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Abstract 

 

Supervisory Control Analysis of AC- and DC-Microgrids in a Real-Time Digital Sim-

ulation Platform 

 

 

This thesis discusses local and supervisory control strategies, and requirements for mi-

crogrids. A robust hierarchical control structure that allows smooth transitions of the mi-

crogrid between the grid-connected and islanded mode is proposed. 

The proposed local controllers for the distributed energy resources are robust against dis-

turbances, decentralized and show a reliable reference-tracking capability, which is im-

portant since transitions between operation modes involves disturbances. The local control-

lers represent the primary level of the proposed hierarchical control structure. 

In order to operate a microgrid in islanded mode, a centralized supervisory control structure 

is presented that is composed of a simple Decentralized Energy Resources (DER) coordi-

nation logic, the aforementioned local controllers, a voltage controller, and an open-loop 

frequency controller. 

To perform studies on the proposed control structures, the simulation tool PSCAD/EMTDC 

was used to evaluate the controller performance. Verification in a real-time digital simulator 

confirms the findings. The proposed control strategies appear to be robust which suggests 

their applicability for a use in microgrid structures. 

Additionally, first explorations of a novel coordinated control structure for direct current 

(DC)-microgrids were performed on PSCAD/EMTDC. 
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1 Introduction 

1.1 Motivation and Background 

Environmental protection has become a main goal of leading countries driven by a high 

environmental consciousness within the general public and the climate change itself. Re-

newable energy sources (RES) are a key technology in reducing carbon emissions to min-

imize the consequences of climate change [1]. Based on that, technologies such as photo-

voltaic (PV) cells or wind turbines are constantly improved while production costs continu-

ously decrease. A recently published study discusses significant cost reduction potential 

especially for the two mentioned technologies. The global-weighted average cost of elec-

tricity could fall up to 59% for PV, 43% for concentrating solar power, 26% for onshore wind 

and 35% for offshore wind by 2025. Those cost reductions will be driven by technology 

improvements, an increased supply-chain competitiveness, and economies of scale [2]. 

The demand for clean energy can be recognized by the continuing development of installed 

RES worldwide. From 2014 to 2015, the cumulative installed power for PV and wind, re-

spectively, were the following: a plus of 39.0% and 13.8% for North America with a total 

share of 12.3% and 20.5%, and a plus of 8.8% and 10.1% for Europe and Eurasia with a 

total share of 42% and 34.1%. China registered an increase of 53.5% and 26.6% with a 

total share of 18.9% and 33.4% worldwide [1]. Data from Germany show that 33.9% of the 

net electricity generation were provided by RES with a total power of 185,39 terawatt 

hours. Details are displayed in Figure 1.1 [3]. 

The traditional power generation used to be centralized and the power flow unidirectional. 

Therefore, integration of RES will lead to changes in the transmission and distribution grids. 

As the depth of penetration of RES in the power grid increases,  
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Figure 1.1: Different energy sources and their share of the total net electricity generation for Germany in 2016, divided in fossil fuels 

and renewable energies. Based on data from [3]. 

several new challenges will arise. Besides large-scale, central RES, there are also small-

scale distributed, and therefore, decentralized RES. Furthermore, the power flow can be 

bidirectional. To ensure a safe operation of both transmission and distribution grids, protec-

tion systems have to be adapted, as well as additional information and communication 

technology have to be implemented, in order to be able to fulfill system requirements [4]. 

Figure 1.2 gives a simplified overview of the mentioned conventional grid structures and 

their potential future look. 

Despite the necessary manifold changes in the power supply systems, research studies 

displayed that the transformation towards a power supply mostly provided by RES will save 

costs in the long term. For instance, overall cost for the so called “Energiewende” in Ger-

many until 2050 will be 8% less as compared to its reference grid in 2014, assuming a con-

servative rise in prices for fossil fuels and emission certificates [5]. 

Grid structures can be clustered into smaller parts, the so called microgrids. The connec-

tion to the alternating current (AC)-host system is called the point of common coupling 

(PCC). A microgrid consists typically of loads and decentralized energy resources (DER) 

which can be energy storage systems (ESS), RES or conventional generators and are ge-

ographically close to each other. The generated power in the microgrid can serve all its 

loads for a certain amount of time. If a fault happens within the AC-host system, which the 

microgrid is a part of, the microgrid can continue its operations independent from the AC-

host system while operating in island mode [4]. 

The importance of microgrids is visible due to the total number of 1681 new microgrid pro-

jects in 2016 and a total installed capacity worldwide of 16,552 MW, with North America 

holding 54% of the global microgrid capacity [6]. 



Content 

 

3 

The present thesis focuses on supervisory control strategies for both AC- and direct current 

(DC)-microgrids and the analysis of those controllers. 

 

Figure 1.2: Simplified comparison between a conventional grid structure with unidirectional power flow (left) and a future grid structure 

with bi-directional power flow including a communication link (right). Adopted from [7]. 

1.2 Literature Review 

As mentioned before, a microgrid can consist of loads and different types of DER which are 

combined more efficient and flexible than an individual DER helping to make distribution 

systems more adaptable. In order to handle such a multi-objective system with its different 

functionalities, for both grid-connected and islanded mode, there has to be an adequate 

control structure. These controls are embedded in a hierarchical structure which is consid-

ered as a standard solution managing microgrids [8], as shown in Figure 1.3. 

Local controllers are the lowest level of control, which is also referred to primary level con-

trol and is a part of a DER. Their tasks are to monitor voltage and current levels and to or-

der power sharing. The next control structure is the microgrid supervisory control, which 

can be split into secondary and tertiary level control. The secondary level control typically 

deals with the synchronization process between the microgrid and the host-grid as well as 

with power quality regulation. The upstream tertiary level control includes decision making 

algorithms which are based on information gathered from the AC-host system side as well 

as the microgrid itself, for which communication is crucial [8, 9]. A general overview of such 

a hierarchical control structure can be seen in Figure 1.3. 
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Figure 1.3: Structure of a hierarchical control which is commonly used for microgrid supervisory controllers. Adopted from [9]. 

The aforementioned functions of a microgrid supervisory control can be implemented either 

decentralized or centralized. How the implementation is realized depends on the microgrid 

structure itself. Decentralized supervisory control is mostly considered for large scale mi-

crogrids, when assets are geographically dispersed, resources belong to different entities 

with own goals, or when high flexibility in terms of adding resources is desired [10–12]. 

Centralized supervisory control is considered mainly for small scale microgrids, when all 

resources have a shared goal like voltage control, and flexibility to expand the microgrid is 

of minor importance, to keep the costs of communication equipment low [12–14]. A suc-

cessful integration of renewable energies into existing and future grid structures is crucial to 

achieve a sustainable and environmental friendly energy supply. Microgrid structures will 

help in doing so due to their manifold advantages including the improvement of reliability, 

reduction of emission, reduction of peak loading, provision of power quality services, reduc-

tion of costs for end users, and reduction of active power losses [15, 16]. 
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1.3 Problem Statement 

Power systems are composed of different energy resources, electrical equipment and 

loads. The sum of all these parts determines the overall system behaviour not only under 

steady-state conditions but also during faults or imbalances. 

