, for low values of K, modes 5 and 6 become dominant. As
shown in Fig. 2.9 (c), eigen2 is mainly influenced by the voltage restoration loop
integrator (K, ) whereas other dominant modes are almost constant. Therefore,

satisfactory performance and fast response the can be achieved without loss of

stability.
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Figure 2-9. The loci of MG’s eigenvalue as by variations of the reactive power manager
parameters, (a) 2000 < K, <15000,K,,=0.1 , (b) K, =2e5 K,; =10000,0.01< K <3 and (c)

15 <K,y <8¢5, K,; =20000, K, =0.1.
2.4 Simulation Studies

To evaluate the performance of the proposed topologies, the MG model with the
parameters given in Table 2.2 and schematic shown in Fig. 2.10 (adapted from
IEEE Std. 399) is simulated in MATLAB/SIMULINK environment. The VSCs’
dc-links are considered as inertia-less ones. In this section, model-a and model-c

are simulated and in each case, three different scenarios are taken into account.
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Table 2-2 Controllers Parameters (SI Unit)

Parameter (SI DG1 DG2 DG3

Units) Model | Model | Model | Model | Model | Model
(a) (©) (a) (©) (a) (©)

Line-line voltage 4140 4140 4140

(V-rms)

VSC voltage(rms) | 4760 4760 4760

Ky 253000 | 112.5 | 304000 | 135 203000 | 90

Ky 2 2 2 2 2 2

K, 0.01 2.5 0.01 2.5 0.01 2.5

K, 33800 | 10 40560 | 12 27000

K, 5e5 50 0 0 0

K 500 25 500 25 500 25

o, 200 200 200 200 200 200

The scenarios include power set points change in the grid connected mode,
frequency variation of the grid, transition from to islanding, and disconnection of
DGI1. During the autonomous mode, both transient and static characteristics are
studied. The cascaded voltage-reactive power loops shown in Fig. 2.3 (a) is
adopted for the voltage control. It is assumed that DG3 works as a constant
voltage bus and two other DG units are used for reactive power sharing; therefore,
their integrator gains (K,,) are set to zero. In the case that model-c is adopted for
D@3, since it generates the d-axis current and the voltage amplitude references, it

operates as a hybrid voltage-current source. Although constant voltage regulation
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Figure 2-11. System waveforms subsequent to the reference change, (a) Real power waveforms of
model-a, (b) d-axis current waveforms of model-c, (c) Reactive power of model-a.

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

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

2.4.1 Grid-Connected Mode

Fig. 2.11 shows controllers responses of model-a and model-c in the grid-
connected mode of operation. The system is initially in the steady-state and at
time instant /=0.8 s the converter is subjected to a 20% step reduction in the
reference power (model-a) and current (model-c). Fig. 2.11 shows that both
model-a and model-c properly regulate the real and reactive powers, and current
oscillations are well damped. Model-a offers slightly faster response and system
settles within 0.07 s whereas in model-c the settling time is about 0.1 s. The

waveforms of reactive power is shown in Fig. 2.11 (c), showing that for the case

44



of model-a, the reactive powers of DG1 and DG2 before the reference change are
equal to 720 and 870 MVAr, representing acceptable sharing accuracy. Since
DG3 works as a constant voltage bus, it does not participate in the reactive power
sharing. At = 1.3 s, it is supposed a fault occurs in the main grid and the grid
frequency is reduced by 0.5 Hz. Fig. 2.12 depicts frequency variations of DG
units during this disturbance which proves that the system is able to track grid
frequency variations without a PLL similar to synchronous machines. Both
models present satisfactory performance subsequent to this sudden frequency
drop manifesting fault ride through capability of these models. Although there is
no PLL, the existence of damping and synchronizing power and current provide
self-synchronization capability [35],[100]. Furthermore, as it is seen, the
frequencies of various DG units in the steady-state are equal; however, they show

different transient responses.

2.4.2 Islanding Mode

In this scenario, the static switch is suddenly opened at /= 2.0 s and the MG is
disconnected from the utility grid. The real power, d-axis current and
instantaneous currents are shown in Fig. 2.13. Both models offer well damped
transient characteristics with minimum oscillations. The controller topology and
parameters are the same before and after islanding and there is no islanding
detection strategy. As shown, the transients settle down within 0.2 s. The angle
drooping coefficient (K,) is adjusted such that MG presents accurate real power
sharing and Ky is adjusted based on the small-signal analysis to achieve
satisfactory dynamic performance. In this case, in model-a, the generated power
of DG1, DG2 and DG3 are equal to 1.67, 2.01 and 1.341 MW, respectively,
which indicates the power sharing error is less than 0.5%. In model-c, the steady-

state values of i,of DGI, DG2 and DG3 are 310 A, 375 A and 250 A,

respectively. The current sharing error in this case is less than 1% which proves
the effectiveness of the proposed current drooping method for the current sharing.

In this case, since current sharing and current regulation are embedded within the
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Figure 2-12. Frequency waveforms subsequent to frequency disturbance in the grid, (a) model-a
and (b) model-c.

power manager, there is no need for the inner current and voltage loops as shown
in Fig. 2.2 (a) which provides higher bandwidth. It is also assumed that the MG
has enough power capacity to supply the local loads after islanding.

The key issue in seamless transition to islanding is eliminating the need for
reconfiguration and elimination of PLL in the controller. In the conventional
strategies, the switching from the current-controlled mode to the voltage control
strategy subsequent to islanding and delays related to islanding detection may
result in severe transients. The frequency waveforms are illustrated in Fig. 2.14,
which clearly confirm that the controllers are well capable of preserving
frequency stability subsequent to islanding. The frequencies increase from 59.5
Hz to 60 Hz subsequent to islanding which indicates frequency restoration ability
of the controller in islanding mode even in the case that the initial frequency is
less than 60 Hz. Note that the frequency responses of various DG units are very
close. On the contrary, in the conventional frequency droop controllers, a
permanent frequency offset is expected. The load sharing with frequency
restoration capability provides better power quality which is an important
requirement for sensitive loads, and enables more accurate load sharing without
loss of stability.

At =5.0 s, DG1 is disconnected from the rest of the grid and DG2 and DG3 are
responsible to supply the MG total load including the load of DG1. As shown in
Fig. 2.15, in model-a, the real power of DG2 and DG3 are increased to 2.901 and
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Figure 2-13. System waveforms subsequent to islanding, (a) Real power waveforms of model-a,
and (b) d-axis current waveforms of model-c.
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Figure 2-15. System waveforms before and subsequent to DG1 disconnection, (a) Real power
waveforms of model-a, (b) and d-axis current of model-c.

1.935 MW within 0.15 s; in model-c the generated d-axis currents of DG2 and
DG3 are smoothly increased to 550 A and 371 A, respectively. In this case,

although the connecting impedances of DG units are unequal, both models offer
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power and current sharing ratio error less than 1%. It should be noted that it
assumed that DG units have enough capacity to supply the MG overall demand
after DG1 disconnection because in this case the goal is to study transient and
steady-state behaviours of the controllers. Available DG capacity is usually
guaranteed by a supervisory MG operating center to ensure the power flow
matching. It should be noted that the power flow matching is a necessary but not

sufficient condition for the system stability.

2.4.3 Comparison to the Conventional Droop

It was mentioned that in the conventional approach, the current source-based
VSC is adopted to supply the preset d- and g-axis currents to the grid whereas
subsequent to islanding, the voltage- source-based strategy with power sharing
capability is adopted. To compare the performance of the proposed controllers
with the conventional control and management policies, the response of the
conventional strategy before, during and subsequent to an islanding event is
studied. The simulated system is exactly the same as the previous case and it is
supposed that in the grid connected mode, the d-axis preset currents are

iy =200A, i, .,=240 A and i, =180 A, and the g-axis current presets are

i =50A, i =60 Aand i_, =40 A.

g=serl > lgser2 —ser3

The parameters of the controllers are given in Table 2.3. The corresponding
waveforms of d-axis currents and frequencies are shown in Fig. 2.16. The DG
units generate the preset currents during grid connected mode. At /=2 s the MG is
switched to the islanding mode and it is also assumed that islanding is detected
without any delay, therefore at /=2 s the controller is switched from current-
source-based to the voltage-source-based strategy. Fig. 2.16 shows that although
there is no islanding detection delay, due to the controller change action, the
transition to islanding is not seamless and huge spikes and transients appear in the
current waveforms. In spite of this, the model-c provides very seamless transition

to islanding without any reconfiguration while it operates as a current-source-

based controller and realizes the preset current generation in the grid connected
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Table 2-3 The MG with the Conventional Control Strategy (SI Units and the parameters were
defined in Fig. 2.4)

Parameter | ,, 7 K, K, K, K,
DGI1 0.96e-6 | 0.96e-5 | 50 15300 | 0.165 400
DG2 0.8e-6 0.8e-5 50 15300 | 0.165 400
DG3 1.2e-6 1.2e-5 50 15300 | 0.165 400
2000———7——— 71—~ —T————T———
-2000----- e B B i Aty
“4000f oo
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Figure 2-16. System response of the conventional control strategy in grid connected mode,
transition to islanding and islanded mode, (a) d-axis currents and (b) Frequency.
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mode and share current during islanding. Actually, it presents a hybrid current-
voltage source based operation, so it enjoys the benefits of both. If system
continues its operation in the islanding mode, the d-axis currents in the steady-
state settle to i, =330A, i, =407 A and i, =270 A with current sharing error
about 2.5%. The frequency waveforms shown in Fig. 2.16 (b) also reveal that a
permanent frequency drop equal to 0.3 Hz occurs in the islanding operation
whereas in the proposed controllers the power and current sharing are achieved

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

In this chapter, a comprehensive control strategy is proposed for VSCs. It
augments all the aforementioned requirements in one compact topology. Two
different topologies, namely virtual torque and direct dc-link voltage control
strategies are developed for the frequency control loop. In these topologies, the
output power and the dc-link voltage are used as control variables, respectively. It
will be shown that the direct dc-link voltage control presents very good
performance with a simple control structure; however, the virtual torque control
offers more degrees of freedom to select design parameters because there is an
extra power loop. For the voltage control loop, two variants are addressed to
realize either a P-Q bus or P-V bus operation. A theoretical analysis, simulation
and experimental results are presented to verify the validity and effectiveness of

the proposed control strategy.

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

Machine Behaviour

In this chapter, a control topology is proposed in which the frequency, load
angle and dc-link voltage are control variables rather than conventional vector
controls which employ current components for dc-link voltage regulation and
reactive power control. Thus, direct control of frequency, angle and dc-link power
and voltage is available which in turn provides easier controllability and system
analysis. In the following, the control topology is described in details. One of the

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

? This work is published in IEEE Transactions on Power Systems [66].
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lossless VSC, the input ac power is equal to the dc power P, =V,I,.; and the

reactive power does not correspond to any real power exchange with the converter
dc-side. The power-circuit part involves the VSC and the connecting impedance
between VSC and the grid and is similar to conventional grid-connected VSC
systems. Usually in high power VSCs used in power systems, which are the main
scope of this chapter, a pure inductor without capacitor is used as output filter. If
the VSC is employed to regulate frequency variations during contingencies, an
energy storage system can be installed at the dc-link to transfer power from the
energy storage device to the grid to damp the frequency and angle oscillations.
However, for rectifier applications in which no energy storage is used, the active

load can be used for power exchange with the grid.

3.1.1 Synchronous Machine Model

Generally, an SM involves excitation and damper windings mounted on the rotor
and stator three-phase windings. Although the damper windings significantly
improve transient performance in terms of synchronism and damping capabilities,
and the reluctance torque increases power density of an SM, in this chapter, the
model of a round rotor synchronous motor without damping windings is
considered. In fact, the effect of damping and synchronizing powers can be
emulated by the control functions in the VSC without physical damping

components as in conventional SMs. The mechanical dynamics is expressed by

2 3.1
der_i_Km%—i_Ksef‘:P _])[oad ( )
t

J
dt*

m

where ¢, is the rotor angle; J is the total moment of inertia; and P,and P, are
input mechanical power of SM and the load power, respectively. The constants

K, and K provide damping and synchronizing torque components given by

Damping torque = AT, =-K A®, (3.2)

lamp ~

Synchronizing torque = AT, , , =—K, A, (3.3)

syn
The damping power damps load angle oscillations, whereas the synchronizing

power supports machine-grid synchronism.
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Figure 3-1. SM principal operation and control concept.

The electrical torque of an SM (7)) is given by [103]

T =V oy =V yils (3.4)
wherey, andy, are d- and g-axis flux components, respectively. The reactive
power is given by

Q = O gy + OY gy, 3.5)
where @, is the rotor frequency.
It is also useful to model an SM as a voltage behind reactance as shown in Fig.
3.1; where the back-EMF voltage amplitude is given by
E=ay, (3.6)
The virtual electrical torque and reactive power in this case are governed by the

following equations:

R (E-V o 3.7

=i=—2 2 2(L5Vgsin§+—‘q( s 20 )) 3-7)
o. R +(Lw) o,

Q—LZ(RSVg sind + (L@, )(E —V, cos 6)) (3.8)

R +(Lo)
where ¢ is the load angle, i.e. angle displacement between the back-EMF and grid

voltage, and P_.is the VSC’s power. Assuming an inductive stator winding, the

injected real power is mainly regulated by the load angle & whereas reactive
power is regulated by VSC voltage amplitude (). In SGs, the reference power is
determined by the governor such that the rated frequency is preserved and the
output power or equivalently the load power finally becomes equal to the

reference power.
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3.1.2 Frequency Control Loop

In this section, the proposed topologies for frequency control are presented.
For the frequency control, two variants are proposed-namely virtual torque control
and direct dc-link voltage control as depicted in Fig. 3.2. To generate a three-
phase sinusoidal voltage in polar system, its amplitude, frequency and angle are
required. The voltage generation principle in a synchronous-VSC is similar to
back-EMF generation in SGs shown in Fig. 3.1. The back-EMF amplitude is

given by E = wy, , thus the d-axis flux (y,, ) and frequency are necessary. Toward

this, two separate channels are adopted to independently regulate VSC’s
frequency and virtual flux as shown in Fig. 3.2. The first loop is the frequency
control loop shown in Fig. 2 which emulates the mechanical behaviour of an SG
with proper control of the dc-link voltage and frequency such that grid views the
capacitor as a virtual rotor. The angle of the generated sine wave is easily obtained
by integrating the frequency. The goal of the second channel shown in Fig. 3 is to
mimic the electrical behaviour of SGs by appropriate adjustment of the virtual
flux. Having the frequency and angle trajectories from the first control channel
and virtual flux from the second channel, the voltage command is generated by
E=wy, sin(0).
The virtual torque control structure has three cascaded loops. The first one is the
frequency loop which determines the load angle reference; based on the angle
error, the virtual torque reference value is obtained in the angle loop. Finally, the
power loop adjusts the VSC frequency such that it generates the reference torque.
In this case, the reference torque is equivalent to the generated electrical torque of
an equivalent SM. The question is that how to set the torque reference to achieve
desirable output dc-link voltage because unlike synchronous motors where
electrical torque is automatically generated to overcome the load and friction
torque at synchronous speed, the main objective of a VSC control is to regulate
the dc-link voltage (e.g. in bi-directional VSCs and in VSCs interfacing renewable
resources).

Toward this, an extra dc-link voltage and virtual torque control loops are added

to the core control loops to adjust the dc-link voltage as a function of the virtual
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Figure 3-2. Proposed control topologies for frequency regulation; (a) Virtual torque control, and
(b) Direct dc-link voltage control.

torque error. If in the grid connected mode we set7),, =0, then the VSC generates
the dc-link voltage reference, otherwise if (Vp. ,=0) it injects the power

corresponding to the virtual torque reference (7,,,) to the grid.

The frequency dynamics is similar to an SM in which the rotating shaft is
opposed by a viscous damping proportional to the frequency deviation plus a
damping torque proportional to the load angle deviation. The extra angle loop
here offers an additional angle shift which enhances system stability. The

augmented dynamic equation of the topology shown in Fig. 3.2 (a) is given by

3.9
st—lw:—KfGTAa)—GTAT — AV, (39)

avg

Ao=w-o (3.10)

set

de
0=""a). §:IAa)dt(b)
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The transfer function G, is the virtual torque controller which is usually a

proportional-integral (PI) one with G, =K, + K% . The load angle is denoted by

0. It should be noted that the controller finally generates the dc-link voltage
reference and the frequency and virtual torque loops just affect the transient
response. To remove effects of switching and low-order harmonic in the output
power; and allow sufficient time-scale separation between the power and voltage
control loops, a low-pass filter is used to obtain the average virtual torque

10} (3.12)

= ¢ T
s+,

avg

where @), is the cut-off frequency of the low-pass filter. Similarly, a low-pass filter

is adopted to extract the dc-value of the output dc-link voltage as follows:

@, (3.13)
VD —VDC

o
C

One of the interesting points of this topology is that all control variables except
output currents and voltages are internally available within the digital-signal-
processor (DSP). To transform variables from abc frame to dg frame, there is no
need for a PLL. However, an initial synchronization process with the grid is needed
to overcome severe transients and large currents during converter connection to the
grid (i.e. similar to the initial synchronization process of a conventional SM). After
the start-up process, the PLL can be removed from the control system and the DSP
internally determines the output angle.

An alternative for the virtual torque control topology shown in Fig. 3.2 (a) is the
direct dc-link voltage control in which the extra torque regulation loop is removed.
In this case, instead of indirect dc-link voltage adjustment via power regulation, the
dc-link voltage square, as an index of power, is controlled. This structure is more
compact where all requirements are augmented in one general strategy.

