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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 
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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], 
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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 
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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. 
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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 dq frame when the phase-locked loop 

(PLL) system is in the steady state and is synchronized [24]: 

3 3( ) , ( )
2 2s pd d s pd qP t V i Q t V i−

= =  (1.1) 

Using the feedback from PCC voltage measurement ( pdV and pqV ) to this 

controller, *
di  and *

qi ,  in the positive and negative sequences, are calculated as (1.2).  

*
* *
1 1

2 , 0
3d d

pd

Pi i
V

+ −

+
= = ,   

*
* *
1 1

2 , 0
3q q

pd

Qi i
V

+ −

+

−
= =  (1.2) 

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 
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powers, P* and Q*. The general reference current values, i.e., *
pi and *

qi , can be 

obtained as: 

 
* *,p qi gv i bv⊥= =

     
* * *

p qi 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

2
3,P

P
i G v G

V
+ + +

+
= =  (1.4) 

*
*

2

2
3, BQ

Q
i B v

V
+ + +

⊥
+

−

= =

 
(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 

** *

* * *

Qdd Pd d q

q Pq qQq d

ii i V V
G B

i i Vi V

++ + + +

+ +

+ + ++ +

        −
= + = +        

                

 (1.6) 

 * * 0− −= =d qi i  (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 *
pi and *

qi are obtained as 

*
* * *

2 2,p p p
Pi i i G V G V G G

V V
+ − + + − − + −

+ −
= + = + = − =

−
 (1.8)  

*
* * *

2 2,Q Q Q
Qi i i B V B V B B

V V
+ − + + − − + −

⊥ ⊥
+ −

= + = + = − =
−

 
(1.9) 

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

and, in the negative dq frames are expressed as 
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** *

* * *

−− − − −

− −

− − −− −

        −
= + = +        

                

Qdd Pd d q

q Pq qQq d

ii i V V
G B

i i Vi V
 (1.10)  

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 dq-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 



 

9 

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 
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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 
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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, 
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voltage, and supply frequency dynamics affect the stability of medium-voltage 

(MV) 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) 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. 

2) 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.  

3) 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. 

4) 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. 

5) 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 dq-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 is 

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 

10th order model of the IM load and the 25th 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 dq-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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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 αβ to dq+, 

dq- 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., di
+ , qi

+ , di
−  and qi

− . Therefore, the applied current control 

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

frame, as shown in Figure 2.2. 
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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  

X A X B U
•

 =  +   (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 

[ , , , , , , ,
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d q d q d q d
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d q d q

T
q fd fq p

X i i e dt e dt

dt v dt v v e dt

=  

  
 

The input variable matrix in all methods is: 

[V ,V , V , V ]gd gq gd gqu + + − −=  (2.10) 

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 , qdt v dt +

  and qv dt  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 ω is the angular frequency, 

and θ is the phase angle obtained from the PLL. θ is synchronized to the PCC ac 

voltage. 
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where Kp and Ki are the proportional and integral gains of the PI current controllers. 

The u and fV in the other axes can be obtained similarly. Also, e in (2.14) 

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

*e i i = −  in each axis. The *i  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 t=0.4 s to t=0.6 s, occurs and 

causes an unbalanced voltage. The grid voltage (Vg) 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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Additional studies reveal that the most dominant poles in the BPSC strategy 

that become unstable for X/R<2 are λ11-λ14. 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 x8,i.e., di
− , qi

− , de dt−

  and qe dt−

 . These parameters are 

shown in Figure 2.2. As illustrated, all parameters affect cV − . 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. 

 X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 

λ11,12 0 0 0.245 0.245 0 0 0.245 0.245 0 0 0 0 0.009 0.009 

λ13,14 0 0 0.25 0.25 0 0 0.25 0.25 0 0 0 0 0 0 

The PFA for RCGS-1 shows that the effective poles when the X/R ratio 

changes depend on di  and de dt , as presented in TABLE 2.3. Because the negative 

and positive sequences are not controlled separately, and because the effective 

parameter ( di ) 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 X2 X3 X4 X5 X6 X7 X8 

λ4,5 0.494 0 0.483 0.011 0.005 0 0 0.005 
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by 
pqV +  as shown in  (2.5). Therefore, it is reasonable for these poles to vary the most 

by changing Kp2. 

The same study for RCGS-1 and RCGS-2 show that the most sensitive poles 

to the PLL parameters are λ2 and λ3 that depend on dt (i.e., x5) and 
fqV (i.e., x8). 