Regarding the fact that the importance of RES will continue to increase, the depth of pene-

tration will rise accompanied by a changing the system behaviour. For a better controllabil-

ity of those changing power systems topologies, the aforementioned clustering of smaller 

grid parts to microgrids is a useful tool. If the control structure for such microgrids is well 

chosen and implemented, it is able to provide additional functions like the ability to remain 

fully operational in case of a disconnection from the main grid or its ability to supply auxilia-

ry services to the main grid, for example voltage regulation at the PCC. 

For the implementation of applicable local and supervisory controllers, there are some cri-

teria that have to be fulfilled: 

• In the case of a fault in the main grid, the microgrid supervisory control must be ca-

pable of monitoring the necessary system signals and to start the islanding process. 

• While in islanded mode, the microgrid needs to be able to operate. This means the 

local controllers have to provide enough power to the loads while keeping the mi-

crogrid system frequency and voltage constant. 

• After clearing the fault in the main grid, the supervisory control must monitor and in-

terpret the main system signals to initialize the reconnection process with the main 

grid. 

• The supervisory control as well as the local control has to coordinate the transition 

between grid-connected and islanded mode in that way that transients are mini-

mized as far as possible to avoid damage to electrical equipment or system instabil-

ities.  

• The system should be able to reach a steady-state after the transition between 

modes. 

• The detection of both islanding conditions and reconnection conditions should be 

achieved within a short time.   
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To achieve those criteria, a fitting control scheme needs to be developed. Therefore, the 

present thesis aimed to analyze two different microgrid supervisory controls and their asso-

ciated local controls, to validate their performance and to find potential improvements. 

1.4 Thesis Objectives 

The supervisory controls and the local controllers were modeled with the software 

PSCAD/EMTDC. This software is widely used in North America to simulate and analyze 

the time domain regarding instantaneous responses of power systems. It is capable of in-

tegrating DERs and building sub-structures which make it an appropriate tool for the 

planned investigations. The planned steps were the following: 

1. Modelling of the proposed study system. 

2. Implementation of local controllers for each voltage-sourced converter VSC. Each 

local controller is responsible for real power (P) and reactive power (Q) output of its 

VSC as well as controlling the terminal current. 

3. Implementation a decentralized supervisory control for each AC-microgrid which is 

responsible for fault detection, for switching between islanding and grid-connected 

mode and for synchronization with the grid 

4. Implementation of a centralized supervisory control, which will coordinate the dif-

ferent AC-microgrids. 

5. Implementation of a supervisory control for a DC-microgrid responsible to keep the 

DC bus voltage constant in islanded mode. This will be achieved by a coordinated 

control between a PV-Array, a BESS and loads. 

6. Implementation of the AC study system, local and supervisory controllers on the  

real-time simulation platform to validate the results. 

1.5 Methodology 

For the AC-microgrid, an average model of a voltage-sourced converter is implemented in 

PSCAD/EMTDC in order to understand the behaviour and to investigate basic operations.  

After integrating the average model, the study system is built by using linear models with 

the aim to identify the dynamics within the investigated study system. As a next step, the 

average model of the voltage-sourced converter is replaced by a switching model with the 

goal to mimic a more realistic behaviour of the studied system behaviour. 
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Next, the local and supervisory controllers are implemented and tested. As a final step, the 

system behaviour is investigated using a real time digital simulator to validate the results 

which are achieved in PSCAD. 

The DC-microgrid is also modeled and investigated in islanded mode only. Therefore, a PV 

array, an energy storage system and loads are implemented. A novel control strategy, 

called coordinated control, is implemented in PSCAD. The different entities’ responds to 

each other over the DC bus is called bus signaling method. Since this control is new, basic 

investigations are performed. 

1.6 Thesis Layout 

Chapter 2 presents the AC study system. The components and DER units are described 

and a robust control strategy for the AC-microgrid is presented. Additionally, the design and 

implementation of both local and supervisory controllers are shown. A performance verifi-

cation for the different controllers is executed to show the efficiency of the proposed control 

strategy. 

Chapter 3 presents the DC study system. The adopted control strategy is investigated and 

components are described. Furthermore, the implementation in PSCAD is presented and 

again, a performance verification is made to show the capabilities of the investigated con-

trol. 

Chapter 4 shows the overall control structure for both, the AC and DC study system. Test 

cases are performed in order to further investigating the proposed control structures and 

analyze their robustness due to disturbances or possible shortcomings. 

Chapter 5 describes conclusions of the thesis and suggests future directions. 
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2 Control of the AC-Microgrid 

2.1 Study System Modeling 

The AC-microgrid which is usded within the scope of this thesis consists of symmetrical, 

three-phase, radial distribution feeders with a nominal voltage of 13.8 kV. The study system 

includes three feeders, three DER units and three loads. At the PCC it is connected with 

the utility grid through a 69.0 kV line. The configuration and parameters are adopted from 

the IEEE standard 399-1997 benchmark system and is showed in Figure 2.1 [17]. 

The three DER units are considered to be dispatchable and have a rated voltage of 0.6 kV. 

The power ratings are 3.0 MVA for DER2 and DER3, and 0.5 MVA for DER4. 

 

Figure 2.1: Simplified overview of the AC Study System. 

The utility grid is modeled by a three-phase, ideal voltage source with a short-curcuit 

apparent power of 100 MVA, an X/R ratio of 22.2 and a nominal voltage of 69.0 kV. At the 

15 MVA transformer T1 the voltage is stepped down from 69.0 kV to 13.8 kV and is in delta-

star-to-ground configuration. At the PCC, appart from the aforementioned feeders, is a 2 

MVAr fixed shunt capacity bank in delta configuration. The loads L5, L6 and L7,  

represented by series L and R branches, are three phase balanced loads. All electrical 

parameters of the transformers and their configurations, type and length of distribution and 

overhead lines, the load ratings and DER units are given in Appendix A, Tables A.1, A.2, 

A.3 and A.4, respectively. 

DER 4
L7

DER 3
L6

DER 2
L5

T1

PCC

F4F3

C9

T8

TDR4TDR2

TDR3

C6

C8

T7

T6

C7

TL1
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2.2 Distributed Energy Resources 

Each DER unit includes a two level DC/AC-voltage-sourced converter (VSC) with 

sinusoidal pulse-width modulation (SPWM). The DER DC-side is rated at 1.2 kV and 

modeled by two voltages sources which are in series. 