The dc-link voltage is controlled based on the power balance between the dc- and

ac-sides of the VSC. The stored energy in the dc-link capacitor is given by
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14
W=%CVL§C 3.14)

Thus, it is rational to control the torque reference as a function of 7. . As it will be

shown, this also helps to mitigate nonlinearities produced in the state-space model.
Based on Fig. 3.2 (b), the governing equation in this case is

dAw
J7 = _Kde (w_ a)set) - Kd5+ V[%Cfavg - VDZC—r(?f

(3.15)

Comparing (3.15) and (3.1), it can be observed that the damping and synchronizing

torque components can be interpreted as AT, =-K K, AwandAT,,, =-K,A0,

lamp = synch
respectively. Both torque components can be controlled in a way that is not

possible in a typical SM. It is possible to use V), instead of VDZC as the controller

variable; however, it makes system more nonlinear. In the case of a resistive load

connected to the dc-link, since P

vsc

=V /Rypea » it is recommended to employ 12 as

control variable to mimic SM characteristics. If the load or the generation is

modeled as a current source, since P

vsc

=Vpelpe, a better solution is to use V. as
the control variable.
To relate the dc-link capacitance size to the equivalent SM time-constant, the

concept of inertia constant (/) and capacitor time-constantz are introduced as

follows:
oW _05J0 (3.16)
SSM SSM
7 ~0.5CVp (3.17)
‘ SVSC SVSC

where W, ,and W_are stored energy in the SM and capacitor, respectively, and
S, and S, are the rated power capacity of the synchronous machine and VSC,

respectively. If the damping and synchronizing coefficients in (3.1) are ignored,
the dynamic equation of an SM can be rewritten as a function of (/) and frequency
(f) as

%f_H%:Pm_Boad (318)
0
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Similarly, the dynamic equation of the capacitor can be expressed as

CVype dVp (3.19)

=B, ~P
Sy dt

source

where P, and P, are input and output (source) power to the capacitor. To obtain

ource
the size of the capacitor corresponding to the equivalent SM with similar power

rating, equations (3.18) and (3.19) are set equal and both sides are integrated [49]

v, 2H 3.20)
DC gy vSC 4 (
I Syse C I Jo 4
2H cr} (3.21)
vsc = —bC 4 g,
Jo 28y5¢
v} (3.22)
Ky =2H 5 ~ SDCO
e

where f, f,and V., are frequency in Hertz, nominal frequency and nominal dc-link
voltage. H . is the equivalent emulated inertia introduced to the power system by

the VSC. With some simplification, the emulated inertia time-constant is obtained

as [49]

2 3.23
1 Ve Ao 2y (3.23)
Hoo = 2 Syse  Vpeo
e Af
2=
Jo
where AV, .and Af are the maximum dc-link voltage and frequency deviations:
AVpe =Vpe =Voeo & = f =y (3.24)

Using (3.23), (3.24), the dc-link capacitance required to emulate the rotor of a
SG by a VSC for given frequency and dc-link voltage deviations can be calculated.
Although the controller is mainly proposed for integration of VSCs into power
grids and it is originally developed for grid connected mode, it is worth
investigating its behaviour and dynamics during islanded operation. In islanded and

in steady-state conditions, the input to the integrator (1/.J) is zero [100]; therefore,

the steady-state characteristic equation is
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Figure 3-3. Proposed control topologies for the virtual flux regulation, (a) Constant reactive power
operation and (b) Constant voltage operation.

Voe =V +K,K,0+K,0, (3.25.2)
V= Vl%c—r(;f _Kdea) (3.25.b)

et

This means that a dc-link voltage against the load angle and frequency rise is
obtained. Accordingly, in islanded mode, the dc-link voltage is variable, and in
inverting mode an increment in the real power increases the load angle and
consequently the dc-link voltage. As the scope of this chapter is on the grid-
connected mode, the controller operation in islanded conditions is an open question

for future studies.

3.1.3 Virtual Flux Control Loop

Similar to an SM, two strategies can be defined in which the voltage is
controlled to 1) generate a pre-specific amount of reactive power, 2) achieve
voltage regulation at a specific load-power (P-V bus). These two strategies are
shown in Fig. 3.3.

Strategy 1: Reactive Power Regulation. Usually the pre-set value of the VSC
input reactive power is set to zero. However, similar to SMs, the synchronous
VSC can either absorb (under-excitation) or inject (over-excitation) reactive
power to the grid, to support the grid in various situations. This significantly can
enhance voltage stability especially when grid falls short to provide enough
reactive power for some local loads. A PI controller tunes the virtual rotor

excitation voltage such that the required reactive power is achieved. The
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excitation dc voltage is transformed to a virtual air-gap flux through a low-pass
filter emulating the flux decay behaviour of a real SM caused by the excitation RL
circuit. Besides emulating electrical dynamics of an SM, the low-pass filter
improves the stability of the system by drifting voltage controller modes to more
damped locations in the left-half-plane of the complex-frequency domain. The
desirable reactive power tracking and dynamic performance can be

simultaneously achieved by optimal tuning of K, , K ,and 7,. The criterion for

designing 7, is that it does not pass the switching frequency, usuallyl/7, <0.2@,,

where @, is the switching frequency.

Strategy 2: Voltage Regulation. In weak grids where the connecting impedance
between converter and grid is high, voltage regulation and stability may be
deteriorated, thus in this case, voltage regulation is of high interest to keep bus
voltage at a certain value. The controller specifies the corresponding excitation

voltage set-point to regulate the PCC voltage to the reference value.

3.2 Small-Signal Analysis

To investigate the dynamic performance and transient response of the system, a
small-signal model is developed. The small-signal analysis gives insights on how
controller variables variation affects the stability and convergence characteristics
of the controlled variables. It also helps in optimum tuning of controller
parameters to reach the best trade-off among design objectives. In the following,
the small-signal analysis of the frequency controller shown in Fig. 3.2 (b) is
presented. The voltage control loop used for reactive power regulation, shown in
Fig. 3.3 (a), is analyzed. The small-signal model of other topologies can be
obtained in a similar way.

The state-space variables are: [AJ,Aw,Ay,Ax,Ay,Az,AE],

where [x=Vj. ,...y=V)c] and z is the output of the integrator of the reactive

power controller in Fig. 3.3 (a).
The overall small-signal model of frequency and voltage loops for the

generative mode are given as follows:
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Ad=Aw (3.26)

A®=—a,Aw—a, Ad—Ax (3.27)
AX =—@).Ax + @, Ay (3.28)
lCA)'} = _AR/S‘C - source (3 ‘29)

2 S K
Az=K,AQ (3.30)
Ay =-0Ay+0,Az-K AQ,, (3.31)
AQan = _a)L'AQavg + (t)(AQ (3 32)

where ay,=K,K,/J and a, =K,/J. Note that the direction of power flow in

considered toward the grid. Considering small disturbances of output power

around the stable equilibrium point and under the assumption of zero converter

losses, AP, is given by
AP . =Hp;A0+ Hp AE (3.33)
where
1 ) 3.34
HP§ ZW(REOVO sm50 +XE0VO COSé‘O) ( )
1 ) 3.35
HPE:m(zREO_RVOCOS§O+XK)Sln5O) ( )

AE =g Ay +y,Aw (3.36)
In a similar way, the perturbed form of the reactive power Q is given by
AQ = HpAS + Hyy AE (3.37)

1 . 3.38
Hys = m(XEOV0 sind, — RE,V, cos &) ( )

1 . 3.39
H :W(ZXEO—XVocosé'o—RVosmé'o) (3-39)

Equations (3.26)-(3.32) along with algebraic equations (3.33)-(3.39) give the
overall small-signal model of the VSC with the proposed controller topology.
The design values of the controller parameters can be obtained using the small-

signal analysis to achieve satisfactory transient response. The given model has
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been used to extract the family of the system eigenvalue plots. The system has
three clusters of eigenvalues where six dominant eigenvalues are shown in Fig. 3.4.
The seventh pole appears in the left of -50000s-1 which is not shown here. To
investigate the effect of the frequency regulation loop, loci of the system dominant

eigenvalues as functions of K, and K, is presented in Fig. 3.5. It is seen that the

first three eigenvalues are highly dependent on these parameters. With an increase
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Figure 3-6. Loci of the first three dominant eigenvalues as a function of frequency regulation loop
parameters,(a) 0.0001<K,; <0.005, and (b) 0.001<7,<0.02, K, =0.001and K,=0.0005.

in these parameters, system stability is degraded; whereas eigenvalue 1 is almost
constant. Eigenvalue 1 is highly sensitive to the reactive power controller
parameters as depicted in Fig. 3.6. Actually, all the dominant poles are affected by

K, ; therefore, it is the most influential factor. Accordingly, the design value for
K, is around 0.0005 which results in a damped response with a time-constant less

than 0.02 s. To verify the effectiveness of the low-pass filter representing the
electrical dynamics of the rotor circuit, loci of the fourth dominant eigenvalues as a
function of voltage loop low-pass filter is presented in Fig. 3.6 (b). This figure
reveals that by increasing 7, from 0.001 s to 0.005 s, the damping of the overall
system is improved whereas further increment of the cut-off frequency results in

lower stability margin. In other words, by proper adjustment of K  and 7, the

highest damping can be fulfilled.
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3.3 Controller Design Guidelines

Using (3.15), the transfer function of the controller is obtained as
AS__ foy (3.40)

AP %4 26w, + o}

K \JJK . .
where @), = K% and =" d o - Consequently, for a desired bandwidth

and damping ratio @, and &, the control parameters can be obtained. The
controller natural frequency (@,) should be chosen much smaller than the
switching frequency ( @, ). Another concern related to @, is the system rise time.

Usually, the most inner controller bandwidth is selected to be less than 20% of the
switching frequency. Unlike real SMs, the rotational momentum and friction
factor can be selected equal to values that are not possible for physical electrical
machines. The larger J the higher stored energy is; however, to provide this
energy, more short-term energy storage or equivalently inertia is required. If
sufficient energy storage devices are not available, lower values for J are
recommended to have faster response. Equation (3.23) is the main tool for
calculating the virtual momentum of inertia to introduce desirable virtual inertia

to the grid. The lower the gain K., the lower the frequency time-constant is.

Nevertheless, it may lead to a steady-state error in the output. If the extra phase
angle shift is removed, the transfer function is reduced to

Aw 1 J (3.41)

AVZ zstl Ty X,
which gives more straight-forward approach to determine the system time-
constant and calculate control variables. To calculate frequency recovery time-
constant, the voltage reference deviations (AV,.) are obtained as

(3.42)

AVE:

1
=K (—+1), T, = /K
v d(T,.s ), T =1/K,

where 7, is the integrator time-constant. Lower values of K results in faster

1

response at the cost of higher steady-state error. 7, can be adjusted by the usual
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Figure 3-7. Schematic view of the simulated system.

phase margin criterion. The proper values K, K and 7,can be obtained by the

small-signal analysis to reach satisfactory dynamic performance.

In summary, a two-step design process is proposed. In the first step, the
approximate values of the design parameters are determined using (3.40)-(3.42)
and (3.24), and in the second step, the proposed small-signal analysis is used for

accurate tuning of control parameters.

3.4 Simulation Results

This section presents detailed simulation results of the proposed control system.
The simulated system is shown in Fig. 3.7. Simulation studies are carried out in the
MATLAB/SIMULINK® environment. Different conditions in both generative and
rectification modes are considered to show effectiveness and generality of the
controller in all cases. The system parameters are given in Table 3.1. The
controller parameters are chosen based on the design process given in Section 3.3
and the small-signal analysis to offer satisfactory performance. The system is
simulated under various scenarios of VSC operating conditions. Three scenarios
are taken into account; load/generation power change, dc-link voltage reference
change, and grid voltage change in both rectifying and inverting modes. The P-Q
bus control using flux control topology, shown in Fig. 3.3 (a), is adopted to
regulate the reactive power to zero. It is worth mentioning that no PLL is used in

the simulation studies.
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Table 3-1 The simulated system parameters (SI units)

Parameter Value
Line inductance 4 mH
Line resistance 0.3 Q
Grid L-L voltage 220 v
Switching frequency 8kHz
Filter inductance 1 mH
Filter resistance 0.1
DC side capacitor 2 mF
DC side inductance 0.2 mH
Virtual rotor momentum (J) 10
K, 0.0001
Ky 1000
Ky 10
Kyi 0.00025
7, 0.005
@, 200 (rad/s)

3.4.1 Rectification Mode

In this section, the transient behavior of the proposed controller topology in
rectification mode is presented. The corresponding waveforms are shown in Fig.
3.8. The first event occurs at /= 0.8 s due to a sudden load power increment from
9.0 kW to 12.0 kW. The dc voltage encounters 60V sag due to the load power
change; however, the recovery time is less than 0.1 s presenting very fast
response. The step change in the preset active power causes some transients in the
voltage due to the coupled relatively weak grid parameters, and accordingly, in the
reactive power response; however, the load angle is almost constant. In spite of
the coupling among active and reactive power components, the controller quickly
regulates the reactive power to its pre-set value. At =2.5 s, the input reactive
power reference is varied from 0 to 2.0 kVAr. In this case, the rectifier stars to
absorb reactive power from the grid. The controller successfully tracks the new set
value within 1s. The effect of reactive power set variation on the dc-link voltage
is almost negligible which proves the decoupling between real and reactive power
regulation. At /=4 s, the dc voltage reference is reduced to 270 V. The controller

tracks the voltage reference accurately within 0.2 s while the reactive power
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slightly varies. The real power waveforms patterns are close to the dc-link voltage
waveforms as P, =V,-I,. The validity of the controller has been tested also in
the presence of a voltage sag, equals to 0.15 p.u. which occurs at =5.5 s. In this
case, the VSC provides the required reactive power to compensate for the voltage
sag and it easily tracks the reference variation. Thus, the converter has the low-
voltage ride-through capability to support the system voltage during severe
voltage sags.

In order to investigate controller effect on instantaneous current and voltage
regulation in transient and steady-state conditions, their waveforms for the case of

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

smooth and well-damped transient behaviour.

3.4.2 Inverting Mode

The behaviour of the synchronous VSC in the inverting or equivalently the
generative mode is studied. It is assumed that a non-dispatchable DG unit is
connected at the dc-side where its output power is time variant. As mentioned
earlier, since the proposed topology has inherent dc-link voltage regulation
functions, it is suitable for non-dispatchable renewable resources where the VSC
has to transfer the available power of the source to the grid. The initial voltage of
the dc-link voltage in this case is 300V. At =2 s, the output dc current of the DG
unit is increased from 20 A to 30 A. The waveforms of dc-link voltage, real
power, frequency for the inverting mode are shown in Fig. 3.10. The dc-link
voltage shows a well- damped transient response as well as the real power.

The time-domain responses are in agreement with the eignevalue analysis
presented in Section 3.3, which indicates the effectiveness of the designed
controller. When a grid voltage sag occurs at =3.0 s, the controller successfully
damps this disturbance with a negligible effect on the real power and dc-link
voltage. After the DG output power is increased, the dc-link voltage catches its
reference value within 0.08 s and the output power is increased with some minor
spikes. At =4 s, the dc-link voltage reference is reduced to 250 V and the VSC

tracks the reference value with highly damped transient response.

3.4.3 Fault-Ride-Through Capability

As mentioned earlier, the proposed controller emulates the characteristics of an
SM with frequency and virtual flux regulation. It is well known that one of the
main characteristics of SGs is their ability to operate and synchronize themselves
with the grid during and subsequent to stable faults. The question is that can the
inverter provide fault-ride-through performance like synchronous machine. To
investigate this scenario, an unsymmetrical single-phase to ground bolted fault

occurs after the filter at 7=1.0 s and is cleared at ~=1.1 s as shown in Fig. 3.7. The
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Figure 3-10. Simulation results for inverting mode, (a) dc-link voltage. (b) Real power, (c)
Frequency.

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

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

VSC can override the fault and synchronize itself with the grid during and
subsequent to an unsymmetrical fault without PLL. The VSC works in the
rectification mode when a fault occurs in phase ‘b’. The corresponding
waveforms of dc-link voltage, three-phase instantaneous currents and output filter

voltage are shown in Fig. 3.11. During the single phase fault, V. is reduced to
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Figure 3-11. The fault-ride-through capability of the synchronous-VSC, (a) dc-link voltage, (b)
Instantaneous currents, and (c) Instantaneous output filter voltages.

about 180 V and subsequent to the fault a voltage overshoot of 75 V is observed
to charge the capacitor; the controller needs 0.2 s to recover the reference voltage.
Also, as it is expected, a second harmonic ripple with frequency 120 Hz appears
in the dc-link voltage during the fault to the unbalanced power exchange
conditions between the ac- and dc-sides. The amplitude of current in phase ‘b’
increases to 70 A during the fault whereas in two other phase the current

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



and distorted. The frequency waveform shows that although the frequency is
oscillatory during the fault, the controller keeps its synchronism with the grid
during the contingency and recovers its initial value after the fault is cleared. This
is due the fact that the controller acts like a virtual SG and inherently produces
some damping and synchronizing power which enable self-synchronization in
various operating conditions. The instantaneous output filter voltage waveform,
shown in Fig. 3.11 (c¢), confirms that phase voltages are kept within acceptable
limits during the fault while voltage of phase ‘b’ is zero due to the short circuit to
the ground. Moreover, after the fault clearance phase voltages return to their
initial conditions with minimum transients. It is worth noticing that lack of the
PLL in this control topology prevents propagation of instabilities which is

contributed because of PLL in contingencies such as faults.

3.4.4 Comparison to the Conventional Synchronous dq-Frame Vector
Control

Fig. 3.12 shows the diagram of a VSC with conventional vector control system

with outer dc-link voltage controller and inner current control loops. The

reference d-axis current (i, ) is obtained as a function of error of square of dc-link

voltage (V5,_,.) as follows:

. k 3.43
Zd = (kpl +Tl)(V[§C—ref - V[%C) ( )

Since the reactive power is proportional to i, reactive power control can be

realized byi control. In both current control channels, to improve dynamic
performance and fulfill a faster response, there are two feed-forward loops to
directly add the output dq voltage components (v, ,v,) to the controller voltage
commands. Also, to decouple dg-axis dynamics, decoupling terms are added to v,

andv,, respectively, and final voltage commands are obtained as

(3.44)

k.
g =vy =k, + Tz)(i:, —iy)-wLi, +v,
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Table 3-2 The Vector Controller Parameters

PWM

'BERERE

Parameter Value [SI
Units]

Kpi -0.088

Kj| -0.5

K 20

K 600

K, 20

Ky 600

Switching frequency 10 kHz

e (3.45)

kqi N .
y w» +T)(lq_lq)+wl’ld+vq
The controller shown in Fig. 3.12 is implemented to compare its features with the
proposed synchronous-VSC. The controller parameters are given in Table 3.2.
The connecting circuit parameters are the same as the synchronous-VSC case.
The parameters are tuned optimally for a 10 kHz switching frequency to achieve
adequate performance. A PLL is necessary to observe grid frequency and angle
and transform voltage and current variables from abc to dq frame and vice versa.
Two scenarios similar to synchronous-VSC case-studies are taken into account in
the rectifying mode. In the first scenario, the load current is increased from 30 A
to 40 A at =1.5 s and a single phase-to-ground fault happens after the filter at
t=2.8 s. The waveforms of V. and VSC’s frequency for the case that the load

current is increased from 30 A to 40 A are presented in Fig. 3.13. As can be seen,
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Figure 3-13. System responses of the vector control for the case of the load power increment, (a)
dc-link voltage and (b) VSC’s frequency.

the settling time for the synchronous-VSC is about 0.1 s whereas it increases to
more than 1 s in the conventional vector control, therefore the controller shows
slower response with respect to the synchronous-VSC. However, the voltage
undershoots in synchronous-VSC and vector control are limited to 52 Vand 32V,
respectively representing lower voltage drops for the vector control. The VSC’s
frequency shows oscillatory behaviour with slow recovery time due to grid
voltage oscillations which are reflected to the PLL dynamics. The situation
becomes worse in weaker grids, where coupling between grid, PLL and converter
dynamics increases and threatens converter stability. The vector controller does
not offer direct frequency control, and its frequency dynamic is complex and
unknown. In fact, overall PLL, converter controller and grid parameters determine
the frequency response during transients and the controller does not have
frequency regulation capability. On the contrary, the proposed synchronous-VSC
has predictable and known frequency dynamics. Fig. 3.14
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Figure 3-14. System response during the fault using the vector control, (a) dc-link voltage and (b)
instantaneous currents.

shows the vector control response subsequent to the single-phase-to-ground fault
occurs after the filter. The dc-link voltage and three-phase current variation for
this case are shown in Fig. 3.14 which clearly shows that the vector control is
unstable during the fault and cannot override the fault. Actually, instability is

contributed because of both the controller and PLL.

