
ABSTRACT 

LIU, ZHUONING. Investigation of Stability Issues in FREEDM System. (Under the 

direction of Dr. Mesut E Baran). 

 

This thesis focuses on investigating the stability issues and conditions in a FREEDM 

system. Dynamic behavior of components including Distributed Energy Storage (DES), Solid 

State Transformer (SST) and gird connected Photovoltaic (PV) System are studied. Different 

system control strategies of a prototype GreenHub system have been considered. To 

investigate stability phenomenon, several system operating conditions have been considered 

and the system behavior following a small disturbance, large-disturbance and islanding 

operation (large disturbance causing changes in system topology) has been investigated, 

using a small scaled GreenHub system modeled on Simulink/Matlab. Simulation results and 

finding are summarized.  

This thesis concludes that GreenHub system can maintain the transient stability and 

voltage stability under several system contingencies. For operation under islanding 

conditions, droop control and master-slave control has been considered and simulation results 

show that both control strategies are robust enough to provide stability during islanding 

operation. This thesis also proposes new approaches to address several issues discovered 

during this study.  
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CHAPTER 1 - Introduction 

1.1 Statement of the Problem and Thesis Objectives 

Shift toward a decentralized power generation is emerging to the growing environmental 

concerns and the need for energy efficiency. Small-scale generators near the end users at the 

low-voltage level, mainly based on locally available renewable potential are emerging with 

distinct advantages for the consumer regarding reliability and power quality. One of the 

emerging paradigm is microgrid. Microgrid is part of a distribution circuit which may include 

LV feeders, including several microsources, storage devices, and controllable loads that 

appear as a controllable entity form to the upstream network are called microgrid. A 

microgrid may operate either connected to the upstream network, exchanging power with the 

upper layer grid according to the local power demand and production, or operates 

autonomously in the case of disconnecting from the upstream network when it is unavailable                                                

A microgrid has four key aspects according to its definition [1]: 

1) Aggregation of loads and resources 

2) Operates as a single system providing heat and power 

3) Micro-sources are electronics based 

4) Allows itself to be presented as a single controlled unit to the electric grid.  

Although in small scale, the microgrid network has many complexities. Unbalanced 

loading are very common and result from the uneven loading distribution among the three 

phases and from the existence of single-phase sources. Also the network structure is different 

due to single phase laterals and the inherent asymmetry of the three phase lines [2].  

These features will make control, protection, operational issues of a micro-grid significantly 

different than those of conventional interconnected grids.  

The objectives of this thesis are: 

1) To investigate the dynamic and interaction phenomenon between FREEDM system and 

components, such as DES, SST and PV.  
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2) To establish and validate possible control schemes for different system operating 

conditions. 

3) To investigate stability and various system operating conditions through system 

simulation cases according to power system stability theory. 

1.2 Thesis Layout 

Thesis is organized as follows: 

      The first section of Chapter 2 introduces the GreenHub system, including the main 

components such as DES, SST and PV. Different operational modes and control strategies 

for GreenHub system are described, based on the system operation required. Two system 

control strategies for islanding operation, Master-slave and droop control, are discussed in 

detail for implementation in the system. Then test cases for both grid connected model and 

islanding mode are developed.  A detailed investigation on the GreenHub system features on 

control strategy and stability, and dynamic response of each component under different cases 

conditions has been performed. 

     Chapter 3 first reviews the classic power stability phenomenon. Although the presence of 

inverter-based distributed generators has distinct characteristics compared to synchronous 

machine based generator, investigation of stability follows the same approach to investigate 

the system behavior under certain conditions. In this section, different system simulation 

cases are designed to cover the basic stability issues and investigate whether GreenHub has 

any potential stability issues.  

    Chapter 3 also introduces the simulations performed for the different test cases. Simulation 

results demonstrate that both master-slave and droop control strategy are robust enough for 

GreenHub system islanding operation. After islanding operation, GreenHub system can reach 

to a new steady-state operating point and remain stable operation. Another finding is that as 

control strategies are implemented in dqo frame, unbalanced loading have effects on the 

controller performance and thus the operation of the system during islanding operation. 

Another control strategy is proposed in [3] to eliminate the steady-state errors of controller 

caused by unbalanced loading.  
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     Chapter 4 proposes some future aspects that can be applied to GreenHub system or system 

studies based on the stability definition. Small disturbances and large disturbances are 

already covered in this thesis, but small-signal stability is not yet discussed. An instability 

monitoring signal-based approach focusing on estimating the distance to instability is 

introduced in [4]. This method considers the real-time detection of impeding and provides a 

warning when the margin of the stability of a power system is compromised, increasing the 

reliability of GreenHub system.  
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CHAPTER 2 - FREEDM System Simulations and Control 

2.1 GreenHub System Overview    

    The envisioned FREEDM System is a revolutionary power grid based on power 

electronics, high bandwidth digital communication, and distributed control. It is radically 

different from today's grid because it replaces electromagnetic devices such as 60 Hz 

transformers with solid state transformers. The FREEDM Systems offers a smart-grid 

solution that will facilitate the seamless integration of renewable energy at the distribution 

level. Figure 1 shows the structure of the envisioned FREEDM System. As the figure shows, 

the residential class Distributed Renewable Energy Resource (DRER), Distributed Energy 

Storage Device (DESD), and loads are connected to the distribution bus (12kV) through a 

revolutionary, highly efficient power electronics based Solid State Transformer (SST). To 

manage these sources and the loads, an Intelligent Energy Management (IEM) subsystem is 

integrated with SSTs and will have the communication capability to coordinate energy 

management at system level. SST and IEM will provide key plug-and-play features for the 

DRER and DESD and isolate the system from faults on the user side. An Intelligent Fault 

Management (IFM) subsystem will be used to isolate potential faults in the 12 kV primary 

distribution circuit.[5]  
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Figure 1- FREEDM Systems Diagram  

      In FREEDM System center, a 1MVA test bed system, GreenHub system is built to 

implement and test FREEDM System functions. A GreenHub system model is implemented 

in Matlab environment for system dynamic study. The GreenHub system is based on actual 

12 kV distribution system serving mostly residential suburban loads. For implementation at 

the lab, the system has been reduced to 4 sections as shown in Figure 2. The system further 

upgraded by replacing the distribution transformers which serve the loads with Solid State 

Transformers (SSTs). Most of the residential units are assumed to have grid connected PV 

systems. Hence, in the system simulated, loads and PV units are aggregated at the three 

nodes as shown in the figure. There are three buses along the feeder, which operates in loop 

mode. Each is connected to a 3-phase load. And the total load is 1 MVA. The GreenHub is 

then connected to grid through 3-phase substation SST. The quantities showed in the figure 

are measured in order to evaluate the performance of the system [5].  
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Figure 2-GreenHub One Line Diagram 

      For GreenHub system, when it is connected to the grid, utility serves as an infinite source 

to regulate the system voltage and frequency, and supply the downstream loads of 

distribution system network. When GreenHub disconnects from the main grid in certain 

cases, an islanding is formed that there must be at least one robust source in the system which 

can support the voltage. Thus, a backup distributed generator is needed to regulate the system 

voltage and frequency, and supply the power difference as the PVs in the system are non-

dispatchable.  