Lf, Cf and Rf form the low-pass filter at the VSC terminal, which is necessary because the 

VSC terminal voltages are modulated waveforms. If not present, the voltages Vsabc would 

have voltage notches disturbing the feedback signals Vsd and Vsq as well as the load 

voltage. The LC filter is tuned to the dominant pulse-width modulation side-band harmonic 

and VSC current harmonics, which flow through the filter, will cause no disturbance in the 

upstream grid. R represents switiching losses [18]. The real and reactive power is con-

trolled by the line currents given as dq-frame parameters id and iq. Based on the angle ρ, 

given by the phase locked loop, the 3-phase signals are converted into dq-frame signals 

and then processed by the corresponding compensators to give the control signals. Before 

the signals are fed to the VSC, they are transformed back to the abc-frame, namely mabc. 

Afterwards, the signals are forwarded to the sinusoidal pulse-width generator, which cre-

ates the six gating pulses for the VSC switches in order to output the required active or 

reactive power. An overview of the VSC is displayed in Figure 2.2. 

 

Figure 2.2: Schema of the current-controlled PQ-controller.  

  



Content 

 

10 

2.3 Control Objectives 

The control objectives for the AC-microgrid are the following: 

• In grid-connected mode, each DER should dynamically adjust to its internal opera-

tion, which is the output of active and reactive demanded by the given set points. 

This control is part of the LC1. 

• In islanded mode, one DER unit – the predefined master DER unit – should control 

the voltage at the PCC to its nominal value and gives a reference frequency equal 

to the nominal frequency of the utility grid. This control is part of the LC2. 

• In grid-connected mode, the utility grid must be monitored in order to be able to do 

islanding detection. The controller must be reasonably fast and coordinate the tran-

sition from grid-connected to islanded mode. This is part of the supervisory control 

• In islanded mode, the utility grid must be monitored in order to be able to recognize 

when the necessary pre-conditions are met to reconnect with the utility grid. This 

detection should also be reasonably fast and coordinate the transition from the is-

landed to grid-connected mode. 

The AC-microgrid controllers are designed based on the guideline of Section 8 of [18] if not 

other stated. 

2.4 Primary Controller 

2.4.1 Control Strategy 

The proposed control strategy is to ensure that the aforementioned control objectives are 

met in case of pre-defined islanding as well as in case of a fault occurring on the utility grid. 

Since the distributed energy resources are considered to be RES the microgrid will have 

fast dynamic characteristics. Therefore, the control should be able to react in the order of 

cycles to meet the system requirements. 

One advantage of a microgrid is that it maintains fully operational while disconnected from 

the main grid. Within this thesis two reason for the islanding are investigated: (i) due to pre-

defined islanding which is conducted to be able to do maintenance at the utility grid side or 

(ii) unintentional islanding which is caused due to a fault condition in the AC-host system. 

In grid-connected mode, an active-/reactive-power controller which is responsible that the 

set points of given values for the output of active power and reactive power can be fol-



Content 

 

11 

lowed. This controller is referred to as PQ-controller. The used topology is called current-

mode control and protects the VSC from overcurrent, since the line-current is regulated 

through the VSC AC-side voltages. Additionally, this control topology has a good dynamic 

performance, a high control precision and a certain robustness related to the variation of 

the VSC- and AC-system parameters. The only demerit is, that a phase-locked loop is 

needed in addition [19]. 

In islanded mode, a voltage and frequency controller is activated to respond to the condi-

tion of islanding. In response to the missing connection to the main grid, the voltage and 

frequency at the PCC is expected to drop. The now activated controller aims to control and 

adjust the measured 3-phase voltages to their nominal voltages, as well as provides a ref-

erence frequency for the microgrid. This controller is called controlled-frequency VSC and 

also provides overcurrent and overload protection. This controller is referred to as VF-

controller in the current work.  

2.4.2 Control Design and Implementation 

PQ-controller (current-controlled VSC) 

The output power of the PQ controller can be described by 

Vsq is equal 0, when the PLL is in steady state, and Ps(t) and Qs(t) can be rewritten as 

As mentioned before, the VSC is current-controlled and therefore Ps(t) and Qs(t) are con-

trolled by id and iq, respectively, which can be written as 

 𝑃𝑠(𝑡) =  
3

2
[𝑉𝑠𝑑(𝑡)𝑖𝑑(𝑡) + 𝑉𝑠𝑞(𝑡)𝑖𝑞(𝑡)] ( 2.1 ) 

 𝑄𝑠(𝑡) =  
3

2
[−𝑉𝑠𝑑(𝑡)𝑖𝑞(𝑡) + 𝑉𝑠𝑞(𝑡)𝑖𝑑(𝑡)] ( 2.2 ) 

 𝑃𝑠(𝑡) =  
3

2
𝑉𝑠𝑑(𝑡)𝑖𝑑(𝑡), ( 2.3 ) 

 𝑄𝑠(𝑡) = −
3

2
𝑉𝑠𝑑(𝑡)𝑖𝑞(𝑡). ( 2.4 ) 

 𝑖𝑑𝑟𝑒𝑓(𝑡) =  
2𝑃𝑠𝑟𝑒𝑓(𝑡)

3𝑉𝑠𝑑
, ( 2.5 ) 
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Considering the above equations, the P- and Q-control parts can be realized as displayed 

in Figure 2.3. 

 

 

The next part of the control topology is the aforementioned current control for overcurrent 

and overload protection of the VSC. The VSC model in dq-frame can be defined by 

With the corresponding equations for the control of P and Q in dq-frame, which are 

with Vtd an Vtq being control inputs, id and iq being state variables and Vsd and Vsq being 

disturbance inputs. Since the dynamics of the two state variables id and iq are coupled with 

each other through the term Lω0, they can be decoupled by the following equations 

 𝑖𝑞𝑟𝑒𝑓(𝑡) =  −
2𝑄𝑠𝑟𝑒𝑓(𝑡)

3𝑉𝑠𝑑
. ( 2.6 ) 

 𝑉𝑡𝑑(𝑡) =  
𝑉𝐷𝐶

2
𝑚𝑑(𝑡), ( 2.7 ) 

 𝑉𝑡𝑞(𝑡) =  
𝑉𝐷𝐶

2
𝑚𝑞(𝑡). ( 2.8 ) 

 𝐿
𝑑𝑖𝑑

𝑑𝑡
=  𝐿𝜔0𝑖𝑞 − (𝑅 +  𝑟𝑜𝑛)𝑖𝑑 + 𝑉𝑡𝑑 − 𝑉𝑠𝑑 , ( 2.9 ) 

 𝐿
𝑑𝑖𝑞

𝑑𝑡
=  −𝐿𝜔0𝑖𝑑 − (𝑅 +  𝑟𝑜𝑛)𝑖𝑞 + 𝑉𝑡𝑞 − 𝑉𝑠𝑞 ( 2.10 ) 

 𝑚𝑑 =  
2

𝑉𝐷𝐶
(𝑢𝑑 − 𝐿𝜔0𝑖𝑞 + 𝑉𝑠𝑑), ( 2.11 ) 

Figure 2.3: Control block diagram of Psref and Qsref. 
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with ud and uq being new control inputs. As a result, equations (2.9) and (2.10) can be re-

written  

The equations above now resemble two linear, first-order, decoupled systems. Based on 

the shown equations in this section, the d- and q-axis current controller can be implement-

ed. The control block diagram for the controller is displayed in Figure 2.4. The signals ud 

and uq can control id and iq. The input of the d-axis compensator kd(s) is ed = idref – id and 

gives ud at the output. ud together with the feedback and feed-forward signals leads to md. 