3.4.5 Virtual Torque Control Strategy

In the previous sections, we presented the results for the direct dc-link voltage
controller. In this section the practicability and performance of the virtual torque
controller shown in Fig. 3.2 (a) is briefly studied. The parameters of the frequency
loop are as follows: (K, =1000, K, =30, K, =2, J=10). As shown in Fig. 3.2 (a), in
this case based on the frequency error the virtual torque reference is obtained and

the virtual torque control loop adjust the dc-link voltage in such a way damping
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Figure 3-15. The system waveforms for the virtual torque controller,(a) dc-link voltage and (b)
VSC’s frequency.

and synchronizing torques are generated within the controller during transients
similar to SMs. The parameters of the simulated system and the virtual torque
control loop parameters are the same as the previous case. Also, the same
scenarios of section 3.4.1 are applied to the system. Fig. 3.15 shows the dc-link
voltage and frequency variations for this case. It is seen that the controller easily
tracks the dc-link voltage reference variations and proves its practicability. Also,
this controller offers good real and reactive powers decoupling capability as the
reactive power reference is altered at = 2.5 s, there is no observable change in the
dc-link voltage. The system performance indexes in terms of response speed and
frequency regulation are similar to the direct dc- link voltage controller with more
under and overshoot in the dc-link voltage but less under and overshoot in the
frequency. However, the designer has more degree of freedom to adjust the

controller parameters in the virtual torque controller.
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3.5 Experimental Results

For further investigation of the proposed controller, extensive experimental tests
are conducted. Key results are presented in this section. A Semikron Semistack
intelligent power module which includes gate drives, six insulated gate bipolar
transistors (IGBTs), and protection circuit, is used to implement a bi-directional
VSC. The VSC is interfaced to a 120V, 60Hz, utility grid via an L-filter with
inductance 1.2 mH and resistance 0.1 Q, and a transformer with a feeder modeled
by an inductance and resistance are 2.4 mH and 0.2 €, respectively, which
represent a weak grid for the low-voltage setup with X/R ratio of 4.5. Therefore,
the test conditions resemble typical conditions that can be found in distribution
systems with DG units or active loads. The low X/R ratio increases the coupling
among the active and reactive power components, however, the proposed
controller yields very good control performance under such practical test
conditions. The dc-link capacitance is 2.0 mF. The dSPACE1104 control system
is used to implement the proposed control scheme in real-time. The pulse-width
modulation algorithm is implemented on the slave-processor (TMS320F240-DSP)
of the dSPACE controller. The VSC inductor currents are measured by HASS-50-
S current sensors whereas the voltages are measured by LEM-V-25-400 voltage
sensors. The converter is interfaced to a dSPACE1104 control card via a
CMOS/TTL interfacing circuit. The dSPACE1104 interfacing board is equipped
with eight digital-to-analogue channels and eight analogue-to-digital channels to
interface the measured signals to/from the control system. The software code is
generated by the Real-Time-WorkShop under a Matlab/Simulink environment.
The switching frequency is 10 kHz and the voltage and currents are measured
after the filter. As the synchronous VSC automatically synchronizes itself with
grid similar to an SM, no PLL is employed after initial synchronization. The
control system parameters are selected using the design guidelines and small-
signal analysis provided in Sections 3.3 and 3.4. Fig. 3.16 shows a view of the
experimental setup, whereas Fig. 3.17 shows a circuit diagram of the laboratory

setup.
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Experimental tests involve load power increase and decrease, grid voltage
variation and dc-link voltage reference variations. The sequence of the events is as
follows: first, the VSC operates as a rectifier is in steady-state, then the load power
is increased from 0.5 p.u. to 0.8 p.u. In the second step, the load power is reduced
to its initial value. Next, grid voltage is reduced by 0.2 p.u., and finally the dc
reference-voltage is varied to 0.8 p.u. of its nominal value. The reactive power
reference is set to zero to achieve a unity power factor interface.

In this case, the load power is increased from 0.5 p.u. to 0.8 p.u at #=0.9 s. Figs.
3.18 (a), (b) and (c) show the dc-link voltage, frequency and instantaneous

reactive power waveforms. The waveforms of V. and frequency exhibit similar

dynamics, which shows high coupling between the dc-link voltage and frequency;
the latter controls the active power via the load angle. The recovery time is less
than 0.2 s; however, the reactive power recovery time is higher which is due to
the slower time-constant of the reactive power regulation loop. The measured
responses are in line with the theoretical analysis presented in Section 3.3. The

dc-link voltage is dropped slightly to inject power to the load. After this
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disturbance, the load power is reduced to its initial value. It is worth mentioning
that in both cases, the effect of load power variation on the reactive power is not
noticeable. The magnified views of the dc-link voltage and frequency indicate the
smooth control performance of the proposed controller without saturating the
VSC.

In the second scenario, a sudden 20% voltage dip in the grid voltage is applied
via the connecting transformer to test the low-voltage ride-through capability of
the proposed synchronous VSC. Fig. 3.19 verifies that the controller is robust
against grid voltage disturbances. The VSC easily converges to the rated dec-link
voltage and frequency only after 0.5 s. However, the transition in the reactive
power indicates a 30 VAr dip in the reactive power subsequent to grid voltage
disturbance as it is more dependent on the grid voltage amplitude. These plots
confirm the low-voltage ride-through ability of the controller. In the next test, the
voltage reference is changed from 1.0 p.u. at =0.8 s to 0.8 p.u. at =1.8 s as a
ramp function. The corresponding voltage waveform is shown in Fig. 3.20, which
confirms the tracking ability of the proposed controller with damped transient

response.
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Chapter 4 General Interface for Power Management of
Micro-Grids Using Nonlinear Cooperative Droop
Control’

This chapter proposes a general control strategy, for both converter- and
synchronous-machine-based DG units in MGs, based on a combined angle-
frequency droop controller with improved dynamic performance. A
supplementary nonlinear controller is designed to compensate nonlinearities of
load angle, frequency and power. The controller design has two steps; in the first
step the parameters of the linear cooperative droop control are adjusted and in the
second step a supplementary nonlinear controller is designed according to the
linear controller and the connected interface parameters to ensure large signal
stability of the overall MG in both grid-connected and islanded modes. Ability to
work in both modes without a need for reconfiguration and parameters change,
steady state constant frequency operation, accurate power sharing and stable
operation subsequent to out-of-phase auto reclosing are some other advantages of

the proposed nonlinear cooperative droop controller.

4.1 Proposed Controller Scheme and Design Process

As mentioned in chapter 2, the most adopted approach for the power sharing in
an islanded MG is frequency and voltage drooping in which the frequency (@)
and voltage amplitude of a DG unit are obtained as

w= @, —mP 4.1)

E=E,—nQ. (4.2)
The frequency and voltage droops form a communication-free medium to share
real and reactive power among DG units proportional to their power capacities. In
fact, frequency and voltage set-points are used as global virtual communication

signals between DG units. The droop constants can be selected as

* This work is published in IEEE Transactions on Power Systems [104].
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Aw 4.3)

m=
Pmax

n= AEmax . (4'4)
Qmax

It is well understood that if droop coefficients are increased in the autonomous
mode, power sharing accuracy is improved at the cost of poor frequency and
voltage regulation [5], [18]. It is also well known that higher droop gains
adversely affect system stability and there are some limits to ensure performance
and stability indicating some inherent trade-off between power sharing accuracy,
power quality, transient response, and system stability. An alternative for real
power sharing is angle drooping. Unlike SGs, the output power angle of a VSC
can be changed instantaneously without change in frequency; and frequency is
employed as a medium for angle tuning in conventional SGs. Therefore using the
angle droop is another way to share real power. As a matter of fact, since real
power is controllable through load angle, there is no need for vary frequency to
regulate power. The governing equation for the angle drooping is as follows:

0=9,,—dP. (4.5)

set
The angle droop provides a constant frequency operation which is the main
benefit; however, it suffers from poor power sharing and low stability margin.
This is more pronounced when the load angle is large. To achieve accurate load
sharing, a centralized control strategy using communication infrastructure is
developed in [75] to adjust the load angle preset values online. However, it is not
of high interest to embed communication infrastructure in an autonomous control
where its main goal is MG power management based on local information without
data exchange with a centralized controller. Moreover, by increasing the angle
droop gain or output power, a DG unit may be easily driven into instability [41].

To overcome the aforementioned problems, a comprehensive control topology is
presented in this chapter. All control and power management requirements of an
MG are augmented in one general control scheme. It involves angle, frequency
and power loops and consequently benefit from their advantages simultaneously.

Constant frequency operation and accurate power sharing can be realized by
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Figure 4-1. Hybrid angle-frequency droop control.

combined angle-frequency drooping while large-signal stability of the system is
achieved by a supplementary nonlinear controller.

Fig. 4.1 represents the block diagram of the overall power manager-controller
proposed for a VSC-based DG unit. The controller is implemented in polar
coordinates and directly regulates the output voltage vector amplitude and angle.
As it is seen from Fig. 4.1, the frequency control loop has two cascaded angle and
frequency loops which determine the reference power; and a power
synchronization loop which adjusts the VSC output frequency based on the
reference and actual active powers. This power synchronizing loop introduces
virtual inertia for frequency as it mimics rotor momentum of inertia of a
conventional SG [104]. The angle and frequency loops play two various roles;
first, they behave like dampers to mitigate angle and frequency oscillations.
Second, they provide synchronizing power. The damping and synchronizing
power components [103] are given by

Damping power =AP,,, , =-K Aw (4.6)

lamp

Synchronizing power = —K K A6. 4.7)

synch —
The synchronizing power attempts to return load angle to its equilibrium point
subsequent to transients while damping power is responsible for preserving
frequency stability and mitigating frequency oscillations. Hence, the proposed
topology offers more damped transient behavior as compared to the conventional
frequency or angle-droop controllers because of these extra loops. In autonomous

mode, K,and K , act as angle and frequency droops while the angle droop is the

main power sharing loop.
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The frequency dynamics is the same as in an SG, in which the rotating shaft is
resisted by a viscous damping proportional to the frequency deviation and used as
damping power. In the proposed topology, an extra damping ( K, ) exists, which is
responsible to damp angle oscillations, therefore, the controller offers better angle
stability. The augmented dynamic equation is given by

dAw (4.8)
B KK (@=0,)=K K K (6=6,)=K,(P=P,)

The relationship between the VSC frequency and the load angle is

5 _
dt

o (4.9)

As mentioned, in autonomous mode, two cascaded droop loops exist which
cooperate with each other to share active power and also damp angle and
frequency oscillations. The first angle droop loop generates the frequency
reference for the second frequency droop loop according to the angle error

Aw, =K, (0, —0) (4.10)
Based on this frequency set-point, the frequency droop determines the power
reference

Af;et = Kf(Aa)sel _Aa)) (41 1)

In stable steady-state conditions, the input to the integrator is zero. Thus, it is

followed that
P=P -K,K,6-K,Aw (4.12)

where P'=P

set

+K K 0,

set *

The angle and frequency drooping gains are equal to
K;xKyand K, , respectively. From (4.12) it is concluded that K, is proportional to
the inverse of frequency droop (» ) and K;xK, is equal to the inverse of the angle

droop (d).

There are different approaches for the adjustment of .

set *

Actually, in the grid

and P,

set

connected mode, infinite combinations of J

set

exist to inject a specific
power to the grid. Load flow or optimization processes can be used to find the

optimal values of o0, and P

set set

to fulfill an objective function. A multi-objective
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Figure 4-2. The voltage controller.

function can be adopted for the optimization aiming at goals such as improvement
of system stability (small signal and large signal), load sharing accuracy can be
defined. Once the optimum set points of the angle and power loops are calculated,
they are set constant in a system without communication links. Load flow is
another approach to adjust the angle set points which is widely discussed in [75].
However, it needs a communication link to coordinate the angle set-points as a
function of loads in the power system. It should be noted that in this case, a
designer has one more degree of freedom to select controller parameters as
compared to synchronous converters presented in chapter 2, since in the
synchronous converters the set point of the frequency loop is set to 60 Hz whereas
in this model the angle set-point can be adjusted any value optimally.

The adopted topology for voltage amplitude control is shown in Fig. 4.2. It
includes a voltage versus reactive power droop and a low-pass filter. The voltage
drooping is a tool to share the MG reactive power among DG units proportional to
their power capacities. The voltage amplitude is obtained by processing the
drooped voltage command by a low-pass filter. Actually, the existence of the low-
pass filter presents additional dynamics for the voltage and resembles the flux
decay behavior of an SG. As it will be shown in the next section, this voltage
dynamics is useful during nonlinear controller design. It is worth noticing that the
low-pass filter helps to eliminate high-order harmonics generated due to VSC

switching behavior.

4.2 Supplementary Nonlinear Controller Design

To design the supplementary nonlinear controller, the state-space model of the
system is required. The supplementary nonlinear controller is illustrated in Fig.

4.3. It is seen that this controller generates an additional signal for the linear
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Figure 4-3. The nonlinear supplementary controller.

controller of the voltage loop. The concept of supplementary voltage control has
been originally derived from the power system stabilizer [103] in which an
additional signal is added to the rotor excitation reference voltage to improve
angle stability under system disturbances. In its conventional version, the power
system stabilizer adopts power deviations as its input and it is processed by a
lead-lag compensator to obtain the supplementary voltage-reference [35]. By
proper tuning of the lead-lag controllers at a given operating point, angle stability
can be enhanced; however, since the relation between the load angle and power is
nonlinear, the linear controller may fall-short to ensure system stability in all
operating points, particularly under large-signal transients. Similarly, the load-
angle equation is highly nonlinear and in an MG system, the nonlinearity is more
pronounced because there is no base power. Therefore, DG output power and load
angle may vary in a wide range. In this chapter, the concept of power system
stabilizer is adopted for VSCs where a nonlinear controller is designed for to
assure large-signal stability of each DG unit. The load angle, frequency and power

are selected as state-space variables and the DG state-space model is given by

X =X, (4.13)
X, =aX; +a, X, + ax; (4.14)
(4.15)

. v,
Xy=u, +E}x2 cosSx, —.x; +Y

where u, is related to the control input u by,
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(4.16)

v, .
us =ua)(,?smxl
and
a=—K,K K, ay=—K K, a,=-K,, [%,%,%]=[A6,A0,AP].

The term » is added to (4.15) to account for system uncertainties including local
and inter-area ones. This augmented disturbance rejection yields a more robust
system and is estimated during nonlinear controller design using adaptive
estimation technique. The adaptive back-stepping technique is employed to design
the nonlinear controller and overcome system uncertainties. The control design
procedure is based on the following steps.

Firstly, the frequency reference (x,,,, ) is calculated to stabilize the load angle 6.

The Lyapunov function is selected as

Vi=Voat. (4.17)
To stabilize x,, ¥, should be negative definite. Now, if
Xy = kX, Kk >0 (4.18)
then
V. =—kx! +xe, (4.19)
where e, =x, —x,,, . According to (4.19), there is no guarantee that?; <0. In the
next steps, by proper selection of x;, ., V1 is made negative definite [85, 86].
To stabilize the frequency dynamics, x,,,,is chosen according to the Lyapunov
function
v, =V, +%e§- (4.20)
The derivative of ¥, along its trajectory is
V, =V, +ee, (4.21)
where ¢, =X, - X,,,, . Using equations (4.14) and (4.18), it follows that

&, =[kk k, —k ke, =kl x + (K =k ke, + ay(ey +xy,,) (4.22)
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If

X300 =C1X) 18, (4.23)
where
o — (A=k(=ay +k)+a) (4.24)
1 a
o lrkra) (4.25)
a3

then ¥, becomes

V2 = _k1e12 —k2e22 + aze,ey (4-26)

From (4.26), it is concluded that system (4.13)-(4.15) still is not fully stabilized

and hence u,should be designed in the next step to make V2 negative definite.

Finally, to obtain the control inputu ., the Lyapunov function is defined as

Vo=V, + Yoe3 + Vo p(y-7) (4.27)

where y and 7 are the lump-sum uncertainty and its estimated value, respectively,
and p is the adaptation law gain. To ensure that V2 <0, the Lyapunov function
V, involves V,, global stability of frequency is not confirmed, so in this step u,
is obtained in such a way that it guarantees stability of the Lyapunov functions ¥,

and V; simultaneously. Now, consider the dynamics of

€ =X =Xy, (4.28)
X, 1s given by (4.15) and
X3,p = AX) + Bey + Cey (4.29.a)
2 Kk
, o, (4.29.b)
1—ki —k; —kk

R 420
C=—k~ky+K,K,. (4.29.d)

Thus, V; is given by
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V= kel + (4:30)
[”f

£V,
—(A+k TLcosxl)xl

-(B —%cosxl —ay)e,
—Cey +7le,
-p(r=7)7.

If the adaptation law is chosen as

! 431
V=6 (4:31)

Yo

and the control input is selected equal to

4.32
u, = (A+klﬂcosxl)x1 (4.32)
‘ X
EV,
B——tcosx, —a,)e
( X 1 3) 2
+(C-ky)e;—7y ky >0
then ¥, is given by

V.3 = —klxl2 —k2€22 —k3e32. (4.33)

Since V3 is negative definite, global stability of the system (4.13-4.15) is
confirmed. This globally asymptotically stability means that system is stable
during large-signal transients regardless of the operating point.
4.3 Discussion about Practicability of the Proposed Controllers

As shown in Fig. 4.3, the proposed controller has two main parts which are 1) a
linear cooperative angle-frequency droop control, and 2) a supplementary
nonlinear controller aiming at stabilizing the load angle dynamics during large-
angle transients. The only inputs to the linear controller are real and reactive
powers which are directly available at the output of the converter. Another
advantage of the controller is that the frequency and angle signals are internally
available. Moreover, the controller has internal power synchronization and
damping dynamics (as defined in (4.6) and (4.7)), which provide inherent
synchronizing during steady-state and automatically tracks grid frequency and

angle deviations, similar to a synchronous machine. This shows that the linear
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Figure 4-4. SG control with angle-frequency control.

controller can be easily implemented and a supplementary nonlinear signal is
generated using equation (4.32). To calculate the supplementary control input of
the nonlinear controller, according to (4.32), the perturbations of signals of load
angle, frequency and output power (AJ,A@WAP) are required. Toward this, a
wash-out filter is employed which adopts angle, frequency and power as input and
detects their perturbation. The VSC frequency is available internally and output
power can be easily calculated using the measured output current and voltage of
the VSC. Using the calculated state variables AS,A@AP | the control law can be
easily implemented in a commercial-grade digital-signal processor (DSP). In
other words, all the required variables and control laws can be directly calculated
using local information without a need for complex operations or communication.
Other practical aspects, such as the presence of conventional SGs in the MG

system and noise sensitivity are addressed in the following subsections.