      Several small-scale power generation technologies can be used for backup distributed 

generators, such as CHP generator, micro-turbines, fuel cells and battery storage system. In 

GreenHub system, in order to achieve the bi-directional power flow and increase the power 

efficiency, a distributed energy storage (DES) unit is implemented with a DC battery storage 

system and inverter interface at bus 3 as shown in Figure 2.  

       A DES can provide several benefits to the GreenHub system operation. It can provide 

power output at the peak load condition to decrease the peak load level from utility side. It 

can also absorb power from utility if it is not fully charged when there is a power redundancy 

or standby if it is fully charged. However, an Intelligent Energy Management (IEM) 

subsystem, and its communication capability is needed to provide management strategies to 

coordinate energy management at system level. And different control strategies need to be 
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implemented at DES inverter interface to realize the different operation requirements to 

ensure the entire GreenHub system operation.  

     Based on the discussion above and the characteristics of DC battery storage system itself, 

several control strategies are proposed in this chapter to either meet the power management 

requirements or voltage regulation requirements at different system operation conditions. 

However, high PV penetration characteristics and DES unit make the system inertia-less 

system, where all sources are connected to the network via inverters. Thus traditional 

transient stability requirements or voltage stability requirements may not apply to the 

GreenHub system. Dynamic analysis is therefore required to investigate the system behavior 

during different operating conditions and make sure that the system is operating in a stable 

manner and system operating points are within acceptable limits.  

 

The objectives of this chapter are: 

1) To investigate closed-loop control strategies for DES unit to meet the GreenHub 

system operation requirements, increase system efficiency and reliability. 

2) To investigate GreenHub system stability behavior when system has small 

disturbance, such as load change and temporary faults. GreenHub system should be 

robust enough stay within stable operation during these conditions.  

3) To demonstrate GreenHub system’s ability for islanding operation when 

disconnected from grid. Impact study of different control strategies of DES is to be 

conducted to investigate the potential system stability issues. Also, GreenHub 

network characteristics, where unbalanced load and single phase sources may have 

potential influence on the system operation.  
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2.2 System Model 

In this section, the main components of GreenHub system, such as SSTs, PV system and 

DES unit, will be introduced. Detailed model structure and control strategy will be illustrated 

for each component. Main power management strategies for DES unit under GreenHub 

operation are proposed in this section. Each strategy requires different system condition and 

their advantages and drawbacks are discussed. Simulation cases are designed in the next 

section to demonstrate the impact of these strategies on the GreenHub. 

 

Figure 3-GreenHub Simulink Model 

2.2.1 Solid State Transformer (SST) 

2.2.1.1 Overview 

In GreenHub, all the loads on phase A are supplied through the 200kVA Solid State 

Transformers (SSTs). These SSTs are modeled in Matlab based on the new prototype SST 



 

9 

being developed at the FREEDM System center. [6] The topology of SST is shown in Figure 

4. 
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Figure 4- Topology of Solid State Transformer [2] 

 

     The model structure of solid state transformer is shown in Figure 5. The SST is rated as 

single phase input voltage 60 Hz, 7.2kV, output voltage 60 Hz, 240/120V, 1 phase/3 wires. 

The SST consists of a high voltage high frequency cascaded H-Bridge AC/DC rectifier that 

converts 60Hz, 7.2kV AC to three cascaded 3.8kV DC buses, three high voltage high 

frequency DC-DC converters that convert 3.8kV to 400V DC bus and a voltage source 

inverter (VSI) that inverts 400V DC to 60 Hz, 240/120V, 1 phase/3 wires. SST has the 

features of load voltage regulation, voltage sag compensation, fault isolation, power factor 

correction, harmonic isolation and DC output. Each SST can manage the fault currents on 

both the low voltage and high voltage sides. Its large control bandwidth provides the plug-

and-play feature for distributed resources to rapidly identify and respond to changes in the 

system. [7]  
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Figure 5- SST Average Model Structure 

2.2.2 Photovoltaic System  

2.2.2.1 Overview 

In the GreenHub system, PV systems are connected to the system through solid state 

transformers to minimize the disturbances generated when plug-in or disconnecting PV 

systems. Figure 7 shows the topology of PV system. A boost DC/DC converter is used to 

step up the PV array output voltage to 500V. Then the PV system is connected to the grid 

through a single phase DC-AC inverter. A simple PI controller is used to regulate the DC bus 

voltage. PV array is operated at the maximum power point (MPP) under all conditions, and it 

can generate AC output current in phase with the AC utility grid voltage since PV has power 

electronics interface.[8]  Also we assume that power conversion efficiency is close to 100%. 
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Figure 6-PV System Simulink Model 

      The PV units simulated are residential grid connected type and provide in this simulation 

about 40% of the residential load. PVs are non-dispatchable and designed to deliver 

maximum available power. An average model based PV model has been adopted to represent 

these PVs. 

 

Figure 7- Topology of Photo Voltaic Array 

2.2.3 Distributed Energy Storage (DES) 

2.2.3.1 Overview 

    As discussed at the beginning of this chapter, a distributed energy storage units can 

provide several benefits to the GreenHub system operation. It can either share the peak load 

as well as charging when the load demand is very low. Also, in order to prevent the critical 
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load interruption to increase the system reliability, GreenHub must have the ability for 

islanding operation in case of disconnecting from utility. However, PV system in GreenHub 

can only provide a portion of the energy that is consumed by the loads and does not have the 

ability to regulate the system voltage. So the function requirements for DES units are 

summarized as follows: 

 DES can either inject, absorb power or standby when the system is connected to the 

utility. The operation mode depends on the system load demand.  

 DES must have the ability to regulate the system voltage and frequency, providing 

GreenHub islanding operation capability when GreenHub disconnects from the 

utility.  

 DES must have the capability to switch between different operating modes fast ensure 

the smooth transition from grid-connected mode to islanding mode.   

    The DES unit considered for the Green Hub is an inverter interfaced type with ideal 

batteries. Based on the requirements discussed above, 3 main control strategies for DES 

inverter interface are proposed and discussed. Figure 8 shows the main structure of DES 

inverter interface and closed-loop control schematic.  

 

Figure 8-Topology of Controllable DES Unit 
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Figure 9-DES Simulink Model 

2.2.3.2 Control strategy based on operation coordination 

     Based on the previous discussion, during system normal operation when GreenHub 

connects to the main grid, utility serves as an infinite source to regulate the voltage and 

frequency, and supply the downstream loads of distribution system network. DES unit, either 

injecting power to the grid or absorbing power from grid for charging, acts as a current 

source or a constant power load from the system point of view. A power control strategy for 

DES can meet its requirements for this kind of operation.  

