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Abstract

The distributed generation (DG) is an alternative and efficient method to supply
electric power to customers in the modern electricity market. Nowadays, there is a
growing interest in connecting more DG units to utility distribution networks to
satisfy the increasing demand, provide simplified and effective connections, and
avoid the high investment costs for system upgrades. For an effective integration of
DG units into the power networks, the low-voltage ride-through (LVRT)
requirements have been recently recommended for large DG installations. The
capability of the LVRT is an important mandate for the converter-interfaced DG
units. The system operators impose new grid codes requiring large DG units to
remain connected and improve the voltage profile during short-term grid faults. To
maintain the stability of the power system, DG units are also expected to inject
reactive current proportional to the voltage drop, with a dead-band applied to the

voltage deviation.

This thesis provides a detailed modeling, dynamic analysis, and systematic
control design procedure to stabilize the performance of grid-connected voltage-
source converters considering LVRT requirements, unbalanced and weak grid
conditions, and load dynamics. In this regard, the state-space model of a grid-
connected converter (GCC) in dispatchable DG applications and for the power
system configuration with single- and multiple-DG units are considered for small-

signal stability analysis under unbalanced and low-voltage conditions. Because
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power distribution systems are naturally unbalanced (due to their lines and loads
characteristics, and increasing penetration of DG), such a tool is necessary to realize
reliable and secure operation. The state-space model is then used to develop a
model-based compensation method that stabilizes the performance of the overall

system, especially under a weak grid condition.

Furthermore, the new LVRT standards require the DG units to not only stay
connected to the grid but also inject both positive and negative sequence reactive
currents proportional to the unbalanced voltage sag characteristics under severe
short-term unbalanced grid faults. In addition to the nonlinear dynamics of a GCC,
this requirement adds more coupling and complexity to the system in dynamic,
transient and stability studies. Therefore, a multi-stage linearized state-space model,
with the consideration of the positive and negative sequence reactive current
injection, is developed to analyze the dynamic performance and stability of the
GCC-based DG unit under fault conditions. A control design method based on the
integrated converter dynamics is also presented to stabilize the converter

performance.

With the expected high penetration level of DG units in modern power
distribution systems and recent progress in power converter topologies and ratings,
medium voltage DG units will be subjected to a wide range of both static and
dynamic loads. Therefore, integrated modeling, analysis, and stabilization approach
of a GCC-based DG unit with an induction machine load are studied. A

comprehensive multi-stage small-signal model is obtained to provide the possibility
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of the grid fault studies for different operating states of the system. This model is
then used to assess the impact of the induction machine dynamics on the overall
system stability as compared with the static load model and under different grid
strength conditions. Control design methods to facilitate stable operation and

successful LVRT performance are presented and evaluated.

In all stages of the study, comparative simulation and laboratory-scale
experimental results are used to validate the theoretical analysis and the

effectiveness of the proposed models and compensation methods.
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Chapter 1

Introduction

The increasing concerns about climate change, rising fossil fuel prices, and energy
security caused a growing global interest in renewable energy resources. It is a great
challenge to integrate a significant portion of renewable energy resources into the
existing power grid. In contrast to the traditional large power plants, renewable
energy plants are installed in a more distributed manner with less capacity and at
different locations. The integration of distributed generation (DG) units has thus
great impacts on the operation of the grid and necessitates new grid infrastructures.
Although there are numerous advantages associated with the significant
development of the renewable energies and DG units, their increasingly high
penetration level will bring inherent negative effects on the dynamic performance
of the power system. To maintain the stability of the system, grid operators have
specified a set of requirements for the integration of DGs. New grid codes strictly
demand low-voltage ride through (LVRT) capability, which mandates DG units to
remain connected during a fault and even, in some cases, inject the reactive current

to support the system.

To this day, the existing literature suffers from the lack of detailed dynamic
analysis and systematic design procedure to enhance the dynamic performance of
grid-connected voltage-source converters equipped with grid-support controllers
under unbalanced grid conditions. The unbalanced conditions bring the negative
voltage and current components to the problem, causing considerable effects on the
accuracy of the existing simplified linear models of the DGs integration in balanced
conditions. Therefore, a full characterization of the whole DG-integrated system,

under unbalanced conditions, is needed to obtain an accurate and reliable



assessment of the dynamic behavior of such systems. In addition, by expanding the
system to a multi-DG case, some other constraints appear such as considering
different DG control modes (e.g., PQ and PV modes), the effect of the location of
the unbalanced fault and, the effects of variations in the distribution system line

parameters and their influence on the whole system characteristic.

To increase the penetration level of renewable energy resources in modern
power grids, new challenges, as well as new approaches to operate power grids, are
necessary. For example, some countries have issued dedicated grid codes for
connecting wind turbines/farms to the electrical network at the transmission and
distribution systems. In most of the cases, e.g., in Denmark, Germany, and Ireland,
these requirements focus on power controllability, power quality and, fault ride-
through (FRT) capability [18]. Moreover, some grid codes require grid support
during network disturbances; e.g., Germany and Spain [18]-[20]. Denmark has the
most demanding requirements regarding the controllability of the generated power.
The power quality requirements are very demanding in respect to flicker emission
as well as the harmonic compatibility levels for voltages, particularly at the
distribution level. All existing grid codes require FRT capabilities for wind
turbines. Voltage profiles specify the depth of the voltage dip and the clearance
time as well. This trend calls for advanced control, analysis and performance
improvement of distributed generation systems under different types of network

disturbances.

1.1 Events in Electrical Network

Various events can occur in electrical networks, and most of them are related to the
network voltage. These voltage events are usually characterized by a change in the
magnitude of the voltage, and they can have different time durations from
milliseconds up to hours [1]-[3]. Based on these two main characteristics, namely
magnitude and duration, the voltage events are classified by standards in different
ways. The standard EN 50160 [2] is focused on the characterization of voltages in
low- and medium-voltage networks. The momentary voltage disturbances are

classified in IEEE Std. 1250 [4] for a duration up to a few seconds. Based on [1],



two types of events are characterized by this magnitude and duration: short
interruptions and voltage sags. These events are mainly related to the short-circuits

in the electrical networks.

1.1.1 Short Interruptions

The origins of the voltage interruptions, in general, are faults which subsequently
trigger the protection measure [1]. Other primary causes can be classified as 1)
protection operation when there is no fault; 2) broken conductors without triggering

the protective measure; and, 3) operator intervention.
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Figure 1.1 Fault in a distribution network: a) Network layout and b) RMS voltages on feeders.

When the supply is restored automatically, the resultant event is called a short
interruption. Based on the network layout between the location of the fault and the
point where the voltage is measured and the protection schemes used, the event can
be seen in a different way (Figure 1.1). The voltage on the faulted feeder will drop

to zero while the non-faulted feeder will see a voltage sag.

1.1.2 Voltage Sags

According to [1], the voltage sags are short duration reductions in RMS voltage,
caused by short circuits, overloads, and starting of large motors. Because voltage
sags are caused by short-circuit faults located at hundreds of kilometers away in the
transmission system, these events are more global problems than an interruption.
The magnitude of the voltage sags are determined by the following factors: 1)

distance to fault; 2) cross-section of the lines and cables; 3) connection type of



transformers between the location of fault and the recording point; 4) type of the

network (radial or loops); 5) short-circuit impedance of the network, etc.

An overview regarding the influence of transformer winding connections on
the propagation of voltage sags is given in [5]. When several cascaded transformers
are present between the fault location and the point of voltage measurement, the

voltage sag will be determined by the connection types of all these transformers.

In the 1980s, the cage induction generators were utilized in the first generation
of fixed-speed grid-connected wind turbines to maintain a high power factor [6].
The doubly fed induction generator (DFIG) was then presented during the 1990s in
which typically a 0.3 per-unit (p.u.) converter is used to control the rotor voltage.
By controlling the reactive power within some boundaries and by adding a chopper
in the dc-link, FRT or LVRT requirements can be achieved in this technology.
Today, both the DFIG and full-scale converter technologies can comply with the
most demanding grid codes [7]-[12]. However, because the DFIG compliance is
becoming more challenging based on the new grid codes, especially in the case of
asymmetrical grid faults, there is a strong trend toward the full-scale converter

topology [11]-[14].

As the power level of modern wind turbines is continuously increasing, even
up to 7 MW, the wind power generation systems are required to withstand extreme
grid disturbances and be more reliable. In [15], three promising grid-side multilevel
converter topologies for the next-generation wind turbines with 10 MW capacity
were proposed. Some heavily loaded power devices, especially the diodes,
experienced difficulties in higher junction temperature, under LVRT operation.
Besides, the three-level and five-level H-bridge topologies presented more potential
to reduce the inequality of device stress than the well-known three-level neutral
point clamped (NPC) topology. The predictive current control was applied to the
grid-side NPC converter in [16], to provide the LVRT requirements. Considering
the redundant switching states of the NPC converter, the dc-link neutral-point
balance is also attained employing the predictive control algorithm. This method

showed a fast and accurate current reference tracking performance. Another control



scheme for the back-to-back NPC converter was presented in [17]. By storing the
active power surplus in the turbine-generator mechanical system inertia during grid
voltage dip, the controllers of the generator-side and grid-side converters work
simultaneously to meet the LVRT requirements and keep the dc-link voltage

constant [17].
1.2 Literature Review

1.2.1 LVRT Requirements under Unbalanced Grid Conditions

The LVRT requirements necessitate the wind-power plants to remain connected to
the network in the presence of grid voltage dips [18]-[20]. Most grid faults cause
positive, negative, and zero sequence components in the voltage of the point of
common coupling (PCC). Hence, regulators based on symmetrical components are
well suited to control grid-connected converters (GCCs). In this thesis, the system
under study is designed based on a typical Northern Ontario, Canada rural
distribution system. It comprises a radial distribution system with dispatchable
three-wire DG units. The dc-side of each VSC is equipped with a combination of
the main energy resource (e.g., a fuel cell) and a fast dynamic response energy
storage system (e.g., a supercapacitor) so that the hybrid source provides an almost
constant dc-bus voltage for the inverter [36], [59], [61], [75]. Three different current
controllers based on symmetrical components and linear quadratic regulator were
considered in [21]. Results show that all three controllers can meet the LVRT
requirements, but all the control objectives cannot be achieved simultaneously.
Each control scheme gives different comparative advantages in terms of system
performance. One control scheme was designed to deliver balanced grid currents,
whereas the other one was designed to nullify the oscillating active power flow.
Therefore, the controller selection depends on the system constraints and the
performance features. A control method based on the injection of reactive current
with a variable ratio between positive and negative sequences was presented in [22].
It sets two control parameters online: the reactive power reference value and a

parameter that balances the positive and negative sequences of the reactive current.



In this way, the inverter helps to restore the dropped voltages within the continuous

operation limits determined by the grid codes.

The analytical evaluations and mathematical assessments of three reference
current generation strategies in GCCs were studied in [23]. In [23], the authors
obtained the analytical expressions of the instantaneous active/reactive powers
oscillation and the maximum phase currents in different strategies to conduct
several comparisons among them. Also, based on the obtained formulas for the
maximum phase currents, the maximum allowable support control strategies are
presented under unbalanced voltage conditions. The proposed methods help all
studied techniques to provide their maximum voltage or frequency support under
the pre-set maximum phase current limitations. In [1], different reference current
generation (RCG) methods for the GCCs were presented using a generic vector
approach. Using this analysis, the following generalized RCG methods which are
valid in either stationary or synchronous reference frames are carried out in this

thesis.

1.2.1.1 Traditional RCG techniques

In this current control technique, the reference current is generated using the
following instantaneous power equations in dg frame when the phase-locked loop

(PLL) system is in the steady state and is synchronized [24]:
3. -3, .
R(t)ZEVpdldz Q_y(t):7Vpdlq (11)

Using the feedback from PCC voltage measurement (y ,andy ) to this

controller, j; and ;/, in the positive and negative sequences, are calculated as (1.2).
= _’ild:()’ ilq =__,l.1q_=0 (12)

1.2.1.2 Balanced Positive-Sequence Control (BPSC)

The balanced positive-sequence control (BPSC) is the other RCG method selected
from different methods presented in [25], to be studied thoroughly using small-

signal analysis. This strategy is used to deliver the reference active and reactive



powers, P* and O*. The general reference current values, i.e., i; and i;, can be
obtained as:

i=gv,i=bv, i =i +i (1.3)
where g and b can be considered as instantaneous conductance and susceptance

[25]. For the BPSC strategy, the conductance and susceptance are defined as

2/ p*
i =G, G*:% (1.4)
o +. .+ + _23Q*
ip=Bv,, B'= " (1.5)

According to (1.4) and (1.5), the reference currents only follow the positive
sequence and become sinusoidal and balanced even under the unbalanced and low-
voltage condition. The expression of these RCG equations in the positive and

negative dq frames can be given by

l" = l" + %": =G V{ i (1.6)
lq qu lgq Vq Vd+
iy =i =0 (1.7)

1.2.1.3 Positive-Negative-Sequence Compensation (PNSC)

The next studied RCG method is called the PNSC. In this strategy, the reference
current values contain a set of positive- and negative-sequence components

designed to remove some oscillations from the instantaneous active/reactive

powers. Using these equations, the reference currents i, and i, are obtained as

gk —F +17+ b o + _ ’_P;*

=i+ =GV +GV, G =-G = T (1.8)

i =iy i) =BV + BV, B*=—B’=% (1.9)
vl -] '

The reference-current equations in the positive dg frame will be similar to (1.6)

and, in the negative dq frames are expressed as
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1.2.2 Small-Signal Stability Analysis
Small-signal stability analysis (SSSA), as defined in [26], is the ability of the power

system to maintain synchronism when subjected to small disturbances. In the case
of a small disturbance, the equations that describe the resulting response of the
system may be linearized for the purpose of analysis. The possible instability can
be of two forms: (1) generator rotor angle increases due to lack of synchronizing
torque, or (2) there would be rotor oscillations of increasing amplitude due to lack
of sufficient damping torque. The SSSA using linear techniques provides valuable
information about the inherent dynamic characteristics of the power system and
aids in its design. In fact, the simulation alone does not produce the qualitative
information and insight that analytical models can provide. Even with the abundant
computing power available today, the simulation time can be too long for a complex
power system, particularly when the simulation has to be repeated over a large,
multi-dimensional parameter space to cover various design scenarios and to
develop general conclusions. Numerical convergence can also be a major problem,

especially when the models are obtained from different sources.

Traditional power systems theory deals with such time-varying behavior by
using phasor-based models [26]-[28]. Another method which is more commonly
used in power electronics is to transform the system model into a rotating (dq)
reference frame in which balanced three-phase variables become dc quantities,
thereby also permitting small-signal analysis [29]. The impedance-based system
stability theory has also been generalized to such transformed dg-coordinate
systems and has been used to analyze three-phase PWM converter interactions with
their input filters [30]. Different small-signal methods, their utilities, and limitations

were reviewed in [31].

Similar to the approaches based on the dq rotating frame impedances, the study

in [32] focused on single-phase systems using the dynamic phasor approach to



determine the two-dimensional source and load impedances. This method was used
to identify a steady-state operation, enabling a small-signal impedance-based
analysis. The generalized Nyquist stability criterion was used to evaluate the system
stability. The authors experimentally proved that this theory could be used for the
stability analysis by injecting and measuring quantities at an electric port of the

grid.

The impact of the PLL parameters on the dynamic and steady-state behavior of
a voltage-source converter (VSC) in an HVDC transmission system is studied in
[33], by using a linearized small-signal model of the converter system and its
controls. It was shown that the maximum power transfer capability of the VSC is
affected by the PLL gains and that the theoretical limit (obtained from static voltage
stability analysis) is useful for very small PLL gains. The authors showed that the
gains of the PLL, particularly at low system strength (parameterized by the short-
circuit ratio (SCR)), significantly affect the operation of the VSC.

1.2.3 LVRT in Multi-DG Systems

Most of the studies in the literature on multi-DG systems are devoted to the anti-
islanding methods. For example, the authors of [34] studied the effect of the positive
feedback-based anti-islanding scheme on the small-signal stability of multiple DGs
during grid-connected operation in power distribution systems. Based on the
sensitivity analysis results, it was concluded that the destabilizing effect of the
positive feedback anti-islanding control limits the maximum multi-DG penetration
level in an existing distribution system. Experimental validation of an active
islanding detection algorithm for multi-inverter systems was presented in [35]. The
results showed that this algorithm has a very low impact on power quality and rapid
islanding confirmation. Another study is presented in [36] for the multi-DG system
with the consideration of different loading conditions, variations of grid stiffness
levels and different types of DG controllers. It is shown that each DG unit is
required to perturb at distinct frequencies without requiring any communication
among the DGs. The flow of harmonic and negative-sequence currents in the

autonomous operation of a multi-bus MV microgrid under nonlinear and



unbalanced load conditions are studied in [68]. Two controllers are then presented
to regulate the microgrid voltage and to share the harmonic currents of the nonlinear

loads among the DG units.

However, the detailed dynamic analysis and systematic design procedure to
enhance the dynamic performance of multiple grid-connected converter-based DG
units, equipped with advanced controllers to support the host grid under unbalanced
conditions, are not reported in the literature. To fill out this gap, this thesis presents
a detailed small-signal model for typical medium-voltage multi-bus power
distribution systems comprising multiple DG units that are equipped with the
recently developed balanced positive-sequence control method to support the host

grid under unbalanced conditions.

1.2.4 Flexible Multi-Sequence Reactive Current Injection Method
During LVRT
In the German standards, E.ON, VDN [19]-[20], [37], and the recent European
code, i.e., ENTSO-E [38], large wind power plants are expected to remain
connected to the grid even under a voltage sag down to zero. To support the power
system stability, DG units are also required to inject reactive current proportional
to the voltage drop, with a dead-band applied to the voltage change [25]. Therefore,
the GCC-based DG units are designed such that the active and reactive current
injection to the grid is controlled independently with the consideration of the
maximum current limit of the converter [6], [23], [25], [39]. As a conventional
approach, the reactive current is injected as per grid code requirement, and any
remaining capacity is utilized for the active power injection [20]. The research in
[25] showed that wind power plants might lose their synchronism with the grid
fundamental frequency during severe faults. This event even worsens the situation
during the LVRT. A frequency-based active current injection algorithm is then

presented in [25] to solve the loss of synchronism.

The new LVRT standards [37] require the DG units to not only stay connected
to the grid under severe short-term unbalanced grid faults but also inject both

positive and negative sequence reactive currents proportional to the unbalanced

10



voltage sag characteristics. The existing study in the literature on the dynamic
behavior of the converters under unbalanced conditions [23], [39], [41], only deals
with the four conventional RCG techniques which none requires a certain amount
of reactive current injection under the unbalanced faults. These conventional RCGs
are only responsible for having the basic LVRT capability which means the GCC
is only required to stay connected under unbalanced conditions. However, in
addition to the nonlinear dynamics of a GCC, the presence of the positive- and
negative-sequence injection in LVRT adds more coupling and complexity to the
system in dynamic, transient, and stability studies. This requirement may even lead
to critical instability problems under different conditions, e.g., severe unbalanced
faults, weak grid conditions, and conventionally tuned control parameters. This is
a significant difference between the conventional LVRT requirements [18]-[19]
and the newly imposed LVRT requirement [37], [40] under short-term unbalanced
faults. Therefore, the flexible multi-sequence reactive current injection (FMS-RCI)
technique is presented in this thesis to meet the new grid code requirement [40].
Two control parameters (i.e., K" and K°) are used in this method to inject the
positive- and negative-sequence reactive currents, respectively, proportional to the
amount of the positive-sequence voltage drop and negative-sequence voltage rise.
A model-based control parameters design is then proposed, to find suitable values
for K" and K™ parameters in weak grid conditions for stability purposes under the
mentioned LVRT requirements. The interactions between different converter
controllers (e.g., current control and PLL) and FMS-RCI controller, is studied and
their effect on the system stability is evaluated using the small-signal stability

analysis.

1.2.5 Effect of Induction Motors (Dynamic Loads) on the LVRT
Studies of Distribution Generation Systems

In traditional power system studies, it was shown that large induction motors (IMs)

might interact with the rotor dynamics and excitation systems of synchronous

generators. It may lead to modal resonances, limit cycles, and voltage oscillations

[42]. The highly nonlinear IM dynamics coupling the active power, reactive power,

11



voltage, and supply frequency dynamics affect the stability of medium-voltage
(MYV) distribution system operating in the isolated microgrid mode [43]. In [43],
the authors studied the integrated modeling and stabilization methods of MV droop
controlled microgrids with IM load. The presented model accounts for the impact
of supply frequency dynamics associated with the droop control. It was shown that
the active power drawn by the IM participates in shaping the gently damped
eigenvalues of the system. Another control strategy for inverter-based DGs to
support microgrid stability in the presence of IMs is presented in [44]. This control
method is based on droop design and flow management of current components to
enable the microgrid to withstand transient faults and resume stable islanded
operation. It shows that the current injection control is more supportive to microgrid
stability than P and Q control scheme. The study in [45] showed that the presence
of IM loads in converter-based isolated microgrids might produce source-load
admittance mismatch leading to medium-frequency instabilities. It was shown that
the interactions between the lightly-damped dynamics of IMs and isolated VSC-

based microgrid have a remarkable destabilizing effect.

The dynamic behavior of a microgrid with three DG units (a gas-turbine
synchronous generator, a wind turbine with DFIG and a VSC-based DG) was
studied in [46]. The study results showed that the presented power-sharing
approach contributed to mitigating microgrid system transients, improving dynamic
performance, and reducing frequency changes following disturbances subsequent
to islanding. A small-signal model of a typical microgrid containing asynchronous
generator based wind turbine, synchronous diesel generator, power electronic based
energy storage and power network was studied in [47]. The results showed that a
properly designed and controlled energy storage is an essential solution to the
reliable operation of microgrid and the effective utilization of renewable energy
resource. The dynamic behavior of grid-connected small-scale synchronous
generators to the system faults and its sensitivity to the system parameters were
investigated in [48]. It was shown that the three-phase faults mostly affect system

behavior.
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This thesis presents integrated modeling, analysis, and stabilization approach
of GCC-based DG units in connection with an IM load. A detailed multi-stage
small-signal model of an MV GCC-based DG unit with both dynamic and static
loads is developed. This model is then used to assess the impact of the IM dynamics
on the overall system stability as compared with the static load model and under

different grid strength conditions.
1.3 Thesis Motivations and Objectives

1.3.1 Motivations

Motivated by the reviewed literature, each of the following areas requires a full

study:

1) A detailed linear model of a GCC considering symmetrical components
injection under unbalanced network conditions,

2) A small-signal stability analysis of a GCC considering LVRT requirements
and different reference current generation strategies,

3) A dynamic study of a GCC operation under unbalanced network conditions
considering different system parameters, such as the network short-circuit
ratio, PLL parameters, angle of the ac network impedance, and line
parameters,

4) A coordination study to obtain the optimal control parameters for a GCC to
improve the host grid stability under unbalanced conditions,

5) A dynamic performance analysis of multiple GCC-based DG units, known as
a multi-DG system, equipped with advanced grid-support controls
considering the unbalanced and weak grid conditions,

6) Modeling and dynamic analysis of the DG units equipped with RCG
controllers based on the new LVRT standards in which the DG units are
required to inject both positive and negative sequence reactive currents
proportional to the unbalanced voltage sag characteristics under severe short-
term unbalanced grid faults [37],

7) A dynamic analysis of the active distribution systems with converter-based

DGs, in the presence of dynamic loads (induction motors), under unbalanced
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conditions considering both the stiffness of the host grid and the new multi-

sequence grid code requirements.

1.3.2 Objectives

To address the problems above, the following objectives are identified for this

thesis work:

1)

2)

3)

4)

S)

A state-space model of GCCs, in dispatchable DG applications, based on
symmetric components should be developed for small-signal stability
analysis under unbalanced and low-voltage conditions. Because power
distribution systems are naturally unbalanced (due to their lines and loads
characteristics, and increasing penetration of DG units), such a tool is
necessary to investigate a reliable and secure operation. The results of the
obtained analytical model should be compared to those of the nonlinear time-
domain simulation model and a scaled-down laboratory prototype.

An improved model-based compensation method can be proposed using the
presented state-space model of GCCs. This compensator can be used to
enhance the dynamic behavior of the GCC under fault transients and low-
voltage operation.

A detailed small-signal model for a medium-voltage multi-bus distribution
system comprising multiple DG units should be developed under unbalanced
conditions. The small-signal stability analysis should be performed to study
the dynamic characteristics of such configuration.

A full characterization of the system should be obtained to assess the impacts
of the following terms on the multi-DG system stability: (i) PLL control
parameters, (ii) current control parameters, (iii) strength of the host grid, (iv)
location of the fault, and (v) operation modes of DG units. Furthermore, the
developed model can be used to provide an improved design and coordination
of the control parameters of different DG considering various grid strengths
and dynamic interactions in the system.

A thorough study on the application of the new LVRT requirements on DG

units demanding for the injection of the positive- and negative-sequence of
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the reactive current during the short-term grid fault. A dynamic analysis
should be performed on the stability of the GCC-based DG units employing
the FMS-RCI method under different grid strengths. This study can propose
a model-based method to design the efficient controlling parameters for the
FMS-RCI.

6) The impact of dynamic loads (induction motors) on the active distribution
systems with converter-based DGs should be investigated, and the dynamic
analysis and performance improvement of such system should be performed
under unbalanced conditions. A detailed small-signal model of an induction
motor with symmetrical components should be augmented to the model of
the GCC. This model can be used to provide an improved dynamic

performance of DGs in active distribution systems with dynamic loads.

Although the primary motivation and application intended for these
developments are related to medium-voltage DGs connected to the distribution
systems, the modeling, stability analysis, and the presented compensators can be
extended to different power system sizes and voltage levels under unbalanced

conditions.