4.3.1 Application of the Cooperative Angle-Frequency Droop to SGs

As mentioned earlier, one of major advantages of the proposed controller is
mimicking the behavior of SGs. Accordingly; the proposed angle-frequency
droop can be extended to SGs to ensure nominal steady-state frequency operation
whereas power sharing is also achieved.

The regular approach for power sharing among SGs is frequency versus real
power and voltage versus reactive power drooping. In the regular frequency

drooping of SGs, as the output power of SG is increased, a permanent offset in
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frequency occurs. Apparently, the droop control is an external control function
and is not part of an SG behavior. The static equation of an SG is given by

Pprim = P;G _war (4.32)

otor

where P is the reference power of the primary source of the SG. Usually, the

primary source model is presented by a first-order transfer function [76]. Similar
to VSCs, it is possible to deploy the load angle as drooping variable. In this case,
the load angle of the SG is directly regulated such that the desirable output power
is achieved without permanent frequency offset. In a similar manner, cooperative
load angle-frequency is an alternative for power sharing in SGs. In this case, the
input power to the SG is governed by

P

prim

=Py — K ;Aa,

oror =~ KgK ;0 (4.33)
Fig. 4.4 presents the implementation of cooperative droop control for an SG. The
perturbation of the SG rotor speed Awis obtained by processing the measured
rotor speed. The load angle is calculated by integration of Aw. Since the main
drooping is applied to the load angle, the frequency is maintained constant after the load

angle is adjusted. The primary power is applied to the primary source which can

be a diesel generator as it generates the reference power with a delay.

4.3.2 Effect of Measurements Noise on the Controller

Another issue that the controller may face is the presence of noise in the
measured signals. If the proposed cooperative angle-frequency droop control is
adopted for VSCs, since only the real and reactive powers are measured through
sensors and filtered using a low-pass filter to remove switching effects and obtain
the average power, effects of high frequency noises on the powers are
automatically eliminated by the low-pass filter. However, if the cooperative
angle-frequency droop controller is applied to a real SG, the frequency is not
internally available and a speed sensor is necessary to measure the rotor speed. In
this case, noise superimposed on the measured speed signal may affect the

controller performance because K , has usually large values; therefore noise effect

is intensified and appears in the reference power of the SG. It is worth noticing
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Figure 4-5. The configuration of the system A.

that K, is equal to the inverse of m. Since in the conventional frequency droop
method, m has small values, K s usually has large size, thus its effects on the

system operation should be investigated. The positive point is the existence of a
large rotor with high momentum of inertia which acts as a low-pass filter, which
in turns filters out the impact of high frequency noises. In other words, when a
white noise with zero average appears in either the input power or measured

frequency, its effect is highly attenuated by the rotor dynamics.

4.4 Case Studies

To evaluate the validity and effectiveness of the proposed controller, it is
applied to two different, which are simulated under the MATLAB/SIMULINK
environment. The first system includes SG and VSC as shown in Fig. 4.5 and the
controllers’ parameters are given table 4.1. The first system consists of a
conventional SG and a VSC-interfaced DG unit. The cooperative droop control
without the supplementary nonlinear controller is applied to both units, where
power sharing accuracy, constant frequency operation and system transient
behavior are investigated. Both units supply a local load and a common
loadthrough a transformer and the connecting lines. The SIMULINK-based

average-model of a VSC and detailed SG model are adopted. The loads consume
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Table 4-1 Parameters of the Two-DG Microgrid shown in Fig. 4.5.

Parameter DG1 DG2
Line-line voltage (V) 4140 4140
Stator inductance (L) 2mH -
Stator resistance (R, ) 0.2Q -

K, 10 10
K, le5 le5
K, - 0.1
Rotor momentum of inertia 10 -
Voltage slope () le-3 le-3

their rated real and reactive powers at the rated voltage. In this case, the goal is to
investigate the practicality of the cooperative droop for SGs and VSCs in various
conditions. In the second system, the MG has three DG units and is connected to a
medium-voltage level power system at the PCC through matching transformer. A
three-phase matching/isolation transformer is also installed in each DG unit. Each
DG has a local load. At the PCC, a sensitive load exists. The MG should supply
both sensitive and local loads without interruption. Four scenarios are taken into
account; disconnection and reconnection of one unit during islanding, grid
restoration and transition to islanding. Static power sharing performance of the
MG during islanding is also studied. It is noticeable that in all conditions, the

controller topology and parameters are not changed.

4.4.1 Application of Cooperative Droop to the MG with Conventional SG and
VSC

The simulated system in this case is shown in Fig. 4.5 and it involves two units.
The system parameters are given in Table 4.1. The cooperative droop is applied to
both the SG and VSC to evaluate its practicality for different types of generation
units. Two controller topologies are taken into account to study effect of
frequency restoration; the first controller involves both angle and frequency
droops whereas in the second controller, only the frequency loop exists and the
angle drooping is removed (K, =0), (i.e. only frequency drooping is enabled).
Initially, DG units supply a common 180 kW load. At =4 s the common load
power is increased to 450 kW and at /=5.5 s, a 100 kW single phase load is
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Figure 4-6. The real power waveforms of the MG with SG and VSC, (a) with cooperative droop
and power loop, and (b) without the angle loop.
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Figure 4-7.The frequency waveforms of the MG with SG and VSC, (a) with cooperative droop and
power loop, and (b) without the angle loop (K, =0).

connected to the PCC. Figs. 4.6 and 4.7 exhibit the power and frequency
waveforms before and after the load power variation for both cooperative droop
control and frequency drooping methods. As it can be seen, power sharing error
for both controllers before and subsequent to load power change is less than 0.5%.
Nevertheless, in the system in which cooperative droop is employed, the rated
frequency is recovered in less than 0.5 s whereas in the system with pure
frequency drooping control, a permanent frequency offset equal to 0.2 Hz occurs.
This is because when K, =0, system characteristics equation converges to (4.34),
which yields a permanent frequency drop.

From the power quality perspective, it is important to have constant frequency
operation because most of modern loads are sensitive to frequency deviations and

it may adversely affect their operation. Whenever frequency droop in an MG is
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Figure 4-8. Effect of noise on the system performance, (a) measured rotor frequency, (b) actual
rotor frequency, and (c) output power.

employed, proper operation of sensitive loads, when steady state frequency varies
in a wide range, is a major concern. In this case, the system without the angle
droop loop still presents satisfactory dynamic performance similar to the
cooperative angle frequency controller which is due to existence of the extra
power loop. Further, the maximum overshoot in the SG’s real power is reduced

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

Al. Effect of Speed Sensor Noise on the Controller Performance
The controller performance with and without the presence of white noise in the
SG’s speed sensor are compared. Toward this, a white noise with average

amplitude between 0.2-0.3 Hz is added to the measured speed as shown in Fig.
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Figure 4-10. Effect of the SG’s primary source with 7, =0.5 (s) on system performance, (a) real

power and (b) frequency.

4.8 (a). The actual rotor speed and output power waveforms are shown in Figs.
4.8 (b) and (c), respectively. It is obvious that noise does not have considerable

effect on the output power and actual rotor speed as the rotor inertia filters-out

high-frequency disturbances.

A2. Unbalanced system

In this scenario, it is supposed the system initially supplies the common 450 kW
load and at =5.5 s, a 25 kW single phase load is connected to phase b at PCC.

The power waveforms after this event are given in Fig. 4.9. The single phase load
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Figure 4-11. The Simulated system (case B).

causes power oscillations with amplitude of 7 kW with the average power equal
to 416 kW. The real power is still shared equally between DG units. The ratio of
negative and positive components of voltage is less than 2.6% which is within the
acceptable typical unbalance limits. System stability is also preserved during
unbalanced conditions. It should be noted that in this scenario, the positive
sequence of the real and reactive powers are used for control purposes rather than
the total real and reactive powers. It is emphasized that unbalanced condition is
out of scope of this chapter. Although the controller presents satisfactory
performance, to obtain better power sharing accuracy under unbalanced loading
conditions, either virtual impedance shaping [105] or online set-point adjustment

[106] can be applied.

A3. Effect of Dynamics of SG’s Primary Source
In the previous studies, for the sake of simplicity, the dynamics of the primary

source was ignored, i.e. 7,=0. However, as shown in Fig. 4.4, in reality, an SG is

driven by a primary mover with inherent dynamics. In this case, the dynamics of

the primary source is taken into account, and it is supposed the SG is fed by a
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Table 4-2 Parameters of the Three-DG MG (Case B)

Parameter DG1 DG2 DG3
Line-line voltage (V) 4140 4140 4140
Maximum L-L VSC 4760 4760 4760
voltage (V)

K, 100 120 80
K, les les le5
K, 0.1 0.1 0.1
Voltage slope (n) 2.5¢-4 2e-4 3e-4
w, 200 200 200

slow diesel engine with time constant (7,) equal to 0.5 s to study the effect of the

primary source on power sharing and system dynamics. Other parameters are
similar to those given in Table 4.1. The simulation results with consideration of
primary mover dynamics before and after load power change are given in Fig.
4.10. It reveals that accurate power sharing with error less than 0.5% is achieved
at nominal steady-state frequency operation. The frequency recovery time is about
1.0 s. It is also noticeable that the dynamic performance is degraded as compared

to the case withz, =0. Furthermore, during the transient period, since VSC’s

source is considered as an ideal one without delay, the VSC mainly provides
higher share of the MG power during transients causing more overshoot in its
output power. In other words, the degraded dynamic performance is mainly
caused by different time constants and dynamic behaviors of primary sources of
VSC and SG. In general, the higher the time constant of the SG primary source,

the worse dynamic performance and more interaction between units is yielded.

4.4.2 MG with Three DG Units and Supplementary Control (System B)

B1. Case 1: Disconnection of DG2

The model shown in Fig. 4.11 is simulated to evaluate the performance of the
control system with nonlinear cooperative droop control. The controller
parameters are given in Table 4.2. It is supposed that the MG initially works in

islanding mode, and then it is reconnected to the grid. The sequence of events is
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Figure 4-12. Power waveforms of case B1.

as follows: at +=0.8 s, DG2 is disconnected and DG1 and DG3 supply the total
MG load demand. At /=1.5 s, DG1 is again connected to the MG. At =2.5 s, the
static switch is closed and the grid is restored. At =3 s, again an islanding event
occurs. All these scenarios are considered as large-signal disturbances, where
DGs output powers, frequencies and load angles rapidly change in a wide range.
It is assumed that the MG initially works in islanding mode and all the DGs and
loads are connected. At =0.8 s, DG2 is disconnected from the MG and DG1 and
DG3 supply the local load of DG2. The power waveforms with the supplementary
control are shown in Fig. 4.12. Before DG2 disconnection, the generated power
of DG1, DG2 and DG3 are 2.06, 2.43 and 1.645 MW, respectively, which are
very close to their desirable ratios (4:5:6) and the maximum error in power
sharing is less than 1.5%. It should be noted the main assumption here is that DG
units have enough power capacity to supply the total MG load demand. As it can

be seen from Fig. 4.12, after DG2 disconnection, the output powers of DG1 and
D@3 still remain within their power capacities. If this is not the case and DG units
cannot provide the load power demand, a load shedding strategy, as presented in
[36], should be applied to shed non-critical loads. However, this chapter deals
with stability issues of MG under generation-load matching conditions, which is a
necessary but not sufficient condition for the overall MG stability. After the DG
disconnection, the system with the supplementary control exhibits fully damped

behavior without any overshoot.
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Figure 4-13. Power waveforms of case B2, (a) with, and (b) without the supplementary controller.

B2. Case2: Reconnection of DG2 with Out-of-Phase Reclosing

In this section, the transient behavior of the MG after reconnection of DG1 is
investigated. Again, this scenario is considered as a large-signal disturbance
because DG2, which forms 40% of the total MG power capacity, is reconnected
without any synchronization process. Note that any considerable difference
between voltage angle of DG2 and the MG at the point of connection is
considered as a large disturbance and results in severe transients. The power
waveforms with and without the supplementary nonlinear controller are shown in
Fig. 4.13. The effectiveness of the nonlinear controller in this case is obviously
pronounced and the system with the supplementary nonlinear controller offers

much better transient performance as compared to the linear system. Actually, the
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Figure 4-14. Power waveforms of case B3, (a) with, and (b) without the supplementary controller.

nonlinear controller adjusts VSC voltage such that it damps angle, frequency and

power fluctuations.

B3. Case3: Grid Restoration with Out-of-Phase Reclosing

In the grid connected mode, DG units are required to inject their preset real
powers and there is no need for sharing power. Thus, the output powers of DG
units are abruptly changed subsequent to connection to the grid to their reference
values. During grid connection, DG1, DG2 and DG3 generate 2.38 MW, 2.86
MW and 1.9 MW, respectively. In this scenario, the static switch at the PCC is
suddenly closed and the utility grid is restored. The power waveforms are

illustrated in Fig. 4.14. Note that no synchronization process is applied and

101



500[\ i (\1(\\ T {\ i Y
0 W) \/ // | y\/ \ | H rl H/

|
ﬂkf y\h/ U‘ w / \L/ /< “\ ‘H J‘\U VA } U/UH

Current(A)

-500¢
2.45 25 2.55 2.6 2.65 2.7
time(s)
Figure 4-15. Current waveforms of DG3 during grid connection using supplementary nonlinear
controller.

connection is abrupt without any information from the grid voltage. In fact, to
connect the MG to the main grid seamlessly, the angle and voltage mismatch
between two sides of the static switch should be near to zero. Any considerable
error between phase, frequency and amplitude of the MG and the utility grid
voltages at PCC may cause severe oscillations, high currents and even instability.
High current may flow to the circuit subsequent to grid connection. This scenario
is similar to the out-of-phase reclosing event that might take place when a DG
unit (or a micro-grid) is not disconnected upon a temporary fault in a feeder
equipped with an auto-recloser. Nevertheless, by proper adjustment of voltages of
the DG units during grid connection using the supplementary controller, power,
frequency, angle and current are kept within acceptable limits. Fig. 4.15 shows
the current waveforms of DG3 during grid connection, which clearly confirms
that no considerable current overshoot occurred; only for one cycle some minor
overshoot in the phase current is observed. On the contrary, any instability in the
load angle and frequency may result in high current flowing to the circuit.

In fact, the duty of the nonlinear controller is to adjust the voltage amplitude
such that the load angle and frequency stability is preserved, which automatically
results in smooth current waveforms during grid connection. In other words, the
“plug-and-play” concept is achieved via the proposed nonlinear cooperative
control. Otherwise, grid connection without verifying the synchronization process

and without using the nonlinear controller may cause severe overshoot in power
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Figure 4-17. Power waveforms subsequent to islanding.

and current. The same problem also exists in Case2, where voltage angle and
amplitude mismatch between DG2 and the MG at the point of their connection
generates severe transients. Similar to case 2, nonlinear-controlled DGs have
smooth and well damped performance during grid connection while the linear
controller-based MG exhibits poor transient behavior. Again, in this case, the
nonlinear controller adjusts the DG voltage reference such that angle, frequency
and power fluctuations are minimized. It should be noted that frequency and angle
oscillations depend on damping and synchronizing powers, respectively.
According to (4.6) and (4.7), the damping and synchronizing powers are

proportional to K ,andK,, respectively. By increasing these constants, more

damped power and frequency with faster convergence can be obtained at the cost

of poor static performance and power sharing. However, the nonlinear
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supplementary controller provides the necessary damping under wide range of
operating conditions and droop parameters without loss of stability. The
synchronization and out-of-phase reclosing problems are typical issues that can
exist in MGs and they demand a nonlinear controller because any large difference
in angle and frequency between two sides of switch at the moment of connection

is a large-signal disturbance and leads to severe transients.

B4. Case4: DG2 Reconnection and Grid Restoration- DG1 and DG2 Without
andDG3 with Nonlinear Controller

In this section, the ability of the nonlinear controller to overcome interactions
between DG units is investigated. Toward this, a scenario is taken into account in
which DG 1 and DG2 use the linear angle-frequency droop whereas DG3 uses the
nonlinear supplementary controller. Similar to case 2 and 3, at =1.5 s DG2 is
connected to the MG and at r=2.5 s, the static switch is closed. It is evident from
Fig. 4.16 that at the moment of reconnection of DG2, its output power starts to
oscillate and due to its interaction with DGI1, the output power of DGI1 also
fluctuates. That is to say that instability and oscillations propagate within the MG.
On the contrary, DG3 has smooth operation in both scenarios. This case shows
the ability of the nonlinear supplementary control to mitigate instabilities due to

interaction between DG units which is one of its remarkable features.

B5. Case5: Islanding

Another scenario that frequently occurs in an MG system is transition from grid
connection to islanding mode. When a fault occurs in the grid, it is necessary to
disconnect the MG from the main grid. The proposed angle-frequency droop
control has the ability to work in both modes without change in the controller
structure. Consequently, the problems due to islanding detection are inherently
eliminated. The power sharing is automatically achieved by drooping constants of

K andK,, whereas these constants are employed as damper and synchronizer

during the grid connection. The power waveforms of DG units subsequent to

islanding are presented in Fig. 4.17. In this case, the transition to islanding is
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Figure 4-18. Frequency variations in MG with the supplementary control.

seamless with minimum fluctuation, which proves the effectiveness of the
combined droop controller. Frequency waveforms of different DG units between
t=0.75 s and 3.0 s in the system with the nonlinear controller are shown in Fig.
4.18, which shows fixed nominal-frequency steady-state operation of the MG in

both modes, which is one of the main benefits of the proposed hybrid controller.
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Chapter S Enhanced Micro-Grid Stability Using
Nonlinear Micro-Grid Stabilizer

It was discussed in the previous chapter the linear controllers fall short to
guarantee stability of the system in all operating points and especially when the
operating moves rapidly in a wide range. Required features such plug-and-play
and also PLL-less grid synchronization capability make large-signal stability of
the system a mandatory requirement in smart grids. This chapter aims at
developing a supplementary nonlinear to enhance the DG stability during severe
disturbances and guarantee large signal stability of the MG while the main
motivation is the highly-nonlinear behaviour of power sharing dynamics in a
typical MG system with a different approach of chapter 4. The adaptive back-
stepping (AB) method is employed to design the nonlinear controller which is one

of the most rigorous nonlinear control design tools [82-86].

5.1 Inverter Model

Fig. 5.1 depicts the basic concept of the converter control topology. The basic
idea is to mimic back-EMF generation principle and rotor dynamic of a
synchronous generator, including its rotor momentum of inertia (J) and friction
(m). The utilization of emulated rotor dynamics improves the converter dynamics
and it yields a control structure that is more suitable for the MG operation [29],
[18]. In this VSC model, the virtual rotor plays this role of controlling the
frequency dynamics, which is not accessible in the conventional current/voltage
control topology of VSC. The virtual friction (m) is responsible to damp VSC
frequency oscillations in grid-connected mode. However, it is proposed in this
chapter to use it as a droop control for power sharing in islanded mode.