The VSC amplifies this signal to gain Vtd, which in turn controls id.  

Since the compensator tracks DC reference commands, it is adequate to use a simple PI 

controller here, which has the form 

where kp is the proportional gain and ki is the integral gain. As proposed in [18], the ideal 

way to tune the compensator is, to select kp and ki based on 

The parameter τi is given as 1.25 ms from the IEEE benchmark system. Based on the 

equations (2.15) – (2.17) the PI compensators for both the d- and q-axis for the different 

DER units were calculated as follows 

 𝑚𝑞 =  
2

𝑉𝐷𝐶
(𝑢𝑞 + 𝐿𝜔0𝑖𝑞 + 𝑉𝑠𝑑) ( 2.12 ) 

 𝐿
𝑑𝑖𝑑

𝑑𝑡
=  −(𝑅 +  𝑟𝑜𝑛)𝑖𝑑 + 𝑢𝑑 , ( 2.13 ) 

 𝐿
𝑑𝑖𝑞

𝑑𝑡
=  −(𝑅 +  𝑟𝑜𝑛)𝑖𝑞 + 𝑢𝑞 ( 2.14 ) 

 𝑘𝑑(𝑠) =  
𝑘𝑝𝑠 + 𝑘𝑖

𝑠
, ( 2.15 ) 

 𝑘𝑝 =  
𝐿𝑓

τ𝑖
, ( 2.16 ) 

 𝑘𝑖 =  
𝑅𝑓

τ𝑖
, ( 2.17 ) 
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Figure 2.4: Current-controlled VSC system control block diagram. Adopted from [18]. 

 

The phase-locked loop is necessary to be able to operate the controller in the dq-frame 

instead of the ab-frame, which simplifies the controller design, since it deals with DC-

quantities in steady-state. As shown in Figure 2.5, the PLL transforms the 3-phase grid 

voltages Vsabc into the dq-frame quantities Vsdq. Following, the rotational speed ω of the dq-

frame is adjusted in that way, that Vsq becomes zero in steady state. This results in ρ =

 ω0𝑡 + 𝜃0 and 𝑉𝑠𝑑 =  �̂�𝑠 , where ω0 is defined as the AC-host system frequency, θ0 as the 

initial phase angel of the host system and �̂�𝑠 as the line-to-neutral peak value. The voltage-

controlled oscillator (VCO) in figure Figure 2.5  can be seen as an integrator which is reset-

ted whenever its output ρ reaches 2π. 

𝑘𝑝,𝐷𝐸𝑅1−3 =  
𝐿𝑓

𝜏𝑖
=  

0.10 𝑚𝐻

1.25 𝑚𝑠
= 0.08; 𝑘𝑖,𝐷𝐸𝑅1−3 =  

𝑅𝑓

𝜏𝑖
=  

2.40 𝑚Ω

1.25 𝑚𝑠
= 1.92   

𝑘𝑝,𝐷𝐸𝑅4 =  
𝐿𝑓

𝜏𝑖
=  

0.57 𝑚𝐻

1.25 𝑚𝑠
= 0.456; 𝑘𝑖,𝐷𝐸𝑅4 =  

𝑅𝑓

𝜏𝑖
=  

21.6 𝑚Ω

1.25 𝑚𝑠
= 17.28   

𝑘𝑑,𝐷𝐸𝑅1−𝐷𝐸𝑅3(𝑠) = 𝑘𝑞,𝐷𝐸𝑅1−𝐷𝐸𝑅3(𝑠) =  
0.08𝑠+ 1.92

𝑠
   

𝑘𝑑,𝐷𝐸𝑅4(𝑠) = 𝑘𝑞,𝐷𝐸𝑅4(𝑠) =  
0.456𝑠+ 17.28

𝑠
.   
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The design of the PLL compensator H(s) was made according to the guidelines in [18], 

which can be defined as 

where 

The parameter h is given as h = 2.68 x 105, which leads to 

In this case, a phase margin of 45° is desired, which results to 

 Therefore H(s) is implemented as 

 

The above calculations are based on [18]. 

 𝐻(𝑠) = (
ℎ

�̂�𝑠𝑛

)
𝑠2 + (2ω0)2

𝑠2(𝑠 + 2ω0)2
𝐹(𝑠), ( 2.18 ) 

 𝐹(𝑠) =  (
𝑠 + (𝑝 𝛼)⁄

𝑠 + 𝑝
) (

𝑠 + (𝑝 𝛼)⁄

𝑠 + 𝑝
), ( 2.19 ) 

 𝑝 =  ω𝑐√𝛼 , ( 2.20 ) 

 𝛼 =  
1 + sin (𝛿𝑚)

1 − sin (𝛿𝑚)
. ( 2.21 ) 

(
ℎ

�̂�𝑠𝑛
) =  

2.68∗105

0.6 𝑘𝑉∗ √2 3⁄
= 547,052.71   

√𝛼 =  √
1+sin (45°)

1−sin (45°)
= 2.414   

𝑝 =  ω𝑐√𝛼 = 2𝜋 ∗ 711,7𝐻𝑧 ∗ 2.414 = 10,794.788   

𝐹(𝑠) =  (
𝑠+(𝑝 𝛼)⁄

𝑠+𝑝
)

2
=  (

𝑠+(1852.42

𝑠+10,794.788
)

2
.   

𝐻(𝑠) = (547,052.71) ∗
𝑠2+(2∗2𝜋60)2

𝑠2(𝑠+2∗2𝜋60)2 ∗ (
𝑠+(1852.42

𝑠+10,794.788
)

2
.   
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Figure 2.5: PLL schematic diagram. Adopted from [18]. 