 Control strategy for grid-connected operation 

    Figure 10 shows the structure of DES power control strategy. DES unit operates under 

this control strategy when the system is connected to the utility. During system normal 

operation, system voltage and frequency are regulated by utility. The phase locker loop(PLL) 

locks the DES frequency the same with the system frequency and calculates the system 

voltage and current parameters under d-q frame. The calculated real power and reactive are 

then sent to the active power controllers and reactive power controllers.[9] Both real power 
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controller and reactive power controller are PI controllers with real and reactive power 

reference point. The power reference point is determined by the system operation 

requirement. Positive reference point means DES is injecting power to the grid and negative 

reference point means DES is absorbing power from the grid. Reference point can be 

changed to different levels according to system load demand and DES charging 

requirements. The inner control loop of inverter uses current as reference. The current set 

points are determined by the power management block in the outer loop. The set point of d 

axis current component is determined by real power related values on the dc side, and the set 

point of q axis current component is determined by reactive power related values on the ac 

side. 

 

 

Figure 10- DES Power Control Strategy 

   Based on the discussed control strategy above, the power generated or absorbed by DES 

can be controlled at desired level according to the system condition. DES must have the 

communication ability to control center to get updated system operation information. System 

control center also has the ability to adjust the DES power reference through communication 

channels.  

 Control strategy for islanding operation 
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   One function requirement for GreenHub system is that it must have islanding operation 

capability when disconnected from utility. In order to operate in islanding mode, there must 

be at least one robust source in the GreenHub system which can support the voltage. 

However, the PVs in GreenHub system work as current source inverter (CSI), only injecting 

current to the system. They are non-dispatchable and designed to deliver maximum available. 

Therefore, DES unit needs to regulate the system voltage and frequency, and supply the 

power difference to meet the system operation criteria mentioned above. 

   To regulate the system voltage and frequency, 2 control strategies are proposed for DES 

unit. They are:  

 Master-slave control 

 Droop control 

   Both control strategies are implemented in d-q frame, with different reference choice. On 

system level, a centralized control is implemented in Intelligent Energy Management (IEM). 

IEM should decide the reference for DES units according to the load level, specific limits of 

each DG units, cost of generation, and environmental impact, etc. This section mainly 

focuses on the discussion of the proposed DES control strategies. 

Master-slave (MS) Control Strategy 

     As discussed above, GreenHub system needs one robust source to regulate the system 

voltage and frequency for autonomous operation. MS strategy for DES unit is one of the 

possible solutions. 

     In MS strategy, one inverter must be selected as master unit, which regulates the system 

voltage and frequency. Master unit provides a constant voltage and constant frequency 

output, working as voltage source inverter (VSI). Slave units work as current source inverter 

(CSI), injecting current to the system. In GreenHub system, DES unit is selected as master 

unit and PVs and other further added energy sources can be treated as slave units.[10] 

     The essence of Master-Slave mode is that master unit within the Microgrid can be 

assigned to regulate the voltage at the PCC and dominantly set the system frequency. Figure 

11 shows the control strategy of DES unit. A fixed frequency produced by the phase locker 

loop (PLL) of DES forces the output voltage d-axis to fix on the voltage vector. So the d-axis 
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voltage magnitude equals to the voltage magnitude required by the system, the q-axis voltage 

is zero. Subsequently the d-axis current is proportional to the d-axis voltage for a given load, 

same as the grid-connection control design, while the q-axis current is proportional to the q-

axis voltage. So the reference d-axis and q-axis currents are generated by the following 

control law: 

( )( )vid
dref vpd dref d

k
i k v v

s
                                    (2.1) 

( )( )
viq

qref vpq qref q

k
i k v v

s
                                  (2.2) 

Where kvpd and kvid, kvpq and kviq are proportional and integral coefficients for d-axis and q-

axis voltage controls.  

 

 
Figure 11-DES Master Control Strategy 

 

     For slave units such as PVs in GreenHub system, they should remain the same operating 

mode as grid-connected mode.  

     One significant advantage of master-slave unit is that system does not have 

synchronization problems. When adding multiple DES to the system, if not only one unit has 

the voltage regulation function, all the units in parallel need to be synchronized exactly in 

frequency, phase and amplitude to guarantee identical equality of load sharing. Otherwise, 

the output current may contain circulating currents. This can result in decrease of system 

capability, malfunction and damage to the parallel operation system. If only one unit is 

selected as master unit, adding slave units to the system will not cause such kind of problem.  



 

17 

     One thing needs to be noticed is that if the master unit fails and disconnects from the 

system, another module should take the master seat to support the whole system. So this may 

need additional communication system to meet the system operation requirement. For 

GreenHub system, redundant master unit is needed as a backup for DES. 

Droop Control Strategy 

     Droop control is another proposed control scheme that can regulate GreenHub system 

voltage and frequency. It is usually used for paralleled operation of DGs during island 

operation in microgrids. This control technique is adapted on the power system theory, which 

the generator frequency drops when it need to generate more active power and the same 

relationship between magnitude and the reactive power. Figure 12 shows the schematic of the 

active power – frequency droop control, where ref  is the rated frequency of the system, 
0P  

represents the real power generation at rated frequency. For droop control strategy, voltage 

and frequency of the system may deviate from the rated values, within acceptable limits, 

depending on the load level and the droop characteristics.[10] This method is used since 

during an autonomous mode of operation, none of the DG units can dominantly enforce the 

base frequency of the system.  

 

Figure 12-Schematic of the Active Power – frequency Droop Control Scheme 

   Figure 13 shows the power-frequency droop control strategy implemented in the DES 

unit. Input for the real power management block is the local frequency deviation from the 

rated value (dw) and the local real power measurement. Real power reference is generated 

based on dw and the droop characteristics:  
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*ref setP P K d   

                                                           (2.3) 

where setP is real power output at rated frequency and K is the droop curve characteristic 

slope. A PI controller is assigned to generate the d-axis current reference corresponding to 

the real power reference of the unit.  

   Figure 14 shows the voltage-reactive power droop control strategy implemented in the 

DES unit. Input for the reactive power management block is the local voltage deviation from 

the rated value and the local reactive power measurement. voltage reference is generated 

based on reactive power difference and the droop characteristics:  

                                                                 (2.4) 

where      is rated voltage, K is the droop curve characteristic slope and    is the reactive 

power difference between system demand and rated power capacity . A PI controller is 

assigned to generate the q-axis current reference corresponding to the voltage reference of 

the unit. For the q-axis, voltage regulation can also be applied to keep the voltage be a 

constant even the load changes.  

 

 

 

Figure 13-Power-frequency Droop Control 



 

19 

 
Figure 14- Schematic of the Reactive Power-voltage Droop Control Scheme 

     One advantage of droop control strategy is that it does not need communication among 

units in the system. Droop control strategy does not need system information but the local 

power and voltage measurement. But during system operation voltage and frequency may 

deviate from normal value within acceptable range.  

2.2.3.3 Potential system stability issues 

   Power system stability can be defined as property of a power system that enables it to 

remain in a state of operating equilibrium under normal operating conditions and to regain an 

acceptable state of equilibrium after being subjected to a disturbance. [11] For power system, 

the stability problem has been one of maintaining synchronous operation. Since the 

synchronous machines play the key role of generating electric power, a necessary condition 

for satisfactory system operation is that all synchronous machines are in step. However, in 

GreenHub system, all the "generators" are electronic inverter interfaced, which makes the 

system inertia-less. So the dynamic responses for any disturbances in the system will be 

different from the traditional power system. Also, any post sequence events after disturbance, 

such as circuit breaker opening to clear fault in the system, may cause load transfer and bus 

voltage. So dynamic system study of GreenHub is needed to investigate the system behavior 

on transient stability and voltage stability aspects. In the next section, several system 
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simulation cases are designed to simulate small or large disturbance in GreenHub system. 