1.4 Thesis Outline

The thesis is organized as follows.

Chapter 2: Stability Analysis of a GCC-Based DG Units under Unbalanced
and Weak Grid Conditions - This chapter presents a detailed small-signal model
and analysis of the dynamics of a grid-connected VSC equipped with the recently
developed BPSC and PNSC methods to support the grid under unbalanced
conditions. The impacts of the short-circuit ratio, angle of the ac system impedance,
and phase-locked-loop parameters on the transient behavior of the VSC are
thoroughly studied and characterized. Furthermore, to improve the dynamic
performance of grid-connected VSCs, a simple yet effective current-control-based

compensator is developed to mitigate possible instabilities associated with the low-
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voltage operation. Comparative simulation and experimental results validate the

theoretical analysis and the effectiveness of the proposed compensation scheme.

Chapter 3: Improved LVRT Performance of Multiple DG Units under
Unbalanced and Weak Grid Conditions - This chapter initially presents a detailed
small-signal modeling framework for typical medium-voltage multi-bus power
distribution systems with multiple DG units, equipped with grid-support functions
to operate under the unbalanced conditions. In addition, to precisely study the
interactions among DG units, four different control modes in DG units are
considered to study the system dynamics under low-voltage and unbalanced
conditions and at different grid strengths. Using the proposed detailed state-space
models and based on the small-signal stability analyses, different control
parameters are re-designed by utilizing the eigenvalue analysis on the complete
multi-DG system. As a second contribution, the sensitivity analyses are performed
to study the effects of different system parameters, such as line characteristics,
loading levels, and unbalanced fault characteristics, on the stability of the multi-DG
system under unbalanced faults. Comparative simulation and experimental results

are also reported to show the accuracy and effectiveness of the theoretical analyses.

Chapter 4: Enhanced Model-Based Control Design of GCC-Based DG Units
Equipped with Flexible Grid-Support Controller - In this chapter, first, a multi-
stage linear model of the augmented nonlinear system dynamics with the flexible
positive- and negative-sequence current injection function is developed, and the
small-signal stability analysis is performed on the system dynamic behavior before,
during, and after the fault. Using this model, the characterization of the impact of
the grid strength, converter control parameters, and proportionality constants of the
FMS-RCI method is reported in this chapter. Second, a new and effective model-
based controller design method is proposed to maintain the system stability during
and after the fault with the consideration of the mutual interaction among different
system controllers. Finally, the time-domain simulations and laboratory
experiments validate the accuracy and effectiveness of the proposed control

method.
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Chapter 5: LVRT Performance Improvement in GCC-Based DG Units with
Dynamic Loads - This chapter presents comprehensive integrated modeling,
stability analysis and LVRT performance improvement methods for GCC-based
DG units in the presence of an IM load considering different grid strengths. A
detailed multi-stage small-signal model of the complete system is obtained, and the
eigenvalue analysis is conducted considering both static and dynamic load
modeling. Furthermore, a sensitivity analysis is performed to investigate the effect
of the length of the power line between the DG unit and the IM on the stability and
LVRT performance of the entire system. Finally, the LVRT performance of the DG
unit under an unbalanced grid fault is investigated using three different reference
current generation strategies to indicate the best strategy to provide a stable and
efficient LVRT performance under strong and weak grid conditions. The time-
domain simulation and experimental lab results are also presented to validate the

effectiveness of the proposed approaches.

Chapter 6: Conclusions and Future Work - The contributions of this thesis

and suggestions for future research work are presented in this chapter.

1.5 Thesis Contributions

The contributions of this thesis to the research field are as follows:

1) The development of a comprehensive dg-frame small-signal model for the
study of the dynamic performance of GCCs with different RCG techniques in
unbalanced systems. A state-space model is used to develop an improved model-
based compensation method. This compensator enhanced the dynamic behavior of

the GCC system under fault transients and weak grid condition.

2) The development of a detailed analytical model for the grid-connected
multi-DG system considering the recent RCG strategies in the decoupled double
synchronous reference frame (DDSRF). This model is used to perform the dynamic
analysis and performance improvement of the multi-DG system equipped with

advanced grid-support controls under unbalanced fault conditions. Also, the
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interactions among DG units operating in different control modes (e.g., PV or PQ

control modes) and under different grid strengths are assessed.

3) The full characterization of the studied systems through the development of
detailed linearized state-space models at three stages, i.e., before the fault, during
the fault, and after the fault. The proposed modeling approach considers different
operating points at these three stages to analyze the system dynamics on the fault
occurrence and clearance. This model is used to improve the control system
designs. Using the developed models, the impacts of the following factors on the
stability of the studied systems are analyzed under the unbalanced fault conditions:
(1) parameters of the current and voltage controllers, (2) the PLL control
parameters, (3) strength of the host grid, (4) control modes of the DG units, (5) the
connecting line parameters, and (6) the location of the fault. Furthermore, the
proposed state-space models are used to provide an improved design and
coordination of the control systems in the DG units by re-designing the parameters

of different controllers.

4) The study of the modeling and dynamic analysis of the DG units equipped
with the RCG controllers based on the new LVRT standards which require the DG
units to not only stay connected to the grid but also inject both positive and negative
sequence reactive currents proportional to the unbalanced voltage sag
characteristics under severe short-term unbalanced grid faults. This method 1is
called the flexible multi-sequence reactive current injection (FMS-RCI) technique
A model-based control parameters design is then proposed based on the small-
signal stability analysis of the multi-stage linearized state-space model of the
mentioned system, to find suitable values for the FMS-RCI controlling parameters
in weak grid conditions for stability purposes under new LVRT requirements. The
developed models and the proposed techniques are also applied to a more complex
system with two DG units to consider the interactions between DG units on the

LVRT performance of the entire system while using the FMS-RCI method.

5) The integrated modeling, analysis, and stabilization approach of GCC-based

DG units in connection with an IM load. A detailed multi-stage small-signal model
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of an MV GCC-based DG unit with both dynamic and static loads is developed in
the DDSRF while employing the FMS-RCI strategy. The model includes the exact
10" order model of the IM load and the 25" order model of GCC-based DG unit
along with the network dynamics. The participation factor analysis (PFA) is also
conducted to identify the contribution of different states to the dominant
eigenvalues of the GCC-based DG system with dynamic load model. The
comprehensive multi-stage linearized model is then used to assess the impact of the
IM dynamics on the overall system stability as compared with the static load model
and under different grid strength conditions and, to propose a model-based
controller design method based on the small-signal stability analysis to improve the
LVRT performance of the GCC-based DG system. The proposed method could
identify the optimum value for the control parameters of the system to improve its
LVRT performance under different grid conditions and, at the same time, maintain

its ability to retrieve the stable condition considering its relative stability margins.
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Chapter 2

Stability Analysis of a GCC-Based DG
Unit under Unbalanced and Weak

Grid Conditions

According to the new grid codes, the grid-connected converters (GCCs) used in
distributed generation (DG) units should withstand different grid faults [49].
Among hundreds of studies on new grid codes and low-voltage ride through
(LVRT) technologies in GCCs, some recent works have analyzed the stability of
such systems [25], [49]-[51]. In [52], some different reference current generation
(RCG) methods are presented to comply with the power system LVRT
requirements. In this chapter, the balanced positive-sequence control (BPSC) and
positive—negative-sequence compensation (PNSC) strategies are selected to be
studied thoroughly using small-signal stability analysis. In fact, the study of the
dynamic behavior of a GCC under unbalanced network condition using small-
signal stability analysis with positive/negative voltage and current state variables
has not yet been addressed in the literature. The small-signal stability analysis is
based on the fact that the perturbations studied in the system are small in magnitude,
in the sense that they do not excite significant nonlinear behaviors, thus allowing
the nonlinear dynamics of the system to be represented by a linearized model, for
studies around an equilibrium point. It is a simplification of the dynamic behavior
providing general information to power engineers, which cannot be easily retrieved
from nonlinear simulations and analyses [53]. The unbalanced condition can

considerably affect the dynamic behavior of a GCC. Therefore, a full
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characterization of the unbalanced system is needed (e.g., such as the impacts of
the phase-locked loop (PLL) parameters and different RCG strategies) to obtain an
accurate assessment of the dynamic behavior of a GCC under unbalanced

conditions.

Studies in [50] and [51] are based on the data analysis methods. The main
drawback of these methods is that they need time-domain data of the system under
study, and the observed dynamic response depends on the specifically analyzed
perturbation, although they can be applied to any system by the use of nonlinear
simulations [54]. Also, such methods mainly provide information on the modes of
the system. Thus, some information, such as damping ratios and oscillation
frequencies can only be estimated. If additional information regarding mode shapes
and participation factor analysis (PFA) is needed, then a model-based analysis is
necessary, and the system must be analyzed by its linearized model, normally
represented in the state space [55], [56]. Because small-signal stability analysis is
originally used in the large power transmission systems, several simplifications are
often applied. Important among these is the consideration of a balanced three-phase
system, which allows the power system to be represented by its single-phase
equivalent [57], and the consideration of a phasor-domain model for the analyzed
power system. These simplifications are needed for the development of a linear

model with a defined operating point [58].

In this chapter, a state-space model of GCCs in dispatchable DG applications
is presented for small-signal stability analysis under unbalanced and low-voltage
conditions. Because power distribution systems are naturally unbalanced (due to
their lines and loads characteristics, and increasing penetration of DG), such a tool
is necessary to investigate a reliable and secure operation [59]. Therefore, the
development of a dg-frame small-signal model is presented in this chapter for the
study of the dynamic performance of GCCs with different RCG techniques in
unbalanced systems. The presented state-space model is then used to develop an
improved compensation method. This compensator has enhanced the dynamic
behavior of the GCC system under fault transients and low-voltage operation. The

obtained analytical model presented in this chapter is compared to the dynamic
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behavior observed from the nonlinear detailed time-domain simulations and also a
scaled-down laboratory prototype. The results show the accuracy of the proposed

state-space models.

2.1 Studied Power System and Controllers Equations

Figure 2.1 shows a converter-based DG system connected to a power system. The
grid is modeled as a Thevenin equivalent consisting of an equivalent resistance and
inductance R, and L, respectively. The line impedance between the source terminal
and the point of common coupling (PCC) is Zg. V. is the voltage of the DG terminal
that is connected to the PCC through the filter (Rrand Ly). Because the DG-side
converter regulates the dc-link voltage, the dc-link voltage is considered constant
in the study of GCCs. Such a system is widely used in studies related to LVRT and
converter controls to support power grids under unbalanced condition [49], [59]-

[61].

X,
Z |=0.19,—£=10 _ X, _
filter ‘ g' R, |Z,|=0.16, =8
Ve Ry Ly V, R L, V., R, L,
Ve {@i% == = :
T i PCC

Figure 2.1 Test system

According to Figure 2.1, the ac side dynamics of the interfacing converter system

1s as follows:

di .

Ly =—Ryit Vo=V, (2.1)
di .

Ly(C)=—Ryi+V, =V, (2.2)

2.1.2 Balanced and Unbalanced Systems

In a balanced network, the voltage and current can be simply expressed in the

positive-sequence dg reference frame as:
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By neglecting the zero sequence components, a three-phase signal in an
unbalanced network can be decomposed into the positive and negative sequence
components [62]. The detailed description of the transformations from af to dg”,
dg can be found in [62]. Based on these transformations, system equations can be

expressed by (2.5)-(2.8) during unbalanced condition.
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In unbalanced conditions, there are four current components to be controlled
as presented above, i.e., ij, i, iy and i,. Therefore, the applied current control

system consists of four independent PI controllers in the positive and negative dg

frame, as shown in Figure 2.2.
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Figure 2.2 Current controller block in positive and negative dg frames.
2.1.3 Traditional RCG Techniques
In the first control technique, the reference current is generated based on the
traditional RCG method. Using the feedback from PCC voltage measurement (7,
andy ) to this controller, ;; and ;' are calculated based on the equations of (1.2).
This controller is called RCG strategy-1 (RCGS-1).

In the second strategy, i; and ;' are generated using Pl active power and voltage
controllers as presented in [33]. This controller is called RCG strategy-2 (RCGS-

2).

2.1.4 Improved RCG Techniques for Grid Support

The BPSC and PNSC are selected as improved RCG techniques to be studied in the
small-signal analysis and to be compared to two conventional GCC control
strategies. The equations for these strategies are already presented in Sections

1.2.1.2 and 1.2.1.3.
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2.2 State-Space Model

A linearized mathematical model of the studied power system (see Figure 2.1) in

the standard form of

AX = AAX + BAU (2.9)

is developed. This model is used to 1) design the controllers more accurately
considering the system dynamics, 2) investigate the effectiveness of the proposed
compensation method, 3) examine the system sensitivity to various control
parameters variations, and 4) analyze the system dynamics in GCC integration into
power grids with different characteristics (particularly connection of a GCC to a

weak grid). The list of state variables for each strategy is presented in TABLE 2.1.

TABLE 2.1 List of state variables for four strategies

BPSC and PNSC RCGS-1 RCGS-2
X =[ig 0,01, Ieddt Je dt _[eddt X=[id,iq,jeddt,jeth, X =li,,i q,jeddt Ie dt,
Ie;dt,jwdt,J’v;dt,vﬁ,,qu,vfd,qu]T Ia)dt,qudt,vfd,qu]r fa)dt J.v dt,v,,v fq,Jepdt]T

The input variable matrix in all methods is:

=[Veis Vay> Veur Voo | (2.10)

gd> Vgq> Vgd>
The linearized equations of controllers are divided into three parts: 1) PLL
equations, 2) current controller and PWM generator equations and, 3) RCG
equations. The state variables det,jv;dt and I qut are obtained from the PLL

equations. The other state variables are attained from the equations of the current

controllers and RCG strategies.

2.2.2 PLL Equations

The linear model of the utilized PLL system is shown in Figure 2.3. Equation (2.11)
represents the dynamics of the PLL controller where w is the angular frequency,
and 6 is the phase angle obtained from the PLL. @ is synchronized to the PCC ac

voltage.
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Figure 2.3 PLL system.

In the study of the unbalanced system condition, the ¥, voltage is measured

and fed into the PLL to synchronize 6 and to prevent the effect of any negative
sequence of the PCC voltage on the performance of the PLL. Therefore, the

linearized form of (2.11) in the new frame is:
A0 =[Awdt, Ao =K , AV, + K,y [ AV, dr (2.12)

where 7

g 18 the positive sequence of the PCC voltage in the g frame.

2.2.3 Current Controller and PWM Generator Equations

Equation sets of (2.3)-(2.4) and (2.5)-( 2.8) are linearized to obtain the differential
equations of the current state variables presented in TABLE 2.1. The linearized
equations of this part are all obtained based on the diagram shown in Figure 2.2.

The equations of the output voltage of the VSC (V) are derived as
AV = Aug = LywghAiy + AV, AV =Auy + LyagAiy +AV; o)
AVg = Aug +LwgAiy + AV, AV, =Aug —LrwgAig +AVy,

in which Au is the output signal of the PI current controllers in the positive and

negative dg frames and AV, is the feedforward PCC voltage passed through the

low-pass filters shown in Figure 2.2. The equations of Aujand A}, are

Auj =K, Aej+K; [ Aejd (2.14)
AV, : 1

AV =—L== AV =—(AV,y = AV ) (2.15)
: Tys+l Ty
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where K, and K; are the proportional and integral gains of the PI current controllers.
The Au and AV, in the other axes can be obtained similarly. Also, Ae in (2.14)

represents the error between the reference and the measured currents and equals to

K o . . * . . .
Ae=i —i in each axis. The ;" variables are obtained from the RCG equations.

2.2.4 RCG Equations

Based on the selected RCG strategy to generate i*, the linearized equations will be
different. The linearized i equations for the BPSC and PNSC strategies are derived

with details in Appendix A. The linearized i equations of RCGS-1 and RCGS-2

can be similarly driven.

2.3 Case Studies and Simulation Results

The simulation results for the four aforementioned control techniques are presented
in Figure 2.4. A one-phase to ground fault, between =0.4 s to =0.6 s, occurs and
causes an unbalanced voltage. The grid voltage (V) drops to zero during the fault,
and no protection or tripping schemes are provided for the GCC in the simulations.
As illustrated, the BPSC is the only method that shows a balanced three-phase
current during the fault. Moreover, high maximum phase currents, resulted by the
other three strategies, may cause a trip in the protection system and failure in
successful fault ride through. In the case of 1.0 pu active power delivery, the
maximum phase current value, during the fault, is less than 2.0 pu for the BPSC
strategy; but, in all other three methods, this value is around 3.0 pu. The only
problem in the BPSC results is the transient behavior of the GCC in the fault
occurrence and clearance. The phase current value on fault occurrence in all
methods are high (i.e., 4.7 pu for RCGS-1, 3.7 pu for RCGS-2, 3 pu for PNSC, and
2.5 pu for BPSC).
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Figure 2.4 Three-phase current results of the LVRT behavior with four RCG strategies.
The short-circuit ratio (SCR) is a standard definition to quantify the strength of
an ac system as compared to the rating of the connected VSC [26]. If the ac network
impedance at the fundamental frequency is considered as Z;, and the rated ac

voltage and power of the VSC are Viaeas and Praea, respectively, then the SCR is

defined as SCRszLd/Zs [33]. System SCR is almost constant during this case

rated

study. Based on [26], a strong grid is known with the SCR higher than 3, and in a
weak grid, the SCR would be between 2 and 3. Even though the SCR is obtained
using steady-state values, it represents a measure of how bus voltages are affected
during the dynamic system events [63]. Therefore, in the next sections, the
performance of the system is also studied with the consideration of different grid

strengths.

2.3.2 State-Space Model Validation

To show the validity of the obtained state-space models, the time-domain response
of the state-space model with the BPSC strategy is compared to the time-domain

response of the nonlinear model simulated in MATLAB-SIMULINK. Figure 2.5

shows a comparison of the positive d-axis current of the detailed nonlinear model
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and that of the state-space model. In Figure 2.6, the negative d-axis current results
are also shown for the same case for a comparison between two models. Both

figures show that the proposed state-space model is successfully accurate as the two

traces are nearly identical.
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Figure 2.5 Positive d-axis current for one-phase-to-ground fault between /=0.4 s to /=0.6 s.
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Figure 2.6 Negative d-axis current for one-phase-to-ground fault between /=0.4s to =0.61s.

2.3.3 Case Study 1: Small-Signal Stability Analysis of Systems with
Different X/R Ratios

As presented in [33], the maximum power transfer by the GCC depends on the
angle of the ac system impedance. Thus, the effect of the variation of the X/R ratio

of the system in the performance of the presented strategies is studied in this case.

The eigenvalues locus for X/R variation from 10 to 1 for the BPSC and PNSC
strategies with SCR=3 are shown in Figure 2.7. As illustrated, the BPSC strategy is
more sensitive to X/R changes, and it gets unstable for X/R<2.6. Repeating this test
for a stronger system with SCR=6 shows that the BPSC strategy remains stable
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even for X/R ratio of 1. Using the PNSC strategy, the system is stable when X/R
changes from 10 to 1, for both SCR=3 and SCR=6. As shown in Figure 2.7(b), the
eigenvalue locus of the PNSC strategy for SCR=3 presents negligible changes in
poles. The same study for the other two conventional controllers (RCGS-1 and
RCGS-2) shows that these approaches also remain stable for this range of X/R ratio
changes in SCR=3. Therefore, in case of low X/R ratio, the PNSC strategy and the
conventional control methods will have more stable results in comparison to that of

the BPSC in weaker grids (SCR<3) [64].
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Figure 2.7 Eigenvalue locus for X/R changes for (a) BPSC, (b) PNSC, SCR=3.

To verify the developed small-signal model, the simulation results of the non-
linear model, for a GCC with the BPSC strategy are obtained. Figure 2.8 (a) and
(b) demonstrate the GCC current in the dg " axes for the cases of connection to weak
(SCR=3) and strong (SCR=6) grids, respectively. These results demonstrate the
effect of different system SCRs in the case of low X/R ratio (i.e., X/R=1 for both
cases). The results show instability in the case of the weak grid. However, the
system is stable when connected to a strong grid with similar controller parameters.
The simulation results of Figure 2.8 verify the conclusions obtained from the linear
models.
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Figure 2.8 The positive sequence current in the dg™ frame for different system SCRs and low
X/R ratio in BPSC when X/R=1 and (a) SCR=3, (b) SCR=6.
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Additional studies reveal that the most dominant poles in the BPSC strategy
that become unstable for X/R<2 are Ai11-A4. The PFA results for these eigenvalues
are shown in TABLE 2.2. It is indicated that these eigenvalues are mostly dependent

on the states x3, x4, X7, and xs,i.e., i;, i, I e,dr and J'e;dt. These parameters are

shown in Figure 2.2. As illustrated, all parameters affect 1. In the BPSC strategy,

positive sequence voltage is forwarded to the current reference generator; so, it is
controlled by the current controller. Because the negative components of the PCC
voltage are not forwarded to the controller, they are not controlled, and the system
is highly affected by changing the X/R ratio. However, the PNSC strategy does not
have this problem because both positive and negative components are controlled.
Therefore, the system is not highly depended on the X/R changes in the PNSC
strategy.

TABLE 2.2  Participation factor analysis on the most effective eigenvalues of the BPSC
when X/R changes.

Xy X Xj Xy Xs Xo¢ Xy Xs Xo Xipo Xnn X2 X3 Xi4

Az 0 0 0245 0245 0 O 0245 0245 0 0 O O 0.009 0.009

Azia| 0 0O 025 025 0 O 025 025 0 O O O 0 0

The PFA for RCGS-1 shows that the effective poles when the X/R ratio
changes depend on ;, and j e,dt , as presented in TABLE 2.3. Because the negative

and positive sequences are not controlled separately, and because the effective
parameter (;,) is controlled by the current controller, the sensitivity of this system

to the grid strength is considerably less than that of the BPSC strategy, as presented
in Figure 2.7. Dominant poles of RCGS-2 show negligible variation with X/R

changes.

TABLE 2.3 PFA on RCGS-1 most effective eigenvalues when X/R changes.

X1 Xz X3 X4 X5 X6 X7 X8

hs | 0494 0 0483 0.011 0005 0 0 0.005
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2.3.4 Case Study 2: Impact of the PLL Parameters and System SCR

It was shown in [33] that for low SCRs, the VSC performance is considerably
affected by the PLL gains. However, a quantitative study is missing in the literature
on GCCs performance with newly introduced RCG strategies under unbalanced and
low-voltage conditions. Hence, an analytical study on the behavior of the GCC,
with new RCG techniques under unbalanced and low-voltage conditions, is

presented in this section.

The eigenvalue locus for the PLL gain K> that changes from 0.1 to 10 (with
the steps of 0.1) is plotted in Figure 2.9. In these analyses, the operating point is
P=1.0 pu, X/R=9 and K> is set to 5* K, for convenience in root locus plots [33].
As shown in Figure 2.9, the BPSC and PNSC strategies are more sensitive to K2
changes when SCR=3; they get unstable from K,,=1.4. From now on, this value is
called Kpz-smresnoia. However, the other two conventional controllers are stable for
this case until K,2-mresnoi=2.8. Therefore, in the case of using the BPSC or PNSC

strategies, lower PLL gain selection is necessary to guarantee the system stability.

BPSC and PNSC RCGS1 and RCGS2
! ! T : T :
8000 . . - 3000 . H

4000 | afe " : @ 40000 - T RS ]

0- 0

Imaginary Axis
Imaginary Axi:

4000 -4000- -7 g

8000L -8000

6000 -4000 2000 0 1200 6000 -4000 2000 0 1200
Real Axis Real Axis

(a) (b)

Figure 2.9 Eigenvalue locus for PLL gains changes for (a) BPSC and PNSC, (b) RCGS-1 and
RCGS-2; when SCR=3.

When a converter is connected to a weak grid, the dynamics of the control
system and stability issues become more complicated. Besides, because the GCC
controller parameters are often designed considering the connection to strong grids,
in the case of a weak grid the performance of the GCC control system would
become problematic. In Case Study 1, the effect of changing the X/R ratio on
system poles was studied. In this case, the value of the system SCR is changed
while the X/R ratio is fixed at 10, and its effect on the system stability with different
RCG methods is studied. TABLE 2.4 presents the results of the small-signal
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analysis of four strategies with different system SCRs. It is observed that the
improved RCG strategies are also more sensitive to the system SCR, i.e., they are

unstable for very weak grids (SCR=1.3) even for very low K, values.

TABLE 2.4 PLL parameter change results

SCR  Kp2-ihreshota 1n BPSC and PNSC  Kj,2-mreshoia in RCGS-1 and RCGS-2

1.3 unstable for all Ky» 0.9
22 0.4 1.9
3 1.4 2.8
6 stable for all K, stable for all K,

The simulation results of the non-linear model for a GCC with the BPSC
strategy is presented in Figure 2.10. The results show instability in the case of
connection to a weak grid. However, the system is stable when connected to a
strong grid with similar controller parameters. The value of K, is 2 in both cases.
The results verify the conclusions obtained from the small signal analysis

considering the effect of power system strength in designing the PLL control

parameter.

1

Current (p.u.)
)
Current (p.u.)
= e
N

L L L L L L J .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (a) Time (s)

(a) (b)

Figure 2.10 The positive sequence current in dg” frame for BPSC when K},> =2 and (a) SCR=3,
(b) SCR=6.

Applying the PFA on these controllers for K,>=1 and SCR=3 shows that the
sensitive poles for the BPSC and PNSC are A, and A3 that are mostly dependent on

X2, X9 and x12 as presented in TABLE 2.5. x2, X9, and x12 are dependent on it ,J.a)dt
and y; respectively. v, is the filtered feedforward signal from y that is fed into

PLL as the control signal. y - then contributes in controlling . ;*is also affected
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by v asshownin (2.5). Therefore, it is reasonable for these poles to vary the most
by changing K),>.
The same study for RCGS-1 and RCGS-2 show that the most sensitive poles

to the PLL parameters are A> and A3 that depend on I wdi (1.e., Xs) and y,_ (i.e., Xg).