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.  

  X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 

BPSC λ2,3 0 0.198 0 0 0 0.036 0 0 0.306 0 0 0.459 0 0 

PNSC λ2,3 0.008 0.194 0 0 0 0.035 0 0 0.309 0 0 0.451 0 0 

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

 X1 X2 X3 X4 X5 X6 X7 X8 

λ2 0 0.033 0 0 0.228 0 0 0.738 

λ3 0 0.038 0 0 0.700 0 0 0.261 

2.3.5  Case Study 3: Damping Ratio of Dominant Poles 

The damping ratio, ξ, represents the rate of decay in the amplitude of oscillations. 

For an oscillatory mode denoted by a complex eigenvalue σ±jω, the damping ratio 

is defined as 

2 2




 

−
=

+
 (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 (Kp2) should be less than 0.4 to have ξ 

>0. Also, in this case, ξ starts to decay from the beginning (i.e., Kp2=0.1) which 

represents an oscillatory behavior. However, for the system with SCR=3, the 

selected Kp2 can be larger, and ξ starts to decrease from Kp2=0.3, which shows a 

non-oscillatory behavior for this mode before Kp2=0.3. For a stronger grid with 
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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, 

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 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 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 X A X B U
•

 =  +  and 

 =  + Y C X D U , 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: 

2 1 1

2 1 1

1 1
2 1 2 1

( )

( ) ( ) ,

• •

•

•
− −

 =  +  +  

−  =  +  

 = −  + − 

A B

X A X A X B U

I A X A X B U

X I A A X I A B U

 
(3.1) 
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Therefore, the final state and input matrices of the system would be 
1

2 1( )−= −A I A A  and 1
2 1( )−= −B I A B , respectively. 

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

Vg Grid voltage (bus1 in Figure 3.1) VP1, VP2 PCC voltage of DG1 and DG2, respectively 

ig Current flowing from grid to DG1 if1, if2 
Currents flowing to feeder1 and feeder2, 

respectively 

i12 Current flowing from DG1 to DG2 i1, i2 
Currents flowing out from DG1 and, DG2, 

respectively 

2Pve  
The error between the reference and the 

measured PCC voltage at DG2 
e1,e2 

The error between the reference and the 

measured values of i1 and i2, 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:  

1 2 1 1 1 1 2 2

2 2

47 1 1 1 1 1 2 2 2 2

1 1 1 1 2 2 2

2 1 2

[ , , , , , , , , , , , ,

, , , , , , ,

, , , , , , , , , , ,

, ,

+ + − − + + − − + + − −



+ + − − + + −

− + + + + − − + +

− −

=

      



P

gd gq gd gq d q d q d q d q

d q d q d q d

q p q p q f d f q f d f q f d f q

f d f q v

X i i i i i i i i i i i i

e dt e dt e dt e dt e dt e dt e dt

e dt v v v v v v v v

v v e

 

2

1 1 1 2 2 2

12 12 12 12 2 2 2 2, , , , , , , , ,

, , , , , ]

+ + + − − + + − −

+ − − + − −

 d q d q f d f q f d f q

T
p d p d p q p d p d p q

dt i i i i i i i i

v v v v v v

 (3.2)  

and the input variable matrix is  

2

*
5 1 [V ,V ,V ,V ,V ]gd gq gd gq Pu + + − −

 =  (3.3) 

in which VP2
* 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 *Q  

value. The linearized PI voltage controller dynamics are as follows: 
*

pV v iV vQ K e K e dt =  +   (3.4) 

where 



 

54 

2 2 2 2*
, , , ,( )

i i i i iv P P d P q P d P qe V V V V V+ + − − =  − + + +  (3.5) 

in which pVK and iVK  are the proportional and integral gains of the PI compensator 

and ve 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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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, DG1 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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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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For example, if the positive-sequence voltage drops below 50%, there will be 

1p.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 ( ) appears in 

 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 τ1 is 

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

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

 (4.3) 

where τi is the time-constant of the closed-loop current controller [24]. 