System operation will be observed to see if system can remain stable with certain operating 

points after a sequence of disturbance.  
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CHAPTER 3 - Stability of FREEDM GreenHub 

     As discussed in previous section, the inverter-dominated GreenHub system is dramatically 

different from traditional systems. In traditional power system, generators play the vital role 

and their dynamics have a large impact on the system stability. However, in GreenHub 

system, as the number of inverters exist in the system, there is no component that has the 

dominant impact to the system stability. Each electronic device can cause stability issues to 

system. Therefore, system studies needs to be conducted to investigate the potential system 

issues. Also, transition from grid-connected mode to autonomous mode should be smooth 

enough that system operation should maintain in the acceptable range. In this section, first 

the classic stability problems will be reviewed and discussed. Then according to the 

definition and system study approach, several system cases will be designed to investigate 

the system dynamics and potential stability issues. In grid-connected mode, GreenHub 

should have enough stability margin for small disturbance, such as load change, temporary 

fault, etc. For autonomous operation, in the case of un-planned autonomous operation, 

system transients may be much more severe based on the location and type of faults, types of 

DG units, and islanding detection time interval, etc. But system should recover steady-state 

operation after transient time interval according to the system operation requirements, and 

reach to a new steady-state operating point . In the following sections, system cases under 

above conditions will be designed and implemented in Matlab to validate the sound operation 

of GreenHub.  

3.1 Overview of Classic Power System Stability Problems 

   Power system stability is defined as the ability of a system to maintain a state of operating 

equilibrium under normal system operating condition or the ability to recover to a new 

acceptable state of equilibrium after a system disturbance.[11]  

   In traditional power system, synchronous machines are the main component when talking 

about the stability problems. Traditionally, one aspect of the stability problem has been 

defined as that all synchronous machines are in step. This kind of stability is influenced by 
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the dynamics of generator rotor angles and is categorized as "Rotor Angle Stability". One 

simple clarification for "Rotor Angle Stability" is that the machine speed remains constant 

and system is under steady-state when the total generator mechanical torque is equal to the 

generator electrical torque. When a synchronous machine is out of step, its rotor runs at 

higher or lower speed than the nominal frequency. This "slip" will cause large fluctuations in 

the machine power output, current and voltage and eventually results in system instability.  

   Actually rotor angle stability can be characterized into two categories: 

 Small-signal stability: the ability of the power system to maintain stable after small 

disturbance. The disturbance can be considered as load change, which are always 

happening in the system. The instability phenomenon can be either steady increase of 

rotor-angles or increase of rotor angle oscillation magnitude.  

 Transient stability: the ability of the power system to maintain stable after a severe 

transient disturbances. The disturbances usually considered are different short circuits in 

the system. This type of stability usually depends on both the system initial operating 

point and type of disturbances occur in the system. The system operating point after 

disturbance is usually different from the original one.  

   Another type of stability problems are defined as voltage stability. Voltage instability is 

defined as that he system voltage is stable if all bus voltages remain at acceptable voltage 

under normal system operation or after a disturbance. Voltage stability analysis can be 

divided into two categories: 

 Large-disturbance voltage stability: the ability of system to control voltages after 

large disturbances such as loss of generation and short-circuits. The system is 

voltage stable if voltages at all buses reach acceptable steady-state levels.  

 Small-disturbance voltage stability: the ability of system to control voltages after 

small disturbances such as load change in the system. The criterion is that the 

system is voltage stable if V-Q sensitivity is positive for all buses in the system 

and unstable if V-Q sensitivity is negative for at least one bus.  

      Based on the discussion above, to evaluate the system stability problem, several 

disturbance scenarios must be considered. The system operation must satisfy the stability 
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criterions under those conditions. [14] gives a real case study to show the impact of 

distribution generation on system stability. Different system cases including multiple load 

conditions and short circuit events are simulated at various locations of the system. System 

voltage profile versus load condition is monitored to evaluate the DG impact on system 

voltage stability. For short circuit events, frequency, voltage responses during fault and are 

monitored to evaluate the DGs’ impact on the system transients such as voltage sag level and 

frequency deviation. New system operating point after fault is also monitored.  Voltage and 

frequency profile are evaluated with new power balance between loads and DGs’ power 

output. Based on the traditional stability classification and approached applied in [14], 

simulation cases for different contingencies, such as load change and short circuit events are 

simulated in GreenHub system. System transients during and after contingencies is evaluated 

to see GreenHub system has specific stability problems.   

3.2 System Study 

Case 1: Small Disturbance-Load Change: 

To investigate the system behavior, a small disturbance is first injected to the system. At 

0.5s, a 30% load of 300MVA is added at bus 3 as shown in Figure 15. 

 

Figure 15 - Case 1 System Schematic 
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    Figure 16 shows the system frequency variations during the simulated event. A frequency 

oscillation of 0.01Hz magnitude is observed at 0.5 second. However, the frequency 

oscillation is damping very fast and system goes back to rated frequency after about 6 cycles. 

From the stability point of view, as rotor angle instability will result in frequency deviation or 

increase of frequency oscillation magnitude, no such phenomenon is observed in GreenHub 

system.   

 

Figure 16-System Frequency Responses for Small Disturbances.  

    Figure 17 and Figure 18 shows the current and power measured at substation transformer. 

The responses shows that for the load demand change in the system causes the system 

transition from one equilibrium point to another equilibrium point. The transition, however, 

is smooth and fast. After system reaches the new equilibrium point, GreenHub maintains the 

stable operation without any oscillation.   

 

Figure 17-System Power Response to Small Disturbance 
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Figure 18-System Current Response for Small Disturbances 

    Figure 19 and Figure 20 show the Bus 3 voltages after the small disturbance. Very small 

bus voltage variations are observed. Bus 3 voltage remain stable and at acceptable range. 

Also observed from the bus 3 magnitude that bus 3 voltage has a slightly drop after the 

increase of the load response. According to the definition small disturbance voltage stability, 

the system is voltage stable if V-Q sensitivity is positive, which means voltage will increase 

when injecting reactive power to the bus and decrease when reactive power going out of the 

bus. The bus 3 magnitude actually shows the positive V-Q sensitivity. Thus we can conclude 

that GreenHub system is voltage stable for small-disturbances.   

 

Figure 19-Bus 3 Node Voltage Response for Small Disturbance 
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Figure 20-Bus 3 Voltage RMS Value 

   From the observations above, GreenHub system can be claimed that no transient stability 

or voltage stability issues are discovered.  

Case 2: Large Disturbance-Temporary Fault: 

      For this system scenario, a temporary 3-phase fault is applied at line section 1 of 

GreenHub. The fault last for 1 cycle and cleared by itself. No FIDs will act to this fault as 

shown in Figure 21.  