The voltage generation principle is like back-EMF generation in a typical SG,
given by: [50]

é=y,m,sinf (5.1)

where ¢ stands for a balanced three-phase voltage. This equation emulates

* The chapter is published in IEEE Transactions on Smart Grid [107].
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Figure 5-1. The synchronverter model.

rotational back-EMF generation in an SG.

The frequency dynamic of the VSC is given by:

dw 52
7T -0, ~0,) G2

which is directly obtained from Fig. 5.1. Similar to every multi-phase electrical

system, output power is calculated by inner product of three-phase voltages and

currents:
P =<17,é>=a)vl//f<i~,sin§> (5.3)
where
~ /. . 27, . 2 (5.4)
i =(icosg,icos(¢p— T)’ icos(p+ T) .
Thus, (5.3) is simplified to
P, :ga)vl//ficos(e— 0) :%a)vwficosﬁ (5-3)
where
a=6’—¢):j(wv—a),.)dt. (5.6)
The virtual electrical torque is given by:
(5.7)

e

0]

v

P 3
T =—"=El//ficosa.

It is worth noticing that unlike electrical machines, there is no real electrical

torque and it is just defined for the sake of the control design of a VSC-based DG
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Figure 5-2. Phasor diagram of the system.

unit.
Similarly, the reactive power equation is obtained as:

0,= % Y isin(). (5-:8)

Fig. 5.2 exhibits the phasor diagram of a VSC connected to the grid. One of the
most attractive features of this VSC topology is the existence of friction
coefficient of (m), which acts like a damper in grid connected mode and is used as
a frequency-power droop control for power sharing among DG units in islanding.

In other words, the term m(w,,, —@) provides a power sharing tool for DG units.

Moreover, the values of m and J can be selected arbitrarily as a function of design
requirements and they can have values which are not feasible in a real SG.
The torque-frequency droop function to realize the real power sharing in

islanding mode is given by:

a)v _a)ref :i(y;e _Te) (59)
m
which can be rewritten in the form of
a)v—a)*z—iTe (5.10)
m
(5.11)

- 1
=0, T,

The value of static droop gain (m) is calculated as a function of the DG maximum
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torque (7, .. ):

e_max

1o max (5.12)
m=——
D =By

Accordingly, the virtual rotor momentum of inertia is obtained by:

J=mz, (5.13)
where7,is the time constant of power-frequency droop loop determined by

designer according to acceptable frequency dynamics.

Two different topologies for virtual rotor flux control are proposed as shown in
Fig. 5.3, namely they are Model 1, which adopts a low-pass filter to generate the
virtual rotor flux; and Model 2, which adopts a pure integrator. In the first
topology, the reference voltage is again generated by a voltage droop function.
Processed by the low-pass filter emulating rotor flux decay dynamic of an SG, the
rotor flux is obtained. In the latter, the voltage command, which is generated by a
reactive power-voltage droop, is compared to the actual voltage and the error is
fed into the integrator resulting in the reference rotor flux. It is noticeable that in
Model 2, the low-pass filter behaves like the flux decay equation [108] of a real
SG, so in Model 2 the VSC acts just the same as an SG. This helps embedding
numerous DG units in a large power system where VSCs and the conventional
power plants are seen the same by the power system. The flux decay equation of
synchronous generators is due to the fact that applied DC voltage to the rotor
excitation appears with a delay in the stator side as a result of rotor winding

inductance. In this case, the controller transfer-function (G, ) is as follow:

k, 5.14
Gﬂ”"(s):rsﬂ ( :

where 7, is the flux loop time constant. By tuning 7, appropriate voltage transient
response can be fulfilled. The voltage droop function is as follow:

E=E —nQ, (5.15)
where Eis the no load voltage and Q, is DG reactive power. This droop control

is used in both modes of operation to share reactive power among DG units. In
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Figure 5-3. Flux control loops: (a) Model 1 with low-pass filter and (b) Model 2 with integrator.

fact, in ideal case, total reactive power demand is distributed according to static
droops constants (7). It should be noted that the in grid connected mode, the droop
control cannot regulate the injected reactive power to the grid and it is just a tool
to share the reactive power demand proportional to reactive power capacity of
various DG units. That is to say that DG buses are P-V buses instead of P-Q
buses. To manage the generated reactive powers of DG units in grid connected
mode an additional reactive power control loop is required. However, this reactive
control loop cannot be applied in islanding mode and causes instability [29];
consequently subsequent to islanding detection the reactive power control loop

must be removed.

5.2 Proposed Control Topologies and Design Process

To overcome the aforesaid problems, a novel control topology suitable for

nonlinear control design is presented in this chapter.

5.2.1 Controller Topology

Fig. 5.4 shows the proposed control topologies. The controller uses power
angle, frequency and power as control variables instead of conventional current
and voltage control loops. As it is seen, the controller has three control loops,
namely angle loop, frequency loop and torque loop which is afterward called

microgrid stabilizer. There are two possibilities to realize the nonlinear controller
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shown Figs. 5.4 (a) and (b), respectively. The first is a power angle tracker in

which the controller aims at tracking the desirable power angle (6,.,) by proper

frequency and power setting whereas the latter just tries to damp angle

oscillations while there is no defined angle reference. In fact in Fig. 5.4 (b) the

perturbations of signals are obtained by a washout filter without knowledge of

their set values. The angle controller generates the reference frequency deviation (

Aw,s ) and the frequency loop is responsible to determine the required torque (

AT,_,.r) as a function of angle error and frequency error. The nonlinear microgrid

stabilizer which can be considered as torque controller attempts to set torque error

11
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equal to zero using a supplementary voltage control. Simply speaking, in contrast
to the conventional current-voltage control, the power is directly controlled by
varying power angle and voltage amplitude. That is to say that amplitude of

current can be controlled by adjusting power angle () and frequency (®,) via a

direct power control strategy.

The proposed control method for the MG converter offers many advantages
over the conventional VSC control applied in the DG control. First, the controller
is universal and flexible for all operational modes as there is no need for
reconfiguration of the controller. This means there is no need for changing the
control strategy after islanding; therefore stability issues associated with islanding
detection delays are inherently mitigated. It can also realize a seamless transition
to islanding mode with the assisted nonlinear controller.

Moreover, the frequency droop loop provides a tool for power sharing among
DG units in a microgrid. Another interesting feature of this controller is reactive
power control in grid connected mode via setting the angle reference. As
mentioned earlier, the controller is in angle-frequency domain and the nonlinear
controller sets the power angle equal to its reference by adjusting output voltage.
Thus, the desirable power factor of VSC in grid-connected mode is achieved by
proper selection of reference power angle (). Furthermore, the controller only
depends on local information. The smooth stable performance of the MG during
severe transitions like islanding, grid restoration and sudden load power variations
is fulfilled by the proposed nonlinear MG stabilizer. The overall control system is

synthesized in the large-signal sense.

5.2.2 State Space Model

In this section the VSC presented in section 5.1 is considered. Under some
standard assumptions, the proposed VSC can be described by a classical model.
To design a nonlinear control, first of all the state space model of the system must
be obtained. Every state space model is written in the form:

X=AX+BU (5.16)

where X is the vector of state space variables and Uis the vector of control
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inputs. In the proposed VSC control structure, power angle &, frequency (@,) and
virtual torque (7)) are state space variables.

To obtain the power angle (&) dynamics, it is assumed that voltage angle
dynamics is much faster than the current angle dynamics. This means that the rate
of change of J is proportional voltage frequency deviation from its rated value.
The frequency dynamics is governed by frequency droop and virtual rotor loops
shown in Fig. 5.4 Accordingly, the angle and frequency dynamics are written in
the form:

Ad =Aw (5.17)

. m 1 5.18
Aa):—7Aa)+7(—Te+Tref) ( )

where Awand Ao represent the variation of frequency and angle from their
equilibrium points. The torque dynamic equation is calculated from (5.7):
. . 1
T, :%y}ficosaJr%l//ficosa—%l//fmwsina (3.19)
The derivative of flux is determined by the voltage loop dynamic depicted in Fig.
5.3. As explained in section 5.1, two different schemes for voltage loop are
available. The general model of these two controllers can be written in the form
of:
k, (5.20)

G.(s) =
T,5+¢

where ¢ =1for Model 1 with low-pass filter controller and ¢ = 0 for Model 2 with

integrator controller. From (5.20) one has:

yoka,_ (5.21)
Vi= . u . Yy
By Replacing (5.21) in (5.19), (5.22) is followed:
ke 33 (5.22)
T,= Z[Ta u = Y licosa+ 21//»,-zcoszx 5 Y jidwsino
Considering (5.7), (5.22) is simplified to:
Te :Ek—“ucosa—riTe +%y(ficosa—%y/fiAa)sina (5.23)

27

a a

Since (5.17) and (5.18) are in perturbed form, we need to rewrite (5.22) in the
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perturbed form using similar approach given in [86],[108] as follow:

AT, = %l;—:u cos Aa_r_(;AT" +%y/ficos Aa—%wfiAa)sin Aa (5.24)
Finally, the VSC model is compensated into perturbed form of:
% =x, (5.25)
Xy = ayx, +ayx (5.26)
(5.27)

. 3 : .
Xy =y —Tix3 +E{l//fic0sx1 —Y ixy sinx f+y

a

where a, :—'7/],a3 :—% and u, :3k%r ucosx;, and [x,,x,,x,]=[Ac,Aw,AT].

The term “y” is added to (5.27) as a lump-sum of system uncertainties and

includes local converter and converter-MG interaction uncertainties. The origins

of these uncertainties can be disturbances, system parameters changes and

inaccurate measurement. All these uncertainties are accumulated in one term [85].
13 2

The uncertain term “»” is estimated through adaptive disturbance estimation

technique. The application of this adaptive term makes system more robust

against measurement and modeling errors, and system disturbances.

5.2.3 Design Process

In this section, based on adaptive back-stepping method, the design procedure
for system (5.25)-(5.27) is followed. The design aims at minimizing the error

between the desired reference signal x,, and its actual value x;, so that state
variables steer their desired values. The error of reference signal x,,,and its actual
value x;is defined as:
€ = X; = Xjpr - (5.28)
The procedure has three steps:
Step1: to stabilize power angle (« ), the following Lyapunov function error is

selected as an index of angle:
v, = % e, (5.29)

The derivative of (5.29) along its trajectory is
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Vi=eég

(5.30)

If we make 7, negative definite, the system (5.25) becomes asymptotically stable.

Now choose
XZ’,ef = —klel kl > 0
then

;o 2
V) =—=ke; +ee,.

(5.31)

(5.32)

As it is seen from (5.32), there is no guarantee that 7, <0. In the next steps x,,,

and 4 are selected such that this condition is established [85].

Step2: Design x;,,, according to Lyapunov function

V, = % el2 + % e%.
The derivative of ¥, along its trajectory is:

=V+ee

where ¢, = X, —x,,,, . Using equations (5.26) and (5.31), it follows that:

e, =[1-k(a, +k)le +(a, + ke, + azes + asx,,.,,
Thus 7,is simplified to:

Vz = _k1912 + [a3x3r€f - (k12 +kay, —1)e + (ay +k))e, Je,

+ aye,e,
If
X3pep = bie +bye,
where
b _ (=ky(a +k))
= ——2 1
as
(k1 +hky+ay)
b2 -
as

then, 7, is obtained as

- 2 P
V, ==kief —kye; + aseze;

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

From (5.40), it is concluded that system (5.25)-(5.27) still is not fully stabilized

and hence we need to choose u, in the next step to make ¥, negative definite.
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Step3: similar to the previous steps, here the Lyapunov function is defined as:
v=Ye+ e+ Vie+ Voptr-7y (5-41)
where 7yis estimated uncertainty function (), andp is the adaptation law gain.
Since ¥, involves ¥, and ¥, its stabilization automatically guarantees stability of
the first and second loops. Now, consider the dynamics of e, = x;,,, —x; which is
given by (5.27) and (5.37):
éy =Xy =Xy, (5.42)
C

3, o .
=u, —Z_—x3 + E{I//fzcosx1 —Y i, sinx F+ Y =X,

a

%3, 18 calculated by (5.26), (5.27), (5.31), and (5.37)
Ky = biéy by (5.43)
where

&) =Xy =Xy = AyXy +a3x; + ki (5.44)

=a,X, +azx; +kx,

Finally, x;,,, becomes:

X3, = A€ + Bey + azhe (5.45)
A= (bbyay)—k, (b + kb, +arb,) (5.46)
B = (b, +asby +ayb, +kyby) (5.47)
Thus, 7, is given by:
Vy =—kel —kye; + (5.48)

3.
[, +El//fzcos X
c 3 ..
_(T_bl + A—Ekll//flsm xl)el

—(—a4 +B+Z_ib2 +%l//fisinx1)e2

a

c
— (T_ +azb,)es + ¥ley

-(y=7)p7.

If the adaptation law is chosen as:
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1 (5.49)

—e

~-
I

then
V3 = —klel2 —kzeg + (5.50)
3.
[uf +El//fzcosx1

(S + A-ikly/fisin x)e,
T, 2

a

3 .
—(—a, +B+Tib2 +51//fis1nx1)e2

a

c _
- (T— +asby)e; +7]e;

Consequently, if the control input is selected equal to

(5.51)

3 .
up= —El//ficosx1

c 3
+(—b +A——ky isinx, )e
(T | 5 Wy e

a

3 .
+(—ay +B+ib2 +El//fismxl)e2
r :

a

+ (St aghy —ky)es — 7 k>0
T

then by replacing (5.51) in (5.50), the derivation of the Lyapunov equation ¥; is
expressed as:
Vy = kel —kyes —kye; (5.52)
Thus, the global stability of converter model (5.25)-(5.27) is confirmed. If
equation (5.51) is satisfied, the state space model of (5.25)-(5.27) becomes
asymptotically globally stable or equivalently large-signal stable. In other words,
it guarantees the stability of power angle, frequency and power at the whole
loading trajectory of MG generators.
The control parameters are the set[k,k,,k;,p]. The system performance is
highly related to these coefficients and the designer has high degree of freedom to

find the best combination of these system constants to realize the optimum

tradeoff among system performance objectives.
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Figure 5-5.The simulated system.

5.3 Results and Evaluations

Several simulations are carried out in MATLAB/SIMULINK environment to
study the effectiveness of the proposed control topology. The scenarios include
DG startup and grid synchronization, transition to islanding mode and grid
reconnection. Without loss of generality, DG units are considered as dispatchable
one [24] with enough power and inertia-less dc-link [16]. The simulated system is
depicted in Fig. 5.5 has three DG units connected in parallel to the main grid
through connecting cables and static switch. Each DG unit has a local load and
the microgrid supplies one common load connected at PCC. The system
parameters are given in Table 5.1.

As mentioned in section 5.1, the voltage controller can be either a low-pass
filter (Model 1) or an integrator (Model 2). The characteristics of both topologies
in various transients using proposed nonlinear controller are investigated to select
best solution. The uncontrolled synchronverter with integrator is similar to that
presented in [50]. However, the synchronverter with a low-pass filter is a fully
new topology and shows some benefits over the Model 1. The values of (J) and
frequency droop (m) are selected according to (5.12) for the maximum frequency

droop and (5.13) which determines the power loop time constant; the higher static
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droop the more injected power in islanding mode. In this case, since the static
droop for DG1 is higher than DG2 and DG3, it is expected that DG1 produces
more power rather than DG1 and DG2. The voltage droop gain is chosen based on

the maximum acceptable voltage regulation. The power loop time constants (7,)

of three DG1, DG2 and DG3 are equal to 0.04 s. In Model 1, the voltage loop
time constant ( 7,) is chosen equal to 0.01 s to introduce faster dynamic regarding

the power loop.

5.3.1 Case 1: start up

In this case, DG units are connected to the grid at 7=0. No PLL is used to detect
grid 3-phase voltage phase angles. Only one current PLL is used to observe
current phase angle. The angle set of three DG units are chosen equal 0.3, 0.2, and
0.2 rad., respectively. Fig. 5.6 exhibits the power waveforms of three DG units
during startup. It is observed that a smooth starting operation is obtained using the
proposed combined VSC-controller strategy. No severe power overshoot is
observed and the transients are well damped and the VSCs can be synchronized
with grid. To survey the angle tracking property of the controller, angle variations
of the DG units are presented in Fig. 5.7. As expected, the power angles follow
their references after sometime. This direct power angle control is an interesting
point of the controller in grid connected mode because it can be used as an
alternative method to control the generated reactive power and power factor of the
DG can be controlled using the angle reference angle. If in grid connected mode
reactive power is controlled through a reactive power control loop, this loop
makes the system unstable during islanding mode [29] so it should be removed.
Actually, the power factors of DG units, which is equal tocosd, can be adjusted
by proper selection of angle references. In this case, power angles of DG1, DG2
and DG3 are arbitrarily selected equal to 0.3, 0.2 and 0.2, respectively. In typical

MG applications, a centralized MG energy management controller can tune these
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Figure 5-6. Power waveforms of DG units in startup (Modell).
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Figure 5-7. Angle tracking of three DG units (Modell).
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Figure 5-8. Variations of three-phase currents of DG1 during start up (Modell).

values to minimize system losses or improve power sharing. Through the
nonlinear controller, the desirable power factor of DG units can be achieved, and
accordingly the output reactive power can be adjusted in grid connected mode. As
shown in Fig. 5.8, the DG currents waveforms during transients are kept within
acceptable limits and no overshoot is observed. Fig. 5.9 exhibits the real power
waveforms during startup of DG units using Model 2. Fig. 5.10 illustrates power

angle variations of separate DG units whereas Fig. 5.11 shows current waveforms.
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Figure 5-9. Power waveforms of DG units in start-up (Model 2).
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Figure 5-10. Angle tracking of DG units (Model 2).

Again a soft start is achieved in this case without any considerable overshoot in
power and current. The angle tracking response is also slow. In both cases, the

synchronization with the grid is successful which is due to existence of power

time(s)
Figure 5-11. Variations of three-phase currents of DG1 during start up (Model 2).

loop and the nonlinear controller.

121



Real power (W)

21 3
DG3-time(s)

Figure 5-12. Real powers of DG units during transition to islanding (Modell).
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Figure 5-13. Variations of phase voltage amplitude of DG1 during transition to islanding

(Modell).

Figure 5-14. Variations of phase currents of DG1 during transition to islanding (Model1).