Therefore, the value of τ1 should be chosen carefully compared to τi. The effect of 

using the LPF on system stability will thoroughly be discussed in Section 4.3.2. 
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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: 

23 1 1 1 1 1

, ,

[ , , , , , , , , , , ,

, , , , , , , , , , , ]

+ + − − + + − − + + −



− + + − − + + − − + +

=   



gd gq gd gq d q d q d q d

T
q pd pq pd pq f d f q f d f q pd f pq f

X i i i i i i i i e dt e dt e dt

e dt v v v v v v v v v v
 (4.4) 

where e dt stands for the integral of the current signal error and V+
p,f stands for the 

output signal of the LPF which is used for sampling pdV + (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 Q*). The 

input matrix for the pre-fault stage is:  
- - * *[ , , , , , ]gd gq gd gqu v v v v P Q+ +=  (4.5) 

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: 

* * *
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* * *
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, , , ,

* *

2 1 2 1 ,
3 3 ( )

2 1 2 1 ,
3 3 ( )
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d ss pd f
pd f ss pd f

q pd f
pd f ss pd f ss

d q

i P P V
V V

i Q Q V
V V

i i

+ +

+ +

+ +

+ +

− −

−
 =  + 

− − −
 =  + 

 =  =
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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−A)−1B+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+
i and eq-

i 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: 
- - * *[ , , , , , ]gd gq gd gq pu v v v v P V+ +=  (4.8) 

For the studied fault in this chapter, both sequences of the PCC voltage during 

the fault are placed in the intervals of eq+
2, and eq-

2
 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 *+ di and *− di . 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+
2 and eq-

2, which 

are the most complicated equilibrium points, are presented here: 
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* * 2 2 *
11 21( V ) ( V m )q pd pq pd pqi K v v K m v v+ + + + + + + =  − + =  −  −   (4.9) 

* 2 2
31 41( ) ( )q pd pq pd pqi K v v K m v m v− − − − − − − = −  + = −  −   (4.10) 

In which: 

, ,
11 212 2 2 2

, , , ,

, mpd ss pq ss

pd ss pq ss pd ss pq ss

v v
m

v v v v

+ +

+ + + +
= =

+ +
 (4.11) 

, ,
31 412 2 2 2

, , , ,

,pd ss pq ss

pd ss pq ss pd ss pq ss

v v
m m

v v v v

− −

+ + + +
= =

+ +
 (4.12) 

Based on these equations, A1, A2 and B1 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 is 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.  





τ



τ

τ

τ



τ













 

94 

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., Kp and 

Ki, 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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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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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 DDSRF is used to 

enable the implementation of the aforementioned newly imposed grid codes. The 

model includes the exact 10th order model of the IM load and the 25th 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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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 
Vdc 

Cdc 
Rf, Lf 

5.0 MVA, 0.44 kV 
1000 V 
12 mF 
0.4 mΩ, 50 𝜇H 

Z0=0.0058 + 0.0745i 
Z1=0.0058 + 0.0745i 
Z2=0.0029 + 0.0372i 

Rating: 2.4 kV, 2240 hp 
Rs=0.029 Ω/ph 
Lls=0.6 mH/ph 
Rr=0.022 Ω/ph 

Llr=0.6 mH/ph 
Lm= 34.6 mH/ph 
JM=20 kg.m2 
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 dq transformation blocks implemented in the DDSRF; 

and 2) the inner current control loop to regulate the filter inductor current (i1), 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 (ω), respectively, provided by the PLL. Kp and Ki are the current 

controller PI compensator gains and, Kp2 and Ki2 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: 

+ +
+ + + += − + + − +Md rd

Md ls Mq s Md ls m rq m
di di

V L i R i L L i L
dt dt

  ,  

− −
− − − −= + + + +Md rd

Md ls Mq s Md ls m rq m
di di

V L i R i L L i L
dt dt

   

(5.1) 

+ +
+ + + += + + + +

Mq rq
Mq ls Md s Mq ls m rd m

di di
V L i R i L L i L

dt dt
  ,  

− −
− − − −= − + + − +

Mq rq
Mq ls Md s Mq ls m rd m

di di
V L i R i L L i L

dt dt
   

(5.2) 

+ +
+ + + + + += − + + − +rd Md

rd lr rq r rd lr m Mq m
di di

V s L i R i L s L i L
dt dt

  ,  (5.3) 
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− −
− − − − − −= + + + +rd Md

rd lr rq r rd lr m Mq m
di di

V s L i R i L s L i L
dt dt

   