The results for RCGS-1 are presented in TABLE 2.6. Therefore, changing PLL
parameters in all methods affects the dominant poles that are highly connected with
PLL signals. Thus, taking into account the results of TABLE 2.4 will help in
keeping system stable for different SCRs.

TABLE 2.5 PFA on the BPSC and PNSC for PLL gains changes.

X X2 X3 Xu X5 Xe¢ X7 Xz Xo X0 Xt Xz Xz Xuis

BPSC A3 O 0198 0 0 0 0036 0 0 0306 0 O 0459 0 O

PNSC | A;3|0.008 0.194 0 0 O 0.035 0 O 0309 0 O 0451 0 O

TABLE 2.6 PFA on RCGS-1 for PLL gains changes.

Xi| Xo | X3 |Xe| X5 [ Xe| X7 ] Xg

22| 01003300 0208000738

A3 0 (0038|010 |0700| 0 | 0 |O0.261

2.3.5 Case Study 3: Damping Ratio of Dominant Poles

The damping ratio, &, represents the rate of decay in the amplitude of oscillations.
For an oscillatory mode denoted by a complex eigenvalue otjw, the damping ratio
is defined as

£= ﬁ (2.16)

Considering the damping ratio for the dominant poles of the studied strategies,
Figure 2.11 shows the results of the BPSC strategy. As presented, for the system
with SCR=2.2, the PLL control parameter (K,>) should be less than 0.4 to have §
>0. Also, in this case, & starts to decay from the beginning (i.e., K,>=0.1) which
represents an oscillatory behavior. However, for the system with SCR=3, the
selected K> can be larger, and & starts to decrease from K,>=0.3, which shows a

non-oscillatory behavior for this mode before K,>=0.3. For a stronger grid with
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Damping Ratio

SCR=6, there is a negligible change in &, and it stays almost constant at 1. The same
trends are observed for & in the PNSC strategy while changing K> These results

also confirm the obtained results in Case Study 2 for the PLL parameters change.

05 ‘ SCR=2.2 : _ SCR=3
\ /Kp2:0.4 'é 05
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Figure 2.11 Damping ratio versus Kp2 of BPSC for (a) SCR=2.2, (b) SCR=3 and (c) SCR=6.

Considering ¢ when X/R changes, the results of Figure 2.12 and Figure 2.13
are obtained for the BPSC and PSNC strategies, respectively. For the BPSC, it is
illustrated that by increasing X/R, the damping ratio is also increased. Therefore,

the system shows lower stability with lower X/R values.

For the PNSC strategy, Figure 2.13 reveals that for both SCR values,  remains
almost constant close to 1. The minor changes show that increasing X/R results in
higher &. These results again show the lower sensitivity to X/R changes in the PNSC
in comparison to the BPSC strategy.
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Figure 2.12 Damping ratio versus X/R of BPSC for (a) SCR=2.2, (b) SCR=3.
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Figure 2.13 Damping ratio versus X/R of PNSC for (a) SCR=2.2, (b) SCR=3.
2.3.6 Case Study 4: Maximum Phase Current of Four Strategies

Conventional controllers showed higher stability in the case of weak grids.
However, one of the most important characteristics of RCG techniques, during the
fault, is the maximum phase current value (/n.x) Which affects the protection
tripping and LVRT failure. Therefore, in this case, the /. characteristic during the
fault is studied.

As presented in [39], the expressions of the /. for the BPSC and PNSC

strategies are as follows:

P+’
Imaxah[,,BPSC =72 (2.17)
v
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I max_,, ,PNSC —

P +0 (1)’

V2 -V)

B UV I b ISR
) _EP+7Q_ +() _5Q+7P_
V)

1, BT a1, VBT
) EP—TQ +() EQ 71)

(sz+ - szf )2

(2.18)

where Vp+ and Vp. stand for the positive and negative components of the PCC

voltage, respectively, and, V; and V> are:

V=V, -

v,

, V=V AV,

The lnax expression for RCGS-1 is as follows:

%p*

3

max,RCG1

n

(2.19)

(2.20)

Figure 2.14 illustrates the I values for these three RCG methods when

SCR=6. As presented, the BPSC strategy has a considerable lower /. value during

the fault in comparison to the PNSC and RCGS-1. The maximum phase current

value in the BPSC strategy is 1.19 p.u. while this value is 1.4 p.u. for the PNSC and

RCGS-1. Therefore, although the BPSC shows more instability in weak grids when

compared to the PNSC and the conventional controllers, it is a more reliable

strategy to be chosen in the case of severe faults; because it presents lower /... and

decreases the chance of tripping in protection devices and allows to ride through

such severe faults.
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2.4 Proposed Compensation Method to Improve the

Transient Behavior

In this section, an improved current controller (CC) design is proposed using the
obtained state-space model to improve the transient performance and reduce the
maximum phase current in fault occurrence and clearance time. Typically, the
design of the CC in the dg frame is based on considering the closed-loop CC as a

1
Ts+1

first-order low-pass filter with unity gain and the time constant of 7;as G () =

[24]. The simplified block diagram of the current-controlled VSC system in the
positive and negative d axis is shown in Figure 2.15. The same block diagram
applies to the positive and negative ¢ axis. It is observed that the plant pole at
—R

/

Ly

, which is quite close to the origin, makes the magnitude and the phase of

S =

the loop gain drop from a low frequency. Therefore, in designing the compensator

(KPi(s)), a zero is set to ¢ — ~Ki {0 cancel the plant pole. Besides, the loop gain is

K

P

assumed to be - £, to provide the mentioned G (s) for the closed-loop transfer
L,
1

function. Therefore, in the traditional method, the values of K, and K; in the PI

L
controller are selected as K =L, K, =—L.

T, T,
At .- e Lt

+=_
Kpiy(s) == L,s+R,

Figure 2.15 Block diagram of the current-controlled VSC system in the d+- channel.
However, as shown in Section 2.3, using the CC designed with this method
presents a high maximum phase current in transients (Figure 2.4). To solve this
problem, a new CC design method is proposed in this chapter. In the proposed
method, the parameters of the four PI controllers, in the dg+- frame, are determined

based on the eigenvalue analysis of the obtained state-space model. To find the
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proper values of K, and K;, the eigenvalue locus of the system poles are studied in
L

T,

1

the following steps. First, the value of K, is kept constant (i.e., K, = ) while the

value of K; is changed with a coefficient (o) from 0.1 to 10. As presented in Figure
2.16(a), increasing the value of K;moves the dominant poles toward the LHP which
provides a more stable system. However, four farther poles have moved toward the
right, and their imaginary part is also increased. Therefore, based on (2.26), the
damping ratio () of these poles is decreased which can result in even higher over-
shoots of current on transients in the BPSC.

In the next step, the value of K;is kept constant on K. = & , and the value of
T

K, is increased with the same coefficient. The result in Figure 2.16(b) demonstrates
that the dominant poles move toward the RHP which is not desirable. On the other
hand, the imaginary part of the four farther poles is decreasing faster. The desirable
point about this case is that the imaginary parts of two of these poles decrease to

zero which represent & >1.

I
=)
(=1

Imaginary Axis
=)

-200-

TN

Real Axié

(a)

-400

200 0

-600 -400

Imaginary Axis

1200 <600
Real Axis

(b)
Figure 2.16 Eigenvalue locus of changing (a) only Kj, and then (b) Kj, in BPSC strategy

-1800
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To obtain satisfactory results, it is proposed to combine two mentioned steps.
First, the a coefficient of K; is kept fixed on a selected value; then, both K; and K,
are simultaneously changed with a similar coefficient (g) changing from 0.1 to 4

L

(i.e. K, =gx aﬁ K, = g—L). The results for three different a: values are shown in
T. T.

1 1

Figure 2.17. It is observed that as o increases, the most dominant poles move farther
from the origin. The value of a=5 is selected here because it has moved the
dominant poles of the system far enough from the origin representing satisfactory

stability.
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Figure 2.17 Eigenvalue locus for most dominant poles when (a) @=0.5, (b) a=1 and, (c) a=5.
The eigenvalue locus of the complete system poles are shown in Figure 2.18
for a=5 and g changing from 0.1 to 4. In this case, in addition to the movement of
the most dominant poles toward the left (Figure 2.17(c)), the farther poles
(representing the higher natural frequencies of the system) also move toward the
left, as shown in Figure 2.18. This results in a higher damping ratio of the faster

poles which solves the high over-shoot problem.
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Figure 2.18 The eigenvalue locus of the complete system poles when a=5.
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The damping ratio changes of the demonstrated poles of Figure 2.18 (P to P4)
are presented in Figure 2.19. The value of &, which is obtained from (2.26), is
increased and for g>1.5 two poles (P1, P2) represent over-damped behavior, and the
other two (P3, P4) show high damping ratio close to 1. Therefore, shifting P1-P4 to
the left by increasing the value of g, decreases the maximum overshoot.
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Figure 2.19 Damping ratio versus g coefficient for the fastest poles (a) P;, P2, (c) P3, P«

However, increasing the value of g is also restricted because of the limitation

on the time constant of the current controller (7,). This time constant should be

chosen enough smaller than the switching time of the switches (i.e., 1 <0.2a,,[65]
T.

i

in which @, is the angular switching frequency). Assuming a reasonable value for

the VSC switching frequency of 5 kHz [24] the value of 1 should be smaller than
T

i

6.28 x 103. Therefore, the value of the undamped natural frequency of the CC

sw

system (@, ) should satisfy o = g(l) < 2(0.26() )[24]. @, represents the distance
" 377 3

of each pole from the origin. P; has the maximum @, when g is increased.

Therefore, the limitation, on increasing the value of g, is to keep the real part of P;

lower than 4000. By choosing g=3, this limitation is satisfied.

The simulation results of the positive sequence current in the dg frame for the
BPSC strategy are shown in Figure 2.20. Figure 2.20(a) illustrates the cases for two
different g values while a=5. It is demonstrated that with g=3, the maximum
overshoot value is considerably decreased in both fault occurrence and clearance
incidents. It verifies the results obtained from the eigenvalue analysis and Figure

2.19. In Figure 2.20(b) the same signals are shown for different a values while g=3.

41



For the case of a=5, the transient oscillations are damped quickly and the settling

time is remarkably improved.
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Figure 2.20 Positive sequence current in dg* frame for BPSC strategy with (a) different g values
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Figure 2.21 Three-phase current results in BPSC strategy using: (a) CC without applying the
compensator (b) CC with applying the improved compensator.

Therefore, a reasonable and effective choice for controller parameters can be

5><Rf

L
K, =3x—, K, =3x
T, T.

1 1

(i.e., a=5 and g=3). The improved results of applying

this CC in the simulation model for the three-phase sinusoidal current is shown in
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Figure 2.21. As presented, the high phase current value on the fault occurrence is

removed, and the system also represents a considerably faster response.

2.5 Experimental results

The improved and traditional RCG strategies are validated using a scaled down 1.0
kVA laboratory prototype as shown in Figure 2.22. The key components for the
laboratory setup are a dASPACE DS1104 real-time control system, three-leg VSC (a
Semistack intelligent power module, which includes gate drives, six insulated gate
bipolar transistors (IGBTs), and protection circuit), 60-Hz three phase grid,
interfacing transformer, and a sensor box to sample the voltage and current of the
PCC. 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 using a CMOS/TTL
interfacing circuit. The pulse-width modulation and the converter controllers are
implemented on the dSPACE1104 control card supported with a TMS320F240-
DSP coprocessor structure for switching signal generation. The dSPACE1104
interfacing board is equipped with eight digital-to-analog channels and eight
analog-to-digital channels to interface the measured signals to/from the control
system. The software code is generated by the Real-time-WorkShop under the
MATLAB/Simulink environment. The grid stiffness is changed by connecting
series inductors to the ac grid so that SCR at the PCC can be varied.

Figure 2.22 Experimental test setup.
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Figure 2.23 The effect of applying the proposed compensation method on BPSC behavior for
fault transients in experimental setup: (a) without compensation, (b) with the proposed
compensation method.

2.5.2 System Performance with the Proposed Compensator

The performance of the system with the BPSC RCG method is investigated in the
experimental setup using both traditional and the compensated CCs, proposed in
Section V. The system experiences a single-phase-to-ground fault for 4 s. The
compensation coefficients are chosen as g =1 and a = 2 to prevent high current
transients. As shown in Figure 2.23, both the magnitude and oscillations of the
converter current in both fault occurrence and fault clearance are reduced using the
proposed compensation method. Considering the limitation on the maximum
current of the converter switches and other protection fuses in the system, these

high phase values on the current can trigger the protection systems and result in a
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failure in LVRT. Therefore, the experimental results also reveal the capability of
the proposed compensation method in enhancing the system performance under

unbalanced fault conditions.

2.5.3System Performance under Different PLL Parameters

It is shown in Section 2.3.4 that the system stability is higher when lower PLL
parameters (K> and K;>) are chosen. In this section, this fact is also illustrated using
the experimental test system. Figure 2.24(a) shows the results of the BPSC strategy.
It is observed that for lower K, (starts from K,,=1) the system remains stable. Then,
K2 is increased gradually, and it is illustrated that the system has lost the stability
for K,>>25.

Wodsl Rooti_d
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o
Model Rooti_q

(b)

Figure 2.24 The effect of increasing K> on experimental test system stability under (a) higher
SCR and, (b) lower SCR.

2.5.4 System Performance under Different SCRs

As presented earlier, the system SCR should be considered in designing the system
controllers. The effect of SCR on selecting PLL parameters is studied using the
small-signal model. To validate the results, two different system SCRs are
implemented in this section, and the previous tests of Subsection 2.5.3 are repeated.
The results are presented in 2.5.4. It is again observed that in lower SCRs, PLL gain
selection is more restricted, and K> has a lower threshold to maintain the system
stability. For example, in this case, the system remains stable until K,,=25 for
higher SCR; but, for a system with lower SCR system loses its stability for K,>>11.
Therefore, in designing system controllers, the power system strength effects on

selecting the PLL parameters should be properly considered.
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2.6 Summary

Due to the increased penetration level of VSC interfaced resources, the utilization
of interfacing VSCs to support host grids under unbalanced conditions (e.g., due to
grid voltage unbalance, unbalanced load conditions and unsymmetrical faults)
becomes essential. However, detailed dynamic analysis and systematic design
procedure to enhance the dynamic performance of grid-connected VSCs equipped
with grid-support controllers are not reported in the literature. To fill in this gap,
this chapter presents a detailed small-signal model and analysis of the dynamics of
a grid-connected VSC equipped with the recently developed balanced positive-
sequence control and positive/negative-sequence control methods to support the
grid under unbalanced conditions. The effects of the short-circuit ratio, angle of the
ac system impedance, and phase-locked-loop parameters on the transient behavior
of the VSC are thoroughly studied and characterized. Furthermore, to improve the
dynamic performance of grid-connected VSCs, a simple yet effective current-
control-based compensator is developed to mitigate possible instabilities associated
with the low-voltage operation. Comparative simulation and experimental results
validate the theoretical analysis and the effectiveness of the proposed compensation

scheme.
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Chapter 3

Improved LVRT Performance of
Multiple DG Units under Unbalanced

and Weak Grid Conditions

The distributed generation (DG) is an alternative and efficient method to supply
electric power to customers in the modern electricity market. Nowadays, there is a
growing interest in connecting more DG units to the utility distribution networks to
satisfy the increasing demand, provide simplified and effective connections, and
avoid the high investment costs for system upgrades. To gain DG advantages, the
existing distribution and transmission systems are being used to receive and transfer
power from one location to another. For an effective integration of DG units into
the power networks, the low-voltage ride-through (LVRT) requirements have
recently recommended for large DG installations [66], [67]. According to the
existing grid codes, the grid-connected converters in DG units should withstand and
remain connected during certain faults [18]-[20]. Therefore, several reference
current generation (RCG) methods, based on the positive-negative sequence control
strategy, are reported in the literature [6], [23], [66] to provide the LVRT
requirements in the grid-connected voltage-source converter (VSC)-based DG

units.

The stability analysis of a single DG unit with consideration of the LVRT
requirements are studied in [25], [41], [49], [50], [67]. In [14]-[15], a multi-bus
microgrid is studied in the islanded mode considering the voltage regulation with
symmetrical components under unbalanced conditions. The negative-sequence

current injection is presented in [41] and [68] to compensate for the unbalanced
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load demands. The study in [69] presents a tuning method for the line drop
compensator to control the coordination of a DG unit with other regulating devices
in a multi-DG structure. However, the dynamic interactions among multiple DG
units, controlled in the decoupled double synchronous reference frame (DDSRF)
under unbalanced conditions, have not been addressed in the literature. The existing
literature on multi-DG systems lacks the study of: (1) detailed analytical models for
the grid-connected multi-DG system considering the recent RCG strategies in
DDSRF; (2) an assessment of the interactions among DG units operating in
different control modes and under different grid strengths; and (3) the dynamic
analysis and performance improvement of the multi-DG systems equipped with
advanced grid-support controls under unbalanced fault conditions. Therefore, to fill
in this gap, comprehensive and detailed state-space models of a multi-DG system
considering its DDSRF controllers for operation under unbalanced grid conditions,

are developed in this chapter.

Although the small-signal model is usually used to assess the dynamic behavior
of a power system around one operating point, the controllers developed in the
small-signal sense enhanced the dynamic performance of the system even in the
case of large disturbance [70]-[71]. To verify the effectiveness of the small-signal
analysis, the designed systems can be tested under large-signal disturbances using
the time-domain simulations. This approach is widely used in the power systems
[70]-[73]. Therefore, the full characterization of the studied system is presented in
this chapter by proposing the detailed linearized state-space models at three stages,
1.e., before the fault, during the fault, and after the fault. The proposed modeling
approach considers different operating points at these three stages to analyze the
system dynamics on the fault occurrence and clearance. This model is used to 1)
analyze the dynamic interactions of the multi-DG system with grid support

capabilities in DDSRF, and 2) improve the control system designs.

In this chapter, using the developed models, the impacts of the following
factors on the stability of the studied system are analyzed under the unbalanced
fault conditions: (1) parameters of the current and voltage controllers, (2) the phase-

locked loop (PLL) control parameters, (3) strength of the host grid, (4) control
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modes of the DG units (e.g., PV or PQ control modes), (5) the connecting line
parameters, and (6) the location of the fault. Furthermore, the proposed state-space
models are used to provide an improved design and coordination of the control
systems in the DG units by re-designing the parameters of different controllers
considering a range of factors including the grid strength and the control modes of

DG units.

Nonlinear models, for time-domain simulations, are implemented to verify the
stability analyses and dynamic studies performed by the proposed state-space
models. Finally, a laboratory-scale system is implemented to experimentally
validate the dynamic performance analysis obtained from the developed models.
The key results of the proposed models and control coordination guidelines,
presented in this chapter, can be very useful for system integrators to characterize
and improve the dynamic performance of the multiple grid-connected VSC-based

DG units controlled in the DDSRF.

3.1 System structure and Control Strategy Principles

A single-line diagram of the understudy medium-voltage (MV) multi-bus
distribution system is shown in Figure 3.1. This system is designed based on a
typical Northern Ontario, Canada rural distribution system. It comprises a 10 MVA,
27.6 kV radial distribution system with two dispatchable three-wire 1.0 MVA, 480
V DG units. Studying a two-DG system as a model of an active distribution system
with multiple DG units has been widely used in the literature [36], [74]-[75]. Unlike
the study of a single-DG system, the two-DG system facilitates the study of the
interactions between DG units and their effects on the entire system performance
and stability. Also, the study of the effect of different parameters, in the power and
control systems, on such interactions can be investigated. These aspects are
thoroughly studied in this chapter using a detailed linear state-space model in the
DDSRF. The modeling approach can be extended to systems with a higher number
of DG units.
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The DG units are connected to the MV feeder via step-up Y/A transformers.
The system parameters are given in TABLE 3.1. The system line impedances (Zo
to Z3 in Figure 3.1) are characterized by their reactance to resistance (X/R) ratio
which is a practical and typical feature in MV lines. The system loads are fed
through two sub-feeders (Feeder 1 and 2) as shown in Figure 3.1. The DG units
can supply any amount of positive- and negative-sequence currents within the pre-
specified limits. The dc-side of each VSC is equipped with a combination of the
main energy resource (e.g., a fuel cell) and a fast dynamic response energy storage
system (e.g., a supercapacitor) so that the hybrid source provides an almost constant
dc-bus voltage for the inverter [36], [59], [61], [75]. Therefore, the energy source
of each DG unit is modeled by a dc voltage source. The loads do not absorb any
zero-sequence and third-order harmonic currents from the MV feeders as they are
connected to the MV feeders via Y/A transformers. The system loads are presented
by their equivalent constant impedance models. This approach can effectively
model typical distribution system loads with a simple impedance-based model with

excellent accuracy [73].

(b)

Figure 3.1 (a) The MV multi-bus distribution system under study (b) Structure of the converter-
based DG units.
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TABLE 3.1

System parameters

L
DG1 and DG2 Line Parameters oad
Parameters

Rating 1.0 MVA, 480 V Zy  0.0068 + 0.0845i p.u.

. Py 05p.u.
Ve 1.2kV Z;  0.0017 + 0.0042i p.u. Py 0.5pu
Cue 12 mF Z> 0.0086 +0.0116i p.u. Qﬁ 0‘1 p.u.
R Ly 2 mQ, 100 uH 75 0.0048 + 0.0065i p.u. 2B
PI current control pameters, K, inii, Ki init 0.1,2

System rated voltage: 27.6 kV

System rated power: 10 MV A (base power)

System Short-Circuit Ratio (SCR): 8.5

The balanced positive sequence control (BPSC) strategy [6], [39], [52] is
selected in this chapter as the RCG method. This strategy is used to generate the
inverter reference currents to deliver the demanded active and reactive powers, P*
and O*. Its advantage, in comparison to other available RCG methods, is the ability
to generate a balanced and sinusoidal three-phase current during unbalanced
network condition to provide the grid support [23]. The block diagram of the

implemented control system on each DG unit is shown in Figure 3.2. The subscript

“meas.”’ indicates the measured values.

DG Control Mode Selector

= P g
Vineas. abe [ T
ot (from PLL) Qo ab(aq+ Vimeas.dg:+ 0" é z
Lineas. abe ot labg i Imeas.dg+ g? Z
[ §V Mabe
7 abcdq_ Dneas.dg-
ot abcdq- Vmeas.dg-
L @®

Figure 3.2 Structure of the implemented control system in DG units considering both traditional

Averaged |V.

ideal

three- Vo
phase VSC| v,

model B

and improved RCGs and different DG control modes.

Each DG unit can operate in one of the PQ or PV control modes (CM). In the
case of operation in the PV-CM, the reference reactive power Q* is generated using
a voltage controller unit, as shown in Figure 3.2. However, when the DG is

operating in the PQ-CM, the value of O* is determined by the system operators.
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The initial design of all PI controllers is done based on the methods presented in
[24]. In the following sections, the control parameters of different controllers will
be designed more accurately using the small-signal and eigenvalue analysis of the
obtained three-stage dynamic model of the complete multi-DG system to ensure

effective system operation.

3.2 State-Space Model

The three-stage linearized mathematical model of the studied distribution system
(see Figure 3.1) is developed to 1) provide a more accurate design for the controllers
considering the system dynamics and possible interactions among DG units, 2)
investigate the effect of different DG control modes on the system stability
improvement, 3) improve the stability performance of the system by differentiating
the system dynamics before, during and after the fault, 4) examine the multi-DG
system sensitivity to the control and system parameters variations, and 5) analyze
the system dynamics in MV multi-DG system integration into power grids with

different characteristics (particularly the connection to a weak grid).

3.2.1 Model Development

To develop a state-space model in the standard form of AX=AAX +BAU and
AY = C AX + D AU , first, the symbols of all currents and bus voltages are assigned

as presented in TABLE 3.2. The directions of system currents are shown in Figure
3.1. In addition, to keep the equations more straightforward and to prevent any
possible mistake due to the complication of the equations, the following
mathematical method is used in this thesis to obtain the final state and input
matrices:

AX = A, AX+ 4 AX + B, AU =

AX =(I—A4,) "4 AX +(I—-4,)"'B, AU,
-1 5
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Therefore, the final state and input matrices of the system would be

A=U-4, )_IA1 andB=(I-4, )_lBl , respectively.

TABLE 3.2 List of the system parameters in the state-space model.

V. | Grid voltage (bus1 in Figure 3.1) Vp1, Ve | PCC voltage of DG1 and DG2, respectively

) ) ) o Currents flowing to feederl and feeder2,
ig | Current flowing from grid to DG1 if1, ip )
respectively

) ) o Currents flowing out from DG1 and, DG2,
i1z | Current flowing from DGI to DG2 i, i

respectively
The error between the reference and the The error between the reference and the
e €1,&2 . . .
"7 measured PCC voltage at DG2 measured values of i; and iz, respectively

For the case of DG1 and DG2 operating in PQ-CM and PV-CM, respectively,

the system is modeled with 47 state variables, as follows:

I s s T e e S S S S S A SR RS
Xiga =lgaslgslaaslggshigsligshias figsbaastagslags by
+ + - - + + -

J-elddt,Jelth,Ielddt,Ielth,_[ezddt,J.ezth,J.edet,

+ + +
C()Z,Vp V.V, ,V

- + +
w2 Vha Vg ViaoV

- + -
,[ e2th’ DY), a2V haV heo (3.2)

1q°

. .