5.3.2 Case 2: islanding

At =2 s, an islanding is occurred and the microgrid is disconnected from the
grid. Figs. 5.12-5.14 show how the real powers, phase voltage and power angles
behave during transition from grid connected mode to autonomous mode for
Model 1. There is no islanding detection method and system configuration in

autonomous operation is the same as that in grid connected mode. The islanding is
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Figure 5-15. Real powers of DG units during transition to islanding (Model2).
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Figure 5-16. Variations of phase voltage amplitude of DG1 during transition to islanding
(Model2).

current(A)
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Figure 5-17. Variations of phase currents of DG1 during transition to islanding (Model2).

seen by the proposed controller as a large disturbance. Subsequent to islanding,
the DG output powers are immediately increased to provide the local load power.
Note that in this case the total local loads power is much higher than the preset
DG powers in grid connected mode. This scenario is one of the worst scenarios
can take place for a microgrid operation. Figs. 5.12-5.14 reveal that this transition
is smooth with minimum overshoot in power and currents regarding their steady

state values in islanding and the transients are not severe. The settling time is less
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than 0.15 s. It is worth noticing that the existence of virtual rotor momentum of
inertia and droop function is inherently beneficial and makes system more
damped. To mitigate transients due to islanding and sudden microgrid power
increment, the nonlinear controller boosts VSC output voltage to preserve system
stability and attenuate power and angle oscillations. The results of power and
current variations of Model 2 are given in Figs. 5.15-5.17. It is seen that this
model also acts well within switching to islanding without any noticeable
transient phenomenon. Another interesting point is the power sharing ratio among
DG units. As it is observed, in both cases the generated power of DG units during
islanding (45:28:35kW) is very close to the frequency droop constants
(m=72:42:56).

5.3.3 Case 3: grid restoration

After fault condition is cleared in the grid, it is necessary that microgrid is
reconnected to the grid. To investigate effectiveness of the controllers, the
microgrid is reconnected to the main grid at =3 s. Similar to the start up
condition, the problem of grid synchronization exists here. The DG power presets
are the same as those before islanding. In this case, despite transition to islanding,
the DG output powers are suddenly reduced to their presets. Figs. 5.18-5.20
represent power, voltage and current variations subsequent to switching to grid
connected mode using Model 1. As expected, the DG outputs powers are
decreased and after some transients they converge to their presets values and the
oscillations are not severe.

The nonlinear controller reduces VSC voltages during this transition to help
DG units reduce their output powers and mitigate power and angle oscillations.
However, it seems that Modell is inherently stable with very good performance.
The results of power, current and voltage of Model 2 are shown in Figs. 5.21-

5.23.
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Figure 5-19. Variations of phase voltage amplitude of DG1 during grid reconnection (Model1).
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Figure 5-20. Variations of phase currents of DG1 during grid reconnection (Model1).
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Figure 5-21. Real powers of DG units during grid reconnection (Model 2).
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Figure 5-23. Variations of phase currents of DG1 during grid reconnection (Model 2).
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Chapter 6 Integrating VSCs to Weak Grids by
Nonlinear Power Damping Controller and Multivariable
Synchronous Converter’

6.1 Background

Among challenging issues facing DG integration is the DG connection to very
weak grids (high impedance grids). This objective gains its importance due to
high and fast penetration level of off-shore wind turbines and remote PV
generation units [55], [111]. In fact, the grid stiffness is a measure of the
connecting line capacity to transfer power to a grid [55], [60]. In other words,
weak ac grids encounter more difficulty for power flow transfer, thus the
maximum amount of available power that can be injected to the grid is more
limited. Moreover, the equivalent grid impedance is time-varying as a result of
faults and load power variation. To represent the strength of ac systems, the short-
circuit capacity ratio (SCR) is proposed as an index of an ac system strength
relative to the power rating of a VSC. One of major drawbacks of vector control is
its limited capability to transfer the rated power in weak grids. For example, in
[56], it has been shown that in a weak grid with SCR=1, only 40% of the
maximum power capacity of a VSC can be utilized. With significant tuning effort
of the vector controller parameters and the PLL, this percentage can be increased
to 60% [35],[56]. As an alternative, the concept of power synchronization control
proposed in [35], [56] is also applicable to enable more power transmission by a
VSC by emulating SGs. Basically, SGs do not have any limitations for connection
to weak systems, consequently control methods, such as power synchronization

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

* Part of this chapter is published in IEEE Transactions on Power Systems [109] and part is submitted to I[EEE
Transactions on Smart Grid for possible publication [110].
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weak grids. It is a simple power loop aims at adjusting the load angle based on the
real power error and the supplementary power synchronization controller acts like
a virtual PLL by emulating the behaviour of synchronous generators. However,
the developed techniques for weak grid integration are based on linearized models
and lack the self-synchronization and plug-and-play ability. Also, it suffers from
highly real and reactive powers coupling and large steady-state error. In fact, in
weak grids, dg-axis components coupling result in poor disturbance rejection and
noticeable steady-state error. In other words, in weak grids the single-input single-
output (SISO) controllers doesn’t offer satisfactory performance and multivariable
control is necessary [94-98].

Motivated by the aforementioned challenges, a hybrid nonlinear control of
VSCs in weak grids is proposed in this chapter. The controller adopts a power
synchronization loop with additional cascaded damping and synchronizing loops.
Moreover, a novel current management topology is developed in the second
section which adopts a multivariable controller which gives real and reactive
power, or equivalently dg current components, superior decoupling. The more
decoupled behaviour results in better dynamic and static performance in weak
grids where real and reactive powers are highly coupled. The current loop is used
for current regulation during grid connected mode and it can realize current
regulation and current sharing during islanding mode. Thus, current regulation,
limitation and sharing are embedded in one compact and neat strategy. It presents
some inertia and dynamics for the frequency and load angle similar to
synchronous generators (SGs), thus it can be interpreted as virtual multivariable

SG or multivariable synchronous-converter.

6.2 Power Damping Controller

This chapter focuses on the development of a nonlinear power damping control

strategy for VSC units in weak grids with applicability to both grid-connected and

128



islanded modes of operation. The most critical issue for controller design is the
complexity of the system due to nonlinear behaviour of the power transfer
dynamics. Usually, linear controllers are developed based on small-signal
linearization; however, the control performance inherently depends on specific
operating points. In this chapter, a two-level topology with cooperative nonlinear
and linear controllers is developed. The first level is a power synchronizing-
damping controller. The second level is a nonlinear controller supporting the
linear part to enhance system stability in weak grids or during self-
synchronization where load angle is large and system works in the nonlinear
region. The voltage generation principle is similar to an SG where the voltage
frequency and load angle are tuned by power damping-synchronizing loop,
whereas the voltage amplitude is given by voltage regulation loop similar to an
automatic voltage regulator. The VSC’s output real power is controlled directly
by adjusting the load angle using the power-damping loop, whereas the reactive
power (or alternating voltage) is controlled by adjusting the voltage magnitude.
Since the VSC is voltage-controlled one, an inner current loop is not necessary
except during large transients such as faults where the control strategy should be
changed to current control mode to limit the current amplitude [59]. It should be
noted that the proposed outer-loop controller can be also integrated with cascaded
voltage-current control loops to ensure high power quality injection and inherent
current limitation during faults. In this case, the synchronization angle for dg-
frame transformation is obtained from the proposed outer-loop controller instead

of a PLL as shown in Fig. 6.1.

6.2.1 Power Damping/Synchronization Control Concept

The base of power damping control of a grid-connected VSC is that the
controller provides active damping and synchronization power to attenuate power,

frequency and load angle oscillations, and synchronize the VSC with the grid

129



angle loop/

Frequency  synchronizer P Arbitrarily Current limit
loop /damper set
| |
[k K K, | vV, 1, |
/ - d - N Ly —»| ] |
a)set - S @ ! :
|
@ P = || abe/ Voltage] |Currentl
y 8 p{ PWM
s ) : dq loop 7 loop [|
all 4 a I
Voltage > L1y | - :
|
| [

controller | i

Figure 6-1. The proposed linear control scheme (figure is similar to model-a of
figure 2.2 and is shown here for reader convenience).

during steady-state operation. By changing the control strategy of VSCs to
comply with the power damping characteristics, VSCs can be integrated to weak
grids and also cooperate with SGs in power grids. Fig. 6.1 demonstrates the basic
principle of the proposed controller in the polar system. It has three cascaded
loops, namely frequency, angle and power loops. Based on the frequency error,
the reference of the load angle is determined and the real power reference is
obtained as a function of the load angle error. Finally, the power synchronization
loop adjusts VSC’s instantaneous frequency and load angle. The angle and
frequency loops generate synchronization and damping power components for the
VSC, thus it can inherently track frequency and angle deviations of the grid and
automatically synchronizes itself with the grid. The reference frequency (@,,) in
the frequency loop is set equal to the grid frequency, and in steady-state

conditions, the VSC produces the reference power (P, ). This can be the case in

dispatchable DG units or VSC-based HVDC transmission systems. In the case
when the primary source falls short to supply the output power, short term energy
storage can be added to the dc-link to compensate for the energy shortage during
transients. To represent the strength of the connecting line, the SCR is defined as

. . . . 1
SCR = short circuit capacity (6.1)

rated dc power
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where the short-circuit capacity of the ac system (S ) is given by

5y = E_g (6.2)
VA

and Z is the circuit equivalent Thevenin impedance. This implies that the weaker

the grid, the lower the power transfer capacity of the line. In a weak grid with

SCR=1.0, the theoretical maximum power transfer capacity is 1.0 p.u. The power-

damping control law for a VSC is proposed as

dAw (6.3)
— ~ KKK o-0)-K,K =K, (P=P,)

As it can be seen, the controller presents controlled dynamics for angle and
frequency. To eliminate the switching effect superimposed on the real power, a
low-pass filter can be adopted and the filtered power (average power) is fed to the
controller. This low-pass filter also gives more degrees of freedom in the control
design and may introduce more damping for angle and frequency oscillations.
The damping and synchronization power components are given by

Damping power = AP,

lamp =

nch :_KdA5 (65)

-K ,K,Aw (6.4)

Synchronizing power = AP

sy
The synchronization and damping powers attenuate load angle and frequency
fluctuations around equilibrium point and synchronize the VSC with the grid.
Beside the inherent synchronization with the grid in steady-state, it is important to
take into account that the VSC’s frequency and angle are internally available;

therefore, there is no need for a PLL in steady-state operation.

6.2.2 Voltage Amplitude Controller

The reactive power of a DG unit can be controlled to 1) regulate the terminal
voltage (PV bus) or 2) achieve a specific output reactive power (PQ bus). Fig. 6.2

shows these two different variants. In the first, the voltage reference is compared
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Figure 6-2. Control topologies for output voltage control, (a) P-V bus control and (b) P-Q bus
control strategy (the controller is similar to figure 3.3 and is shown here for reader convenience).

to the actual output voltage. In order to track the reference voltage, a proportional-
integral (PI) controller is employed aiming at compensating the input error by
proper adjustment of VSC’s output voltage. The output of the PI controller is
processed by a low-pass filter and finally the VSC’s voltage amplitude reference
is obtained. The low-pass filter plays two different roles; first, it offers more
degrees of freedom to tune the low-pass filter cut-off frequency and PI controller
parameters such that satisfactory transient and steady-state performances are
achieved. In weak grids, usually it is essential to regulate the grid-voltage at the
point of common coupling, thus PV bus is the common approach in weak grids
[112].

An alternative to the voltage control is reactive power regulation as shown in
Fig. 6.2 (b). However, this is not the common case in weak grids. This is due to
the fact that the P-Q control strategy significantly degrades DG stability in weak
grids as compared to the P-V control [112]. Similar to Fig. 6.2 (a), a low-pass
filter exists after the PI controller to mimic the flux decay behaviour of an SG.
This low-pass filter allows the suppression of voltage oscillations while voltage

tracking time-response and steady-state error are still kept within acceptable
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limits. The inner current and voltage loops can be arbitrarily added to the
controller for the sake of voltage and current regulation and limiting the current

amplitude subsequent to faults as shown in Fig. 6.1.

6.3 System Modeling

To evaluate system dynamic performance in a weak grid, a small-signal stability
analysis of a grid-connected VSC is presented in this section. The three-phase
power system involves a converter and its controller, RL filter, connecting line
and infinite grid. Assuming an ideal VSC, the VSC local voltage is equal to the
controller command, thus it is possible to model the VSC and PWM block by an
average voltage approach [113]. Therefore, the augmented model of the VSC and
its controller can be developed as follows. First, the load angle dynamics equation
is given by
AS=Aw (6.6)

The frequency dynamic equation is expressed by (6.3) where AP is

given by
APz%A5+aaT[;AEF ©6.7)
The voltage loop dynamic equation is given by
AE =-w,AE + 0,Av - &,K AE,, (6.8)
Av=-K, AE, (6.9)

where v is the output of the integrator K ;, and £, is the filter voltage amplitude

expressed by

AE. = EryoAEp, + EpoAER, (6.10)
e E
Fo

133



. 11
AE,, =1, dA;d +RAi, — @y LA, (O
dAi, , . (6.12)
AEFq =L, ¢ * RCAlq + LA,
The currents dynamics in the dg reference-frame are given by
dAi, 1 ) . . 6.13
dtd = Z(—E0 sin §,A0 + AE cos &, — RAi, + @, LA, ) ( :
dAi, 1 . _ ) (6.14)
P Z(EO cos 6,)A0 + AEsin 6, — RAi, — w,LAi,)

Equations (6.3) and (6.6)-(6.14) represent a sixth-order system and involve all
the eigenvalues of the multivariable multi-input multi-output controller and the
related power system. Figs. 6.3 and 6.4 show the loci of the eigenvalues as a

function of the real power control loop parameters K ;and K;, respectively. The

sixth eigenvalue is not shown here because it appears far away from the
imaginary axis. The dominant poles are highly dependent on these parameters.
Equations (6.13) and (6.14) introduce two eigenvalues (eigens 4 and 5) which are
contributed to the electric circuit and are independent of controller parameters.

The right-most eigenvalue is mainly dependent on K, whereas K, mainly affects

eigenvalue 3. As shown in Fig. 6.4, the position of eigenvalue 2 basically depends

onK%{ . During the design process, it should be noted that although lower

values of K, and higher values of K., x  result in higher stability margin and faster

v
response, they may adversely increase the steady-state error especially in weak
grids where load angle is large. In other words, in weak grids, acceptable steady-
error is achieved at the cost of lower stability margin, thus instability can be

yielded during contingencies where load angle swings become large.
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parameters 0.5<K,;/K,<5.

6.4 Nonlinear Power Damping Controller

In weak grids with SCR less than 4, the load angle is usually large and
approaches the steady-state stability limit; accordingly, in the case that a DG unit
is required to supply its rated power, power stability may be significantly
degraded. The proposed cooperative angle-frequency droop control can enable
higher load angles. However, as a linear controller, it cannot guarantee large-
signal stability in all operating conditions especially when system dynamics drifts
to the nonlinear region. This is more pronounced in sudden large transients such
as self-synchronization where any large mismatch between frequency and angle

of both sides across the connecting breaker (or re-closer) may contribute to poor
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performance and even instability. To overcome this issue, a nonlinear back-
stepping power damping controller is proposed and augmented with the linear
controller as shown in Fig. 6.5.

The overall system model is

X, =X, (6.15)
X, = a\x, + a,x, + ayx; (6.16)
(6.17)

. V
Xy =u, + E—Lx,cosx, — @,
X

wherea, =-K K,,a,=-K K,K anda;=—K,, and [x,x,,x3]=[A0,A®,AP]. u, is
defined as u, = (ua, V, sinx,)/ X , where u is the control input.
The control objective is to ensure the convergence of the error ¢ =x, —x,,, to

zero. The first step is to stabilize &, thus the Lyapunov function
1> (6.18)

V1:5x1

is defined and the reference of frequency deviation value and ¥, are given by
x2ref = —klxl kl >0 (6 1 9)

Vl =—k1x12 +Xx1€) (620)
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In the next step, the Lyapunov function is defined asV, =V, +y2e§ and x;,,, is

chosen to stabilize Vand V,

X3, = C1X) + €5 (6.21)
where
o (A=k(=ay +k)+a) (6.22)
1 as
¢ :_(k1+k2 +az), k2 ) (6.23)
a

Finally, by defining

Vi=V+ Yo (6.24)

and following the approach presented in chapter 4, it can be shown that the

stability of the overall system is confirmed if

up = (A+k1E—)I;Lcosxl)xl (6.25)
+(B—%cosx1 —az)e,
+(C—ks)es ky >0
where
3 6.26
A:Kf—klsz+k1KdKf—2k1Kp+k—1—k—2 (6.26)
. . ‘ KP KP
SRy 6.27
Bk +hy KK, + 1A = kb 6.27)
K
P
C=—k~ky+K,K, (6.28)
and V;is simplified to
I/"3 = —klxl2 —kzeg —k3e32 (6.29)

Since the nonlinear controller is a supplementary one providing an additional
signal for the linear controller, the designs of the controllers are decoupled. The

practicability of the nonlinear controller is also discussed in chapter 4.
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Figure 6-6. The simulated system for nonlinear power damping controller.

TABLE 6-1 PARAMETERS OF THE NONLINEAR POWER DAMPING CONTROLLER

Parameter Value (SI units)
VSC maximum power 7MW
capacity
VSC voltage (L-L rms) 4160 V
Ef_yop (phasemaximumyvoltage) 3400 V
Ky 5
Kd le5
K, 0.1
K, 200
K, 100
@, 500

6.5 Evaluation Results for the Nonlinear Power Damping Controller in Weak
Grids

Fig. 6.6 shows the configuration of the simulated system. The system is
composed of a 7.0 MW VSC, filter, local load, transformer and an interface line
connecting the VSC to a grid. It is worth to mention that the impedance 0.2 + ;0.5Q
is the equivalent impedance of the stiff source referred to the distribution level.
The simulation study was conducted in MATLAB/SIMULINK environment. The
controller parameters are presented in Table 6.1. The DG supplies the local load
at its output terminal and is connected to a stiff grid through a very weak interface

with total impedance of|Z|=|R+ jX|=|4.4+ j43.5|=43.7Q. Since the connecting line

is almost inductive, the power capacity of the interface line is approximated by
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B, (6.30)

Pz

sin oy

where X is the total reactance of the transformer, line and stiff grid (

X =42+1+0.5=43.5Q). Therefore, the maximum real power transfer capacity of the

2
connecting line is equal P, :% ~4.44MW. Since the local load power at the

rated voltage is 2.5 MW, thus the VSC’s maximum power capacity is about 7
MW.
The DG works as a PV bus aiming at keeping the filter output voltage (£;)

constant during grid connection. A wide variety of scenarios have been applied to
verify the effectiveness of the proposed hybrid nonlinear controller. System
performance at low- and high-power references, transition to islanding, self-
synchronization, sudden deviation in grid angle and three-phase fault is studied.
The advantage of the proposed controller is its flexibility to work in different
conditions, i.e. grid-connected and islanded modes without reconfiguration while
the nonlinear grid synchronizer enables the plug-and-play feature. The following
results can be retained from the simulation results: from sections 6.2 and 6.3 it is
drawn that the controller is able to function in both low-power and high-power
levels in very weak grids. The SCR of the system is equal to one and as it will be
shown that the VSC can easily inject 0.85 p.u. real power to the grid while it has
well-damped transient performance. This is in contrast with conventional vector
control which can only exchange 0.6 p.u. real power with a grid; otherwise it
might face instability [35]. As will be shown in subsection C, the controller
presents very smooth transition to the islanded mode although there is no any
islanding detection process and the controller’s configuration and parameters are
not changed. The self-synchronization ability of the controller will be presented in
subsection 6.5.4 where the re-closer is suddenly closed and the VSC is connected

to the grid without a pre-synchronization process which is mandatory in common
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controllers. In this case, the supplementary nonlinear controller preserves the self-
synchronization capability with large-signal stability. The controller without
supplementary nonlinear control cannot offer self-synchronization capability
under large-signal disturbances. Fault-ride-thorough is another advantage of the
proposed controller and it will be shown that although the VSC works as a P-V
bus, the current flowing in the power circuit during a three-phase fault is limited
because of proper load angle adjustment. Moreover, because of its damping and
synchronizing powers, it has the ability to work as a virtual PLL and tracks grid’s

angle and frequency variation as presented in subsection 6.5.5.