+ +
+ + + + + += + + + +

rq Mq
rq lr rd r rq lr m Md m

di di
V s L i R i L s L i L

dt dt
  ,  

− −
− − − − − −= − + + − +

rq Mq
rq lr rd r rq lr m Md m

di di
V s L i R i L s L i L

dt dt
   

(5.4) 

where Lls and Rs are the stator inductance and resistance; Llr and Rr are the 

corresponding rotor parameters; Lm, s, and ω are the linkage inductance, rotor slip, 

and the angular frequency of the stator supply, respectively. iM stands for the stator 

current and ir is the rotor current. The electromagnetic torque in terms of stator and 

rotor currents can be expressed as 

3 (i i i i )
2 2

+ + + + += −m Mq rd Md rqTe L , 3 (i i i i )
2 2

− − − − −= −m Mq rd Md rqTe L
 (5.5) 

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

of the motor slip and stator angular speed as 

((1 s ) )+ + +− = −L
dTe T J
dt

 , ((s 1) )− − −− = −L
dTe T J
dt

  (5.6) 

In (5.5) to (5.6), ρ, J, and TL 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 Vr 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 
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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 

State Variables 

Eigenvalues 
(modes) 

Set1 
(13,14) 

Set2 
(20,21) 

Set3 
(22,23) 

Set4 
(29) 

Set5 
(30,31) 

rdi+  0.23 0.23 0 0.24 0 

rqi+  0.23 0.26 0 0.27 0 

rdi−  0 0 0.25 0 0.25 

rqi−  0 0 0.25 0 0.25 

Mdi+  0.24 0.24 0 0.23 0 

Mqi+  0.23 0.26 0 0.26 0 

Mdi−  0 0 0.25 0 0.25 

Mqi−  0 0 0.25 0 0.25 

+S  0.03 0 0 0 0 

−S  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 
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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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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 i1 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., Kp and Ki 

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 Kp and Ki 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 Kp and Ki parameters are 

increased to 17 times their initial value. Therefore, there is a limitation in increasing 

the Kp and Ki 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 Kp and Ki 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 Kp and Ki 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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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., Kp and Ki, 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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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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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 Imax 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 (Kp2 and Ki2) 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 Imax 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:  

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

converter-based high-voltage dc transmission systems. 

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

systems. 

• Extending and applying the proposed control methods to parallel converters 

interfacing large DG units.   
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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 
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The linearized PNSC reference currents, i.e., *
di
+ , *

qi
+ , *

di
− and *

qi
− are obtained 

as follows: 
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In which subscripts ss denote the steady-state value, and fx coefficients are presented 

in TABLE A.1. 
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TABLE A.1  fx coefficients for the representation of the PNSC linearized equations 
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Also, for 
( 47 47 )2A


and 
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matrices, the non-zero elements are obtained as 
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Using the obtained A1, A2 and B1 matrices, the complete standard form of the 

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

(23 23)1dA






 

159 

(12 11)1bA


= 

 1 2 3 4 5 6 7 8 9 10 11 

1 
+
gqi  

1 0

1
(L + L )

          

2 
+
gdi−   

1 0

1
(L + L )

         

3 gqi−−    
1 0

1
(L + L )

        

4 gdi−     
1 0

1
(L + L )

       

5 
+
1qi  

f

-1
L

    
f

1
L

      

6 1i d
+−   

f

-1
L

    
f

1  
L

     

7 1i q
−−    

f

-1
L

    
f

1
L

    

8 1i d
−     

f

-1
L

    
f

1
L

   

9          *
0 2

,

2 1( ) ( )
3 pd f

P
v+

−   

10          0 2
*

,

2 1( ) ( )
3 pd f

Q
v+

− −   

11            

12            
 

 

(C.3) 

For 
(11 12)1 cA and 

(11 11)1 dA matrices, the non-zero elements are as follows: 

1 1 1 1
f

1 1 1 1
f

-1(2,1) (3,2) (4,3) (5,4)
C
1(2,5) (3,6) (4,7) (5,8)

C

= = = =

= = = =

c c c c

c c c c

A A A A

A A A A
 (C.4) 

 



 

160 

1 ,

1 1 1 1
ff

1 1 1 1
ff

1 1 1 1
1 1 2 2

(1,11)
1(6,2) (7,3) (8,4) (9,5)

-1(6,6) (7,7) (8,8) (9,9)

1 -1 1 -1(10,2) , (10,10) , (11,3) , (11,11) ,

=

= = = =

= = = =

= = = =

d i PLL

d d d d

d d d d

d d d d

A K

A A A A

A A A A

A A A A





   

 (C.5) 

For 
( 23 23)2A


and 

(23 6)1B
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By using the above matrices, the final state and input matrices can be obtained 

based on (3.1) in which 1
2 1( )−= −A I A A  and 1

2 1( )−= −B I A B . 
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