VF-controller (controlled-frequency VSC) 

Similar to the PQ-controller where ω can be imposed via PLL, the controlled-frequency 

VSC regulates Vsabc, which can be defined in dq-frame as 

Analog to the PQ-controller, we assume Vsq to be zero in steady state, which is 

The controlled-frequency VSC has in addition to the current-controlled VSC the capacitator 

Cf which has to be taken into account. The load voltage dynamics in dq-frame can be de-

scribed as 

 

A feed-forward compensation, as before for the PQ-controller, is used to decouple Vsd and 

Vsq which enables the possibility to control Vsd by idref and Vsq by iqref. This can be expressed 

by the following equations 

 �̂�𝑠 =  √𝑉𝑠𝑑
2 + 𝑉𝑠𝑞

2 . ( 2.22 ) 

 ( 𝑉𝑠𝑑 , 𝑉𝑠𝑑  ) = (�̂�𝑠𝑛, 0 ). ( 2.23 ) 

 𝐶𝑓

𝑑𝑉𝑠𝑑

𝑑𝑡
=  𝐶𝑓(ω𝑉𝑠𝑞) + 𝑖𝑑 + 𝑖𝐿𝑑 , ( 2.24 ) 

 𝐶𝑓

𝑑𝑉𝑠𝑞

𝑑𝑡
=  −𝐶𝑓(ω𝑉𝑠𝑑) + 𝑖𝑑 − 𝑖𝐿𝑞 . ( 2.25 ) 

 𝑖𝑑𝑟𝑒𝑓 =  𝑢𝑑 − 𝐶𝑓(ω𝑉𝑠𝑞) + 𝑖𝐿𝑑 , ( 2.26 ) 

 𝑖𝑞𝑟𝑒𝑓 =  𝑢𝑑 +  𝐶𝑓(ω𝑉𝑠𝑑) + 𝑖𝐿𝑞. ( 2.27 ) 
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For the VF-controller, a PI compensator is proposed with the form 

To develop this compensator, the guidelines in [18] suggest to calculate the gain k to 

where ωc is the cut-off frequency in rad/s. As a next step, the following two equations can 

be used in order to calculate the parameter z: 

 

The selected phase margin δm is typically chosen between 30° and 75°. Here, the phase 

margin is chosen to be 53° according to [18]. Now, the compensator for the VF-controller 

can be calculated to 

This gives us for the compensators: 

The structure of the VF-controller is shown below in Figure 2.6. 

 𝑘(𝑠) = 𝑘 
𝑠 +  𝑧

𝑠
. ( 2.28 ) 

 𝑘 =  𝐶𝑓ω𝑐 , ( 2.29 ) 

 δ𝑚 =  sin−1 (
1 − τ𝑖𝑧
1 + τ𝑖𝑧

) , ( 2.30 ) 

 ω𝑐 =  √𝑧τ𝑖
−1 ( 2.31 ) 

sin(53) =  (
1−τ𝑖𝑧

1+τ𝑖𝑧
)  ⟹  𝑧 =  

1

9∗1,25𝑚𝑠
= 88,89   

𝑘𝐷𝐸𝑅1−3 =  500𝜇𝐻 ∗ 2𝜋 ∗ 711,7𝐻𝑧 = 2.236   

𝑘𝐷𝐸𝑅4 =  87.7𝜇𝐻 ∗ 2𝜋 ∗ 711,7𝐻𝑧 = 0.392   

𝑘 𝐷𝐸𝑅2−3(𝑠) =  2.236 ∗
𝑠+ 88.9

𝑠
  

 

𝑘 𝐷𝐸𝑅4(𝑠) =  0.392 ∗
𝑠+ 88.9

𝑠
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Figure 2.6: Controlled-frequency VSC control block diagram. Based on [18]. 

2.5 Supervisory Control 

2.5.1 Control Strategy 

The centralized microgrid supervisory controller coordinates the processes within the mi-

crogrid and acts as a tertiary controller above the aforementioned LCs within the hierar-

chical controller structure [8].  

The first task of the supervisory controller is the islanding detection. Voltage and frequency 

of  the utility grid are constantly monitored. However, a disturbance in the AC system, if 

planned or unintentional, causes considerable deviations in the monitored voltages Vgabc, 

Vsabc as well as in the frequency. After a reasonable small detection delay the voltage devi-

ation is recognized by the supervisory control and sends a signal to the main circuit break-

er, which couples the microgrid with the utility grid. The breaker of each phase will open 

only at the next zero-crossing which causes another time delay. After the monitored break-

er current of each phase becomes zero, the VSC systems gets the signal to switch from 

the grid-imposed PQ-mode to the controlled-frequency VF-mode. In this case, the master 

DER unit starts to regulate the load voltages about their correspondent nominal values and 

provides a reference frequency.   

The second task of the supervisory controller is the detection of the restored utility grid. 

After the AC-host grid recovers to normal condition, the voltage Vgabc return to their nominal 



Content 

 

19 

voltages as well as the utility grid frequency. Only if Vgq is within a small range of its nomi-

nal voltage, which is zero, and a grid frequency close to 60 Hz, the controller considers the 

AC system to be restored. As a result, the VCO switches from signal w0, provided by the 

VF-controller, to the grid frequency based on Vsq. Following, the supervisory control gives a 

signal to the main circuit breaker for reclosure and the control mode switches from VF- to 

PQ-mode with a grid-imposed frequency.  

The third task is the coordination of DER units. The controller determines one DER to be 

the master unit. This unit, in the case of islanding, switches to VF-mode in order to control 

the voltage at the PCC, and gives a reference frequency, while the other DER units will 

remain to operate in the PQ-mode.  

2.5.2 Control Design and Implementation 

Islanding Detection Algorithm 

At the PCC, the voltages Vgabc are monitored and transformed to their dq-frame quantities, 

that are Vgd and Vgq. As a result, Vgpeak can be calculated as follows  

Afterwards, this signal is passed through a low-pass filter and a range comparator. The 

output of the comparator provides 

 

as logic signal, which is fed to the SET-input of a RS latch. Since the output of the compar-

ator is 1 when Vgpeak is in the desired range, the SET-input is inverted. The truth table of the 

latch is as follows: 

S R 𝐐(𝐧) �̅�(𝐧) 

0 0 Q(n−1) Q̅(n−1) 

0 1 0 1 
1 0 1 0 

1 1 Q(n−1) Q̅(n−1) 

 �̂�𝑔𝑝𝑒𝑎𝑘 =  √𝑉𝑔𝑑
2 + 𝑉𝑔𝑞.

2  ( 2.32 ) 

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓          �̂�𝑔𝑝𝑒𝑎𝑘  >  12.6 𝑘𝑉  
 

𝑂𝑢𝑡𝑝𝑢𝑡 = 1          𝑖𝑓          10.0 𝑘𝑉 ≤  �̂�𝑔𝑝𝑒𝑎𝑘  ≤  12.6 𝑘𝑉  ( 2.33) 

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓          �̂�𝑔𝑝𝑒𝑎𝑘  <  10.0 𝑘𝑉   
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If S = 1, then Q = 1 which is signal name is CBUG_Main. The main circuit breaker will get a 

logic 1 which will initialize the opening of the switch in PSCAD/EMTDC. The switch is de-

signed to only open the breaker of each phase at a zero crossing and therefore, no current 

chopping is allowed. The switch internal outputs are activated in order to monitor the 3 

breaker current signals, namely iCB_Main_a, iCB_Main_b and iCB_Main_c. Each signal is send to a 

range comparator that gives 

To ensure that not every zero-crossing is forwarded as logic 1 to the next block but only 

those for which the current afterwards stays zero, a binary-ON-delay-block is used at the 

output of each range comparator. 