6.5.1 Low-Power Injection

To study the behaviour of the controller in a wide range of operating points, it
assumed that system initially supplies 80 kW, and at =1 s, the power reference is
increased to 2.0 MW. The real power response is shown in Fig. 8, which shows
very smooth transition. The rise-time is about 0.6 s and the system yields accurate

reference tracking without any overshoot.
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6.5.2 High-Power Injection with High Load Angles

At =2 s, the reference power is varied from 2.0 MW to 6.0 MW (0.86 p.u.)
which is close to the VSC’s maximum power capacity at constant voltage
operation and a load angle more than 1.03 rad is expected. Fig. 9 (a) shows the
real power waveform and Figs. 6.8 (b) and (c) show the frequency and phase
voltage amplitude variation, respectively. As it is observed, the response is
smooth but with larger rise-time; however, it is still stable with damped response
and the output power easily reaches 6.0 MW. The output voltage amplitude of the
VSC during this transient is shown Fig. 6.8 (c) presenting the controller action to
boost VSC’s voltage during load angle variation to enable high real power
injection. This is in contrast with the natural behavior of the system which yields
voltage sag subsequent to output power increment and consequently higher

voltage drop.
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Figure 6-9. Real power waveform during transition to islanding.
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Figure 6-10. Current waveforms subsequent to islanding.

6.5.3 Transition to Islanded Mode

Islanded operation is another scenario that may occur in DG applications to
supply local critical load. At =4 s, the VSC is switched to the islanded mode due
to a fault in the grid. No controller-mode switching action or reconfiguration is
required. The transition is again seamless without any instability as shown in Fig.

6.9. To achieve faster response, K, should be reduced; nevertheless, it may cause

larger steady-state error in the grid-connected mode. The corresponding current
waveforms are shown in Fig. 6.10, which shows smooth and fast transition

because of the generality of the controller in both modes.
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Figure 6-12. Current waveforms subsequent to self-synchronization with supplementary control.

6.5.4 Self-Synchronized Grid Restoration

It is common that a re-closer automatically reconnects a DG unit to the main
grid after a special time period (usually 1 s). This is due to the fact that most of
faults are cleared after few cycles. In this case, connection occurs without

synchronization which may lead to severe transients as a result of frequency and
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angle mismatch of both sides of the re-closer at the moment of connection. Weak
grids suffer more from the resynchronization transients due to the fact that load
angle is inherently large and after grid restoration it may easily move to the
nonlinear region and even pass 9° where instability is expected. Figs. 6.11 (a)
and (b) show the corresponding waveforms and clearly show that the system with
nonlinear controller provides smooth and fast grid connection. This excellent
performance occurs under the fact that there is about 0.9 Hz frequency mismatch
between the grid and VSC, and the reference power is equal to 6.8 MW
corresponding to the load anglel.32 rad. The system response without using the
supplementary controller is demonstrated in Fig. 6.11 (c), which shows that the
weak grid conditions cause instability. The current waveform of the system with
supplementary control is presented in Fig. 6.16, which shows the system well-
damped behaviour even in the out-of-phase reclosing scenarios, and verifies the

plug-and-play feature of the proposed controller.

6.5.5 Fault-Ride-Through Capability: Disturbance in the Grid Angle

In addition to the high connecting impedance, weak grids may be characterized
by sudden deviations in the voltage angle and frequency. Therefore, it is assumed
that at =7.5 s, the power reference is reduced to 4.0 MW, which is not shown
here, and at =7.5 s the angle of grid voltage is abruptly reduced by 0.87 rad. The
resulting waveforms of the load angle and phase voltage amplitude are shown in
Figs. 6.13 (a) and (b), respectively which verify that the VSC easily catches the
angle deviations even in large disturbances without loss of stability and/or poor
performance. It causes an overshoot in the output power and the load angle that is
damped within 0.5 s. This is a very potentially interesting feature of the controller
where it acts as a virtual PLL, and automatically tracks grid frequency and angle
deviations. In this case, as shown in Fig. 6.13 (b), the output voltage amplitude is

suddenly reduced to keep the output power limited. This is due to
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Figure 6-13. Load angle variation subsequent to disturbance in the grid angle.

the fact that a lag in the grid voltage angle results in sudden output power
increment, thus the output voltage must be reduced to preserve real power

stability.

6.5.6 Fault-Ride-Through Capability: Three-Phase Fault

Fig. 6.14 shows the VSC’s fault-ride-through performance when a three-phase
bolted fault occurs near to the end of connecting line 2. The fault starts at =9 s
and after 0.16 s, line two is disconnected from the rest of the grid by the
protection system. Fig. 6.14 (a) shows the real power variation, and reveals that
the output real power is limited to 2.9 MW. Note that about 2.5 MW of this power
is absorbed by the local load. Figs. 6.14 (b) and (c) show the waveforms of VSC’s
instantaneous output current and amplitude of the output voltage, respectively. As
it is seen, the converter’s current is limited to 1420 A which is within the
acceptable limits and less than the nominal current; therefore, the VSC is not
subjected to over-current during three-phase fault. It should be noted since the
VSC acts as a P-V bus, during the fault it aims at keeping the output voltage
constant while the current amplitude is limited by proper adjustment of the load
angle and inner current limiter. In fact, power damping/synchronization loops aim
at limiting the real power and consequently the current flowing in the VSC circuit

by proper adjustment of the load angle, whereas the voltage regulation loop tries
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to keep the local bus voltage constant. The nonlinear supplementary controller
also helps the power damping/ synchronization loops to undergo the load angle
and real power deviations. The real power waveform is smooth and confined
during the fault. During the fault, the voltage drops and reactive power increases.
At =9.16 s, the breakers of both sides of the connecting line 2 act and the line is
decoupled from the rest of the grid. Accordingly, fault is cleared and the line
impedance is increased to 8+ j84€2, which is twice the initial value representing
very weak system. This separation event is another large-signal transient
occurring in the system. Upon disconnection of line 2 at =9.16 s, voltage, real
power and current return to their initial conditions before the fault but in a
different operating point since total interfacing impedance is doubled as compared
to the pre-fault condition. It should be noted that in these scenarios, the reference

real power is kept constant at 4.0 MW. This scenario verifies the robustness of the
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proposed controller against network system uncertainties because it introduces
sudden large variation in total line impedance. It is supposed the fault is cleared at
=10.16 s when line 2 is again switched into the circuit. The corresponding
waveforms subsequent to reconnection of line 2, such as real power, current,
amplitude of the phase-voltage and load angle are presented in Fig. 6.15. It should
be noted that this case is different from the mal-synchronization case presented in
subsection 6.5.4, because only one line is out and system has kept its
synchronization with the main grid during all contingencies reported in subsection
6.5.6. After the re-closer of line 2 is activated at /=10.16 s, the overall system
settles down in less than 0.7s. After reconnection of line 2, the VSC’s real power
jumps to 4.8 MW, which is due to sudden line impedance reduction but it
recovers its steady state value within 0.5 s. The voltage amplitude is reduced
during this disturbance to prevent high current and power flow to the line due to
immediate line impedance reduction. The reconnection of connecting line 2 is
smooth and all the waveforms present well-damped characteristics. Due to proper
voltage regulation, the overshoot in the real power and current is very limited
although the impedance variation is large. The load angle is reduced from 0.75

rad to 0.38 rad which is equal to its pre-fault value.

6.6 Proposed Current Management of Weak Microgrids with Multivariable

Droop-Based Synchronous Converter

As mentioned in chapter 2, as a variant to the frequency and voltage droop versus

the active and reactive powers, it is possible to control direct (i, ) and quadrant (i,)

currents for load sharing in MGs. This due to the fact that in the steady state the

real power is proportional to i, and the reactive power is controllable through i .

The characteristic equations in this case are compensated to (2.11-2.14).
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One of major drawbacks of frequency drooping is the permanent frequency offset
which may significantly degrade the power quality. As mentioned in chapter 4,
another alternative for the load sharing is angle drooping in which the load angle
is directly adjusted according to the output power without a need for frequency
change. Although this method realizes constant frequency operation, there are
serious disadvantages associated with this method such as need for a general
clock to synchronize different VSCs which necessitates communication
infrastructure and also it suffers from poor power sharing and there is no
systematic approach to tune the load angle references [41],[75]. This chapter
strives to present a neat and compact multivariable controller-manager for weak
microgrids which integrates current regulation, limitation and sharing with steady
state constant frequency operation and dynamics similar to SGs. The main benefit
of controller is ability to work in very weak MGs with d- and g-axis decoupling
capability because of its multivariable structure.

In the following, the design procedure of the proposed multivariable controller
is proposed. The controller is developed in the polar framework, via the loop
shaping technique; therefore its outputs are as voltage amplitude, frequency and
angle of the VSC, which can be easily synthesized via a pulse-with modulator.
Accordingly, using the load-angle and voltage amplitude as the electric system

input, the main power circuit can be linearized in the following input-output form
|:Aid} . |:Gid5 GidE“iAé} (6'31)
Aiq qu5 quE AE

The transfer matrix G can be named the Jacobian matrix transfer function. In

id—iq
the power circuit, it is assumed that there is no capacitor in the output filter which
is common in high power applications and the main focus of this chapter. To
obtain the elements of the Jacobian matrix transfer function, the governing

equation in space-phasor format is
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L%zE—V—Ri—ja)Li (632)

This can be written in dg frame as

LﬂzEcosé—V—Rigﬁa)oLi (6.33)
dt !
di 6.34
L%:Esiné‘—Riq—a)oLid (6:34)
Linearization of (6.33) and (6.34) yields

198 _ _p Gin§,A5+cos 8,AE — RAI, + @, LA (6.35)

dt !
dAi (6.36)

i
LT[’ = E, cos 3,A0 +sin G,AE — RAi, — @, LAi,

where the operating point is denoted by subscript “0” and deviations around the
operating point are demonstrated by the prefix “A”. By some simplification and
applying Laplace transform, the transfer functions of Ai,versus A and AE, and

Ai versus Ad and AE are obtained as

w,Lcosd, —sind,(Ls + R) AS (6.37)
(Ls+R)’ +(@,L)’

@,Lsin 6, + cosé,(Ls + R)

(Ls+R)’ +(@,L)’

Ai, =E,

w,Lsin , +cos 9, (Ls + R) A (6.38)
(Ls+R)’ +(@,L)’

N —,Lcosd, +sin,(Ls + R)

(Ls+R)’ +(@,L)’

Ai =E

q 0

Therefore, the transfer functionG,,;, G, G,; and G, . are obtained by (6.37)

and (6.38).
In this chapter, the concept of multivariable damping and synchronizing current

is developed. In the multivariable damping-synchronizing current control i, and
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Figure 6-16. Interconnection of the controller and the plant.

are adjustable through the load angle and voltage amplitude (E) via a
multivariable controller K(s)

K(s) = {K“(s) Klz(s)} (6.39)

K, (s) K, (s)

Fig. 6.16 presents the basic schematic view of the multivariable feedback current
control method. The main goal of the mutual termsK,,and K,,is providing
decoupled performance in weak MGs whereas K|, is responsible for producing
damping and synchronizing currents, d-axis current regulation and introducing
some inertia and dynamics for frequency in both grid connected and islanding
modes. It also generates the preset d-axis current in grid connected mode and
shares it among DG units in islanding. Moreover, K,, aims at regulating g-axis

current in both operational modes and g-axis current sharing during islanding.

Adopting (6.35) and (6.36), the state-space model of the system can be given by

dAi,[dr) (A, AS (6.40)
(dA,-q/d,]—A(A,,}B(AE]
where
(-RIL  +a, 5[ Eo sing, cosd, (6.41)
\~@, -R/ILS" | E,cosd, sind,

By applying Laplace transform, the plant transfer function is deduced by
G(s)=(sI-A)"'B (6.42)

Now, the desirable shape of overall system open loop transfer functions are
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defined as

-K, 0 (6.43)
s*+2lw,s + @)
K(s)G(s) = _K
0 s+,

The mutual terms of the overall system, i.e. the controller and the plant, are set

equal to zero for the sake of decoupling between i, and i, . In this case, i, is just
controllable through the load angle and i, is just affected by VSC’s voltage
amplitude. By proper selection of & andw,, the transient responses of i, and
frequency are tuned while @, mainly influences the stability and transient
performance of the voltage loop. Substituting G(s) in (6.43) yields the desirable

controller shape as follows

K, . (6.44)
s*+2lw s+ @) .
K(s)= B (s —A)
-K
0 q
s+ Cl)q

Substituting B and 4 from (6.41) in (6.44) results in

-K,(a,s+b,) —K,(a,5+b,) (6.45)
Kisy=| S FOs O S Hos e
K (ays+b,) —K (ays+by,)
S+ @, s+,
where
a, =-sind,/E, (6.46.a)
b, =(—Rsind, /L E,)+cos 6,m, | E, (6.46)b)
a, =cosd,/E,
b, =(Rcosd,/LE,)+sind,m,/E, (6.46.c)
iy =080 (6.46.d)
b, =(Rcosd,/L)+sin 5, (6.46.0)
a,, =sin g,
b, =(Rsind,/L)—cos 6,0, (6.46.1)
(6.46.2)
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Figure 6-17. Realization of synchronous-converter topologies, (a) complete multivariable
controller with mutual terms, (b) the basic core controller.

6.6.1 D-axis Current Control

Fig. 6.17 exhibits the realization of the proposed controller and its basic core
controller. As it is seen, there are two individual control channels with mutual
controllers connecting two individual controllers aiming at decoupling d- and g-
axis currents and two channels. In the first channel, which is used for load angle
control, there is second order controllers whereas in the second channel called
voltage amplitude control a low-pass filter is adopted as the controller.

The load-angle controller has three cascaded control loops, namely frequency,
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angle and current loops. The frequency and angle loops determine the current
reference for the current loop and the current loop adjusts the frequency and load
angle such that the VSC generates the reference current. There is saturation block
to constraint the current reference and consequently current flowing to the electric
circuit, thus an inherent current limitation mechanism is embedded within the

controller. With some simplification the transfer function AJ, versus Ai, is

calculated as

P

Ai, s*+K,K,K,s+K,K,

AS, -K (6.47)

which is similar to the frequency dynamics of an SG:

2 4
J d Af +K, dAd +K A6=-AP,, (6:48)
dt dt

where K, and K are damping and synchronizing constants, respectively. Also i,in
the synchronous-converter is replaced with P, ,in the SG andK, pul1/J,
K,K,uK,and K, n K .

The d-axis current deviation is written as a function of the frequency deviation:

Ai, . 6.49
ﬂz—Kd(Lﬂ-l), ZZL ( )
Aw Is K,

The integrator time constant (7;) is designed according to the well-known phase

margin criterion. To have faster response, it is recommended to reduce the size of

K, ; however, it should be noted it results in higher steady-state error. For given
values of @,, & and T, , the controller parameters K,, K, and K, can be easily

calculated. A criterion is to choose @, much lower than the switching frequency
o,. Therefore, K, plays the role of inverse of rotor momentum of inertia of an

SG. Equation (6.47) indicates the small-signal stability of the load angle control
loop is tunable through constants where o, =./k, K, and ¢ =05k, /K K, . The
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open loop frequency response and also the small-signal stability of the load-angle

control loop is tunable through constants X,, K, and K, in equation (24) where
w,=JK,K, and ¢=05K, /KK, .In grid-connected mode, the VSC generates the

d-axis preset current (i, ). Since VSC’s frequency and load angle is internally
available and also the controller produces some inherent synchronizing and
damping current, it automatically synchronizes itself with the grid. The first aims
at undergoing angle oscillations and the latter damps frequency oscillations. The
synchronizing and damping currents are given by

Damping current =—K K ,A® (6.50)

Synchronizing current =—K ,AJ. (6.51)
In this case, the controller presents damping and synchronizing current
components instead of synchronizing power in the conventional SGs. During
islanding, the first control channel plays the role of sharing d-axis current which

proportional to the real power among DG units. To investigate this fact, it should

be noted that input to the integrator K, in steady state is zero, therefore
iy =iy + KK (0O, —0) - K6 = i:{—set -K,K,0- K6 (6.52)
wherei;, =i, ., +K,K,0,. The interesting point here is the application of

drooping both frequency and angle to realize current sharing which indicates
hybrid droop for current sharing. Also, as it will be shown later, existence of an
integrator the angle loop results in steady state constant frequency operation in an
islanded MG. In fact, since

A 6.53
Aiy =K K ,A0-K,A6=-K K ,A0-K, Ta) (633

Awm becomes zero in steady state.

In Fig. 6.17 based on a given and predetermined K ,, the control parameters K,

K, and K, are determined as
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K (6.54.2)
K :"%,
" by, (6.54.b)

(6.54.c)
If these coefficients are chosen according to (6.54), the controller shape of (6.45)
is automatically realized. In other words, the parameters are adjusted using (6.54)
such that the controller takes the form of (6.45).1t should be noted that these
control parameters are evaluated at a given operating point; however, the
multivariable nature of the proposed controller gives the designer more degrees of
freedom to determine the desirable values of these parameters to realize
satisfactory performance at different operating conditions and line parameters as

will be shown by simulation results. The feed-forward term (K ;) is useful to

improve transient performance since it directly adjusts the load-angle as a
function of the d-axis current error without using frequency as a medium. The

mutual terms K, and K, are employed for the sake of decoupling i, from i, .

6.6.2 Q-axis Current Control

The second control channel is devoted to control of voltage amplitude as a

function of g-axis currenti, . The transfer function of AE versusAi is obtained

based on Fig. 6.17 as

K 6.55
A5 _ Ky kK, (059
Ai,  s+ao, T

similar to the d-axis loop, the transient response and its time constant can be

adjusted by @, which is equal to multiplication of control constants K, and X, .
The constant K, provides g-axis current sharing and current regulation during

islanding mode. This can be shown by the fact that in steady state, the input to the
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integrator K, is zero. Therefore,
i, =K,(E,, ~E) (6.56)
and consequently,

E,=E’—ni,E'=K,E

%

o and n=1/K, (6.57)

As a rule of thumb, the size of K can be calculated according to the maximum

allowable voltage drop:

Ai (6.58)

After determining K, the size of K is calculated by desirable bandwidth (@),)
using (6.55). Along with integrator gain K , there is a feed-forward termK,,,

which can be obtained as

a (6.59)
K =ﬁKq

qp
22

Thus, after designing &, the feed-forward K, is automatically obtained at a given

operating point. Furthermore, the decoupling terms in the g-channel are given by

K b (6.60.a)
b22
O (6.60.b)
"
22

Similar to the d-axis current loop shaping, the coefficients in (6.59) and (6.60) are
adjusted in such a way that controller of (6.45) is fulfilled.