 

Figure 21-Case 2 System Schematic 
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    Figure 22 shows the system voltage variation during the fault and after fault is cleared. 

Bus 1 voltage drops dramatically during the 3-phase fault at 0.5 seconds. After fault is 

cleared, a large voltage swing is observed with the peak value about 1.6 of rated voltage. The 

voltage swing is damping very fast and remains for only about 3 cycle. Then system voltage 

goes back to rated voltage level. Similar phenomenon can be observed at other 3 buses.  

 

Figure 22-System Voltage Response at Bus 1 for Temporary Fault 

     From the large-disturbance voltage stability point of view, GreenHub system can be 

claimed as voltage stable for large disturbances as all bus voltages are maintained at nominal 

values during steady-state operation.  

      Figure 23 shows the system frequency response for the temporary faults in the system For 

simulation case 2, although large disturbance is applied to the system to observe the system 

transient stability. It still belongs to the rotor angle stability categories. Based on the previous 

observation, GreenHub should maintain stable for this kind of disturbance. As figure 27 

shows, although there is a frequency oscillation after fault the oscillation is longer than the 

previous case, the system can still goes back to the nominal frequency and maintain the 

stable operation.   
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Figure 23-System Frequency Respose for Short Circuits in the System 

    Figure 24 shows the terminal voltage of SST3. As SSTs have the fault isolation function. 

The temporary fault does not affect the SST load. Both voltage and current remain steady-

state operation during the whole simulation. The same phenomenon can be observed at SST2 

and SST3. As PVs are all connected to the system through SST, PVs also remain steady-state 

in this simulation cases.  

 

Figure 24-Terminal Voltage of SST3 

    Figure 25 shows the PV3 power output. As PVs are all connected to the system through 

SST, PVs remain steady-state in this simulation cases. Same phenomenon can be observed at 

PV1 and PV2.  
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Figure 25-PV3 Real Power Output 

      The purpose of this case is to investigate GreenHub voltage and transient stability 

behaviors when injecting a temporary fault to the system. The system response demonstrate 

that GreenHub is stable considering transient stability and large-disturbance voltage stability 

as defined. GreenHub system goes back to original operating point after disturbances and 

remains steady-state operation. Also, the implementation of SSTs has the ability of 

temporary fault isolation and enhanced the sound operation on the secondary side.  

Case 3: Islanding Operation with Master-slave Control Strategy 

For this case, as shown in Figure 26, the system is at steady-state operation before fault 

happens. A 3-phase permanent fault is simulated at at line section 1. The fault is cleared by 

FID1 and FID3 after one cycle, which is 1.516 sec. Then the remaining part of microgrid will 

be islanded after about another cycle, which is 1.53 sec by opening of FID2 in order to 

isolate the GreenHub from main grid to make sure that fault is isolated. At 1.53s, DES also 

swithes from grid-connected mode to master. In the islanded part of the system, PVs will not 

be able to support the voltage and provide the power that is needed by the loads, the DES 

unit will be dispatched by the managment system. This is still a large-disturbance cases but 

with the action of other equipments. The opration of FIDs have changed the network 

topology and new system operting state is required. The purpose of this test case is to 

investigate whether GreenHub has any stability issues defined in section 2.2.1 and also 
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demonstrate that when part of the system gets islanded, the islanded part of the system should 

smoothly transit from grid-connected mode to islanding mode and operate with minimum 

disruption and service degredataion.  

 

Figure 26- Case 3 System Schematic 

    Figure 27 and Figure 28 show the system voltage variation during the fault and after fault 

is cleared. Voltage collapses are observed first during the fault. After DES unit is changed 

from grid connected mode to master-slave mode, system voltage recovers to nominal level in 

3 cycles. As can be observed, a large voltage overshoot occurred after fault is cleared. This is 

mainly because of the DES mode switching event at 1.53s when DES is switching to master. 

The DES mode switching logic are as shown as Figure 29. Because of the implemented 

switch without any mitigated control parameters, large voltage transient can be expected. 

This can be eliminated by approving the DES switching logic.    
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Figure 27-Voltage Variation at Bus 2 for Islanding Transition 

 
Figure 28-Voltage Variation at Bus 3 for Islanding Transition 
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Figure 29-DES Switching Logic 

    Figure 30 shows the system frequency variations after islanding. Frequency oscillation is 

observed first when fault is applied to the system. After DES changes to master model to 

regulate the system frequency, freqneucy oscillation magnitude becomes very small and 

reaches the nominal frequency after 0.1 sec. 

 
Figure 30-System Frequency Response during the Process 

 

      Figure 31 and Figure 32 show the PV response during the fault and islanding period. As 

observed, the power output and terminal voltage of PVis not affected by the whole process as 

the fault insluation function SSTs.  
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Figure 31-PV3 Power Output 

 
Figure 32-PV3 Terminal Voltage 

 

    Figure 33 and Figure 34 show the DES response. DES first operates in grid-connected 

mode before islanding, with specific power output references. After system islanding, DES 

changes to master model to regulate systm votlage and frequency and provide the power 

balance in the system. One phenomenon observed here is that both real power and reactive 

1.2 1.3 1.4 1.5 1.6 1.7 1.8

-1

-0.5

0

0.5

1

1.5

2

2.5

x 10
4

 

 

P

Q

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75

-300

-200

-100

0

100

200

300



 

34 

power output of the DES unit is oscillating during the islanding operation. This is because of 

the DES unit control strategy and GreenHub system load characteristics. In GreenHub 

system, unbalanced load condition is one typical characteristic, causing unbalanced three-

phase voltage and current.  For DES, as all the control is implemented in the DQ frame, 

converting unbalanced three-phase voltage or current into d-q frame will cause d-q axis 

voltage or current oscillating, resulting in the simulation result shown in the figure. The huge 

transients shown in voltage and power profile are also caused by the DES switching logic.  

 

 
Figure 33-DES Terminal Voltage 
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Figure 34-DES Power Output 

 

      The test scenario for this simulation case is designed such that large disturbance cause the 

critical equimpents like FIDs act to change the system topology. The purpose of this test is to 

investige whether system can reach another equilibrium point and demonstrate Master-slave 

control strategy can provide GreenHub islanding operation capability. Test results, from 

system voltage, frequency and component responses, show that GreenHub get into islanding 

operation after FID disconnect the system from main grid and can maintain stable operation. 

New equilibrium point is reached as the change of load level. Master-slave cotrol strategy is 

fast and efficient enough for GreenHub system to meet the requirements of autonomous 

operation. The transition from grid-connected mode to the island model is smooth, without 

large traisient dynamics. One observation here also is that as DES is inverter interfaced, 

inertia-less units, which means dynamic response for contigencies in the system is much 

faster than traditional generators. From the simulation, all the transient responses are within 

10 cycles. This will benefit the system dynamics when good control system is implemented 

for DES units. In the real implementation of the Greenhub sysem muitiple units case may be 

considered, which means more genertion capacity from PV or other additional sources.  
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Case 4: Islanding Operation with Droop Control Strategy 

    The same test scenario as case 3 is also used to investigate GreenHub system islanding 

operation with droop control strategy. The case schematic is shown in Figure 35. A 3-phase 

permanent fault is simulated at at line section 1. The fault is cleared by FID1 and FID3 after 

one cycle, which is 1.516 sec. Then the remaining part of microgrid will be islanded after 

about another cycle, which is 1.53 sec by opening of FID2 in order to isolate the GreenHub 

from main grid to make sure that fault is isolated. To have a better representation of droop 

characteristics, an additional DES unit is added at Bus 2. Both DES units are under droop 

control strategy without any communication link and without mode switching capability. The 

power references are pres-set and will be adjusted based on the local measurements. Table 1 

shows the droop parameters for 2 DES units.  