—_ — + ot ot o— o— "— -—
vf2d’vﬁqajevmdt’lud’llzq’lud’luq’lfzd’leq’led’lefI’

vioovov v v v T
pd? " pd? T pg® T pyd? " pyd? U pyg

and the input variable matrix is

qul = [V+ V+ Vg_d,Vg_q,V;Z] (33)

gd> Veq?
in which Vp," represents the reference value for the voltage at the PCC of DG2
(bus4 in Figure 3.1). The linearized equations can be presented for four main control
systems: 1) the PLL, 2) the current controller, 3) the RCG equations, and, 4) the
voltage controller. The linearization process of the PLL, current controller and the
RCG equation (the BPSC strategy) are based on the details in Appendix A. In the

case of a DG unit operating in the PV mode, a voltage controller generates the o*
value. The linearized PI voltage controller dynamics are as follows:
AQ" =K,y Ae, +Ky [ Ae,dt (3.4)

where
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* 42 42 2 2
in whichg , and &;, are the proportional and integral gains of the PI compensator

and Ae, represents the error between the reference and the measured voltages of the

related PCC. The complete linearized matrices for the state-space model are

presented in the Appendix B.

3.2.2 Three-Stages Modeling Method

Deriving linearized models for a grid-connected converter-based DG unit is
fundamental to analyze its dynamic performance under grid faults and to coordinate
different controllers. Under low-voltage conditions, a DG unit will be subjected to
different operating conditions; hence, using one linearized model for these various
conditions is not reasonable [76]. Therefore, a three-stage modeling method is
adopted in this chapter. The first stage characterizes the DG unit dynamics before
any fault occurrence. In this small-signal model, the initial condition is obtained

from the normal DG unit operating condition.

The second stage considers the DG unit dynamics during the fault period.
Therefore, the steady-state condition of this stage is obtained from the system status
during any fault under study. Based on the type of the fault (one-, two- or three-
phase to ground) and its severity (known by the phase voltage dip value) the small-
signal model response will be different. This method provides the possibility of

studying many different operating points for various fault conditions.

The third stage characterizes the system dynamics after fault clearance. The
DG unit tries to return to the normal before-fault condition; therefore, the initial
state of this stage is the final state obtained from the second stage, i.e., during-fault.
The process of this three-stage modeling is depicted in Figure 3.3. This model also
provides the possibility of studying the system performance on fault occurrence and

clearance transients.
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Figure 3.3 Process of the three-stage system modeling.
3.2.3 Model Validation

In Figure 3.4, the time-domain response of the obtained state-space model is
compared to the time-domain response of the detailed nonlinear model simulated
in Matlab-Simulink to verify the validity of the obtained dynamic model. The
model validation results show excellent accuracy between the responses of both
models. A sample case is shown in Figure 3.4, in which, DG1 operates in the PQ
mode, and DG2 operates in the PV mode. The voltage reference of DG2 drops by
10% at =3s. Figure 3.4(a) shows a comparison of the positive d-axis current of
DQG?2 and Figure 3.4(b) illustrates the generated active power of the same DG. Both
figures show the accuracy of the obtained state-space model where the responses

are nearly identical.
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11 = State-space

3
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Figure 3.4 State-space model validation for (a) the positive d-axis current of DG2 and, (b) the
generated active power on DG2.

3.3 Improved Design of Control systems

To consider the grid strength in the studied system behavior, two different grids
with different SCR values are connected to the multi-DG system. In addition, three
various control mode combinations on both DG units and four different fault
locations are considered. TABLE 3.3 represents the details of different cases

studied in this chapter for system analysis.

TABLE 3.3 Different cases considered in the system studies.

) ) a) Small-signal analysis
Analysis domain

b) Time-domain simulations

a) First CM: DG1 operates in PQ mode; DG2 operates in PV mode
DG control modes (CM) b) Second CM: DG1 operates in PV mode; DG2 operates in PQ mode

¢) Third CM: DGI1 and DG2 operate in PV mode

a) Strong grid (SCR > 3)

Grid Strengths )
b) Weak grid (2 < SCR < 3)
a) Busl
b) Bus2
Fault locations
c¢) Middle of the line between DG1 and DG2 (middle of Z>)
d) Bus4

To achieve an accurate design for system controller parameters considering the
grid strength and mutual interactions among DG units, the eigenvalue analysis is
performed on the three-stage small-signal model of the MV multi-DG system of
TABLE 3.1 with the DG units configured in three different CMs. Two different
cases for grid strength are studied as 1) strong (SCR=8.5), and 2) weak (SCR=2.5).

56



Figure 3.5 illustrates the effect of grid weakness on the system eigenvalues during
an unbalanced fault with all controller parameters designed initially based on the
methods presented in [24]. It is observed that when the connected grid is weak, the
multi-DG system is initially unstable for the during-fault stage, with the poles
placed in the right-half-plane (RHP). Therefore, a study should be conducted on
improving the system stability to keep the multi-DG system stable in a weak grid

condition.

500 e Weak grid
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Figure 3.5 Effect of grid strength on system dominant poles during the unbalanced fault.
3.3.1 Current Controller Parameters Design

The initial design of the control parameters in the current controller is based on the
pole-zero cancellation method described in [24]. However, this method is mainly
developed for a simple single DG unit system connected to a strong grid. Therefore,
in the first step, the effect of variation of the current controller PI compensator
parameters in both DG units (i.e., Kp 1, Ki 1, K, 2, and K; 2) are studied. The key
results for the before-fault stage are presented in Figure 3.6. In all CMs, for the
strong and weak grids, increasing the current controller parameters with the same
coefficient g; (g; increased from 1 to 9.5) in both DG units, results in moving the
most dominant poles of the complete system to the left. It represents a more stable
system in the case of sudden disturbances. When the connected grid is weak, there
are two initially unstable poles which move toward the left-half plane (LHP) by
increasing the g; coefficient, as shown in Figure 3.6(b). Therefore, in the case of
connection to a weak grid, the initial design of the current controller parameters

may fail. These parameters should be modified (increased by the g; coefficient) to
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keep the system stable under disturbances. However, increasing the g; more than
9.5 in these two cases, causes some initially non-dominant poles to move toward
the imaginary axis representing a more susceptible system to the disturbances. The
eigenvalue analysis results of this test case for the third CM are also shown in Figure
3.6(c) and (d). Therefore, in the case of the connection to a weak grid, in all CMs,

selecting a higher g; coefficient will guarantee the system stability.
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Figure 3.6 Eigenvalue locus of the current controller parameters tuning in all CMs considering
strong and weak grid conditions.

When a fault occurs, the DG units are responsible for providing most of the
load power. Therefore, it is essential to study the dynamic characteristics of the
injected power of DG units. The obtained linearized models for the during-fault and
after-fault stages are used to illustrate how the maximum overshoot value (MOV)
of the active power in both DG units is reduced by modifying the current controller
parameters in the first CM. The results are shown in Figure 3.7. It reveals that by
selecting the suggested controller parameters, the transient response of both DG
units considering their injected active power fluctuations is improved. The MOV is

reduced by almost 62% and 83% on fault occurrence and clearance, respectively.
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This is an important characteristic especially when there are sensitive loads

connected to the DG units.
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Figure 3.7 Impact of the suggested current controller parameters modification on the active
power maximum overshoot value on (a) fault occurrence and (b) fault clearance.

3.3.2 Voltage Controller Parameters Design

After selecting the attained values in Section 3.3.2 for the current controller
parameters (the most inner control loop), similar analyses are performed to select
more accurate values for the voltage controller parameters (the first outer control
loop) for different grid strengths. The initial parameters of the voltage controller
are designed based on the standard approach presented in [24]. As demonstrated
inFigure 3.8, in the first and second CMs for the strong and weak grids connection,
increasing the initially designed value of the voltage controller PI parameters, with
the gain of gy, moves the most dominant poles to the left; until they reach a knee
point demonstrated in Figure 3.8(a) and (b). This point is critical in the case of a
weak grid from where the mentioned poles move back toward the right. Therefore,

for connection to a weak grid, keeping g, lower than three is recommended.
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In the third CM, for both strong and weak grids, increasing the g, coefficient

after a certain point moves two of the dominant poles toward the right-hand plane.

Therefore, in this CM, the initially designed voltage controller parameters should

be increased carefully. In the next cases, g, is set to 3 for all CMs.

Imaginary Axis

Imaginary Axis

60

First and Second CMs

10]
20/

201
40|

Strong grid (SCR=8.5)

-60
-250

600

-200 -150 -100

Real Axis

(a)

Strong grid (SCR=8.5)

-50 0

1500,
1000 s

500

=500

Imaginary Axis

1000 =

-1500
-250

Third CM

400
200+

=200
-400
-600

-400

-300 =200

Real Axis

(2)

-100

tt

gv:3 . 4\( R}
I\ 1

600

[ I
e <
= S

Imaginary Axis
Y
=
= =

b
=
=

-600
-400

Ore = = = s s vBoasasm

2200

Weak grid (SCR=2.5)

g,=3.14

-—

I X

450 <100 -50 0

Real Axis

(b)

Weak grid (SCR=2.5)

200
Real Axis

(b)

-100 0

Figure 3.8 Eigenvalue locus of the voltage controller parameters tuning in all CMs considering
strong and weak grid conditions.

Figure 3.9 shows the impact of the abovementioned voltage controller

parameters modification on the MOV of the positive and negative PCC voltage

components, based on the results of the small-signal analysis. These results are

obtained using the linearized models for the during-fault and after-fault stages. It is

observed that the MOV of the positive components are reduced by 3% and 10% on

fault occurrence and fault clearance, respectively; whereas the MOV of the negative

components remain low as they were in the initial case.

60



on fault occurence

0.65
E3
£ & 06
5 =
g 2055
g >
-
Ego0s
Qo =
g E(M'ﬂ
@] g 42
8 )
0.4
1 1.5 2 2.5 3
g\’
(a)
08 on fault clearance
g~ \
=1 —
= L i
= \;0.6
S s
=3
g 204
£2
702
S
8 s
0 Il Il Il
1 1.5 2 2.5 3
gV
(b)

Figure 3.9 Impact of the voltage controller PI parameters modification on the maximum
overshoot value of the positive and negative components of the PCC voltages on (a) fault
occurrence and, (2) fault clearance.

3.3.3 PLL Controller Parameters Design

The study of the effect of PLL control parameters (i.e., x, ,,, and k, ,, inboth

DG units) using the eigenvalue analysis is presented in this section. The PLL

control parameter x, ,,, is increased, starting from 0 (and setting «; ., =5, ,,,

[33]), for different grid strengths in different CMs. For all CMs and in the case of a

strong grid, increasing the x, ,,, value to a certain point makes some of the most

PL
dominant poles slowly move away from the origin whereas keeping the left poles

far enough from the origin. However, by increasing the x, ,,, value in the case of

a weak grid, although the same most dominant poles move toward left, the system
becomes unstable when some other poles move to the RHP. Therefore, if the
connected grid is not strong enough, keeping the initially designed PLL control

parameters is more reasonable.

61



3.4 Time-Domain Performance Improvements

To verify the effectiveness of the proposed control parameters in enhancing the
dynamic performance of the system under large-signal disturbances, the nonlinear
time-domain simulation model is used. In the following tests, the DG units are
operating in the first CM, the BPSC strategy is used as the RCG method, and the

unbalanced fault location is on busl (see Figure 3.1).

Figure 3.10(a) shows the DG units currents when the system is connected to a
strong grid (SCR=8.5), and the control parameters are designed based on the
traditional methods of [24]. By connecting this system to a weak grid (SCR=2.5)
and keeping the control parameters unchanged, the system shows instability during
the fault, as presented in Figure 3.10(b). To verify the eigenvalue analysis results,
the control parameters are modified, based on the results of Section 3.3, to move
the most dominant poles to a more stable region. Therefore, as shown in Figure
3.11, by tuning the mentioned control parameters, the system presents a stable

performance during the fault condition when the connected grid is still weak.

I

W%W&Wﬂ&w&W&W&WyJW&W&W&W&Wﬂﬁﬂﬁﬂﬂﬂm

.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

WM&W‘&W&WWM@W&W&WWWWM

0.85 0.9

N

Current (p.u.)
\ [—]

=L

N

Current (p.u.)
<

~

0.5 0.55 0.65

Tim.e (s)

(@)

0.75

2%VWMM&WMWﬂmKWMMW&W%

.5 .55 0.9

Current (p.u.)
. =}

=

w&mmwmwWwWWVW&W

.9

Current (p.u.)
. =}

=

.5 0.65

Tim.e (s)

62



(b)

Figure 3.10 Effect of grid strength on the system performance under the unsymmetrical fault
using the traditional control parameters design: (a) strong grid, (b) weak grid.
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Figure 3.11 Effect of using the proposed control parameters in the first CM when connected to a weak grid.

Figure 3.12 illustrates the improvement in the transient performance of the
PCC voltages and the active and reactive powers in both DG units by comparing
the results of the initial and improved controller parameters design when the

connected grid has SCR=4.
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Figure 3.12 Effect of selecting the proposed control parameters in transient performance
improvement of the PCC voltage of (a) DG1 and, (b) DG2, and in the active/reactive powers of
(c) DGI and, (d) DG2.
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3.5 Sensitivity Studies

After control parameters modification as presented in Section 3.4, the small-signal
analysis is used in this section to investigate the sensitivity of the multi-DG system
to variations in the system parameters such as 1) different loading levels, 2) DG
units operating power and, 3) different DG and fault locations. The detailed time-
domain simulation model is used to verify the results of the developed linear model.
Also, the time-domain model is used to perform the sensitivity analysis with respect

to different locations of the unbalanced fault.

3.5.1 Effect of Loading Level

The total connected load to a multi-DG system may vary during the time; therefore,
studying the effect of loading level variation on the complete system stability
should be considered. To conduct this study, the total load connected to the system
through feeders 1 and 2 is gradually changed from 0.2 p.u. to 1 p.u at a constant
power factor of 0.98.The operating power of both DG units is kept constant at 0.2
p.u. The system SCR is 8.5 in all cases (i.e., connection to a strong grid). The results
of the small-signal stability analyses showed that, in all CMs, one of the most
dominant poles moves toward right representing lower damping factor for this pole.
However, among all CMs, the second CM illustrated less sensitivity to the loading
level variations. Therefore, in the case of having variable loads connected to the
system feeders, setting the DG units on the second CM will yield better stability

margins and transient response.

3.5.2 Effect of DG Operating Power

This study is conducted to illustrate the effect of variation in the operating power
of a single DG unit, whereas the operating power of the other DG unit is kept
constant. The results of this sensitivity analysis in the first CM are illustrated in
Figure 3.13. In the first test case, DGI is generating a constant amount of active
power at 0.2 p.u. whereas the operating power of DG2 changes from 0.2 p.u. to 1

p.u., as shown in Figure 3.13(a). In the next study, DG2 is generating a constant
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amount of active power at 0.2 p.u. whereas the operating power of DG1 changes
from 0.2 p.u. to 1 p.u., as illustrated in Figure 3.13(b). The results reveal that
changing the operating power of DG1, which is placed closer to the grid, shows a
relatively higher effect in moving some of the dominant poles toward the right and

so, affecting the relative stability margins.

) X 104 Ppci=0.2 p.u., 0.2 p.u.<Ppg;<1 p.u. w10 Ppc=0.2 p.u., 0.2 p.u.<Ppg;<I p.u.
z T veeasens = =.a
s —_— = =
< 1 /-";i@ - 1 oo . .W,
r > Nt —.
g 0 = - e} g 0 s e L]
Ep — S SR BLELE Sy
E 1 = P E‘l e
— asssaeete & — =" >

-2 2l . ]

-800 -600 -400 2200 0 -800 -600 -400 =200 0

Real Axis Real Axis
(a) (b)

Figure 3.13 Eigenvalue locus of the effect of changing the operating power of only one DG in
the first CM; a) Ppg: is changing, b) Ppg; is changing.

3.5.3 Effect of DG Location

One of the most important features in a multi-DG system is the study of the
interactions among DG units and how they affect the whole power system
performance. The length of the connecting line between DG units is considered as
one of the effective system parameters in defining this interaction. Therefore, in
this section, the influence of the length of the line between the DG units (i.e., Z> in
Figure 3.1(a)) on the system dynamic behavior, for three CMs, is studied. The other

lines characteristics are constant and SCR=8.5.

Figure 3.14 illustrates the eigenvalue locus of increasing the absolute value of
Z> from 0 to 5 times its original value (shown in TABLE 3.1). As presented in
Figure 3.14(a) and (b), in the first and second CMs, the illustrated system poles
move toward left up to a certain point; however, in the third CM, the most dominant

poles are not affected considerably.

In all CMs, increasing Z> means placing the DG units farther from each other.
Hence, their interactions decrease which is the reason for the initial improvement

in system stability. This result verifies the time-domain based results reported in
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[77]. However, increasing the line length also results in higher loss and voltage drop
along the line. Therefore, in the first CM, the voltage drop across the line reduces
the ability of DG2 to keep its voltage at 1.0 p.u. Also, because the voltage at bus4
is not controlled in the second CM, a higher voltage drop in the line makes the
system more unstable. However, because both DG units control their bus voltages

in the third CM, the mentioned knee point happens at a very long length of Z>.
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Figure 3.14 Eigenvalue locus of the effect of the length of the line between DG units in
different CMs.

The effect of the length of the line between the DG units (Z>) is also studied
using the detailed nonlinear time-domain simulation model to verify the obtained
results. First, in the second CM and in the case of connection to a strong grid, the
length of Z> is increased to three times its original length. The results are shown in
Figure 3.15(a) which show instability during the fault. However, changing the
control mode to the third CM in the same test case keeps the system stable during
the same fault (Figure 3.15(b)). Therefore, based on the results of both linear model
and nonlinear simulations, in the case of a long line between two DG units, the third
CM works best in maintaining the system stability during sudden transients such as

unbalanced faults.
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Figure 3.15 Effect of a long line between the DG units in (a) second CM and, (b) third CM.

TABLE 3.4 Simulation results for three CMs under different fault locations

Fault location

Busl Bus2 Mid. Z» Bus4
I}.max (p.u.); balance | 0.96; B” 091;B 1.46; U" 0.87; B
First CM I2.max (p.u.); balance | 1.09; B 1.38;B 0.88; B 1.45; U
Igmax (p-u.); balance | 1.94; U 2.04; U 9.29; U 8.66; U
i max (p-u.); balance | 1.19; B 1.57; U 1.58; U 1.54; U
Second CM I2.max (p-u.); balance | 0.90; B 0.89; B 0.89; B 0.89; B
Igmax (p-u.); balance | 1.87; U 2.10; U 9.35;U 8.65; U
i max (p-u.); balance | 1.12; B 1.29; B 1.27; B 1.18; B
Third CM I2.max (p-u.); balance | 0.87; B 091;B 0.93; B 0.96; B
Igmax (p-u.); balance | 1.84; U 2.05; U 9.34; U 8.63; U

* “B” stands for Balanced and, “U” stands for Unbalanced

3.5.4 Effect of the Fault Location in Different Control Modes

The same nonlinear time-domain model is used to perform a new study on the effect
of the fault location on system performance. As mentioned before, in all of the
previous tests the unbalanced fault occurred on bus2.

In this test, first, the unbalanced fault occurs in the middle of the line between
the DG units (i.e., middle of Z>), in three CMs. The results showed that during the
fault, the first and second CMs represent a small unbalance on their current with
the maximum phase current value (/.ax) of approximately 1.5 p.u occurring in the

DG operating in the PV mode. In the third CM, the value of /... is lower, and both
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currents remained balanced. Therefore, when there is a higher chance of fault
occurrence between the DG units, the third CM may decrease the risk of activating

the protection devices in the converter-based DG units due to over-current.

TABLE 3.4 summarizes the simulation results obtained for the four different
fault locations mentioned in TABLE 3.3, in three studied CMs. It is observed that
when the fault happens in the middle of Z> or on bus4, although the value of the
maximum phase value in the grid current (/gma) becomes high, this value stays
under 1.6 p.u. for the DG currents in all CMs. Also, in all studied fault locations,
the third CM is the only mode in which both /; and /> remain balanced during the
fault.

3.6 Experimental Results

The experimental test setup consists of the same main units described in Section
2.5. The grid stiffness is changed by connecting series inductors to the ac grid so
that SCR of the studied system can be varied. For the strong grid condition, the
SCR is approximately 5, and for the weak grid condition, the SCR is 2.5. In all test
cases, the system is operated in the first CM, and it experiences a single-phase-to-
ground fault for approximately three seconds. The sinusoidal three-phase value of
irand the PCC voltage in the positive and negative dg frame are shown for each test

case.

Figure 3.16 Experimental test setup.

Figure 3.17 shows the effect of system strength on the design of the current
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controller parameters. The initially designed values for K, and K; in both converters

are 7.5 and 10, respectively. In the case of connection to a weak grid, decreasing

the value of K, parameters to 4.95 triggers the protection system and disconnects

the converters. However, when the system is connected to a strong grid, the

controllers operate properly, and the system stays connected during the fault. Figure

3.17(c) reveals that for a strong grid, the protection system is triggered when the K,

value is decreased to 1.56. These results verify the analytical studies of Section 3.3.
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Figure 3.17 Experimental results showing the effect of system strength on designing the current

controller.
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The effect of the system strength on the design of the PLL parameters is
presented in Figure 3.18. First, the same values of the PLL parameters are set for
the connection to strong and weak grids. It is shown that in the case of a weak grid,
both the current and voltage waveforms experience high oscillations during the
unbalanced fault. However, in this case, selecting lower PLL parameters improves
the system performance during the same fault. These results verify the analytical
studies in Section 3.3.3 using the eigenvalue analysis on the small-signal model of
the system.
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Figure 3.18 Experimental results showing the effect of system strength on designing the PLL
parameters.
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3.7 Summary

Due to the increased integration of multiple distributed generation (DG) units into
the distribution network, riding through short-term faults and supporting the host
grid have been requested by the new grid codes in many countries. However, the
literature lacks the detailed dynamic analysis and control coordination of multiple
grid-connected converter-based DG units, equipped with advanced controllers in
the synchronous reference frame. To fill this gap, this chapter initially presents a
detailed small-signal modeling framework for typical medium-voltage multi-bus
power distribution systems with multiple DG units equipped with grid-support
functions to operate under the unbalanced conditions. This model encompasses the
positive and negative sequences of the current and voltage and is developed for
three stages of the fault (i.e., before, during and after the fault) to cover a wide range
of system operating points. In addition, to precisely study the interactions among
DG units, four different control modes in DG units are considered to study the
system dynamics under low-voltage and unbalanced conditions and at different grid
strengths. Using the proposed detailed state-space models and based on the small-
signal stability analyses, different control parameters are re-designed using the
eigenvalue analysis on the complete multi-DG system. As a second contribution,
sensitivity analyses are performed to study the effects of different system
parameters, such as line characteristics, loading levels, and unbalanced fault
characteristics, on the stability of the multi-DG system under unbalanced faults.
Comparative simulation and experimental results are also reported to show the

accuracy and effectiveness of the theoretical analyses.
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Chapter 4

Enhanced Model-Based Control
Design of GCC-Based DG Units
Equipped with Flexible Grid-Support

Controller

The capability of the LVRT is nowadays an important mandate for the converter-
interfaced DG (CI-DG) units. To comply with the new grid code requirements, the
CI-DG units are designed such that the active and reactive current injection to the
grid is controlled independently by a grid-connected converter (GCC) considering
the maximum current capacity of the converter [6], [25], [23]. As a conventional
approach, the reactive current is injected as per grid code requirement, and any
remaining capacity is utilized for the active power injection. However, in [25], it
was shown that wind power plants might lose their synchronism with the grid
fundamental frequency during severe faults. This, not only, does not support the
voltage during the LVRT, but even worsens the situation. A phase-locked loop
(PLL) frequency-based active current injection algorithm is then introduced in [25]
to solve the loss of synchronism problem. The impact of the bandwidth of the dc
and ac voltage controllers on the system stability during grid fault was studied
through the small-signal analysis in [78]. In this study, time-domain simulations are
carried out to guarantee the stability of the system in the case of large disturbances.
However, neither [25] nor [78] studied the effect of any unbalanced grid fault on
the LVRT performance of the GCCs.
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The injected currents into the grid may include negative-sequence components
to impede the effects of the unbalanced fault. The most common way to control a
current vector with positive- and negative sequence components is to design the
current controller based on two synchronous reference frames [6], [23], [78]-[80],
with the value of their rotating frequency equal to the fundamental grid frequency

but in the positive and negative directions.

In addition to the nonlinear dynamics of a GCC (e.g., due to the PLL), the
presence of the reactive reference current generation proportional to the voltage dip
magnitude adds more coupling between the converter injected current and the grid
voltage at the PCC. However, the existing literature lacks the study of the modeling
and dynamic analysis of the DG units equipped with the reference current
generation (RCG) controllers based on the new LVRT standards [37], [40]. The
new LVRT standards [37], [40] require the DG units to not only stay connected to
the grid but also inject both positive and negative sequence reactive currents
proportional to the unbalanced voltage sag characteristics under severe short-term
unbalanced grid faults. In the following, this important requirement will be referred
to as required positive- and negative-sequence injection and low-voltage ride-
through (RPNSI-LVRT) requirement. The existing study in the literature on the
dynamic behavior of the converters under unbalanced conditions [37], [41], only
deals with the four conventional RCG techniques which none requires a certain
amount of reactive current injection under the unbalanced faults. These
conventional RCGs are only responsible for having the basic LVRT capability (and
not the RPNSI-LVRT capability) which means the GCC is only required to stay
connected under unbalanced conditions. In this sense, the RPNSI-LVRT capability
has an additional requirement of injecting both positive and negative sequence
reactive currents proportional to the unbalanced voltage sag characteristics.
Therefore, in addition to the nonlinear dynamics of a GCC, the presence of the
RPNSI-LVRT adds more coupling and complexity to the system in dynamic,
transient, and stability studies. The presence of the RPNSI-LVRT requirement may
lead to critical instability problems under different conditions, e.g., severe

unbalanced faults, weak grid conditions, and conventionally tuned control
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parameters. This is a significant difference between the conventional LVRT
requirements [18]-[19] and the newly imposed RPNSI-LVRT requirement [37],
[40] under short-term unbalanced faults. The flexible multi-sequence reactive
current injection (FMS-RCI) technique [40] is presented to meet the RPNSI-LVRT
requirement, which uses two control parameters (i.e., K™ and K°) to inject the
positive- and negative-sequence reactive currents, respectively, proportional to the

amount of the positive-sequence voltage drop and negative-sequence voltage rise.