The 3 current signals iCB_Main_abc are then fed into a logic AND-block, which ensures that the 

output becomes only then a logic 1, when all 3 inputs become 1. It becomes 0 as soon as 

one of the inputs is 0. The output of this AND-block is the signal CBUG_MAIN_ZC. 

The two signals CBUG_MAIN_ZC and CBUG_Main are fed into another AND-block, which output is 

finally the signal VFSignal. This signal triggers the master DER units to switch from PQ- to 

VF-mode. 

The developed and implemented control block diagram for islanding detection is displayed 

in Figure 2.7. The RESET-input of the RS latch will be assigned in the next section, since it 

is part of the grid reclosure algorithm.  

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                 iCB_Main_abc  >  0.0001 𝑘𝐴  
 

𝑂𝑢𝑡𝑝𝑢𝑡 = 1          𝑖𝑓          − 0.0001 𝑘𝐴    ≤  iCB_Main_abc  ≤  0.0001 𝑘𝐴   ( 2.34 ) 

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                 iCB_Main_abc  <  −0.0001 𝑘𝐴   
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Figure 2.7: Control block diagram for islanding detection and breaker monitoring. 

Grid Reclosure Algorithm 

As stated before, Vgq is forced to zero by the PLL when the system is in steady state. To 

enable the supervisory controller to detect whether the AC-host system has returned to 

normal conditions, the signal Vgq first is divided by its nominal value, which can be calcu-

lated to  

 and afterwards fed to a low-pass filter and range detector. The filter smoothens the signal 

and the output of the comparator provides  

Therefore, if Vgq is in the desired range ± 3% of 0 kV. This logic signal is fed to an AND-

block with 2 inputs.  

Next, the signal fPLL_UG which is the monitored AC-host system frequency is fed to low-pass 

filter and a range comparator with 

�̂�𝑔𝑞,𝑛,𝐿2𝐺 = 𝑉𝑔𝑛√
2

3
= 13.8 𝑘𝑉 ∗ √

2

3
= 11.268 𝑘𝑉𝑔𝑝𝑒𝑎𝑘   

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                            𝑉gq  >  0.03 𝑘𝑉  
 

𝑂𝑢𝑡𝑝𝑢𝑡 = 1          𝑖𝑓          − 0.03 𝑘𝑉    ≤  iCB_Main_abc  ≤  0.03𝑘𝑉   ( 2.35 ) 

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                            𝑉gq  <  −0.03 𝑘𝑉   

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                            𝑓PLL_UG  >  60.10 𝐻𝑧  
 

𝑂𝑢𝑡𝑝𝑢𝑡 = 1          𝑖𝑓                     50.90 𝐻𝑧    ≤  𝑓PLLUG
 ≤  60.10 𝐻𝑧   ( 2.36 ) 
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This is the second input of the aforementioned AND-block. Only if both signals Vgq and 

fPLL_UG are logic 1, the output of the AND-block becomes 1 and is referred to as signal 

LVqANDf. This signal is fed to the RESET-input of the RS latch described in the section be-

fore. Resetting the RS latch will (i) set signal CBUG_Main to zero leading to a closure of the 

circuit breaker in order to reconnect the microgrid to the host grid and (ii) set signal VFsignal 

to zero causing the master DER unit to switch from VF- back to PQ-mode, which will be 

explained in the next section. 

Figure 2.8 displays the control block diagram which is based on the diagram in Figure 2.7 

and augmented by the grid reclosure algorithm. 

 

Figure 2.8: Islanding detection, breaker monitoring and grid reclosure control block diagram. 

DER Coordination 

The coordination of DER units is based on signal monitoring and the pre-condition, that one 

DER unit is actively selected to be the master unit in advance, while the remaining DER 

units are considered as slave units. 

In order to do so, each DER has a switch. When the switch setting is on Master, the output 

is 1 and 0 for the Slave switch setting. The signals are called DERx,MS and each is an input 

to its own AND-block. 

The second input of this AND-block is the signal VFSignal, which, when both inputs are posi-

tive, gives a 1 at its output which is fed to the SET-input of a RS latch. The output signal of 

𝑂𝑢𝑡𝑝𝑢𝑡 = 0          𝑖𝑓                            𝑓PLL_UG  <  50.90 𝐻𝑧   
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the RS latch is Mode_DERx which is then send from the centralized supervisory controller 

to the individual local controllers of each DER unit. 

The RESET-input of the RS latches is coupled with an 3 input OR-block, where two inputs 

are the signals DERx,MS of the remaining DER units and the third input is coupled to an 

edge-detector, whose input, in turn, is the VFSignal. The edge-detector will give a logic 1 at 

the output if it detects a falling edge of its input signal. Therefore, if any of those 3 input 

signals is true, the RS output Q will be reset and ensure that (i) only one DER unit can be 

the master unit at a time and (ii) the master DER unit switches back to PQ-mode after the 

supervisory control recognizes that the AC-host system operates under normal conditions 

and subsequently sets the signal VFSignal to zero. 

Each DER unit switches between the two local control modes depending on whether the 

signal Mode_DERx is 0 or 1, which is PQ-mode and VF-mode, respectively. The developed 

and implemented DER coordination is displayed in Figure 2.9. 

 

Figure 2.9: Control block diagram of the developed and implemented DER coordination. 

Grid Monitoring 

In order to execute its tasks, the supervisory control needs to monitor the grid, especially 

the grid voltages Vgabc and the grid frequency fPLL,UG. Thus, a PLL is implemented and the 

compensator H(s) is calculated with respect to section 2.4.2 of this chapter. As a result, the 

compensator can be calculated as follows 

𝐻(𝑠) = (23,784.91) ∗
𝑠2+(2∗2𝜋60)2

𝑠2(𝑠+2∗2𝜋60)2 ∗ (
𝑠+(1852.42

𝑠+10,794.788
)

2
.   
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The implemented grid monitoring is shown in Figure 2.10. 

 

Figure 2.10: Control block diagram of the supervisory control PLL. 

2.6 Off-line Control Performance Verification 

2.6.1 PQ-Controller: Dynamic Set point Tracking 

In order to validate the PQ-controller, its ability to follow set points while being in grid-

connected mode was investigated as visualized in Figure 2.11 and Figure 2.12. The nomi-

nal apparent power of DER2 is 3 MVA. First, the system is in steady state while providing 1 

MW power and 1 MVAr reactive power to the grid.  

 

Figure 2.11: Set point tracking of PQ-Controller for a positive step change. 
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At t = 1 s a set point step-change of +0.1 p.u. of real power is applied, namely signal Psref. 