 

Figure 35- Case 4 System Schematic 

Table 1-Droop Characteristics of DES Units 

 Pset Kp Vset Kq 

DES 1 400KW 60000 6.9KV 1/714 

DES 2 300KW 30000 6.9KV 1/285 

 

   When GreenHub system is grid-connected, system voltage and frequency is regulated by 

utility. DES1 and DES2 inject power to the grid at set point based on the droop curve. After 

fault occurs in the system and GreenHub goes to islanding mode, DES units will regulate the 
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system voltage. DES1 and DES2 will share the loads based on their own droop 

characteristics and should remain sound operation for critical loads. The purpose of this test 

case is to investigate whether GreenHub has any stability issues defined in section 2.2.1 and 

also demonstrate that when part of the system gets islanded, the islanded part of the system 

should smoothly transit from grid-connected mode to islanding mode and operate with 

minimum disruption and service degredataion under droop control strategy.  

    Figure 36 shows the bus 3 voltage during fault and after system goes to islanding 

operation. After 3-phase fault happens in the system, bus 3 voltage drops to almost zero. 

After fault is cleared at 0.53 sec. FIDs action results in system islanding operation. DES1 and 

DES2 regulate the system voltage and voltage recovers to nominal level. The transient 

voltage reaches around 1.5 of rated voltage during the whole process. Also as can be 

observed here that no large voltage overshoot is observed in this case. This is because that in 

case 4 no mode switching occured in DES, DES units are always under droop mode. This is 

also a demonstration that switching logic causes the voltage and power overshoots in case 3.   

 

Figure 36-Bus 3 Voltage after Fault and during Islanding 
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both DES1 and DES2 are working at nominal system operating points. The frequency is 

regulated at 60Hz by utility and DES1 is generating 400KW real power and DES2 300KW 

real power as set points. After system goes into islanding operation, as the total real power 

set point is larger than the load demand, freqency of both DES1 and DES2 rises to reduce the 

real power generation to reach the system balance. A common frequency point of 60.4Hz is 

reach to meet the operation requirements. From the real power simulation we can observe 

that real-power output of DES1 and DES2 both drops and reaches the new system operating 

point.  

 

 
Figure 37-DES1 Frequency 
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Figure 38-DES1 Real Power Output 

 
Figure 39- DES2 Frequency 
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Figure 40-DES2 Real Power Output 

    Figure 41 to Figure 44 shows the voltage-reactive power loop of DES1 and DES2. From 

the simulation we could observe that before fault occurs in the system, both DES1 and DES2 

are working at nominal system operating points. The voltage is regulated at 12KV by utility 

and DES1 is generating 200Kvar reactive power and DES2 100Kvar as set points. After 

system goes into islanding operation, as the total reactive power set point is larger than the 

load demand, voltage of both DES1 and DES2 rises to reduce the real power generation to 

reach the system balance. A common voltage point of 7000V line to ground voltage is reach 

to meet the operation requirements. From the reactive power simulation we can observe that 

reactive-power output of DES1 and DES2 both drops and reaches the new system operating 

point.  
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Figure 41-DES1 RMS Voltage 

 
Figure 42-DES1 Reactive Power Output 
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Figure 43-DES2 RMS Voltage 

 
Figure 44-DES2 Reactive Power Output 

      Figure 45 and Figure 46 show the PV response during the fault and islanding period. As 

observed, the power output and terminal voltage of PVis not affected by the whole process as 

the fault insluation function SSTs.  
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Figure 45- PV3 Power Output 

 
Figure 46-PV3 Terminal Voltage 

      The test scenario for this simulation case is designed such that large disturbance cause the 

critical equimpents like FIDs act to change the system topology. The purpose of this test is to 

investige whether system can reach another equilibrium point and demonstrate droop control 
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1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

-0.5

0

0.5

1

1.5

2

2.5

x 10
4

 

 

P

Q

1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75

-300

-200

-100

0

100

200

300



 

44 

voltage, frequency and component responses, show that GreenHub get into islanding 

operation after FID disconnect the system from main grid and can maintain stable operation. 

New equilibrium point is reached as the change of load level. Droop cotrol strategy is fast 

and efficient enough for GreenHub system to meet the requirements of autonomous 

operation. The transition from grid-connected mode to the island model is smooth, without 

large traisient dynamics. No additional communication links are required for DES if 

GreenHub goes into islanding operation. However, trade off of deviation from nominal 

sysem oeprating point can be observed. Also unbalanced loading effects on droop control 

strategy can be observed from the small oscillations of control output.  

Case 5: Master Control Strategy with Power Limits 

    Both of the test cases above are designed that DES has enough capacity to support system 

loads when needed. Reason for the assumption is that an ideal DC battery is used in the DES 

model.  But as the concerning of the DES capacity, stability phenomenon needs to be 

investigated when DES units have limits on power output during islanding operation. In this 

case, also in order to test SSTs’ performance, SSTs are added to each phase of the load, 

changing the load from negative impedance load to constant power load. In this test scenario, 

load 3 in GreenHub system come offline first to maintain the system load demand is within 

DES capability limits. DES unit is on line and line section 2, 3 and 4 is under islanding 

operation. At 0.7s, load 3 is reconnected to the system, causing load demand exceeds the 

DES power ratings and DES unit is overloaded. So at 1s, DES control strategy fixes DES real 

power output to its power limits, 400kW and connot suport total system load.   
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Figure 47- Case 5 System Schematic 

    Figure 48 shows the DES voltage output after load 3 is reconnected to the system. After 

DES controls its power output at limiting point.DES power output is also decreasing to the 

limit point as shown in Figure 49. 

 

Figure 48-DES Voltage  
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Figure 49-DES Power Output 

    Figure 50, Figure 51 shows the SST primary side current of phase B in load 3 and SST 

DC bus voltage. After DES unit hits its limit, as primary side voltage drops sharply and SST 

appears constant power load characteristic, SST draws more current from the system while 

DES is trying to limit the power output. SST high voltage DC bus will start to provide power 

stored in the capacitor, thus causing DC bus to crash. When the DC bus voltage is lower than 

2660, the set point for SST protection function, SST protection function will act and SST will 

shut down, which is shown in both Figure 50 and Figure 51.  As Load 3 has lost all the load 

in phase B, the system load unbalance level has been increased. Oscillation in the power 

output of DES is also increasing.    

    So in the case of limited DES power output, phase B and phase C of load 3 will crash. 