6.7 Evaluation Results for the Multivariable Synchronous Converter

This section presents a set of simulation results which verify the performance
and effectiveness of the multivariable controller. The simulations are conducted in
MATLAB/SIMULINK environment. The simulated system is shown in Fig. 6.18,

which represents a grid- connected MG system composed of two VSCs connected
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Figure 6-18. The simulated system.

Table 6-2 Parameters of multivariable controller

Parameter DG1 DG2
VSC maximum power 7MW TMW
capacity

VSC voltage (L-L rms) 4140 v 4140v
o 3450 v 3450v
Ky 1 1

Ky 30 30

K, 1 1

K, 30 30

K, 20 20
K, 12 12

to local and common loads via long lines. The MG can work in the isolated mode
as well. In should be noted that no PLL is used after initial synchronization and
VSC automatically synchronizes itself with the grid. The VSCs’ parameters and
controllers are presented in Table 6.2. The connecting line of DG 1 represents is
a very weak grid with Z,, =30+ ;30Q indicating equal reactance and resistance.
The connecting interface of DG2 involves two similar parallel lines; therefore the
total connecting impedance isZ,, =15+ j15Q. To gauge the grid strength, the
SCR is used which was defined in (6.1) and (6.2). Accordingly, the SCR of DG1’s

2
connecting line is obtained as S, =% ~4.5MVA4 and considering that the local

load power is 2.5 MW, the maximum power capacity of DGl is 7 MW

158



corresponding to i, =14004 and SCR =1. Using similar approach the power

13800°

capacity of DG2 is Sy, TN ~9mvA4 , with addition of 1.5 MW of the local load

the total power capacity becomes 10.5 MW and consequently SCR=1.5. The
controller topologies shown in Fig. 6.17 are employed to generate the preset d-
axis currents in the grid-connected mode and share it during islanding equally.
The voltage drop versus i, is adopted for both operational modes. A sequence of
several events is conducted to test system dynamics under wide and typical set of
contingencies. It should be noted that no PLL is used during simulations and
controller automatically synchronizes itself with grid due to synchronizing and

damping currents.

6.7.1 High- and Medium-Power Applications

To investigate system performance in high- and medium-power applications,
the set-point currents (i, ) of both units are increased from 350 A to 1300 A at
=0.5 s and at =1 s it is reduced to 1000 A. The corresponding waveforms of i,
of both the core decoupled controller and the multivariable controller is shown in
Fig. 6.19, which shows very smooth transition in all the waveforms for the
multivariable controller. The steady state error for the case i,,, =i,,, =1300 A is
about 0.3% while in the basic core controller the steady-state error arises to 3.3%.
The considerable steady state error is due to high coupling between i,and i, or
equivalently real and reactive power in the weak grids where load angle is large.
This problem is more pronounced in the resistive lines. With a strong coupling of
i;and i, , they cannot be regulated independently with the load angle and voltage
amplitude, therefore in the system with multivariable controller. The rising time is

less than 0.2 s and no overshoot is observed in the current. On the contrary, in the

system with the core controller, the transient response is extremely oscillatory
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Figure 6-19. The simulation results for high and medium power applications, (a) the results for the
multivariable synchronous-converter and (b) the results for the basic core controller.

with considerable overshoot. The overshoot in the system with core controller is
increased to about 200 A. Also in the case i,,, =i,,, =1000A the steady state
error is reduced from 2% in the core controller to 0.5% in the multivariable
controller. Moreover, as it is seen the overshoot in the DG2 is significantly
reduced which proves the ability of the multivariable controller to improve both

transient and static performance.

6.7.2 Fault-Ride-Through-Capability: Line-to-Ground Fault

A line to ground fault occurs at the end of connecting line 2 of DG2 at r=2.84 s
and after 0.16 s the line is disconnected from the rest of the grid by action of
breakers at its both ends. Since fault is cleared in less than 0.16 s the system is

kept within ride-trough capability of the MG and there is no need for transition to
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Figure 6-20. Fault ride through capability of the controller, (a) i, (b) instantaneous current and (c)
VSC phase voltage amplitude.

islanding. Fig. 6.20 shows the waveforms of i;, phase voltage amplitude and
current during these two transients. The current waveform reveals that the
imposed current control limit restricts the current amplitude to the nominal value
and after the disconnection of line 2, DG currents return to their initial values

before the fault but in different operating point, i.e. different load angle. It should
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be noted that subsequent to line disconnection, the grid strength becomes equal to
the rated power of DGI1 because the equivalent line impedance is doubled as a
result of losing one line. The instantaneous current, i; and voltage waveforms are
fast and very smooth during both the contingencies and they settle down to their
equilibrium points within 0.15 s. The local load voltage of DG2 amplitude
undergoes a relatively large variation and is reduced from 3410 v to 3260 V
subsequent to the fault which is still within the acceptable limits (less than 5%).
Upon clearing the fault, the controller action returns the voltage to its normal
range. The system performance in this case clearly confirms its robustness against

large variation of connecting impedance and operating point.

6.7.3 Disturbance in the Grid and Faulted Line Restoration

To evaluate controller ability to track variations and disturbances in the grid, it
is assumed that grid’s angle is abruptly reduced by 20°. From the waveforms of i,
iy and frequency shown in Fig. 6.21, it is concluded the controller is capable to
synchronize itself with the gird without a need for a PLL. This is a result of the
existence of synchronizing and damping current produced by the controller and in
fact, the controller acts like a virtual PLL. The disturbance causes that ip
undergoes a sudden jump of 205 A and a maximum of 3.5 rad/s angular frequency

sag occurs. The plot of i in the interval of 1.5 to 4 s is shown in Fig. 6.21 (b). It is

observed that effect of grid angle disturbance, which occurred at = 2.5 s, on i, is
almost negligible which confirms good decoupling between d- and g-axis
currents. However, at =3 s, i, encounters a large variation due to line impedance
variation. Also, during the fault the amplitude of i, is significantly increased.
After 1 s of disconnection of line 2, the re-closer attempts to reconnect it to the
grid. It is assumed that the fault has been cleared before the line reconnection,

thus the reclosing is successful. In this case, system encounters a sudden change
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in the grid impedance; however, the proposed controller shows robust

performance with damped transient response that settles down in less than 0.3 s.

6.7.4 Transition to Islanding and Islanded Operation

For this scenario, it is assumed that the MG is separated from the utility grid at
=4 s accidentally and an islanded MG is formed. Fig, 6.22 shows the
performance of the system in terms of transition from grid connected mode to
islanding mode. In grid connected mode, the DG units generates their preset d-

axis currents whereas subsequent to islanding they are responsible to supply the
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local and common loads power and share the total MG current demand among
themselves according to their capacities. There is no islanding detection process
and since the topology is the same for both islanding and grid connected modes,
the need for controller reconfiguration is eliminated. The current sharing
capability is inherently embedded within the controller according to (6.59) and
(6.64). Fig 6.22 shows that the proposed current control strategy, due to its fast
response, results in satisfactory stability and transient performance during
switching to islanding and permits a transition without load shedding. The
generated d-axis currents of DG1 and DG2 are equal to 890 A and 885 A
representing an error in current sharing of less than 0.4%, therefore both static and
dynamic performance in islanded mode are satisfactory. This is in spite of the
facts that connecting lines of DG units have unequal impedances, and both are

very weak and resistive which is the worst scenario for current sharing. The
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frequencies of the two DGs experience a frequency jump of 0.5 Hz in the interval
of transition to islanding while the settling time is about 2 s. As shown, the steady
state frequency in islanded mode is 60 Hz which is one of the main benefits of the
controller. Actually, the controller presents accurate current sharing with steady

state constant frequency operation resulting in high power and frequency quality.
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Chapter 7 Conclusions and Future Work

7.1 Thesis Conclusions

Smart power grids are facing severe challenging problems in terms of control,
management, stability and regulation. One of major origins of instabilities is fast
development of voltage source converters (VSCs) due to deep penetration of
renewable energy resources and their interactions with conventional synchronous
generators (SGs) and loads which may significantly degrade smart power system
performance. One approach to manage smart grids and attenuate negative effects
of VSCs is to group a cluster of distributed generation (DG) units and renewable
energy resources as some microgrids and coordinate them to achieve grid’s
supervisory objectives. This thesis has addressed these challenges by introducing
a comprehensive new family of control and management strategies which
establish the foundations for the control of future smart grids. The controllers
realize many requirements of microgrids requirements in both operational modes
without a need for reconfiguration, such as mimicking (SGs), seamless transition
to islanding, grid self-synchronization, application to weak grids, large signal
stability and superior decoupling.

In Chapter 2, a new family of power management controllers was proposed for
grid connected and islanded MGs in the smart distribution system environment.
The controllers are flexible for all operating conditions without need for
reconfiguration which can realize the “plug-and-play” concept and overcome
difficulties due to islanding detection. The power manager adopts cascaded hybrid
frequency and angle droop loops so it benefits from advantages of both schemes.

The angle and frequency loops realize power sharing in the autonomous mode
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while they present damping and synchronizing power in a grid connected MG.
There is an extra power loop within the controller emulating dynamic behaviour
of a synchronous generator rotor and presents some dynamics for the frequency.
Various topologies including power drooping voltage-controlled, power drooping
current-controlled and current drooping voltage controlled are proposed and their
characteristics have been investigated. It was shown that stable operation,
accurate power sharing and steady-state rated frequency operation can be
achieved by the proposed controller. Some structures for reactive power
management and voltage control of DGs were also developed enabling DG units
to either work as P-V bus or share reactive power. A theoretical analysis and
simulation results validate the effectiveness of the proposed controllers under
various operating conditions.

In Chapter 3, a novel control topology for VSCs has been developed in the
frequency-angle domain to regulate the dc-link voltage while providing 1)
synchronizing and damping power components; and 3) emulated inertia function to
the VSC. These features are highly desirable in VSCs interfacing renewable energy
resources, dc MGs and active converter-interfaced loads to weak ac systems. The
proposed synchronous control topology offers the following advantages; 1) it is a
new control topology implemented in the frequency-angle domain, which
simplifies converter integration and analysis in grids with conventional SGs. 2)
The controller introduces some inertia and dynamics for frequency. In fact, the
power grid views the dc-link capacitor as a virtual rotor with virtual inertia. The
stored energy in the dc-link is employed to damp frequency oscillations during
contingencies. 3) Since the controller presents damping and synchronizing power
dynamics, similar to SMs, it can automatically synchronize itself with the grid and
tracks its variations, thus there is no need for a PLL after initial synchronization.
5) During modeling and design process, the dc-link voltage dynamics are taken

into account which provides a more general and accurate control framework. 6)

167



The controller offers fault-ride-through capability which enhances the overall
system reliability. Both simulation and experimental results have been provided to
validate controller performance in a wide range of typical operating conditions.

In Chapter 4, a comprehensive and general power management/control strategy
for both converter- and synchronous machines-based DG units in islanded and
grid-connected MGs has been developed in this chapter. The proposed combined
angle-frequency droop control can fulfill accurate power sharing, constant
nominal-frequency operation at steady-state and stable performance in a wide
range of operating conditions. However, in large sudden contingencies such as
connection and disconnection of DG units and out-of-phase closing, using a linear
controller cannot ensure stable MG operation. To overcome this problem and
guarantee large-signal stability of the MG, a nonlinear supplementary controller
has been developed for the linear droop control. The adaptive back-stepping
technique has been employed to design the nonlinear controller and overcome
modeling uncertainties. The effectiveness of the proposed controller is evaluated
by simulation results under typical MG operating conditions.

In Chapter 5, a flexible control method for islanded and grid connected MGs
with enhanced stability has been presented in this chapter. The control structure
does not require reconfiguration upon islanding detection. Further, it involves a
nonlinear MG stabilizer that guarantees large-signal stability of the MG system.
The AB method has been adopted to design the augmented converter controller
with MG stabilizer. The nonlinear MG stabilizer adds a supplementary signal to
the voltage loop of the VSC so that the augmented system stability is guaranteed.
The controller uses only local information where the need for communication is
eliminated, and better reliability is yielded. The controller works in the angle,
frequency and power domain instead of the conventional current-voltage
controllers. It has been shown that using the proposed control scheme, the system

is stable over a wide range of operation with minimum transients. Two different
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virtual flux control strategies have been presented. Theoretical analysis and
evaluation results have indicated that the proposed control strategy gives stable
and flexible operation of DG MGs, and accordingly it contributes to increasing
the safe penetration limit of DG in future smart power grids.

In Chapter 6, in the first section, a new control topology is presented to enable
effective integration of VSCs to weak grids. The controller has two parts, namely
a linear power damping controller and nonlinear supplementary controller. The
linear part mimics SGs with extra power damping-synchronization capability
providing self-synchronization with grid in steady-state which eliminates the need
for a PLL. However, in grid restoration scenarios, any large mismatch between
VSC and grid frequency and angle may cause poor performance and even
instability. These cases are considered as large-signal disturbances, thus proposed
nonlinear controller can enhance system performance in these cases. Moreover,
the controller is able to work in very weak grids with SCR<2 and supplies the
rated power because of its damping and synchronizing power characteristics. The
design process for the linear and nonlinear parts has been presented and numerous
simulation scenarios were presented to validate the controller effectiveness.

In the second section, a multivariable control topology for grid-connected and
isolated weak MGs, using the concept of multivariable synchronous-converter, is
presented. The controller provides universal strategy for both grid-connected and
islanded MGs. DG units generates the reference current in grid-connected mode
and share the total current demand during islanding. It is also a good candidate to
interface converter-based DG units to very weak MGs and enables the operation
of VSCs in grids with SCR less than 2. The multivariable controller decouples the
d- and g-axis currents which in turn results in very high performance steady-state
and transient operation with low steady-state error and fast response in weak grids
where d- and g-axis currents are highly coupled due to operation at high-load

angles. One of its salient features is that it mimics the behaviour of synchronous
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generators and introduces some inertia for frequency dynamics; therefore it can be
called a multivariable synchronous converter. Moreover, the current sharing is
obtained with constant frequency operation. Another major advantage of the
controller is eliminating the PLL during steady state because it produces internal
synchronizing and damping currents and also the frequency is internally available;
i.e., the VSC automatically synchronizes itself with the grid and track its

variations.

Finally, a design guideline and benchmark is given to compare and select
optimum controller topology for different applications. In chapter 2 a new family
of controller topologies was developed. They are suitable for both operational
modes with seamless transition to islanding. Both power droop and current droop
methods are available. Also, the proposed family of controllers enables current
controlled (model-b and model-c) and voltage controlled-VSC are applicable,
where model-c enables current management, control and limitation in one
compact structure with very fast response which makes it the best candidate for
microgrid. However, synchronous converters cannot fulfill dc-link regulation so
they are not proper choices for rectifying mode and dc microgrids. Toward this,
the synchronous-VSC strategy can be employed to regulate the dc-link voltage
and have it constant. It is also possible to inject a specific power to the grid with
regulated, but not constant, dc-link voltage. The main drawback is that ac side
power sharing capability is missed during islanding therefore it is mainly for a
grid connected VSC. The cooperative angle-frequency droop, presented in chapter
4, provides a plug-and-play MG with large signal stability in a wide range of
operating points with self-synchronization capability. In large signal disturbances,
the proposed linear controllers in chapter 2 fall short to guarantee system smooth
performance. Weak grids are another challenging issue in smart grids. In weak
grids, the load angle is large and drifts to the nonlinear region, so system is prone

to instability. The nonlinear power damping controller is used to integrate VSCs
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to very weak with SCR=1 grids with self-synchronization ability and guaranteed
stability. Beside poor performance and low stability, weak MGs suffer from high
coupling between d- and g-axis currents and also real and reactive powers.
Although, the nonlinear power damping controller is successful in stable
performance of weak grids, the superior decoupling is not achievable by this
controller. Therefore, a multivariable droop synchronous converter is proposed
which aims at reducing the steady state error and decoupling between d- and g-
axis currents. However, it cannot realize large signal stability and self-
synchronization. Therefore, if the goal is to achieve satisfactory static and
dynamic performance with minimum steady state error and transients,

multivariable droop synchronous converter is the optimal choice.

7.2 Suggestions for Future Works

Finally, the following directions are proposed to extend the work presented in this

thesis:

= Although VSCs are the dominant technology for interfacing DG, HVDC
and other electronically-interfaced (EI) units, current-source converters
(CSCs) are becoming more and more important, especially for integration
of PV systems, because of their ability to provide smooth current, short-
circuit protection and fault-ride trough capability. Similar to VSCs, vector
control is the common adopted control method for the CSCs which may
cause serious instability issues due to interaction with SGs, VSCs, and EI-
interfaced units. Toward this, concept of synchronous current converter
(synchronous-CSC) can be developed in a continuation of the
synchronous-VSC and synchronous converter to achieve a unified and
seamless control and management strategy for SGs, VSCs and CSCs in

smart grids. The concept of synchronous-CSC offers some advantages
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over the synchronous-VSC as the dc-link inductor stores more energy as

compared to a VSC with similar size.

The focus of the thesis was on control and management of ac microgrids
in both grid-connected and islanded modes. However, a major portion of
El-interfaced loads and generation units such as PV are dc type, therefore,
dc and hybrid dc/ac microgrids are gaining high momentum n the context
of smart grids. An interesting research area to work is the application of
synchronous-VSC and synchronous converters to these microgrids and

study their characteristics.

With the developed controllers, future researches could study and
characterize effect of nonlinear loads on the control performance and
establish a general methodology for harmonic current sharing and
elimination. Moreover, the impedance model of the proposed controllers
can be investigated and some active damping techniques similar to the
vector control can be developed to attenuate instabilities that may be
resulted from interaction with static and dynamic loads and also output

filter.

In chapter 6 two separate controllers, namely nonlinear power damping
and multivariable synchronous converter are proposed for the integration
of VSCs to weak grids. However, they cannot fulfill superior decoupling
and large-signal-stability simultaneously. For future work, it is possible to
develop a combined multivariable nonlinear controller using adaptive
back-stepping. Further, the controllers can be easily made robust against
system uncertainties by techniques like singular values. Also, as shown in
chapter 6, the design of the multivariable controller is highly dependent on
a given operating point; therefore the controller cannot guarantee

decoupling in a wide range of operating conditions. Thus, an adaptive
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multivariable with variable parameters can be adopted to overcome this
difficulty.

The proposed controllers are feasible to both rectifiers and inverters.
Therefore, application of synchronous-VSC and synchronous converter to
back-to-back converters such as HVDC links and wind turbines is another

appealing work especially when they are connected to weak grids.
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