The measured real power that is provided is Ps. The plot shows that the filter design deliv-

ers an overdamped step response, which makes the controller slower but at the same time 

increases its stability as compared with a design that reacts with an overshoot. During the 

step response, no power deviation in the reactive power were observed, which suggests 

the successful decoupling of P and Q through the control structure. 

At t = 1.2 s a set point step-change of +0.1 p.u. of reactive power is applied, with the signal 

described as Qsref. Similar to the previous case, the step response shows overdamping and 

no deviation of Ps was observed. 

Throughout the whole process, no deviation of Vsd remains at 0.5 kV and, therefore, main-

tains voltage stability. Vsq is kept at zero according to the PLL operating conditions. 

 

Figure 2.12: Set point tracking of PQ-Controller for a negative step change. 

2.6.2 VF-Controller: Load Step Change 

In order to validate the proper functionality of the VF-controller, 4 load step-changes were 

made at DER2 while the microgrid was in the islanded mode and reached steady state. The 

implemented test set-up is visualized in Figure 2.13. 
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Figure 2.13: Test set-up for the VF-controller. 

At the beginning, the load currents iLa, iLb and iLc are zero, since both switch 1 and switch 2 

are open and no loads are connected to DER2. 

At t = 0.6 s, switch 1 is closed which connects load 1 to DER2. Resulting from the changing 

load voltages, which are Vsa, Vsb and Vsc and are transformed to Vsd and Vsq in dq-frame, 

the controller outputs active and reactive power in order to stabilize and remain the load 

voltage at its nominal value, which is Vsd = 0.49 kV and Vsq = 0 kV. The response of the VF-

controller to the disturbances is displayed in Figure 2.14. The load currents increase while 

the load branches are energized. iLq is negative since load 1 is inductive. It is also apparent 

that Vsd and Vsq undergo transients because of the disturbance. However, they can quickly 

recover to their nominal values. The voltage fluctuations of Vsa, Vsb and Vsc are hardly no-

ticeable and are damped within 1 cycle. 

At t = 0.65 s, switch 2 is closed and, thus, load 2 is also connected to DER2. Load 2 in-

cludes a capacitance, which changes the power factor from lagging to leading. Thus, iLq 

becomes positive. The load currents further increase since more power is needed to sup-

port both loads. Again, a small voltage drop at Vsd of 0.14 p.u. as well as voltage fluctua-

tions at Vsa, Vsb and Vsc are apparent that quickly recover. 

At t = 0.7 s, switch 2 is opened again and load 2 is disconnected. Since the load now is 

smaller, the load currents decrease back to 2 kA. In this scenario Vsd increases briefly to 

about 1.02 p.u. before returning to its nominal value. The same is true for Vsq. 
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At t = 0.75 s, switch 1 is opened, so that no more load is connected to DER2. As a result, 

the load currents become zero. The voltage disturbances of Vsd and Vsq are 0.07 p.u. and 

0.03 p.u., respectively. 

It is visible that the controller recovers from the applied disturbances back to its nominal 

values within one 60 Hz-cycle. Furthermore, only small transients as big as 0.14 p.u. ap-

peared. This confirms the assumption that the chosen controller design is applicable for its 

purpose. Because it is fast and robust, it will be used within the scope of this thesis for the 

more severe test cases which are examined in chapter 4. 

 

Figure 2.14: Load voltage stabilization of the VF-Controller for positive and negative load step-changes. 

  

a)

b)

c)

d)
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3 Control of DC-Microgrid 

3.1 Study System 

The DC-microgrid consists of a single DC bus with a nominal voltage of 48 V, one RES 

unit, one ESS and 4 loads. The RES and the ESS are coupled to the DC bus by DC-DC 

converters, while the loads are directly coupled to the DC bus. The DC-microgrid is con-

nected to the AC-host grid through a DC-DC converter in series to a AC-DC converter, as 

shown in Figure 3.1. The focus for this study system is on the control of the DC bus and, 

since a control strategy for the grid-connected mode has already been established in Chap-

ter 2, investigation for the DC-microgrid will only consider the islanding mode operations. 

 

Figure 3.1: Schema of the used DC-microgrid study system. 

3.2 Distributed Energy Resources 

3.2.1 RES / PV Array 

PV model 

PSCAD provides a photovoltaic array model used for this simulation, which is based on an 

electrical equivalent circuit that consists of a current source, an anti-parallel diode, a paral-

lel resistor, and a series resistor in order to model a single solar sell. The model is dis-

played in Figure 3.2 [20, 21]. 

A solar cell consists of a p-type and a n-type doped semi-conductor which forms a space 

charge layer. When the cell is not exposed to solar radiation, it acts similar to a diode and, 
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therefore, can be described as one. The series resistance Rsr describes the voltage drop 

that the charge carriers experience between the metal base and the p-semiconductor layer. 

The parallel resistance Rsh describes the leakage currents which occur at the cell edges 

[21, 22].  

 

Figure 3.2: Circuit equivalent model of solar photovoltaic cell [21]. 

The cell current depends on its saturation current Is, the cell voltage Vd, the diode factor n 

and the cell temperature, which is expressed by the thermal voltage Vt. The cell current can 

be expressed with the following equation 

The thermal voltage current is described as  

with 

The saturation current Is, typically between 1x10-13 kA to 1x10-8 kA, was chosen to be 1x10-

12 kA in the current work. The diode ideality factor n, typically between 1 and 2, was chosen 

to 1.5 [22]. 

A solar cell, exposed to sunlight, generates the photo current Iph, and varies linearly with 

the solar irradiance. The generated photo current can be expressed as  

 𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 = 𝐼𝑝ℎ − 𝐼𝑠 (𝑒 
𝑉𝑑+𝐼∗𝑅𝑠𝑟

𝑛∗𝑉𝑡
⁄

− 1) − 
𝑉𝑑 + 𝐼 ∗ 𝑅𝑠𝑟

𝑅𝑠ℎ
. ( 3.1 ) 

 𝑉𝑡 =
𝑘 ∗ 𝑇

𝑞
 ( 3.2 ) 

𝑘 = 1.3807 ∗ 10−23  
𝐽

𝐾
, 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  

 

𝑇 = 𝐶𝑒𝑙𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 ℃   

𝑞 = 1.6022 ∗ 10−19 𝐶, 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐ℎ𝑎𝑟𝑔𝑒.   
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with 

The open-circuit voltage VOC of the solar cell can be measured at the cells contacts and 

can be calculated with the following equation 

If a short  is applied at a solar cell’s contacts, the voltage V is zero and the short-circuit can 

be measured. This can be written as 

All aforementioned equations are based on [22] and  [21].  

The PV array can be modelled by selecting the number of cells that are connected in series 

and parallel. The chosen PV model parameters are displayed in Figure 3.3. 