After SSTs are shut down, as the load level is lower that the power limit of DES, system 

voltage starts to recover, as shown in Figure 48. When the system voltage recovers higher 

that 5542V, 0.7 of rated value, SST protection function will try to restart the SST and SST 

DC bus resume certain amount. Huge transient current can be observed when SSTs are trying 

to reconnect.  Immediately after SST restart, as DES cannot support the total loads, SST DC 

bus voltage crash again and SST is shut down again. System goes into another cycle.  
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Figure 50-SST Primary Side Current of Load 3 Phase B 

 

Figure 51-SST DC Bus Voltage at Load 3 Phase B 

    Figure 52 and Figure 53 shows the load voltage and current of load 3 phase A, which is 

significant difference from phase B and C.  During all the process phase A remains normal 
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operation. Figure 54 shows the phase A SST DC bus voltage. Results shows that DC bus 

remains at 3.8kV during the whole process. The same results are obtained for all SSTs at load 

2. Comparing the load level at each phase one conclusion can be found that SST crash first 

happens at the phase which has the largest load. In GreebHub system, as SST is a single 

phase application, each phase is independent from others, which causes the different 

phenomenon as we see above. If shutting down the SST can meet the system power balance, 

other phase will remain normal operation. Once the system is still in power unbalance, SST 

which has the second largest load will shut down. This is due to the independence of each 

phase in GreenHub system.   

 

Figure 52-Load 3 Phase A Load Side Voltage 
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Figure 53-Load 3 Phase A Load Side Current 

 

Figure 54-Load 3 Phase A DC Bus Voltage 

    Another phenomenon observed here is that adding SST to each phase will improve the 

control performance of DES unit. As previously discussed, control strategy for DES unit is 

under dq frame. Unbalanced loading condition in the system will cause the unbalanced 

voltage and current, which makes the voltage and current under dq-axis oscillating. As SST 
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has the fuction of power factor correction, it reduces the reactive power absorbed from the 

DES unit during islanding operation, and the system performance has been improved. Also 

votlage compensation is not needed for system equipped with three phase SSTs at load side 

and voltage level can be well improved with the applicaiton of 3-phase SST in GreenHub 

system.  

    Not enough capacity for DES units during islanding operation will result in abnormal 

operation of SSTs, especially when SSTs are implemented in each phase of the system. 

Solutions for this one is either increasing the DES capacity to meet the system requirements, 

which may require a large DC souce on the inverter side and additional control strategies.  

   In this chapter, classic stability problems has been reviewed and discussed. Then several 

system cases are designed to investigate the system dynamics and potential stability issues. 

Simulation results show that in grid-connected mode, GreenHub system has enough stability 

margin for small disturbance, such as load change, temporary fault, etc. For autonomous 

operation, GreenHub system can recover steady-state operation after transient time interval in 

case that system load is within DES capability, and reach to a new steady-state operating 

point .  
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CHAPTER 4 - Conclusion and Future Work 

     This thesis introduces FREEDM center testbed system-GreenHub system. Different 

system component, such as SST, PV and DES unit with implemented control strategies are 

introduced and discussed. For GreenHub system islanding operation capability, master-slave 

and droop control strategies are compared and implemented for DES unit. . Both 

performance of master-slave and droop control are evaluated and compared. Both master-

slave control and droop control prove sufficient for GreenHub system islanding operation.  

  Several system cases are designed to investigate the system dynamics and potential 

stability issues. As GreenHub system is an inverter-dominated system, which is different 

from a conventional synchronous machine-based system. System study needs to be 

conducted to see if GreenHub system has the traditional "angle" or "voltage" stability issues 

or any others issues brought by inverters. Case study results show that in grid-connected 

mode, GreenHub has enough stability margin for small disturbance, such as load change, 

temporary fault, etc. For autonomous operation, GreenHub system can recover steady-state 

operation after transient time interval according to the system operation requirements, and 

reach to a new steady-state operating point. System does not have the above traditional 

stability problems.  

  Although inverter-dominated devices have several advantages for system operation, such 

as fast response for system contingencies and decouple d-q axis control. Certain potential 

issues are still identified for GreenHub system. One discovery is that decouple control under 

d-q axis will cause system oscillations near set point. Any unbalance in system will cause the 

voltages or currents after d-q transformation not a DC value, which is oscillating over 

equilibrium point. The control method proposed in [2] will be a possible solution to eliminate 

the system stead-state errors. This could become part of the future research for GreenHub 

system.  

   Another aspect to investigate is the impact of distribution network on the system stability. 

As usually R/X ratio of distribution network is much larger than transmission system, and 
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different R/X ratio may cause different system dynamics during transients, and investigation 

of R/X ratio impact on system transient stability and voltage stability is preferred.  

   Also, as discussed in Chapter 3, this thesis focuses on the transient stability and voltage 

stability of GreenHub system. There is another category of stability discussed in [13] which 

focuses on the small signal stability of the system. The whole system will be represented with 

dynamic equations and eigenvalue analysis is performed to see the impact of each system 

parameter on system stability. This analysis can help optimize the system parameter to get 

the largest stability margin.  [3] propose a signal-based approach for monitoring the system 

stability margins based on bifurcation theory. Traditional stability monitoring methods are 

limited by system models. Monitoring method will not be accurate after the system model is 

changed. The method proposed in [3] is a model and signal combined method to provide 

accurate estimate even system topology is changed. In this thesis, system performance is 

evaluated by several system study cases. Stability monitoring can be another future topic for 

this research to secure the GreenHub system operations.   

 



 

53 

REFERENCES 

[1] Lasseter, R.H., "CERTS MIcrogrids", System of Systems Engineering, 2007 

[2] K. VuNikos L. Soultanis, Stavros A. Papathanasiou, Nikos D. Hatziargyriou,  "A Stability 

Algorithm for the Dynamic Analysis of Inverter Dominated  Unbalanced LV Microgrids,” IEEE 

TRANSACTIONS ON POWER SYSTEMS, VOL. 22,  NO. 1, FEBRUARY 2007 

[3] Mohammad B. Delghavi, Amirnaser Yazdani,  " Islanded-Mode Control of  Electronically 

Coupled Distributed-Resource Units Under Unbalanced and  Nonlinear Load Conditions", IEEE 

TRANSACTIONS ON POWER DELIVERY, VOL. 26, NO. 2, APRIL 2011 

[4]  Joe H. Chow, Felix F. Wu, James A. Momoh, " Applied mathematics for restructured electric 

power systems : optimization, control, and computational intelligence", New York, c2005. 