To fill in the existing gaps in the literature and solve the aforementioned
problems, the following contributions are accomplished in this chapter. In Section
4.1, a multi-stage linearized state-space model (i.e., before, during, and after the
fault) is developed for a DG unit to analyze the dynamic performance and stability
of the system under the RPNSI-LVRT requirement. This method provides the
possibility of studying the imposed RCG methods before and during the unbalanced
faults with different operating points. The impact of two coefficients, K" and K~ in
the FMS-RCI technique on the dynamic performance and the transient stability of
the DG control system is studied in Section 4.2. A model-based control parameters
design is then proposed, in Section 4.3, to find suitable values for K™ and K
parameters in weak grid conditions for stability purposes under RPNSI-LVRT
requirements. The interactions between different converter controllers (e.g., current
control and PLL) and FMS-RCI controller, in the DDSRF, is studied and their
impact on the system stability is analyzed using the small-signal stability analysis.
The parameters of the current controller are also designed based on the developed
state-space model to have RPNSI-LVRT capability. In Section 4.4, the developed
models and the proposed techniques are also applied to a more complex system
with two DG units to consider the interactions between DG units on the RPNSI-
LVRT performance of the entire system while using the FMS-RCI method. Finally,
the proposed analytical design methods are tested using experimental test cases in
Section 4.5. The results are promising and demonstrate the effectiveness of the
developed models and proposed approaches in improving the stability of the DG
systems under severe unbalanced faults when the RPNSI-LVRT is required by the
grid code.
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4.1 Converter-Interfaced DG Unit and the LVRT

Requirements

Figure 4.1 represents a CI-DG unit which is designed based on a typical Northern
Ontario, Canada rural distribution system. It consists of a 27.6 kV radial distribution
system connected to a dispatchable three-wire DG unit. The system parameters are

given in TABLE 4.1.

Grid Transformer Filter

e OF
J_ Fault i°I|- :

- =

Figure 4.1 CI-DG unit.
TABLE 4.1 System parameters

DG unit Line Parameters (p.u.) System Parameters
Rating 5.0 MVA, 480 V System rated voltage: 27.6 kV
Ve 1.2kV Zyp  0.0068 + 0.08451 System rated power: 10 MVA (base
Ce 12 mF Z; 0.0017 + 0.0042i power)
Ry Ly 2 mQ, 100 pH Short-Circuit Ratio (SCR): 5.5

The grid frequency synchronization and active/reactive current control
procedure are performed at the low voltage side of the GCC. The DG current
controller is designed in the DDSRF on the dg coordinates, with the rotating
frequencies in the positive and the negative directions with respect to the
fundamental grid frequency; hence, it controls the positive- and negative- sequence

current components.

During normal operation, the implemented current controller in the DDSRF
receives its reference values based on the active and reactive power demands by the
upstream system or the DG unit. Therefore, the reference currents are generated

according to the equations presented in (1.2).

Based on the conventional LVRT standards on the voltage limits [18]-[19], the

CI-DG system is supposed to follow the grid code requirements, presented in Figure
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4.2, and remain connected to the grid when a fault occurs. The typical reactive
current injection curve of this grid code is shown in Figure 4.2(b) which implies
that in the case of a voltage sag less than 50%, the p.u. reactive current injection is
proportional to the p.u. value of the voltage sag with the slope of 2. Besides, based
on this grid code, when the voltage sag is more than 50%, the whole thermal limit
is devoted to the reactive current injection (i.e., i;7=1 p.u.). Besides, according to
this grid code for the Type 2 generating plants, which includes the system under
study in this thesis, it is required that: “Three-phase short circuits or fault-related
symmetrical voltage dips must not lead to instability above the Limit Line 1 in
Figure 4.2 or to disconnection of the generating plant from the grid”. However, this
standard did not distinguish between the negative and positive components of the

reactive current injection.
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Figure 4.2 German E.ON. Grid code for LVRT [19] (a) voltage limits; (b) reactive current
injection.

The injection of negative-sequence current has been recently presented in the
German grid code, VDE-AR-N 4120 [37]. This code was published in 2015
describing the connection of generation plants to the high voltage network and, for
the first time, requiring the negative sequence current injection by these units in the
case of the unbalanced faults. As mentioned earlier, this is referred to as the RPNSI-
LVRT requirement in this thesis. Under unbalanced grid faults, the classical
synchronous generators provide short-circuit current which consists of the positive
and negative sequence currents. On the other hand, DG units or transmission

systems such as high voltage dc (HVDC) or flexible ac transmission systems
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(FACTS) with a fully rated VSC usually repress the negative sequence current [81].
Generally, the converter of these units employs a decoupled current controller on
positive and negative sequences. Therefore, the current objective is to
independently control both sequence components to meet the requirements of the
new grid codes. In this chapter, two different equations are used for the injection of
the symmetrical components of the reactive current in each sequence. From now
on, this method is called the flexible multi-sequence reactive current injection or
FMS-RCI; which is obtained based on the recent German grid code [40]. As
illustrated in Figure 4.3(a), the condition for the flexible positive sequence reactive

current injection (FPS-RCI) is almost the same as the one imposed in Figure 4.2(b);
but, the flexible slope of the ratio of the i;+ injection to the positive sequence

voltage dip is defined as K.

SRy

K =2.5

05 001 f
P
q

Figure 4.3 Reactive current injection based on the new grid codes [37]: (a) FPS-RCI, (b) FNS-
RCIs.

On the other hand, the flexible negative-sequence reactive current injection
(FNS-RCI) is proportional to the negative sequence voltage value when it is higher
than 0.05 p.u. with the flexible slope of K". The whole criteria on both components

for the case of K'= K'=2.5 can be expressed as follows:

*

* _2
eqr : AVP+ >90% — iq+ = ? VQ+
pd

FPS—RCI:{eqs: 50%<AV,'<90% — i'=K'AV’ 4.1)
=K*(0.9-7,")

pu.

eqy: AV, <50% — i’=1pu.
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eq ;. AV <5% — i =0
eq,: S%<AV, <45% — i =K AV

FNS—RCI : (4.2)
=K (0.05-V,),,

eq; . AV, >45% — z';’ =—1pu.

For example, if the positive-sequence voltage drops below 50%, there will be
Ip.u. of the positive-sequence reactive current injection. If the total magnitude of
the injected reactive current (obtained from the positive and negative sequences)
reaches the maximum thermal limit of the converter, the active current injection
will be set on zero. Otherwise, the injected value of the active current sequences
will follow the traditional equations of (1.2), still respecting the converter current

rating. The schematic diagram of the FMS-RCI method is shown in Figure 4.4.

Any oscillation in the positive sequence of the PCC voltage (v, ) appears in

iy
o

pd

which is directly presented in the linearization of (1.2). Therefore, the RCG

block is affected by the variations of the PCC voltage. This will take the system
modes to the unstable region which may result in the operation of the protection
devices and LVRT failure. Therefore, to improve the stability performance of the
system, a low-pass filter (LPF) with the time-constant of 3 ms is employed on the

positive sequence of the PCC voltage in the RCG block, as shown in Figure 4.4.

Because the RCG is an outer loop compared to the current controller, it should
have a slower response time. Therefore, an LPF with the time constant of 7; is

designed on ¥, sampling to implement (1.2). The relation between the actual and

the reference currents in dg frames, for both sequences, can be approximated by

1

a1 *3)

laggy =

where 7; is the time-constant of the closed-loop current controller [24].
Therefore, the value of 7; should be chosen carefully compared to 7. The effect of

using the LPF on system stability will thoroughly be discussed in Section 4.3.2.
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Figure 4.4 Reference current generation diagram.

To illustrate the effectiveness of using this filter, the time-domain simulation
results are presented in Figure 4.5. In this test case, the RCG method is switched to
the FMS-RCI at /=0.3 s. As shown in Figure 4.5(a), the generated reference current
in the dg frame gets unstable after 50 ms when there is no LPF applied to the
positive sequence voltage extraction on PCC. However, when the LPF is applied,
the generated current is remained stable and steady. This effect is also visible in
Figure 4.5(b) where the three-phase signal of the PCC voltage is demonstrated at
the same test case. The importance and the effectiveness of the application of this

LPF are also studied using the eigenvalue analysis, and the results are presented in
Section 4.3.2.
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Figure 4.5 Effect of using the low-pass filter in the implementation of the RCG block.

4.2 Multi-Stage Linearized Model

The dynamics of the grid-connected converter are highly nonlinear. Besides,
according to (1.2), (4.1) and (4.2) and because there are many feedback loops
through low-pass filters (in the implementation of the current controller and the
PLL), they add more non-linearity to the system. To obtain a detailed small-signal
stability analysis in this chapter, the complete CI-DG unit system in the DDSRF is
linearized in three different stages: before, during and after the fault. This multi-

stage state-space modeling is obtained based on the approach presented in 3.2.2.

During a fault, the converter loses its capability, partially or completely, to
inject or absorb active power; so, a voltage violation may occur. To prevent any
disconnection of the DG unit during the fault, switching the RCG method from (1.2)
to (4.1) and (4.2) is proposed based on the grid codes. In this chapter, the
performance of an LVRT-capable CI-DG unit system is analyzed analytically.

Obtaining the linearized models for a CI-DG unit is essential to analyze its
dynamic performance during LVRT and to set-up different controllers. A CI-DG
unit will be subjected to different operating conditions under the fault; hence,
employing one linearized model does not seem reasonable. Therefore, three stages
are adopted in this chapter for accurate modeling, while considering the LVRT
requirements. The first stage represents the CI-DG unit system dynamics before
the fault occurrence. In this stage, the model input consists of the measured grid bus

voltage (V) and the value of the active and reactive power demands (P~ and Q°,
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respectively). Also, the employed RCG method is based on (1.2). The steady-state

values for the first stage are obtained from the normal system operation.

The second stage characterizes the CI-DG unit system dynamics during the
fault period, where the generated reference currents are dictated by new LVRT
requirements, presented in (4.1) and (4.2). The model inputs in this stage are Vg, the

active power demand and the reference PCC voltage value (V7).
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(normal condition)

RCG : based on P/ Q demand

X

0-DF =
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final-PrF

inputs :V,,P",V"
RCG : based on grid codes

Kopor =X final-DF

4‘Restoratlon Post-fault stage ‘ q inputs :V,, P e

RCG : based on P/ Q demand

Figure 4.6 Diagram of the multi-stage modeling.

The third stage represents the CI-DG unit system dynamics after fault
clearance. Current system dynamics, which is changed from its steady-state mode
during the fault, tries to recapture the pre-fault condition. In this stage, the system
is mainly reacting to its initial states instead of any external forces. This initial state
is the final state obtained from the second stage, i.e., during-fault stage. The
schematic diagram is illustrated in Figure 4.6. Subscripts “0” and “final” stand for
the initial and final states, respectively; SS stands for the steady-state and, PrF, DF
and PoF stand for the pre-fault, during-fault, and post-fault stages, respectively.
Each stage and the related linearized models will be discussed in the following

subsections.

In all stages, the generated reference current signals are fed into four

proportional-integral (PI) regulators implemented in the DDSRF. This controlling
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section is the same in all modeling stages; however, the method of generating the

reference current values, the initial states, and the input matrices are different.

To obtain a detailed linearized model for the system with the consideration of
all controllers, 23 state variables are defined as follows:

_ —  e— e e + —
Xy = [lgd, PR SIS Y A0 AN P 1an dtj th,jeddt,

+ + + T
Ie dt, @ vpd’qu’vpd’qu’vfd’qu’ fd’ fq’vpdf’qu,f]

(4.4)

where j e dt stands for the integral of the current signal error and V™, s stands for the

output signal of the LPF which is used for sampling V;d (see Figure 4.4). According

to the number of state variables, there are 23 differential equations in the state-space
model of the system. Therefore, to keep the equations more straightforward to

follow, the mathematical method of equation (3.1) is again used in this chapter.

4.2.1 Pre-Fault Stage

The first stage characterizes the CI-DG unit dynamics before the fault occurrence.
In this stage, the reference current signals are generated based on (1.2) to be fed
into the four PI regulators implemented in the negative and positive sequences in
the dq reference frames. In this stage, the model inputs include the active and
reactive power demands required by the system operators (i.e., P~ and Q7). The

input matrix for the pre-fault stage is:
+ + - - * *

In the pre-fault stage modeling, the origin is considered as the equilibrium point
which is obtained in the normal operating condition of the CI-DG unit system. The
final linearized forms of (1.2) can be easily obtained as follows:

* 2 1 * 2 * _1

Ai == AP +=P ———AV" |

Y2 3,

a2 1 -1 4.6)
Ait=— 0 — AV , (4.

q 3 V+pd’f . Q QO (V+pd s )2 pd.f

Aiy =0,Ai" =0
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where the subscript ss stands for the steady-state values. The detailed linearized
equations for the PLL and the current controller can be found in Sections 2.2.2 and
2.2.3. The comprehensive demonstration of the state and input matrices are
provided in Appendix C. By defining any desired output in the system, the C and
D matrices will also be obtained, and the final transfer function of the system will

be expressed as:

H(s)=C(sI-4)~'B+D 4.7)
4.2.2 During-Fault Stage

The second stage considers the CI-DG unit dynamics during the fault period, where
the reference current generation is dictated by the LVRT requirements. In this
chapter, the FMS-RCI method will be used to meet the new grid codes
requirements. The related equations are shown in (4.1) and (4.2). It can be seen that
in each sequence of the reactive current reference generation, three different
equilibrium points are considered based on the positive sequence voltage drop (in
FPS-RCI) and the value of the negative sequence voltage (in FNS-RCI). These
equilibrium points are shown in (4.1) and (4.2) by eq"; and eq; in which i can be 1,

2 or 3.

In this case, the model input contains P* and V*. The input matrix for the

during-fault stage is:

Tt +
U= [vgd’vgq’

ViV PV (4.8)

gq9°

For the studied fault in this chapter, both sequences of the PCC voltage during
the fault are placed in the intervals of eq"> and eq > of (4.1) and (4.2) and the total
value of the injected reactive current remained below 1 p.u. Therefore, the injection

of the active current is made based on equation (1.2) and its linearized form would
be the same as presented in (4.6) for Aid+ and Al, . The reference current values in

q frame are calculated based on (4.1) and (4.2) to implement the FMS-RCI method
for LVRT performance. Therefore, the linearized equations for eq” > and eq >, which

are the most complicated equilibrium points, are presented here:
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A" =K' (AV - A, /v;d2 +v: ) =K (AV —m, Av,, —m, AV’ ) (4.9)

L - -2 -2 - - -
Aii ==K (AYv,* +v, ) =K (=myAv,, —m,Av, ) (4.10)
In which:
+
v Y
pd ,ss _ Pq.,ss
4.11)
pd,SS pq.,ss pd,SS Pq,Ss
Vv v
pd ,ss _ Pq.,Ss
(4.12)
pd,ss Pq,SS pd ,ss Pq,SS

Based on these equations, 41, 4> and B matrices are obtained in Appendix C
to provide the final complete linear model of the during-fault stage, based on (3.1).
Model initialization is made using the steady-state values of system parameters
during the fault. Based on the grid code standards of Section 4.2, system
performance during the first 150 ms from the fault occurrence is the primary
concern in the LVRT studies [19]. Therefore, the steady-state values for this stage

are obtained from the final states of this 150 ms period.

4.2.3 Post-fault Stage

This stage characterizes the CI-DG unit dynamics after the fault clearance when the
system 1is trying to retrieve its normal condition which is the initial pre-fault
operating point. Therefore, equations (1.2) are again valid to represent the RCG
method, and the same linear model as the pre-fault can be used in this stage.
However, the origin is not the equilibrium point anymore. Instead, the
corresponding initial point can be extracted from the final states of the during-fault

stage.

The main focus of this chapter is on the during- and post-fault stages; because
these models make it possible to study the dynamics of the FMS-RCI method
considering the LVRT requirements. In fact, the effect of the flexible selection of
K™, K and other controlling parameters on system stability performance during and
after a fault can be thoroughly studied in this model with the consideration of

different grid strengths and unbalanced fault characteristics.

84



4.2.4 Model Verification

To verify the effectiveness of the obtained linear model, the time-domain response
of the state-space model is compared to the time-domain response of the detailed
nonlinear model simulated in MATLAB-SIMULINK. The model validation results
show an accurate agreement between both models responses. A sample case is
shown in Figure 4.7. In this test, the system is operating in the pre-fault situation,
and the DG active power reference drops by 10% at t=0.7s. Figure 4.7 shows a
comparison of the positive d- and g-axis PCC voltage in the linear and nonlinear
models. Both figures show the accuracy of the obtained state-space model as the

two traces are nearly identical.
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Figure 4.7 State-space model validation for (a) the positive d-axis and, (b) the positive g-axis
PCC voltage when the reference active power drops by 10%.

4.3 Stability Analysis considering RPNSI-LVRT

Requirements

To implement the FMS-RCI, the diagrams of Figure 4.3 and Figure 4.4 are used in
this chapter. The initial design of the PI compensators in the current controller and
the PLL is based on the gain-shaping method presented in [24]. Besides, reference
[40] suggests selecting the typical value of 2.5 for both K™ and K~ while the system
is in eq>" and eq>, respectively. This value determines the ratio of the reactive
current injection in both positive and negative sequences with respect to the positive

sequence voltage dip and negative sequence voltage value.
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4.3.1 FMS-RCI Performance in LVRT

One of the missing studies in the literature is a thorough analysis of the effect of the
grid strength on the stability performance of the CI-DG unit while employing the
FMS-RCI. The nature of CI-DG system interactions with the power system and
their associated problems are highly dependent on the strength of the ac system. To
show the effectiveness of the FMS-RCI method in comparison to the traditional
RCG method of (1.2), the system performance is monitored under an unbalanced
fault when the system is connected to a strong grid with SCR=5.5. In this test case,
the detailed nonlinear model of the CI-DG unit of Figure 4.1 is implemented in
MATLAB/SIMULINK, and a two-phase to ground fault at /=0.6 s occurred on bus2
and lasted for 200 ms. The CI-DG unit with the FMS-RCI remains stable during
and after the fault, as shown in Figure 4.8(a). The positive and negative components
of the PCC voltage for the traditional and FMS-RCI methods are shown in Figure
4.8(b).
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Figure 4.8 (a) PCC voltage showing the LVRT performance of the CI-DG unit when employing
FMS-RCI; (b) PCC Voltage components for the traditional RCG and the FMS-RCI method.

4.3.2 Low-Pass Filter Design for the Positive-Sequence Voltage

Extraction

As mentioned in Section 4.2, to improve the stability performance of the system,
an LPF is used on the positive sequence extraction of the PCC voltage in the RCG
block, presented in Figure 4.4. To illustrate the effectiveness of this method, the
most dominant poles of the system before and after applying the LPF are shown in

Figure 4.9, where the time constant of the filter, t;, is set to be three times 7; (see
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Eq. (4.3)) which is 3 ms. The system is connected to a strong grid (SCR=5.5), and
all controlling parameters are designed basically. The value of both K and K are
set to 2.5. Figure 4.9 illustrates that the application of this LPF is necessary to
employ the FMS-RCI method because there are four unstable poles in the pre-fault
linear model of the system when there is no LPF applied on the positive sequence
voltage extraction on the PCC. These eigenvalue analysis results confirmed the
time-domain simulation results of Figure 4.5 where the system represented

instability even for the pre-fault model.
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Figure 4.9 The dominant poles of the system, before and after applying the low-pass filter to
v, » when the grid is strong.

Figure 4.10 shows the eigenvalue locus when t; changes from 1Xt; to 20Xt;
for connection of the DG unit to a strong grid (SCR= 5.5). The linear model
represents the complete CI-DG unit with all different controllers; therefore, the
eigenvalue analysis includes all interactions among system and control loops. The
results show that the design of this LPF does not affect the most dominant
oscillatory poles remarkably. But, for t;>10 it moves one of the real poles towards
the origin which is not desirable. Therefore, for this CI-DG unit selecting ;=10

seems reasonable.
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Figure 4.10 Eigenvalue locus of the effect of changing the value of t; from 1X7;to 20X7; for
connection of the DG unit to a strong grid.

4.4 LVRT Performance Improvement in Weak Grid

Condition

To illustrate the importance of the study of weak grid condition, the same CI-DG
unit is connected to a weak grid with SCR=1.5 and, the same fault scenario of
Section 4.3.1 is studied.

Weak grid condition:
Unable to retrieve after the fault

| |

0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 4.11 CI-DG unit performance employing FMS-RCI with the basic control parameters
design when the connected grid is weak.

Figure 4.11 presents the LVRT performance of the CI-DG unit employing the
FMS-RCI method with both K" and K set on 2.5. Compared to Figure 4.8(a), the
system is highly unbalanced during the fault, and it is unable to retrieve its balance
operation even after the fault is cleared. Therefore, a detailed study seems to be
necessary with the consideration of the grid strength on the performance of the

FMS-RCI employing DG units.
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4.4.1 Re-Designing FMS-RCI Parameters Using Model-Based
Design Method

The obtained detailed multi-stage linear model of the CI-DG system provides the
possibility of studying the dynamic behavior of the during- and post-fault stages,
separately, while respecting the newly imposed grid codes of the LVRT
requirements under an unbalanced fault condition. Also, because the complete
linear model of the system considers all of the system controllers (e.g., a current
controller, PLL, FMS-RCI reference current generators, feed-forward filters, etc.)
in details, the interactions among them are effectively considered in all small-signal

stability analyses which will be presented in the following sections.

As the first step, the complete system poles are obtained in the post-fault stage
for the cases of connection to a strong and weak grid. The results are shown in
Figure 4.12. It is observed that the system poles in connection to a weak grid are
remarkably placed closer to the imaginary axis which represents lower damping in

system performance in the case of disturbances.
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Figure 4.12 CI-DG system poles in connection to the strong and weak grid while employing
FMS-RCI.

To start with the model-based design method, first, the effect of changing the
FMS-RCI parameters on the stability of the CI-DG unit in connection to a weak
grid is studied. Figure 4.13 demonstrates that there are two dominant pole-pairs
connected to each FMS-RCI parameter, i.e., K or K- when their value is decreased;
one pair moves away from the imaginary axis towards left while the other pair
moves towards the imaginary axis. Therefore, the results reveal that the suggested

constant values for K" and K™ in [40] are not the most accurate ones considering the
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stability performance of the system during unbalanced grid condition. Especially,
when the connected grid is not strong enough, the selection of these control
coefficients should be made more carefully. In Figure 4.13(c), the value of K" and
K are changed simultaneously from 2.5 to 1. In this range, all poles are finally
placed far enough from the imaginary axis which represents a more stable and

damped system compared to when the K and K are set to 2.5.

. ’ . 4 K and K decreasing — Weak grid connection
10" K decreasing — Weak grid connection % 10° K decreasing — Weak grid connection T 10 ¢ ¢
1 . < AERRDIEEIOEF 5 =
—_— o
w ) =
Zs Zo0s 205
g 0 © - E 0 - - E 0 hi
= = -]
g s g
E-05 £-05 £-05
-1 - -1 -1
250 200 150 10 -5 250 200 -150  -100 50 0 2250 <2000 150 -100 =50
Real Axis Real Axis Real Axis
(a) (b) (©)

Figure 4.13 Eigenvalue locus showing the effect of changing the FMS-RCI parameters.

One important point about these findings is that they show how changing the
values of K" and K affect the transient stability of the system while all other system
dynamics are taken into account. Therefore, the initial design of the FMS-RCI
parameters can be modified based on this eigenvalue analysis results to guarantee
a stable performance of the CI-DG unit in connection to a weak grid. As mentioned
before, the initial design of all controller compensators is done basically based on
satisfying a stable phase and gain margin using the Bode plot. Besides, because the
FMS-RCI parameters are effective when the system is in eg>" or eg>, the above-
presented eigenvalue locus is obtained using the during-fault stage model. The
results for the post-fault stage are also obtained which revealed similar trends.
Hence, only the results of the during-fault model are shown in this step. Therefore,
this method suggests a higher stability margin for the case of a DG unit connected

to a weak grid.

The other remarkable point about this model-based compensator design
method is that, although the results are obtained using the small-signal stability
analysis, they are applicable in the large-signal stability analysis of the same

system. To verify this statement, the obtained new values for K" and K (i.e., K" and
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K set to 1) are used in the same detailed nonlinear model of the system when the
connected grid is weak with SCR=1.5. The result is shown in Figure 4.14.
Comparing this with Figure 4.11 reveals that by decreasing the value of FMS-RCI
parameters, the large-signal stability of the system is also improved. As shown, the
system could retrieve its stable and balanced operation after fault clearance which
yields reliable system operation. The system is returned to the pre-fault steady-
state after about 200 ms of the fault clearance. These results demonstrate that the
proposed model-based method is able to improve the overall LVRT performance

of the system when the conned grid is not strong enough.
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Figure 4.14 CI-DG unit performance employing FMS-RCI with K*= K- =1 when the connected
grid is weak.

To study more details on the stability improvement in the system after fault
clearance, the eigenvalues for the post-fault model are obtained for two different
operating points: first, with the initial values of K" =K =2.5 and second, with the
suggested FMS-RCI parameters obtained in the small-signal stability analysis, as
shown in Figure 4.15. There are two pairs of dominant poles, encircled in Figure
4.15, which moved towards left, representing higher damping in the post-fault
stage. This result verifies what is observed in Figure 4.14 from the time-domain

simulation study.
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Figure 4.15 The dominant poles of the post-fault system model showing the effect of improved
FMS-RCI parameters.

Calculating the damping ratio of the mentioned pole pairs based on the
equation of (2.26) shows that selecting the proposed FMS-RCI parameters can
considerably increase the damping ratio of these dominant modes which results in
an improved transient response of the system. TABLE 4.2 shows the damping ratio

values before and after using the proposed FMS-RCI parameters in this model.

TABLE 4.2 Damping ratio improvement in the dominant poles of the post-fault model
Pole pair 1 | £qi=9.16e-4 | Enew=T4e-4 | Enew/ Eola =8.08

Pole pair 2 | £qii=7.98¢-4 | Enew=82¢-4 | Enew/ Eola =10.27

These results represent a significant improvement in satisfying the LVRT
requirements while employing the FMS-RCI in a CI-DG unit connected to a weak
grid. Due to the direct interconnection with power grids, CI-DG units are
particularly sensitive to non-ideal grid conditions, e.g., grid impedance, background
harmonics, and grid voltage sags or swells, which often occur in weak grids. Hence,
the stability and power quality of the GCC will be significantly influenced. This
could become worse as the penetration level becomes higher increasingly, which is
common in the recent power grids. However, this study showed that reconfiguring
the FMS-RCI controlling parameters provides a higher range of certainty for the
system when encounters a grid fault to satisfy the new grid code requirements,

during and after the fault.
The value of the SCR is inversely related to the ac network impedance at the

fundamental frequency (Z). Therefore, since AV; oci’Z , higher Z; which means

g2
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lower SCR should be followed by lower i, to keep the PCC voltage balanced on

1 p.u.; which represents lower K. The same discussion applies to the negative
sequence reactive current injection. This fact confirms the obtained results of this

chapter.

Figure 4.16 illustrates the modified diagrams of Figure 4.3 based on the small-
signal analysis and the time-domain simulation results obtained in this section. As
presented, for connection to a weaker grid, lower FMS-RCI parameters can satisfy
the LVRT requirements of the grid code and at the same time, keep the system

stable during and after the fault.
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Figure 4.16 Modified selection of the FMS-RCI parameters based on the grid strength.
Besides, as demonstrated in Figure 4.2(a), for any voltage drop lower than 45%
to zero which may last for 150 ms, the grid code requires the DG unit to stay
connected and return to the normal condition up to 1500 ms after the fault. All of

these constraints are considered and satisfied in the studied cases of this chapter.

As an overall summary, it is demonstrated that changing the values of K" and
K affects the transient stability of the whole system. The results show that in the
case of a weak grid condition, reducing the K" and K values guarantees a stable
performance of the CI-DG unit under a grid fault. Besides, the proposed model-
based compensator design method can also improve the large-signal stability of the

system and enhance its post-fault stability performance.
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4.4.2 Re-Designing Other Compensators with the Initial FMS-RCI
Parameters Using Model-Based Design Method

Although selecting lower K and K™ values could improve the small and large signal
stability performance of the CI-DG unit under an unbalanced fault condition, it
represents a lower injection of the positive and negative reactive current
components to the system during the fault. Hence, the voltage support characteristic

of the FMS-RCI strategy will not be as effective as before.

To keep the values of K and K higher but still have a stable and balanced
LVRT operation, another study is carried out to investigate the effect of other
compensators parameters on the stability of the complete CI-DG unit system in
weak grid condition. In this study, the eigenvalue analysis is employed again to
investigate the effect of changing the proportional and integral gains (i.e., K, and
K, respectively) of the PLL and the current controller compensators. The initial
design of these compensators is obtained based on the methods presented in [24].
For the PLL, the second-harmonic rejection along with an acceptable bandwidth
and damping ratio are considered. For the current controller, the PI gains are
designed to provide a DC reference tracking in dq frame by considering the pole-

zero cancellation in the open-loop transfer function.

To employ the model-based parameters design for each compensator, its PI
gains are changed, and the related eigenvalue locus is obtained. In the first step, the
effect of changing the PLL control parameters is studied while the system is
connected to a weak grid (SCR=1.5) and K'=K=2.5. The results for the during-
fault model are shown in Figure 4.17. It is observed that changing the PLL
compensator gains from their initial design aggravates the stability criteria (Figure
4.17 (a)) or does not change it remarkably (Figure 4.17(b)). Therefore, since
changing the PLL gains shows no improving effect on the small-signal stability of
the system, in the next studies, the value of the PLL control parameters are kept on

their initially designed values.
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Figure 4.17 Eigenvalue locus showing the effect of changing the PLL controller PI gains with
the initial FMS-RCI parameters when (a) increasing and, (b) decreasing the PLL gains.

In the next step, the PI gains of the current controller are changed in both
during- and post-fault stages of the linear models. The eigenvalue locus is shown
in Figure 4.18. As illustrated, by decreasing the integrator gain of the current
controller, K;, to 10% of its initial value, while the proportional gain, K,, is kept
constant, the most dominant poles in both stages move away from the imaginary
axis towards left. It represents a higher damping ratio related to these modes and
so, higher relative stability in the system. Changing K, individually or at the same
time with K;, made some of the most dominant poles move towards the right;
therefore, this value is kept unchanged. These results revealed that by reducing the
value of K; in the current controller from its initially designed value and keeping
the FMS-RCI parameters high at 2, the relative stability of the CI-DG unit in

connection to a weak grid is improved for both during- and after-fault stages.
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Figure 4.18 Eigenvalue locus showing the effect of changing the current controller PI gains
with the initial FMS-RCI parameters in (a) post-fault stage and, (b) during-fault stage.

To verify the results above, the previous scenario is carried out in the detailed
nonlinear model of the system. The DG unit is connected to a weak grid of

SCR=1.5, and the same unbalanced fault occurs on bus2. K" and K" are set to 2, the
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current controller K; is reduced by 10%. Figure 4.19 shows the results of the PCC
voltage LVRT performance. Compared to Figure 4.11, it reveals that the transient
stability characteristic of the system is improved and it could retrieve to the
balanced and stable operation in less than 100 ms while the injection of the reactive
current components is kept high during the fault. This fact is also evident by
comparing Figure 4.19 and Figure 4.14 for the phase voltage values during the fault.

High phase voltage
values during the fault Fast recovery after the fault
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Figure 4.19 CI-DG unit performance employing FMS-RCI with K= K~ =2 and current
controller K; reduced by 10% when the connected grid is weak.

The results of this section are another verification of the capability of the
proposed model-based design to be valid for both small-signal and transient
stability improvement of the system considering LVRT requirements. The main
advantage of the proposed method of this section is that by choosing higher FMS-
RCI parameters and reducing the current controller PI parameters, the PCC voltage
receives higher support during the unbalanced fault and, at the same time, the
system satisfies the LVRT requirements and rides through the fault. It is worth
mentioning again that, because the linearized models in all three stages are obtained
considering all controllers and filters, the results of the eigenvalue analyses in all
studies of this chapter include the interactions among all of these units. Therefore,
unlike the conventional individual controllers design approach, the proposed
augmented model-based design approach accounts for the interactions among
different controllers, grid dynamics, and parameters, and optimizes the dynamic

performance of the whole grid-connected converter system.

96



4.5 Multi-DG System

To study the application of the findings of the previous sections to different
systems, a more complicated medium-voltage distribution system including some
local loads and two CI-DG units, shown in Figure 3.1(a), is employed and used for
nonlinear time-domain simulation studies. The loads are represented by parallel R—
L elements. Both DG units are equipped with the FMS-RCI method to support the
LVRT requirements.

To study the performance of this multi-DG system while employing the FMS-
RCI method, two scenarios are considered in this chapter: (1) one-DG system
expansion; (2) two-DG system planning. Each scenario is thoroughly studied in the

next subsection.

4.5.1 Scenario 1: One-DG System Expansion

In the first scenario, an existing system with one CI-DG unit is supposed to be
extended to the two-DG system of Figure 3.1(a). In this case, the rating of the first
DG is already determined. As a case study, the second DG is selected to be with the
same rating as the first DG, and the total connected load is 1.0 p.u. As a reasonable
supposition, the line impedance between the DGs is around 20% of the grid
impedance. Therefore, bus3 can still be considered as the PCC for both DGs, and
so, the initial grid strength or the SCR of this system will be almost half of what it
initially was in the one-DG unit system of Figure 4.1, i.e., SCR=3. By referring to
the results of Section 4.4.1, it seems reasonable to select the initial values of K™ and
K lower than 2.5 for both DGs in this scenario. Hence, during the unbalanced
condition, each DG will support the PCC by injecting its ratio of the positive and
negative reactive current components. This hypothesis is proved and shown in
Figure 4.20 where changing K" and K~ values from 2.5 (Figure 4.20(a)) to 1 (Figure
4.20(b)) could improve the system performance during and after the fault, whereas
the other controllers parameters are kept intact. In Figure 4.20(a), the settling time
is almost 400 ms, and the maximum phase current during the fault is high which

may activate the protection relays. For space saving, only the signals of DG2 are
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shown in Figure 4.20; because the signals of DG1 also represent the similar

characteristics.
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Figure 4.20 The effect of selecting improved controlling parameters in scenario #1 of two-DG

system when connected to a weak grid: (a) with K= K-=2.5 and initial compensators design;

(b) with K= K- =1 and initial compensators design; (c¢) with K™= K~ =2 and current controllers
K; parameter reduced by 10%.

To show the effectiveness of the proposed method of Section 4.4.2, in the next
test, the K and K values are set higher (to 2), but the value of the integrator gain
of the current controller of both DGs is reduced to 10% of its initial value. The
results are presented in Figure 4.20(c) where the performance improvement is clear

compared to Figure 4.20(a).

4.5.2 Scenario 2: Two-DG System Planning

In the second scenario, a two-DG system should be designed, and the proper rating
for both DGs can be defined. By having the same grid with the initially known

short-circuit characteristic, an economical selection for the DG units with the same
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1.0 p.u. load, is to have each DG unit with the rating as half of what it was in the
first scenario, i.e., 2.5 MVA. Therefore, the grid strength will initially be high with
SCR=S5. In this case, with both DGs equipped with the FMS-RCI method, the initial
selection of K'= K~ =2.5 represents an acceptable LVRT performance for the two-
DG system. However, when the connected grid is weak with SCR=2, both DGs will
be unable to retrieve their balanced and stable operation after being subjected to the
unbalanced fault. This event can be seen in Figure 4.21(a). As a remedy, the
proposed methodology of Section 4.4.2 is applied to the system controllers. The
results of Figure 4.21(b) illustrate the effectiveness of this method in improving the
large signal stability of the tow-DG system in connection to the weak grid.
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Figure 4.21 The effect of selecting improved controlling parameters in scenario #2 of the two-
DG system when connected to a weak grid: (a) with K™= K-~ =2.5 and initial compensators
design; (b) with K= K~ =2 and current controllers K; parameter reduced by 10%.

4.6 Experimental Results

The results of the time-domain and the state-space stability analyses are also
validated using a scaled-down 1.0 kVA laboratory prototype as shown in Figure
4.22. The key components for the laboratory setup are the same as already explained
in Section 2.5. For the strong grid condition, the SCR is considered 6.6, and for the
weak grid condition, the SCR is set to be 2.1. To study the effectiveness of the
proposed methods in Sections 4.4.1 and 4.4.2, three fault scenarios are studied in

the following subsections:
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e Fault Scenario 1: the DG unit is connected to a strong grid with SCR=6.6, and

it encountered a short-term unbalanced one-phase to ground fault.

e Fault Scenario 2: the DG unit is connected to a weak grid with SCR=2.1, and

it encountered a short-term unbalanced one-phase to ground fault.

e Fault Scenario 3: the DG unit is connected to a weak grid with SCR=2.1, and

it encountered a short-term unbalanced two-phase to ground fault.

Figure 4.22 A view of the experimental test setup.

4.6.2Fault Scenario 1

In this test case, the DG unit is connected to the strong grid and the FMS-RCI is
adopted with K" =K=2.5. Figure 4.23(a) and (b) show the three-phase PCC voltage
when the system is encountered an unbalanced one-phase to ground fault on the
line between the DG unit and the grid. As shown in Figure 4.23(c), the DG unit
could ride through the fault and remain connected to the grid which represents a
successful LVRT based on the grid code requirements. The PCC voltage
components are shown in Figure 4.23(e) illustrating that in this fault scenario the
injection of the reactive current components will be obtained based on eq>" and eq>”
of (4.1) and (4.2). According to Figure 4.23(c), the value of the DG unit current
stayed below the defined thermal limit (i.e., 1.0 p.u.) during the fault which means

the injection of the active current can be obtained based on (1.2) during this time.
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Figure 4.23 Experimental results for the fault scenario 1 when K™=K=2.5: a) PCC three-phase
voltage on fault occurrence; b) PCC three-phase voltage on fault clearance; ¢) DG current (i;);
d) injected reactive reference current values; e¢) PCC voltage in positive/negative dgq frames.
4.6.3 Fault Scenario 2

In this test case, the CI-DG unit is connected to the weak grid with SCR=2.1, and
the system is encountered an unbalanced one-phase to ground fault on the line
between the DG unit and the grid. The effectiveness of the proposed model-based

methods of Sections 4.4.1 and 4.4.2 are studied in three subsections as follows.

4.6.3.1 FMS-RCI Gains Effect

In the first step, the FMS-RCI parameters are set on K™ =K=2.5. Figure 4.24(a)
shows that the value of the converter current has remained below the thermal limit
(i.e., 1.0 p.u.) during the fault which allows the injection of the reactive current

components based on eq>" and eqy of (4.1) and (4.2), and injection of the active

101



current based on (1.2). However, after the fault clearance, the converter cannot
retrieve to its previous stable operation, and the value of its current exceeds the
determined thermal limit which causes the disconnection of the DG unit and failure

of the LVRT.

Fault scenario 2 — Initial FMS-RCI parameters
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Figure 4.24 Experimental results for the fault scenario 2 when K™ =K=2.5: a) DG current (i;);
b) injected reactive reference current values; ¢c) PCC voltage in positive/negative dq frames.

Therefore, to prevent the DG unit disconnection and based on the results of
Section 4.4.1, the values of K" and K™ are reduced to 1, and the same fault scenario
of Figure 4.24 is studied. As demonstrated in Figure 4.25, the system represented a
successful LVRT performance and could successfully retrieve stable operation after
the unbalance fault. These results verify the findings of Figure 4.13 andFigure 4.14.
Considering the value of the converter current, shown in Figure 4.25(a), the
determined thermal limit of the DG unit is respected during the fault, and the DG

unit remained connected to the grid which represents a successful LVRT.
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Fault scenario 2 — Reduced FMS-RCI parameters
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Figure 4.25 Experimental results for the fault scenario 2 when K™ =K=1: a) DG current (i;); b)
injected reference current values; ¢) PCC voltage in positive/negative dg frames.

4.6.3.2 PLL Gains Effect

To investigate the results of Section 4.4.2, first, the effect of changing the PLL gains
in the experimental test setup is studied while setting the FMS-RCI gains back to
their original values (i.e., K" =K=2.5). The initial designed value for K, pz is 5 and
Ki prr 1s assumed to be 5X K, prr [41]. In the first test, the value of K, ps is
increased, and the same fault scenario is studied. Figure 4.26 shows the result for
the case of K, p.z=80. The next test case is performed when the K, . is reduced
to 0.25 under the same fault condition. The results are presented in Figure 4.27.
Both cases demonstrate the failure of the DG unit in satisfying the LVRT

requirements which verify the eigenvalue analysis results of Figure 4.17.
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Fault scenario 2 — Increased PLL gains
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Figure 4.26 Experimental results for fault scenario 2 when K" =K=2.5 and the PLL gains are
increased.
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Figure 4.27 Experimental results for fault scenario 2 when K" =K=2.5 and the PLL gains are
decreased.

4.6.3.3 Current Controller Gains Effect with Higher Voltage Support

To validate the findings of Section 4.4.2, in the next test case, the FMS-RCI
parameters value are increased to 2 to provide higher voltage support in the case of
the weak grid condition, compared to the test case of Section 4.6.3.1 above. Besides,
to prevent the protection system from disconnecting the CI-DG unit and based on
the findings of Figure 4.18, the value of the initially designed current controller
integrator gain, Kj, is reduced by 10%. The system experienced Fault Scenario 2,
and the results are shown in Figure 4.28. The DG unit remained connected to the

grid and represented a successful LVRT operation. Compared to Figure 4.25(b), the
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DG unit is generating higher reactive current values during the fault while still

respecting the thermal limit (see Figure 4.28(a) and (b)) which results in an

improved PCC voltage support.
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Figure 4.28 Experimental results for the fault scenario 2 with improved current controller gains
design when K*=K=2: a) DG current (i;); b) the injected active current; ¢) injected reference
reactive current values; d) PCC voltage in positive/negative dg frames.

4.6.4 Fault Scenario 3

To investigate the effectiveness of the proposed methods under a different voltage

unbalance ratio, a two-phase to ground fault is studied in this section. The PCC

voltage components are shown in Figure 4.29(d). By comparing these results with

Figure 4.28(d), a deeper voltage drop on the positive sequence and lower voltage

unbalance with lower negative sequence value can be observed. The same

controlling method of Section 4.6.3.3 with the improved current controller

parameters and K" =K=2 is used in this study. The results of Figure 4.29 reveal the

effectiveness of the proposed methods in delivering a successful LVRT

performance.
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Figure 4.29 Experimental results for the fault scenario 3 with improved current controller gains
design when K*=K=2: a) DG current (i;); b) the injected active current; ¢) injected reference
reactive current values; d) PCC voltage in positive/negative dg frames.

4.7 Summary

Supporting the host grid during voltage dips has become a major connection
requirement for large distributed generation units. Because most of the grid faults
are unsymmetrical, the recently developed grid-codes suggest the injection of a
flexible positive- and negative-sequence reactive current components proportional
to the magnitude of the voltage dip at the point of common coupling. However,
detailed dynamic analysis of the augmented grid-connected converter with the
flexible positive- and negative-sequence current injection function and the
characterization of the impact of the grid strength, converter control parameters,
and proportionality constants used in the reference currents generation block are

not reported in the literature. To fill in this gap, first, a multi-stage linear model of
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the augmented nonlinear system dynamics is developed, and the small-signal
stability analysis is performed on the system dynamic behavior before, during, and
after the fault. The effects of different system and control parameters are studied
and characterized. Second, a new and effective model-based controller design
method is proposed to maintain the system stability during and after the fault with
the consideration of the mutual interaction among different system controllers.
Finally, the time-domain simulations and laboratory experiments validate the

accuracy and effectiveness of the proposed control method.
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Chapter 5

LVRT Performance Improvement in
GCC-Based DG Units with Dynamic

Loads

Distributed generation (DG) units have gained high momentum as an enabling
structure to integrate renewable energy resources in power networks [82]-[84].
Most of DG units are interfaced to the network by voltage source converters, known
as grid-connected converter (GCC)-based DG units. With the expected high
penetration level of DG units in future power systems and recent progress in power
converter topologies and ratings, medium voltage DG units will be subjected to a
wide range of both static and dynamic loads. Electromechanical rotor oscillation
phenomenon occurs in motors with large megawatt ratings [42], which are directly
connected to medium voltage systems (1.0 kV to 30 kV). Typically, motors
consume 60% to 70% of the total energy provided by a power system [26]. Ignoring
this type of loads in stability analysis of GCC-based DG units results in a large
stability operating region, which is unrealistic due to the highly nonlinear load
dynamics. These dynamics couple the active power, reactive power, voltage, and
supply frequency responses in the system. Therefore, severe stability problems may
arise because of neglecting the load dynamics in systems with a high penetration

level of MV-DG units.

Several studies are reported in conventional power system analysis to study the
impact of large induction machine (IM) loads on power system dynamics [85]-[86].
In small-signal studies of power systems with IMs, since the use of soft-starters

only limits motor starting inrush current, it does not change the final steady-state
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operating conditions of the motor. Therefore, the small-signal stability analysis will
not be affected, and the motor performance will be mainly determined by the motor
dynamics [87]. The linearized state-space model of the IM is obtained in [26], [42],
[43], [87], where a system eigenvalue spectrum is derived for stability analysis. In
the context of microgrids, the impact of IMs on load margins is studied in [87]. An
integrated modeling and stabilization method for MV droop-controlled microgrids
with IM load is studied in [43] where a small-signal model of a typical MV
microgrid system with dynamic loads is presented, and a wide range of droop
parameters is studied to keep the system stable and yield the expected control
performance. However, a literature survey indicates that detailed analysis and, more
importantly, improved stabilization of MV GCC-based DG unit with IM loads, are
not reported yet and need special attention. Therefore, this chapter develops
comprehensive integrated modeling, stability analysis, and LVRT performance
improvement methods for GCC-based DG systems in the presence of dynamic

loads.

The static load modeling method is addressed in [26] and [88]-[90] which is
suitable for low-voltage applications with small IMs. For small IMs, the rotor-
circuit time-constant is small, which represents the fast decay of rotor electrical
dynamics as compared with rotor mechanical dynamics [29]. Therefore, the
electromechanical rotor dynamics are decoupled, and small IM loads can be
modeled by their equivalent steady-state RL circuit or active and reactive power
demand. This justifies the use of static load models in the existing low-voltage low-
power grid stability studies. However, with the increasing penetration level of DG
units in future power networks, it is not reasonable anymore to model larger IM
loads with static load equivalents. In fact, electromechanical rotor oscillations in
large IMs couple the rotor speed oscillations, which are directly coupled to the rotor
flux dynamics and the supply frequency. The time-constant of the rotor-circuit is
large, and both electrical and mechanical dynamics of the rotor are coupled.
Because rotor oscillations cause the mechanical and electrical power oscillations,
the output power of DG units feeding an IM contains the frequency modes of these

oscillations [43].
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Another missing but essentially important point is the study of the low-voltage
ride-through (LVRT) capability of the GCC-based DG units with large IM loads.
The LVRT requirement has been recently an important mandate for DG units [6],
[19], [78]. This is particularly important when considering the effect of the grid
strength on the system performance considering the dynamic loads. In fact, the
interactions of GCC-based DG units and the power system are highly dependent on
the strength of the ac system. Therefore, it is essential to consider this phenomenon
in the LVRT studies. Furthermore, the system operators have imposed new grid
codes requiring large DG units to remain connected and improve the voltage profile
by reactive current injection (RCI) during short-term grid faults [19] ,[91] . Very
recently, the multi-sequence RCI has also been mandated in the German code of
VDE-AR-N [38], [40]. Reference [40] further offers to include two controlling
parameters in the future standards of GCC-based DG units to support the
connection voltage with a combination of boosting the positive-sequence voltage
and reducing the unbalance factor. However, the literature still lacks a study on the
LVRT capability of GCC-based DG units with the IM loads considering both the

stiffness of the host grid and the new multi-sequence RCI requirements.

Motivated by the above shortcomings in the literature, this chapter presents
integrated modeling, analysis, and stabilization approach of GCC-based DG units
in connection with an IM load. A detailed multi-stage small-signal model of an MV
GCC-based DG unit with both dynamic and static loads is developed in the
decoupled double synchronous reference frame (DDSRF). The DDSREF is used to
enable the implementation of the aforementioned newly imposed grid codes. The
model includes the exact 10 order model of the IM load and the 25" order model
of GCC-based DG unit along with the network dynamics. The comprehensive
multi-stage small-signal model is used to provide the possibility of the grid fault
studies for three different operating states of the system: before-fault (BF), during-
fault (DF), and after-fault (AF) stages. This model is then used to assess the impact
of the IM dynamics on the overall system stability as compared with the static load
model and under different grid strength conditions. The Participation factor analysis

(PFA) is also conducted to identify the contribution of different states to the
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dominant eigenvalues of the GCC-based DG system with dynamic load model. The
augmented model-based controllers design method is proposed in this chapter based
on the small-signal stability analysis to improve the LVRT performance of the DG
system in the presence of the IM dynamics under the strong and weak grid
condition. In the proposed design method, the newly imposed multi-sequence RCI
requirement has also been considered. The proposed method can identify the
optimum value for the control parameters of the system to improve its LVRT
performance under different grid conditions and, at the same time, maintain its
ability to retrieve the stable condition considering its relative stability margins.
Finally, a sensitivity analysis is conducted to characterize the effect of the length of
the power line between the IM and DG unit. Theoretical analysis, time-domain
simulation results, and experimental results are used to validate the effectiveness of

the proposed methods.

5.1 GCC-Based DG Unit with Dynamic Load:
Characteristics and Modeling

Grid

} Vdc

Figure 5.1 GCC-based DG unit with IM load

Figure 5.1 represents a 27.6 kV radial distribution system connected to a
dispatchable three-wire DG unit and a typical MV 2240 hP 2.4 kV IM connected
to the middle feeder. The DG unit is connected to the MV feeder via a step-up Y/A
transformer. The term PCC on bus4 stands for the point of common coupling. The
system parameters are given in TABLE 5.1. The grid frequency synchronization
and active/reactive current control functions are performed at the low-voltage side
of the GCC. The DG current controller is designed in the DDSRF on the dg

coordinates, with the rotating frequencies in the positive and the negative directions
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with respect to the fundamental grid frequency; hence, it controls the positive- and

negative- sequence current components.