[5]  FREEDM system overview, http://www.freedm.ncsu.edu/index.php?s=1&p=6 

[6] Tiefu Zhao, Jie Zeng, Subhashish Bhattacharya, Mesut E. Baran, Alex Q. Huang, " An Average 

Model of Solid State Transformer for Dynamic System Simulation",  Power & Energy Society 

General Meeting, 2009. PES '09. IEEE, 26-30 July 2009  

[7] Subhashish Bhattacharya, Tiefu Zhao, Gangyao Wang, Sumit Dutta, Seunghun Baek, Yu Du,  

Babak Parkhideh, Xiaohu Zhou, Alex Q. Huang, " Design and Development of Generation-I 

Silicon based Solid State Transformer",  Applied Power Electronics Conference and Exposition 

(APEC), 2010 Twenty-Fifth Annual IEEE ,  21-25 Feb. 2010  

[8] Colorado PV module simulink model, 

http://ecee.colorado.edu/~ecen2060/materials/simulink/PV/PV_module_model.pdf 

[9] F. Katiraei, M. R. Iravani, " Power Management Strategies for a Microgrid With Multiple 

Distributed Generation Units", IEEE TRANSACTIONS ON POWER  SYSTEMS, VOL. 21, NO. 4, 

NOVEMBER 2006 

[10]  J.M. Guerrero, L. Hang, J. Uceda, “Control of Distributed Uninterruptible Power Supply 

Systems”, IEEE Transactions on Industrial  Electronics, Vol. 55, Iss. 8 , pp. 2845 –  2859, 2008 

[11] P. Kundur ; edited by Neal J. Balu, Mark G. Lauby. " Power system stability and control",  New 

York : McGraw-Hill, c1994. 

http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4304210
http://www.freedm.ncsu.edu/index.php?s=1&p=6
http://ieeexplore.ieee.org.prox.lib.ncsu.edu/xpl/mostRecentIssue.jsp?punumber=5230481
http://ieeexplore.ieee.org.prox.lib.ncsu.edu/xpl/mostRecentIssue.jsp?punumber=5230481
http://ieeexplore.ieee.org.prox.lib.ncsu.edu/xpl/mostRecentIssue.jsp?punumber=5426413
http://ieeexplore.ieee.org.prox.lib.ncsu.edu/xpl/mostRecentIssue.jsp?punumber=5426413
http://ecee.colorado.edu/~ecen2060/materials/simulink/PV/PV_module_model.pdf


 

54 

[12] Prabha Kundur (Canada, Convener), John Paserba (USA, Secretary) at all, " Definition and 

Classification of Power System Stability",  IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 

19, NO. 2, MAY 2004 

[13] Zhixin Miao, Alexander Domijan, Jr., and Lingling Fan, “Investigation of Microgrids With Both 

Inverter Interfaced and Direct AC-connected Distributed Energy Resources”,  IEEE 

TRANSACTIONS ON POWER DELIVERY, VOL. 26, NO. 3, July 2011.  

[14] R. R. Londero, C. M. Affonso, M. V. A. Nunes, “Impact of Distributed Generation in Steady 

State, Voltage and Transient Stability–Real Case”, PowerTech, 2009 IEEE  

http://ieeexplore.ieee.org.prox.lib.ncsu.edu/xpl/mostRecentIssue.jsp?punumber=5271856


 

55 

APPENDICES 



 

56 

Appendix A - SST Control System 

A.1 Rectifier Control Stage 

   Figure 55 shows the single-phase d-q decoupled control scheme used in the rectifier. The 

rectifier in SST converts 60Hz, 7.2kV AC to three cascaded 3.8kV DC buses. With the 

chosen PLL, the voltage vector is aligned with the direction of the d-axis during steady state. 

The grid voltage component in the d-direction is equal to its peak value and the q-component 

of the grid voltage is equal to zero. Thus, the d-component of the current vector (in steady 

state parallel to the grid voltage vector) becomes the active current component (d-current) 

and the q-component of the current vector becomes the reactive current component (Q-

current). The control aim of the controller is to control the reactive power and regulate the 

DC bus voltage (        in Figure 55).    is the duty cycle of high DC link voltage in the 

average model shown in Figure 5. 

 

 

Figure 55- SST Rectifier Single Phase Decoupled Controller [4] 

i) Dual Active Bridge (DAB) Control 

  The Dual Active Bridge (DAB) consists of a high voltage H-Bridge, a high frequency 

transformer and a low voltage Hbridge. DAB regulates the low voltage DC bus voltage. A 

simple PI controller is used in the DAB control to control the secondary side DC bus voltage, 

as shown in Figure 56.    is the duty cycle of the low DC link voltage in the average model 
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shown in Figure 5. 

 

 

Figure 56- SST DAB Control 

A.2 SST Inverter Control 

   SST inverter controller controls the magnitude of the output side AC voltage. The inverter 

controller has an inner current loop and an outer voltage loop. The controller diagram is 

shown in Figure 57, and both voltage and current regulators are PI regulators.    and    are 

the duty cycles of two output port voltages in the average model shown in Figure 5. 

 

Figure 57- SST Inverter Dual Loop Control 

A.3 SST Protection Control 

 In solid state transformer a protection controller is implemented to decide whether SSTs 

should be on-line according to system operating conditions.  Figure 58 shows the SST 

protection logic. When a large transient such as short-circuit events occur in the system 

causing system voltage drop, SST will monitor the DC bus voltage. If DC bus cannot sustain 

at rated 3.8KV and drop under 2600V, SST will shut down. This will also help the system 

under overload condition. Also, if SST shuts down, it will monitor the system voltage. If 
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system voltage recovers above 0.7pu, SST protection controller will restart SST. The 

protection logic will help SST to have better loading shedding capability and realize the over 

intelligent system management.  

 

Figure 58- SST Protection Logic 
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Appendix B - PV Control System 

B.1 Maximum Power Point Tracking (MPPT): 

The MPPT is used to get maximum power output from PV arrays. In Greenhub system, 

MPPT generates the desired current reference to control input voltage of the DC-DC 

converter to operate PV at MPP. Figure 59 shows the MPPT algorithm.  

 
Figure 59- Flowchart of MPPT in PV System 

B.2 Boost Converter Average Model 

     In GreenHub PV system, Boost DC-DC converter is used to step-up a PV array output 

voltage by a ratio which is electronically adjustable by changing the swatch duty ratio D. 

Figure 60 shows the typical boost converter with ideal switches.  

 

Figure 60-Boost Converter with Ideal Switches 
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      In GreenHub system, an average boost converter model is used based on the equation 

above. Figure 61 shows the average boost converter model. It can be treated as a DC step up 

transformer.  

 

Figure 61-Boost Converter Average Model 

B.3 DC Bus Voltage Control: 

      In GreenHub PV model, boost converter is used to step up the PV array output voltage. 

DC bus voltage is controlled by the simple PI controller, as shown in Figure 62. The output 

     of the PI controller is peak value of the inverter output current to the system (Peak value 

of     in Figure 7).  

 

 

 

Figure 62- PV DC Bus Controller 

B.4 Single-phase DC/AC Inverter Average Model 

     A single-phase DC/AC inverter is used to connect the whole PV system to the grid. Figure 

63 shows a typical single-phase inverter with ideal switches.  
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Figure 63-Single-phase DC/AC Inverter 

       During operation, criteria must be satisfied that DC voltage is greater than the peak value 

of AC voltage. The DC input voltage and AC output voltage meet the following equation: 
   
   

      

       In GreenHub system, an average inverter model is used based on the equation above. 

Figure 64 shows the average model. It acts as an transformer to change the DC bus votlage to 

grid AC voltage.  

 
Figure 64-DC/AC Inverter Average Model 

 

 