There are three strategies used in this chapter to implement the RCG unit in the
GCC control system. The first one is the traditional RCG, with the equations
presented in (1.2). This method is still being used in GCC implementations in the
distribution system [49], [92]-[93]. The second one is known as the balanced
positive-sequence control (BPSC) strategy which is a well-known RCG method in
the study of LVRT performance of the GCCs [6], [41], [84]. The related equations
are presented in (1.4) to (1.7). Finally, the recently introduced RCG method known
as the flexible multi-sequence reactive current injection (FMS-RCI) [49] to satisfy
the newly imposed grid codes on the LVRT requirements to inject the reactive
current in both positive and negative sequences to support the PCC voltage during
an unbalanced grid fault [19], [91], [96]. The equations for the reactive reference
current generation in the FMS-RCI method in the DDSRF are presented in (4.1)
and (4.2). The active reference current value in this method is obtained based on

the traditional equation of (1.2).

TABLE 5.1 System and load parameters

DG unit Line Parameters (p.u.) IM Parameters

Rating 5.0MVA, 044 kV . Rating:24kV,2240hp  L,=0.6 mH/ph
Zp=0. +0.074

Vi 1000 V 7=0.0058 +0.0745i Rs=0.029 Qph L,=34.6mH/ph
Z;=0.0058 +0.07451 5

Cae 12 mF 7:20.0029 4 0.0372i Li=0.6 mH/ph Ju=20kg.m

ReLy 0.4 mQ, 50 uH e ' R=0.022 Q/ph Pole pairs =3

Without loss of generality, the system presented in Figure 5.1 is used to
investigate the effect of the dynamic load on the GCC-based DG unit small-signal
stability. A small-signal state-space model of the overall system components is
developed and presented in the following subsections. The modeling approach can

be easily extended to include additional DG units and load models.

5.2 State-Space Model of GCC-Based DG Unit

The control system of a typical GCC-based DG unit consists of 1) phase-locked

loop (PLL) system which performs the grid frequency synchronization and provides
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the frequency signal to the dg transformation blocks implemented in the DDSRF;
and 2) the inner current control loop to regulate the filter inductor current (i;), and

damp the resonance peak of the output LC filter.

The PLL and current control loop equations including the conventional
proportional and integral (PI) compensators and the feedforward PCC voltage
signal are listed in (2.22) to (2.25), where the positive and negative dq reference
frames are assumed to be rotating at the positive and negative directions of the
angular frequency (w), respectively, provided by the PLL. K, and K; are the current
controller PI compensator gains and, K> and K> stand for the same gains in PLL.
The current and voltage dynamics for the PCC are given in Sections 2.2.2. and

2.2.3.

5.2.1 State-Space Model of IM

The relation between the IM’s stator and rotor voltages and currents in the common
synchronous rotating reference frame can be stated by (5.1)—(5.6). Because IM
fluxes and currents are not independent, the IM equations can be written using
either of them as state variables. However, for the integration of IM state equations
into the GCC-based DG unit state-space model, the voltage equations with currents
as state variables seems more suitable [43]. Therefore, the relation between the

voltage and currents of the stator and rotor can be given in the DDSRF frame as

follows:
diy di’
+ -+ -+ Md -+ rd
VMd - _a)Llsqu + RslMd + Lls - a)Lmqu + Lm R
dt dt 5.1)
diy, di '
- — — d — rd
VMd = G)Llsqu + RSlMd +Lls —+ C()Lmqu +Lm —_—
dt dt
diy, diy,
Vitg = ©Ligingg + Ringy + Ly ——+ oL iy + L, —
dt dt
. . (5.2)
- — — qu — qu
VMq = _a)LlslMd + Rsqu + Lls - wLmlrd + Lm
dt dt
-+ o+
i =S Lyij + Ry + 1, dl"td — st oL, ir, + Ly, dlcfl‘jd ) (5.3)
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_ _ _ _ di, _ _ diy,

Vig = @Lyirg + Ryirg + L, =L + 5~ L, irg, + L, —22
dt dt

+ + + + i:—q + + di,th

Vig =5 @Lyi g+ R, +1L; » +s oL, iy, +L, Z
— — 5.4

B _ _ _ dig  _ _ diyg, 54
Vy=-8 oL,i ;+Ri +L,———s oL, iy, +L,

E 1 dt dt

where Lis and Ry are the stator inductance and resistance; L. and R are the
corresponding rotor parameters; Lx, s, and @ are the linkage inductance, rotor slip,
and the angular frequency of the stator supply, respectively. iy stands for the stator
current and i, is the rotor current. The electromagnetic torque in terms of stator and

rotor currents can be expressed as

3 . . . . _ 3 R .
Te+ :Eng(l+Mql+rd_l+Md1+rq)7 Te :Egl‘m(l Mq1 rd 1 Mal rq) (55)

The relation between torque and the mechanical speed can be obtained in terms

of the motor slip and stator angular speed as
Te+—T+—Ji((1—s+)a)) Te_—T_—Ji((s_—l)a)) (5.6)
L ’ L '

In (5.5) to (5.6), p, J, and T are the number of poles, combined motor and load
inertia, and the load torque, respectively. Note that since the rotor circuit of the IM

is shorted, the V, values are set to zero. The machine parameters are given in
TABLE 5.1.

By linearizing the dynamic equations of the DG unit, power network, IM and
the RCG equations, the state and input variables for the complete system can be
derived as

_ [XZSXI(DGfNetwork) ] _
S5x1 T -
[X 10><1(1M)]

[i2y iyt iy [ et [ e2dlt, [ eyt [ e dt, (5.7)

X

3

+ + — — + + — - o+ e+ = =T
DsV05V g Voa Vs Viar Vg ViasVygshaasbagrtaas iy ]
— = . o+ — —

. + T
[lrd’qu’lrd’qu’lMd’qu’lMd’qu’S ’S]

+ + - - * *qT
uéxl(DG—Network) [ng > vgq ’ ng ’ ng ’ P ’ Q ] (58)
u = =
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where (5.7) and (5.8) demonstrates the related 25 states and six input variables of
the GCC-based DG unit and the connected power system and ten states and six
input variables related to the IM dynamics. The obtained state matrix of the system
considering the BPSC RCG method is presented in the Appendix D. Further
modeling details for the GCC-based DG unit can be found in Chapter 2 and [48].

In addition, since the DG unit will be subjected to different operating states
under the low voltage conditions, the three-stage modeling method, presented in

3.2.2, is adopted in this chapter to overcome this limitation.

5.3 Stability Analysis

To demonstrate the importance of using the complete dynamic model of the IM and
not to simplify it with a static load model (i.e., the ZIP model [26]), the complete
small-signal model of the GCC-based DG unit is obtained with the consideration
of the mentioned two load modeling approaches: static and dynamic. The IM load
model adds six more states to the complete state-space model of the system,
comparing to the static load model. The eigenvalue spectrum for both models are
obtained and shown in Figure 5.2 where the frequency-scale separation of the
system modes are also indicated (the static load model has four additional non-
dominant modes with real values of around -3.6x 10°, which are not shown in
Figure 5.2).
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Figure 5.2 Eigenvalues of the GCC-based DG unit system with static and dynamic load models.

115



The low-frequency modes are the most dominant and, therefore, the most
fundamental modes for system stability analysis. As illustrated, for the static load
model, the 29 system modes are distributed in high, medium and low-frequency
ranges, with only seven modes located in the range of low-frequency (i.e., 0 to 50
Hz), shown in Figure 5.2(b). However, for the IM load modeling, all 35 modes are
distributed in the range of the medium and low frequency, which represents an
overall shift in the system modes towards lower frequencies and so, lower relative
stability. Besides, as shown in Figure 5.2(b), there are 26 modes of the IM load
modeling located in the low-frequency range which denotes 19 more dominant
modes compared to the static load model. Therefore, considering the transient
stability of the system, the system with IM load modeling demonstrates
considerably higher sensitivity and lower relative stability compared to the static

load model.

It should be noted that rotor oscillations are characterized by their low-
frequencies, and they cannot be effectively filtered by the average low-pass filters
in the DG units control system [94]. Due to the lightly-damped nature of rotor
oscillations in large IMs, the feedback system can be subjected to power oscillations
and even system instability, especially in the case of a fault occurrence. Therefore,
as revealed by Figure 5.2, although equations (5.1)-(5.6) add more complexity to
the dynamic model of the system, considering them is essential for accurate stability

analysis of the GCC-based DG unit system.

Another study based on the PFA [26] demonstrated the relative participation
of each state variable to the mentioned 26 low-frequency modes of the IM dynamic
model, shown in Figure 5.2(b). The normalized participation factors greater than
zero are obtained for all 26 modes. Amongst them, there are nine modes which are
highly related to the IM dynamics state variables (i.e., has non-zero participation in
the IM related dynamics). The PFA results for these nine modes are listed in
TABLE 5.2. Note that the stator flux is composed of both the stator and rotor current
components, and therefore, they highly participate to the demonstrated eigenvalues
when using the dynamic load modeling. It is observed that these nine modes are

related to the IM dynamics state variables, and their participation factor in all other
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variables are zero. Therefore, the system stability can be remarkably affected in the

presence of such a load.

TABLE 5.2 PFA results for the nine modes related to the IM dynamic state variables
Eigenvalues
. (modes)
State Variables
Setl Set2 Set3 Set4 Set5
(13,14) | (20.21) | (22.23) | (29) | (30,31)
APy 0.23 0.23 0 0.24 0
Aiy, 0.23 0.26 0 0.27 0
A 0 0 0.25 0 0.25
Ai,,_q 0 0 0.25 0 0.25
AZ}E . 0.24 0.24 0 0.23 0
Aiyg, 0.23 0.26 0 0.26 0
Ai;/[ d 0 0 0.25 0 0.25
Aiyy, 0 0 0.25 0 | 025
AS+ 0.03 0 0 0 0
AS™ 0.03 0 0 0 0
Other state variables 0 0 0 0 0

The eigenvalue and PFA analyses results demonstrate that there are nine
dominant poles in total which are associated with the IM state variables and
according to their location (i.e., less-damped modes resulting in more oscillatory
system responses), they have a high impact on the overall GCC-based DG unit
system stability. In fact, these modes can be regarded as the source of added
oscillatory response to the system, and therefore, they should be considered in

stability studies.

Furthermore, the participation factors obtained in TABLE 5.2 imply that all the
dominant eigenvalue pairs shown in Figure 5.2(b) are very sensitive to the stator
and rotor current components. This leads to the fact that the dominant system modes
are mainly influenced by the active power component drawn by the motor. This is

in agreement with the familiar fact that controlling the stator currents is an effective

117



way to reshape the open-loop IM dynamics, which is the case in IM drive systems
[95]. However, in the system under study with the direct connection of the IM, the
motor currents may not be available for stabilization. In this case, the motor power
is shared among the DG unit and the grid. Therefore, some methods are proposed
in this chapter to improve the during-fault voltage support by the DG unit. In this
way, the injected active and reactive current components of the DG unit result in
an improved power supply to the IM and boost its functionality to ride through the

fault condition.

5.4 Proposed Stability and LVRT Improvement Methods

Before 2003, no requirements were imposed from utility grids for LVRT
performance of wind turbine generator systems (WTGSs). However, in that year,
E.ON-Netz of Germany was the first to implement those requisites into their grid
code [94]. According to the guideline of the grid code, WTGS needs to stay
connected and provide reactive power into the grid. Only when the grid voltage
drops below the guideline of the grid code, a WTGS is allowed for disconnection
from the grid [19]. Also, LVRT for photovoltaic (PV) plants was mentioned in the
German grid code from January 2011 to provide uninterrupted service in the case
of grid disturbances. However, to the best of authors’ knowledge, the LVRT
performance of a GCC-based DG unit in the presence of an IM load is not reported
in the literature yet. On the other hand, based on [26] the IMs typically consume
60% to 70% of the total energy provided by a power system. Therefore, the
dynamics related to motors are usually the most important aspects in dynamic
analysis of system loads and, therefore, in the analysis of modern power systems it
is also crucial to consider the IM dynamics with respect to the mandated LVRT
requirements in the grid codes [19], [38], [91]. As mentioned in Section 2.3, SCR
is a standard definition to quantify the strength of an ac system as compared to the
rating of the connected DG unit. Therefore, this quantity will be used in this chapter

as an indication of the grid strength.
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The LVRT performance of the presented system of Figure 5.1 under a short-
term unbalanced grid fault is investigated in this section. For the time-domain
simulation studies, the system above is implemented in MATLAB/Simulink
environment. Three different RCG methods, described in Section 4.1, are
implemented, and the system performance is monitored for a satisfactory LVRT.
The location of the fault is also shown in Figure 5.1. It is an unbalanced two-phase

to ground grid fault happened at /= 1.8s and lasted for 200 ms.

5.4.1 LVRT under Strong Grid Condition

To investigate the LVRT performance of the system under study when connected
to a strong grid, the above-mentioned unbalance fault scenario is studied when the
DG unit is connected to a grid with SCR= 10. The mentioned three RCG methods
are implemented and tested under the same condition. The results revealed that all
three strategies are able to maintain the DG unit connected during and after the fault

when the connected grid is strong.
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Figure 5.3 Time-domain simulation results of employing the traditional and the BPSC RCG
methods during an unbalanced fault when the connected grid is strong.

Figure 5.3 compares the results of employing the traditional and the BPSC
RCQG strategies. These two methods perform almost the same without any negative-
sequence reactive-current compensation. Between them, the BPSC delivers the
balanced current with lower maximum-phase value during the fault, and shorter
settling-time after the fault. Besides, assuming a protection limit for the three-phase
DG unit current value at 2.0 p.u., Figure 5.3(a) shows that employing the traditional
RCG may trigger the protection devices. In fact, if the fault duration passes the
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adjusted time of the over-current protection system, it can result in DG unit

disconnection and LVRT failure.

Because the BPSC and the traditional RCG methods have no specific rule on
the reactive-current injection according to the voltage drop value, during the fault,
they cannot be chosen to provide the LVRT requirements considering the grid codes
[19], [38], [91]. However, the FMS-RCI method improves the voltage profile
during the fault by injecting the reactive current in both positive and negative
sequences. Therefore, in the next test, the LVRT performance of the system is
studied while employing the FMS-RCI strategy with the K and K parameters set
to 2. This value is chosen to be compatible with the regulated value of the reactive-
current injection under the balanced fault condition presented in [19]. Figure 5.4
shows the FMS-RCI strategy results compared to the BPSC method to demonstrate
their difference in supporting the IM bus voltage and improving the active and

reactive power profiles of the DG unit and the IM.
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Figure 5.4 Employing the FMS-RCI and the BPSC strategies during an unbalanced fault when
the grid is strong.

Figure 5.4(b) reveals that the FMS-RCI generates a higher average power in
the DG unit during the fault. With the IM, the FMS-RCI strategy provides a
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smoother recovery on the active/reactive power after the fault. The only possible
problem in the application of the FMS-RCI with the injection of the flexible
reactive-current during the fault is that the maximum phase value of i; stays over
the reasonably assumed 2 p.u. limit (Figure 5.4(a)). Therefore, to find a remedy, a
model-based current controller design method is utilized in the next section using
the small-signal stability analysis of the system for the before-fault (BF) and during-
fault (DF) stages.

5.4.1.2 LVRT Performance Improvement using Model-Based

Controller Design

In this method, the initially designed current controller parameters, i.e., K, and K;
of the PI compensator are changed, and the eigenvalue locus of the complete system
is obtained. The initial design of these parameters is obtained based on the pole-

zero cancellation method described in [24].

In the mentioned model-based controller design, the controller parameters are
being changed, and the eigenvalue locus of the system is monitored for the best
relative stability condition. Figure 5.5 shows the eigenvalue locus of the system
when the K, and K; parameters are increasing for the DF and BF stages. As
demonstrated, for the DF stage, there are three pole-pairs moving farther from the
imaginary axis to a specific point, from which, they return their path towards the
imaginary axis. This point is when the value of the K, and K; parameters are
increased to 17 times their initial value. Therefore, there is a limitation in increasing
the K, and K; parameters to improve the relative stability of the system. However,
considering the BF stage, which has the same RCG method as the AF stage, it is
observed that by increasing the K, and K; parameters, two dominant poles move
towards the imaginary axis. Therefore, there is another limitation on increasing the
current controller parameters to keep the system stability for the normal operation
of the DG unit, before and after the fault. Further investigation revealed that by
increasing the K, and K; parameters more than four times, the system would show
unstable poles for the BF stage. From now on, this method is called the current

controller improved design or the CCID method.
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Also, it is worth mentioning that by comparing the results of Figure 5.5 with
those of Figure 5.2(b), it is inferred that these affected poles by the CCID are
amongst those which are added to the low-frequency area by considering the
dynamic load. Again, it demonstrates the importance of using the detailed dynamic

load model instead of simplifying it with the static load model.
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Figure 5.5 Eigenvalue locus of the most dominant poles when the current controller parameters
are increasing when employing the FMS-RCI strategy in: a) DF-stage, b) BF-stage.

To investigate the effectiveness of this improved model-based CCID method
in preventing the DG unit over-current problem, while keeping the same control
parameters value (K* and K) for the FMS-RCI strategy, the time-domain
simulation results of the system are obtained. Figure 5.6 shows the results for the
case of K, and K; parameters increased to 2.5 times their initially designed values.
Figure 5.6(a) shows that the maximum phase value of i; is considerably reduced,
compared to Figure 5.4(a). However, the system is acting slower in returning to its
steady-state after the fault clearance which was predictable by considering the
results of Figure 5.5(b). In fact, the speed of decay of the transient response depends
on the value of the time constant of the most dominant poles [97]. By representing
a complex pole by -oxw, the time constant is defined by 1/¢ which justifies the
slower transient response or higher settling for the system after the fault. The IM
bus voltage, active and reactive power have not experienced any remarkable
change. Therefore, the CCID could effectively reduce the possibility of the LVRT

failure due to the potential DG unit over-current.
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5.4.2 LVRT under Weak Grid Condition

As mentioned above, the strength of the ac system plays an important role in the
interactions between the DG unit and the power system. Considering the LVRT
requirements, because a weak grid has a lower ability to support the load during the
fault, it is more probable to get a DG unit disconnection and failure of the LVRT.
In this subsection, the results are presented for the case of a system with SCR= 2
(weak grid) and the same fault scenario of Section 5.4.1, considering three RCG

methods.

Figure 5.7 shows the system performance with the traditional RCG method.
As demonstrated, after the fault clearance, the DG current value has elevated and
passed the DG current limit. In fact, the PCC voltage cannot return to its normal
value after the fault clearance. Therefore, the DG current is increased to deliver the
required power. It ultimately results in the DG unit disconnection, due to the
protection system function, and the LVRT failure. The motor torque and speed are

also dropped down.
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Figure 5.7 LVRT performance of the system under a weak grid condition using the traditional
RCG method

To find the best RCG method to satisfy the LVRT requirements, the other two
RCG methods, i.e., the BPSC and FMS-RCI, are used and evaluated. These
strategies are also advised and studied in many LVRT-related studies [40]-[41],
[84]. The same fault scenario occurred and the results are obtained and presented
in Figure 5.8. In this test, the initial design of the FMS-RCI controlling parameters,
K" and K, are based on what is imposed in the German grid code of [19] for the
symmetrical faults and what is presented in [40] for the application of the FMS-
RCI. Therefore, the initial values of K and K~ are set to 2.

As shown in Figure 5.8, the BPSC method has wholly failed in retrieving to its
normal condition after the fault clearance when the connected grid is weak. The
positive-sequence of the PCC voltage profile has remained low, and the DG unit
has not been able to generate the expected amount of the active and reactive power
after the fault. However, because the FMS-RCI method can better support the PCC
voltage by injecting the reactive current during the fault in both positive and
negative sequences, it has been able to boost up the PCC voltage faster than the

BPSC after the fault clearance. Besides, Figure 5.8(c) and (d) show that the FMS-
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RCI has clearly improved the system transient performance during and after the
fault. Therefore, in the case of a weak grid condition, choosing the FMS-RCI
method seems the only reasonable choice for the LVRT studies on a GCC-based
DG unit system connected to an IM load. However, because the connected grid is
weak and the DG unit is mainly providing the required power for the IM load, the
results show that the existing system is not fast enough in recovering after the fault
clearance. As illustrated in Figure 5.8(a), the DG unit current stays high for a long
period after the fault which can result in the DG unit disconnection. Also, the PCC
voltage finally fails in getting back to its normal value. Therefore, the obtained
results imply that it is necessary to improve the system response to let the DG satisfy

the LVRT requirements and remain connected during and after the fault occurrence.
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Figure 5.8 LVRT performance of the system under weak grid condition using the BPSC and the
FMS-RCI RCG methods with the initial proposed controlling parameters.

5.4.3 Proposed Model-based LVRT Performance Improvement
Methods

As the first step, the proposed CCID method presented in Section 5.4.1 is studied
for the weak grid condition in both DF and BF stages. The eigenvalue locus of the
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system is obtained when the K™ and K are set to 2, and the current controller
parameters are increasing. The trend is completely similar to what is presented in
Figure 5.5 for the strong grid condition. Therefore, due to the space limitation, it is
not shown here again. According to the mentioned small-signal stability analysis,
the current controller parameters, i.e., K, and K;, are increased to 2.5 times their

initial values.

One other possible and reasonable solution to improve the LVRT performance
of the DG unit in the presence of the IM load and under a weak grid condition can
be increasing the PCC voltage support during the fault in the FMS-RCI strategy.
This can be obtained by choosing higher RCG controlling parameters, i.e., higher
K" and K values. In this way, the PCC and therefore, the IM bus voltages will
experience lower voltage drop (due to the injection of more positive-sequence
reactive current) and lower unbalance (due to the injection of more negative-
sequence reactive current) during the fault. Therefore, although the value of K" and
K parameters is different from what is suggested in [40], based on the above-
presented results, it seems mandatory in the case of a weak grid condition to keep
the DG unit connected to the grid and satisfy the LVRT requirements. However, to
the date, there is no study presented in the literature to investigate the limitation on
selecting the value of the K™ and K parameters considering the grid strength, the

depth of the voltage dip, and the DG unit constraints.

To find this threshold, first, the small-signal stability analysis is carried out on
the complete linear model of the system using the DF-stage modeling. In fact,
changing the value of the K and K parameters is only valid when the DF-stage
modeling is being used. The result is shown in Figure 5.9 when increasing the K™
and K values from 2 to 5. There are four dominant pole pairs affected by changing
the value of K™ and K, amongst them two pairs start moving towards the right-half
plane (RHP), denoting lower transient stability in the system. The interesting point
is that these two pairs are the same which were moving towards left by using the
CCID method for the DF stage (refer to Figure 5.5(a)). Therefore, although

increasing the K™ and K parameters move these poles towards lower relative
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stability, the combination of this tuning method with the CCID method can

compensate for this undesirable effect to some extent.

Therefore, the limitation on increasing the value of K* and K parameters is
applied by the consideration of maintaining the relative stability of the system. This
lower stability threshold can be effective on the fault clearance where the system
will experience a significant transient in the voltage and current values and
therefore, in the system states. Further investigation demonstrated that increasing
the K" and K parameters up to 13 will still keep the system stable with all poles on
the left-half plane (LHP). After that point, the system will experience unstable
poles. However, even for setting K™ and K close to 13, the system will have a high
sensitivity to the sudden changes such as an unexpected fault. Consequently, by
conservatively choosing the value of K™ and K parameters as five, the system is
supposed to represent a faster response, higher voltage support and ultimately a

successful LVRT performance while keeping a reasonable stability margin on the

transients.
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Figure 5.9 Eigenvalue locus of the most dominant poles when the FMS-RCI controlling
parameters are increasing in DF-stage model.

To verify the effectiveness of the proposed methods, the time-domain
simulation results of the system are obtained under the same fault scenario and
connection to the same weak grid with SCR= 2. The results are shown in Figure
5.10. It represents a successful LVRT performance in which the value of the DG
unit current, iz, is remained below the limit, during and after the fault. Compared
to Figure 5.8, an apparent improvement in the voltage profile of the PCC and the

IM bus is observed in Figure 5.10(b) and (d). Besides, all presented system values
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illustrate the faster recovery on the fault clearance. It should be noted that, because
the DG unit is mostly in charge of providing the IM power demand, the quality of
the provided active and reactive power (P and Q) by the DG unit is remarkable from
the IM point of view. As demonstrated, the injected P and Q during and after the
fault is improved, compared to Figure 5.8(c). This enhancement is also observable

on the IM rotor speed and electromagnetic torque profiles of Figure 5.10(d).

Further analysis shows that the DG unit will ride through the fault successfully,
even if the IM load gets disconnected while the DG unit control parameters are still

set on the proposed enhanced values.
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Figure 5.10 Successful LVRT performance of the system under weak grid condition using
improved FMS-RCI strategy with the proposed increased controlling parameters (K=K =5).

(d)

To investigate the effectiveness of the inferred conclusion of the eigenvalue
analyses presented in Figure 5.9 about the limitation on increasing the FMS-RCI
controlling parameters, another test case is studied while the values of K and K
parameters are set to 7 under the same fault and grid condition. The results are
presented in Figure 5.11. Although the profile of the voltage support during the
fault is improved, the system is not able to retrieve to its balanced condition after

the fault. It should be noted that neither the positive- nor the negative-sequence
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values of the PCC voltage has not passed the defined boundaries of (4.1) and (4.2)
for the FMS-RCI strategy from where the reference reactive currents should be set
to 1.0 p.u. However, due to the reduced stability margin of the whole system, as

observed in the small-signal stability analysis of Figure 5.8, the RCG system is

unable to rapidly follow the sudden change in |V, | on the fault clearance.

Therefore, the injection of the negative-sequence reactive current is continued even
after the fault is cleared, and the system is failed in satisfying the LVRT
requirements.
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Figure 5.11 LVRT performance of the system under weak grid condition using the FMS-RCI
strategy with higher controlling parameters (K=K =7).

To illustrate the eigenvalue spectrum of each test case considering the related

DF-stage values, Figure 5.12 is presented for the most dominant system poles. It is
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observed that for the case of K=K =7, two system modes have moved to the
unstable condition for the DF state values. These results confirm the illustrated

time-domain simulation results and validate the developed analytical model.
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Figure 5.12 The effect of increasing the FMS-RCI parameters on the most dominant poles of
the system during the fault.

5.5 Sensitivity Analysis on The IM Location Relative to
The DG Unit

Another missing but significant study on the stability performance of a GCC-based
DG unit in the presence of the IM load is an investigation on the effect of the
distance between the DG unit and the IM load and, how it can affect the relative
stability of the entire system. To perform this study, in the obtained linear state-
space model of the system, the length of the power line between the DG unit and
the IM, presented by Z» (refer to Figure 5.1), is increased by increasing its
magnitude (starting from 0.01 p.u.) while its angle, presented by the X/R ratio, is
kept constant at 12. Figure 5.13 shows the obtained eigenvalue locus for both strong
and weak grid conditions. For both cases, although the most dominant pole of the
system is slowly moving towards left, there are two other poles quickly moving to
the right. More investigations revealed that by increasing the magnitude of Z> more
than 0.4 p.u. for the strong grid and more than 0.1 p.u. for the weak grid condition,
the system represents unstable poles in the RHP. Therefore, it should be considered
that there is a limitation on the length of the power line when installing a DG unit

close to an IM load. Although longer distance decreases the interactions of the
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machine dynamics and the DG unit, it presents higher voltage drop which reduces

the capability of the DG unit in providing active and reactive power to the IM load.
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Figure 5.13 Eigenvalue locus of the system modes demonstrating the effect of increasing the
length of the line between DG unit and the IM.

This outcome is also investigated in the time-domain simulation model of the
system. Results are shown in Figure 5.14 where the DG active power is presented
for the case of the initial length of Z> (i.e., 0.01 p.u.) and when it is increased to 0.1
p.u., which still represents stable system modes. The implemented RCG strategy is
the FMS-RCI with K'=K =5. The same fault scenario is studied at /=1.8 s. It is
observed that, although the system is experiencing a stable performance before the
fault, the power system including the IM load cannot retrieve its stable mode after
fault clearance. The IM rotor lost its speed and the electromagnetic torque. The
maximum value of i; on all phases stays high which finally leads to the DG unit
disconnection and the LVRT failure. This result verifies what is realized in Figure
5.13. Therefore, in the case of installing a DG unit to support an IM load, an
efficient length of the power line between them should be considered to prevent
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Figure 5.14 Time-domain simulation results illustrating the effect of the length of Z, on the
LVRT performance of the system (FMS-RCI method, weak grid condition)

5.6 Experimental Results

The results of the time-domain and the state-space stability analyses are validated
using a scaled down 1.0 kV A laboratory prototype as shown inFigure 5.15. The key
components for the laboratory setup are the same as detailed in Section 2.5. An
induction machine is also connected between the grid and the VSC unit, as
demonstrated in Figure 5.15. The machine has four poles, with the output power of
0.25 hp and the nominal voltage value of 208-230 V. The grid stiffness is changed
by connecting series inductors to the ac grid so that, the SCR of the studied system
can be varied. For the strong grid condition, the SCR is considered 6.6, and for the
weak grid condition, the SCR is set to be 2.1. In all test cases, an unbalanced fault
1s occurred at the same location as the simulation tests cases, i.e., on the line

between the grid and the IM

Figure 5.15 Experimental test setup.
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5.7 Strong Grid Condition

First, the DG unit is connected to the strong grid, and the LVRT performance of the
system is monitored using the traditional and the FMS-RCI strategies. The results
are shown in Figure 5.16 representing a successful LVRT performance when
employing the traditional RCG and the FMS-RCI with the initially selected
parameters as K™ =K=2. However, the FMS-RCI strategy is clearly able to reduce
the positive-sequence voltage drop and the negative-sequence voltage value during
the same fault condition, compared to the traditional RCG (see Figure 5.16(a) and
(b)). In addition, to show the system limitation in increasing the K* and K
parameters, another test case is studied when K" =K'=7, shown in Figure 5.17. In
this case, the injected current during the fault is greater than the protection setting
(20A) and causes the DG unit trip. These results verify the small-signal and the

time-domain simulation results of Section 5.4.1.
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Figure 5.16 Experimental test results showing the LVRT performance of the system under
unbalanced fault when the connected grid is strong using the traditional and the initial FMS-
RCI (K" =K=2) strategies.

0
ol [
S I 2
S ],
~ B
i
N 08 S
k -0.6
—_— 0 1 2 6 7 8 9 10 11 12
o 1 2 3 4 5 6 7 & 9 10 1 12
—~ 04 seecce 0
S 03 B O S 3' 0.2
S : : P :
~ 02 E o Qe
| g " : :
S 5 0.6
~ LS
L
— 0 b H s 0.8
¢ 1 2 3 4 5 6 7 8 98 10 11 12 ¢ 1 2z 3 4 5 6 7 8 8 10 11 12
Time (S) Time (S)
(a) (b)
—~
e D000 - e e e e e e e R . S .
g S DG Unit Disconnected —
= & I
5 1500 g LVRT Failure
£ = :
@ 1000 =
N O 13
8 (GRS : : :
S 500 41 A
= 0 1 2 3 4 5 s 7 g8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12
Time (s) Time (s)
(c) (d)

Figure 5.17 Experimental test results showing the LVRT performance of the system under
unbalanced fault when the connected grid is strong using the FMS-RCI with K" =K=7.

5.8 Weak Grid Condition

In the next step, the system is connected to the weak grid with SCR=2.1, and the
same fault scenario is studied. The results revealed that by employing the traditional
RCG and the same initial design of the FMS-RCI which was used in the strong grid
case, the system fails in providing the LVRT requirements and the DG unit gets
disconnected. Figure 5.18 illustrates the results of the initial FMS-RCI method.
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Figure 5.18 Experimental test results showing the LVRT performance of the system under
unbalanced fault when the connected grid is weak using the traditional and the initial FMS-RCI
(K"=K=2) strategies.

Therefore, based on the obtained results of Section 5.4.2, the FMS-RCI
parameters are increased to provide more voltage support on the PCC. The results
are shown in Figure 5.19 which verify the aforementioned time-domain results. In
addition, to find the maximum FMS-RCI parameters value for the case of weak grid
condition, the value of K and K™ increased and the same fault scenario is observed.
The results revealed that in this case, the maximum value of these parameters is K"
=K=5 which is lower than what is observed for the strong grid condition. This result
is also in agreement with the small-signal and the simulation results. The obtained

waveforms are presented in Figure 5.20.
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Figure 5.19 Experimental test results showing the LVRT performance of the system under
unbalanced fault when the connected grid is weak using FMS-RCI with K" =K=3.5.
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Figure 5.20 Experimental test results showing the LVRT performance of the system under
unbalanced fault when the connected grid is weak using FMS-RCI with K™ =K=5.

5.9 Summary

Medium-voltage distributed generation (DG) units can be subjected to a high
penetration level of dynamic loads, such as induction motor (IM) loads. The highly
nonlinear IM dynamics that couple active power, reactive power, voltage, and
supply frequency dynamics can affect the stability of MV grid-connected converter
(GCC)-based DG wunits. However, detailed dynamic analysis and, more
importantly, stabilization approaches of GCC-based DG units with IM loads when
subjected to the grid faults, are not reported in the literature. In addition, the

literature lacks a thorough study on the effect of the grid strength on the low-voltage

ride through (LVRT) performance of such a practical system. To fill in this gap,

this chapter presents comprehensive integrated modeling, stability analysis, and
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LVRT performance improvement methods for GCC-based DG units in the presence
of an IM load considering different grid strengths. A detailed multi-stage small-
signal model of the complete system is obtained, and the eigenvalue analysis is
conducted considering both static and dynamic load modeling. Furthermore, a
sensitivity analysis is performed to investigate the effect of the length of the power
line between the DG unit and the IM on the stability and LVRT performance of the
entire system. Finally, the LVRT performance of the DG unit under an unbalanced
grid fault is investigated using three different reference current generation strategies
to determine the best strategy to provide a stable and efficient LVRT performance
under strong and weak grid conditions. The time-domain simulation and
experimental results are also presented to validate the effectiveness of the proposed

methods.
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Chapter 6

Conclusion and Future Work

In this chapter, the main findings of the thesis are summarized, and future work

suggestions are presented.

6.1 Thesis Conclusions

In Chapter 2, a detailed small-signal model and analysis of the dynamics of a grid-
connected VSC equipped with the recently developed balanced positive-sequence
control and positive—negative-sequence control methods to support the grid under
unbalanced conditions have been presented in this chapter. The impacts of the
short-circuit ratio, angle of the ac system impedance, and phase-locked-loop
parameters on the transient behavior of the VSC have been thoroughly studied and
characterized. Furthermore, to improve the dynamic performance of grid-connected
VSCs, a simple yet effective current-control-based compensator has been
developed to mitigate possible instabilities associated with low-voltage operation.
Comparative simulation and experimental results have been used to validate the
theoretical analysis and the effectiveness of the proposed compensation scheme.
The study has revealed the following:
1. For strong grids (SCR>3), the BPSC is the best choice because it has balanced
and sinusoidal current during the fault. Also, it exhibits the lowest /... value.
2. In case of weak grids (2<SCR<3), the PNSC is the best choice in comparison
to the conventional controllers; because, it has lower reactive power
oscillations and almost zero oscillations on active power. Nevertheless, it
should be noted that the PNSC strategy becomes unstable for high PLL
parameters (K,> and K;2) when the converter is connected to weak grids.
3. In a weak grid with low X/R ratio, the PNSC strategy is superior choice as

compared to the BPSC because its damping ratio reveals minor changes and
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stays above zero.
4. In systems with more sensitive protection devices, the BPSC strategy should

be adopted because of its considerably lower .., value.

In Chapter 3, a detailed small-signal modeling framework for typical medium-
voltage multi-bus distribution power systems with multiple DG units is developed
in this chapter. This model includes the positive and negative sequences of the
current and voltage components in the decoupled double synchronous reference
frame. The proposed models are developed for three different stages of the system
(i.e., before-, during- and after-fault) to cover a wide range of system operating
points. Furthermore, to precisely study the interactions among DG units, four
different control modes in DG units are considered to obtain the linear models and
study the system under low-voltage conditions and at different grid strengths.
Using the proposed comprehensive models and based on the small-signal stability
analyses, different control parameters are re-designed. In addition, the sensitivity
analyses are performed to study the effects of different system parameters.
Simulation and experimental test cases validated the accuracy and effectiveness of

the theoretical analyses.

In Chapter 4, a three-stage modeling approach of a CI-DG unit system
equipped with a flexible multi-sequence reactive current injection method is
presented in this chapter. The small-signal stability analysis is performed on the
system dynamic behavior before, during, and after the unbalanced fault and under
the weak grid condition. A new and effective model-based controller parameters
design method is proposed to maintain the system stability during and after the fault
with the consideration of the mutual interaction among different system controllers.
The proposed control system design improved the relative stability of the system
under the weak grid condition when subjected to an unbalanced fault; at the same
time, the amount of the positive and negative components of the injected reactive
current during the unbalanced fault follows the grid code requirements. Then, by
applying the proposed design of the controller parameters in the nonlinear time-
domain model of the system, the large-signal LVRT performance improvement is

observed in the CI-DG in connection to a weak grid. Finally, the laboratory
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experiments validated the accuracy of the developed model and the effectiveness

of the proposed strategies.

In Chapter 5, the dynamic analysis and performance improvement methods for
the GCC-based DG unit system are presented in the presence of an IM load. To
assess the impact of utilizing the dynamic load on the integrated system stability, a
detailed multi-stage small-signal model of the complete system was obtained, and
the eigenvalue analysis was conducted considering both static and dynamic load
modeling. The results showed that the dynamic load modeling adds 19 low-
frequency less-damped modes to the studied DG unit system which result in lower
relative stability margin and could effectively change the shaping of the system
eigenvalues. Furthermore, considering the critical effect of the grid stiffness on the
LVRT performance of the DG unit system connected to the IM load, the
performance of the system was investigated under an unbalanced grid fault using
three different reference current generation strategies to indicate the best strategy
to provide a stable and efficient LVRT performance in the GCC-based DG unit
system under strong and weak grid conditions. The model-based control system
improvement method was used in both strong and weak grid conditions using the
small-signal stability analysis to implement a stable and efficient system to ride
through the grid fault considering the LVRT requirements. Besides, in the case of
the weak grid condition, a maximum boundary for selecting the control parameters
of the FMS-RCI strategy was obtained to satisfy the LVRT requirement and also
maintain the system stability margins. Finally, the sensitivity analysis was also
performed to investigate the effect of the length of the power line between the DG
unit and the IM on the stability and LVRT performance of the whole system. The
time-domain simulation and experimental lab results were also presented to validate

the effectiveness of the proposed methods.
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6.2 Future Work Suggestions

In continuation of this work, the following topics are suggested for future studies:

e Extending the proposed models and control methods to voltage-source

converter-based high-voltage dc transmission systems.

e Addressing the islanded operation mode of the single and multiple converter

systems.

e Extending and applying the proposed control methods to parallel converters

interfacing large DG units.
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Appendix A

A.1 Derivation of the BPSC Strategy Small-Signal
Equations

Using (1.4) to (1.7), the equations of the BPSC reference-currents are

2

*P V+ = V+
P 3 ref " pd N 3Qref Pq (A1)
d + + + +
V24V (V2 +V02)
2 N
, geef qu Qref pd (A.2)

q (V+2+V+2) (V+2+V+2)

The linearized BPSC reference currents, i.e., Ai:,+ and Ai;+ are obtained as

follows:

A =2 { N A AV*} 220 {ml A+ ape | (A3)
“ 37 den den "] 37| den wt den ™| '
A =2p {ml AV + AV+}—%Q {_—mzAVWﬂAV; (A4)
3 |den den 3 | den ' den ‘| '

In which
2
—_ + + _ 1/t 2_ + 2 + 2 + 2
- 2Vpd —ss qu ss” my _Vpd—ss qu—ss > den = (Vpd 58 +qu—ss ) (AS)

Subscripts ss denote the steady-state value.
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A.2 Derivation of the PNSC Strategy Small-Signal

Equations

Using (1.8) to (1.10), the equations of the PNSC reference-currents are

2 . 2 N 2 _ 2 _
o E Pref Vpd 5 Qref qu . 5 PrEf Vpd g Qref qu
Iy = 2 2 2 I, = NE T 2 (A.6)
v - - vl -l -
2 . 2 . 2 _ 2 _
. _gprfff qu N gQr'eff Vpd . _geef qu . gQref Vpd (A.6)
4 P 2 P 2 q P ;Y P Y
vl -l -l vil - [l -]

. . . * * e .
The linearized PNSC reference currents, i.e., Ai,", Ai" | o7-and Aj are obtained

as follows:

a2 N I o, -
Ai, :EPfef/'(fl,vj, Av, +f17v* Av +fljd AV + 1 AV,) =
) (A7)

+ + - —
5 O (fz_ v Av + fz_u;q Av, + fz_vpd Av,, + fz—"w Av,)

. 2
S + + — -\ _
Ai, _Epfef(fl,v;,, Av, +fU;q Av,, +fu;d Av,, +fU; Av,)

2

A.8
200Uy AV, AL, A, ) o
3 ref Z,V;d . vpd 2,";‘/ . Pq 2,";,1 . pd 27\;;‘/ - rq
A.*_ _ 2P A + A + A R A N
ld - _5 T‘?f(f‘s,v;d ’ de +f‘57v;‘[ ' qu * jfsfv;d ’ Vpd +f‘5*v;w . qu) -
A9
EQ (f A+ AV +f AL AV o
3 ref 671’;‘1 . vpd G,V;q AV, 67\/;‘[ 2V pd 67‘/;4 = pq
o 2 + + g - i B
Ny == TP AVt S A S AV A A0
2 + + g - — ( . )
ngff('f;_v;d AV, +<f;_v!‘w Av, +f5_vpd Av, +f5_qu Av, )

In which subscripts ss denote the steady-state value, and f, coefficients are presented

in TABLE A.1.
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TABLE A.1 f; coefficients for the representation of the PNSC linearized equations

den:(V+ 24Vt
pd—s.

I
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pd

2)+ (V‘ 24
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_ sy _
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- +
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- d 2 ’ 1 v
+ +
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- d 2 ’ 2 v

- 2
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Appendix B

B.1 State Matrix for the Multi-DG Case Study

The linearized equations of the BPSC RCGs in the DDSRF for each DG unit can
be obtained using the methods shown in (A.1) to (A.5). To obtain the state matrix

for the two-DG system, the following variables are defined:

+ + _t 2 + 2
21_V

Lo =2V |od-ss Vp] q-ss’ ppdss _Vpl q-ss ’

2
den=|V* = Pypt 2
pl >d755 171 Ul

2 + 2
m, =—2 VJr V+ my, =V~ -V
12 ,d—ss ,q-ss’ 22 Dayd ™SS Pnyqg—ss
Py Py 2 2 (B 1)

my=V" @t Iyt ),
PyA=ss Py ,d—ss Pysq=ss

where subscripts ss denote the steady-state value. The state and input variable
matrices for the first CM are shown in (3.2) and (3.3), respectively. To simplify
the way of presenting the state-space matrices, some variables are defined in

TABLE B.1. # stands for the time-constant of the feed-forward filter on the PCC

voltage [24].

TABLE B.1 Auxiliary variables for the linearization process

—'Rl'Ro h Rf
- Je—
L+L "~ L 2 -m m . . .
+L / hs==P ( 21) Q1 ( 11 hé—%p] (ﬂ)+le (&)
-k _ 1 3 den 3 “den,” 37 den,
h3 ?, h4 L— 1

2 * Wl“ 21 _2 * }’}121 2 * mll h _2 . —m,, 2 ., m,
7_§P1 (den Q] ( h8—§[} (; -=0 (;”ll 4 gpz (E)JFEQz (?’12)
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2 .om 2 . 2 m hiz=
12 32
hio=7%h (—=)+-0, hir== )k, 2p My 20
-V Zp My 2o M
3 7 den,” 37 den, 3 ‘den, 35 ¢ den2) 32 ( denz)
his= )
. m 1 1
2 m m hi=—(—>)k his=—,  his=—
22 12 14 ’
( )__Qz ( ) 3 den2 e ¢ Ly
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-R, 1
hio=—2, hao=—
pz, pz’q L, L,
hir= / / (R, +R) 1
-(R, +
Pzd) ( qu Pzd) ( qu h21:#; h22:_
3 L3
Therefore, the A1(47X47) matrix of (3.1) is obtained as follows:
1a, 1h
(24x24) (24x23)
= B.2
14737y ( )
1"(23x24) 1d(23><23)
1 2 3 4 56 7891011121314151617181920 21 22 23 24
1(hi o il
2q
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5 ho hs i1+q
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la( 24x24) 11 h hs i;,,
12 he iy,
13 -1 he
14 -1 hs
15 -1
16 -1
17 -1 hio
18 -1 hi3
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21 KipL
22 his his
23 Ki pLL
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(B3)
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(B.6)

: and Bl(47 ! matrices, the non-zero elements are obtained as

A,(5,13)= 4,(6,14)=A4,(7,15)= A4,(8,16) =

A,9.17) = 4(10,18) = 4,01,19) = 412,20 ="~

4,(21,22)= 4,(23,24) =K, ,,

B,(,1)= B/(2,2)= B/3,3)=B(44) =

B,(35,5) =1

(B.7)
f

1
(L +L,)

(B.8)

Using the obtained 41, A> and B matrices, the complete standard form of the

state-space model can be easily obtained based on (3.1).
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Appendix C

C.1 State Matrix for the DG Unit with Flexible Grid

Support
Using equations (4.4) to (4.6), A; is defined as follows:

A 1C’(llez) 1b(12><11)
. =
(23x23) A A (C.l)
10(11x12) ld(llxll)
where:
1 2 3 4 5 6 7 8 9 10 11 12
'Rl'Ro
1 @,
L1+L0
R,-R
2 —@, L :_LO
1 0
3 -Ri-R, —w
0
L1+LO
'Rl'Ro
4 @ LAL
1 0
- R K
lagzy 5 L, L,
6 s L
L, L,
R, K,
7 L, L,
8 e K
L, L,
9 -1
10 -1
11 -1
12 -1
(C.2)
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L; L;
il 1
L L

(C.3)

) matrices, the non-zero elements are as follows:

-1

A4.2,1)=4,.3,2)=4,.43)=4,.05,4) = R

A4,(2,5)=A4_(3,6)=A_(4,7)=4,(58) =

(C.4)

f
1
Cf
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A,1,11) =K,

iPLL
1
A,,06,2)=4,,(7,3)=4,,8,4)=4,(09,5) :T_
fr
1 (C.5)
A,,06,6)=A4,(7,7)=A4,,(8,8)=A4,(9,9) :T_
fr
1 -1 1 -1
4,010,2)=—,4,(10,10)=—,4,,(11,3) =—,4,AL11)=—,
7 7 2 2

For AZ(23 ) and Bl(23 o matrices, the non-zero elements are as follows:

K, K, K, K,
A2(539):L_3 A2(6>10):L_’ A2(7>11):L_’ A2(8912):L_a

f f f f (C6)
4,(13,23) =K,

-1 -1 -1
B/(L1)= PRSI Bl(2,2)—m, B/(3,3) = ToL)
. s o (C.7)
Bl 4,4 = 9B1 955)= _( T )’Bl 10’6 :(_( + )
( ) (L1+LO) ( (3) pd,f,ss ( ) 3 ) pd,f,ss

By using the above matrices, the final state and input matrices can be obtained

based on (3.1) in which 4= (I —4,)"' 4, andB=(I—4,)"'B,.
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Appendix D

D.1 State Matrix for the DG Unit with IM Load

The BPSC strategy (with the related equations presented in Section 1.2.1) is
selected as the RCG method in obtaining the following state-space matrices. Also,

the following auxiliary variables are defined to facilitate the way of presentation:

2 2
m, = —2 v;a’,ss v;q,ss m, = (V;d,ss) - (V;q,ss)
>

2 272 2 2
den, :[(v;d,ss) +(v;q,s.\‘) 1" den, :(v;d,ss) +(v;q)ss)

2

where the subscript ss stands for the steady-state values. The 41 matrix is divided

into smaller sections as follows:

15’(12x12) 1b(12><12) lc(12xll)
1(35x35) - 1d(122) le(iuz) 1/ 251
| eaan Vi1 1x12) Ligany |

The non-zero elements of each sub-matrix are as follows:

'Rl B Ro

A (LD)=4 (2,2)=4, (3,3)=4 (4,4)=
la( ) 1a( ) la( ) la( ) L1+LO

A2 ) =4, (3,4)=-n,
A4.(1,2)=4,(43) =,

-R
4,,05,5)=4,06,6)=4(7,7)=4,8,8) = L—f
A

Ala(s’ 9) = Ala(6’]‘0) = A]a(771 1) = Ala(8912) = %
S

A4.09,5)=4,(10,6)=4,(11,7)=4_(12,8)=-1
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A, (L) =i, A, 20) =%y, A, (1) =iy, , 4, (41) =i,
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A4.(2,10)=4 (3,11)=4,_(4,12) = C—l
f
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Ale (49 1) = _Vp_q,ss > Ale (5’ 1) = Vp_d,ss



4.(6,2)= A (1,3)= 4_(8,4) = 4, (9,5) =

Ty
4,06,6)=4,7,7)=4,8,8)=4,09,9) = i
Ty
4,010, = 05, 4, (11,1 =i}, 4,(12,1) = =iy,
Ale(lO, 2)= Ale(l L,3)= Ale(1294) = LL
2
_R2
A4,10,10) = 4,(1111) = 4,(11,12) ===
2
-1
A,(4)="=,4,(111)=—a,
c,

1ga0x12) _[ ]10><12

. 1
A,LD)=i,, 4,(1,5) =L—

2

.t

-+ -+
Lm S lMd + Llr S lrd

~L si;, —L si
Alh (291) - - AiqL — ’ Alh (3=1) = _
Ir Ir

L si, +L, si —L si,, —L si_
Alh(491): Mg 1 q ,Alh(s,l): m S Wva S b

_Llr _Llr

L i, —L si
4,(6,)=— MiL —, 4, (7,1) = _
Is Is

I i

m lrd

ot ot
Lls lMd + Lm lrd

Li, +L i L i, —
Alh(g,l): Is Mq_L m rq,Alh(9’1): Is lMd

Is g
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4,0, = %
2

~R

Alz' (292) = Ali (393) = Ali(4’ 4) = Alz' (535) =
Ir

_RS

A,(6,6)=A4,(7,7)=A4,(8,8) = 4,(9,9) =

Is

4,.33,2)=4,(4,5) =—-sw,, 4,(2,3) = 4,(5,4) = sw,

—L L
4,(3.6)= 4,(4,9) =227 4,(2.7) = 4,(5.8) = =
Ir Ir
~-L, w, L, o

A4,.(7,2)=4,8,5) = ,A4,.(6,3)=4.(9,4) = ’Z 0

Is Is

A,(7,6)=4,.(8,9)=-,, 4,(6,7) = 4,(9,8) =

3 L . 3 L .,
(Zp7m)qu (ZP J M=)
4.(10,2)==2—L 4 .(10,3)=
—, —,
3 L. 3 L,
(Zp7m)(_qu) (Zp J )lrd
4,.(10,6) = ,A4,.(10,7)=2—L
—, —,

4,(2,10)=4,(6,11)=e,, 4,(3,10)= 4,(7,11) =¢,
A,(4,10)=4,(8,11) =¢,, 4,(5,10)= 4,(9,11) = e,

in which:

.+ ot .+ o+
_ _Lm (00 qu _Llr a)O qu e = Lm a)O lMd + Llr a)O lrd

é. =
5 > 6 [
—

_Llr
_ Lm a)O qu + Llr a)O qu e _Lm a)O lMd B Llr a)O lra’

e, = =
7 _Llr 8 —L

Ir
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