 

Figure 3.3: Parameters of the used DC-microgrid PV array. 

The PV array parameters were analyzed by building a circuit that measures IPV and VPV 

while a variable resistor Rvar was placed in parallel to the array. The value of Rvar was 0.001 

 𝐼𝑝ℎ = [𝐼𝑠𝑐,25℃ + 𝑘1(𝑇 − 298 𝐾)] ∗ (
𝐺

𝑘2
) ( 3.3 ) 

𝑘1 = 0.0017 
𝐴

℃
, 𝑠ℎ𝑜𝑟𝑡 𝑐𝑢𝑟𝑐𝑢𝑖𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  

 

𝑘2 = 1000 
𝑊

𝑚2 , 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛   

𝑞 = 1.6022 ∗ 10−19 𝐶, 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐ℎ𝑎𝑟𝑔𝑒   

 𝑉𝑂𝐶 = 𝑉𝑑 − 𝑛𝑉𝑡 ∗ 𝑙𝑛 (
𝐼𝑝ℎ

𝐼𝑠
+ 1)  ≈ 𝑛𝑉𝑡 ∗ 𝑙𝑛 (

𝐼𝑝ℎ

𝐼𝑠
+ 1) ( 3.4 ) 

 𝐼𝑆𝐶 =
𝐼𝑝ℎ

1 + 𝑅𝑠𝑟 𝑅𝑠ℎ⁄
 ≈  𝐼𝑝ℎ ( 3.5 ) 
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Ω at the beginning and increased over time exponential. This measurement was used to 

mimic the effect of a short-circuit in the beginning, so, that VPV is almost zero and IPV is at 

its maximum which is the short-circuit current ISC.  

As time elapsed, the value of the resistor did increase. IPV decreased with higher resistance 

and, at the same time, the voltage increased which is caused by an increasing increased 

potential difference. At a certain value the resistance is high enough to force IPV to become 

zero and the potential difference reaches its maximum. The corresponding voltage is called 

the open-circuit voltage VOC.  

The measurement setup is depicted in Figure 3.4. Both temperature and solar radiation 

were set to the standard test conditions of 25°C and 1000 W/m2, respectively. The PV array 

characteristics have been recorded in form of an I-V-curve and P-V curve, shown in Figure 

3.5. 

Based on the simulation data, the characteristics of the PV array were determined as 

 

 

Figure 3.4: Measurement setup for the PV Array. 
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𝑉𝑂𝐶 = 124.6 𝑉, 𝑜𝑝𝑒𝑛 − 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒   

𝑃𝑀𝑃𝑃 = 239.5 𝑊, 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡   

𝑉𝑀𝑃𝑃 = 101.5 𝑉, 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡   

𝐼𝑀𝑃𝑃 = 2.35 𝐴, 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 𝑎𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡.   
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Figure 3.5: PV array characteristics shown as I-V and P-V curves. 

Maximum Power Point Tracker 

The maximum amount of power generated by a PV array is at its so called maximum power 

point PMPP which is around the knee point of the arrays I-V curve. The MPP tracker consists 

of a DC-DC converter to vary the voltage and uses an algorithm to find the PMPP under 

varying load, temperature and solar radiation conditions [22]. The algorithm used in the 

PSCAD model is called Incremental Conductance, meaning that the incremental and in-

stantaneous conductance of the PV array are constantly compared in order to (i) find VMPP 

and (ii) adjust the terminal voltage [23]. The implementation of the MPPT in PSCAD is dis-

played in Figure 3.6. 

 

Figure 3.6: MPPT implementation in PSCAD for the PV array. 

Current-Control Loop 

The RES is controlled by the reference current Iref and uses a single proportional-integral PI 

controller in order to adept its output current according to the supervisory control com-

mands. The reference current Iref is first compared to the measured current ILPV, and then 

fed in to the PI controller. Afterwards, the output signal is added to the measured DC bus 

voltage Vdc and further divided by the PV array terminal voltage VPV1_in. This signal is used 

as input for the PWM and gives the signal TPV1 which controls the DC-DC converter to op-

erate at the MPP. The realization of this inner control loop in PSCAD is visualized in Figure 

3.7. 
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Figure 3.7: Inner-loop Control of the RES. 

Buck Converter 

To be able to change the output voltage and operate at MPP, a buck converter is needed 

as displayed in Figure 3.8. My implementation of the PV Array and its buck converter are 

visible in Figure 3.9. 

While switch S is closed for the time TON, the current i2 flows through the inductance L and 

creates a magnetic field that stores energy. When S is opened for the time TOFF, the mag-

net field of the inductance collapses which causes a current that drives through the load R 

and the diode D. The duty cycle Dcycle can be written as  

The relationship between V1 and V2 can then be expressed as 

 

 

Figure 3.8: Topology of the DC-DC buck converter. 

 
𝐷𝑐𝑦𝑐𝑙𝑒 =  

𝑇𝑂𝑁

𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹
=  

𝑇𝑂𝑁

𝑇𝑆
. ( 3.6 ) 

 𝑉2 =  𝑉1 ∗ 𝐷𝑐𝑦𝑐𝑙𝑒. ( 3.7 ) 
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Figure 3.9: Implementation of the RES and its buck converter in PSCAD. 

3.2.2 ESS / Battery 

Battery Model 

The PSCAD library offers a model of a rechargeable, electrochemical battery that’s equiva-

lent circuit consists of an ideal controlled voltage source which is in series with a re-

sistance, shown in Figure 3.10. Therefore, the same characteristics for discharging and 

charging cycles are applied. 

 

Figure 3.10: The battery equivalent circuit. 

The controlled voltage can be described by the following two equations: 

with 

 
𝐸 =  𝐸0 − 𝐾

𝑄

𝑄 − 𝑖𝑡
+ 𝐴 ∗ 𝑒(−𝐵 ∫ 𝑖𝑑𝑡) ( 3.8 ) 

 
𝑉𝐵𝑎𝑡𝑡 =  𝐸 − 𝑅 ∗ 𝑖 ( 3.9 ) 

𝐸 = 𝑛𝑜 − 𝑙𝑜𝑎𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)  
 

𝐸0 = 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)   
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The equation of the battery voltage can then be redefined as  

 

so that it is expressed by its state of charge (SoC) instead of the current ‘it’. The battery 

terminal voltage is computed in every time step of the simulation, based on its SoC. The 

results of the simulation in the non-linear battery model and its corresponding discharge 

characteristics are visible in Figure 3.11. The selected battery model parameters used in 

the DC-microgrid simulations are depicted in Figure 3.12. The equations used to describe 

this model were already published elsewhere [24]. 

 

 

Figure 3.11: The non-linear battery model and its nominal current discharge characteristics [24]. 

𝐾 = 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑡𝑎𝑔𝑒  (𝑉)   

𝑄 = 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ)   

𝐴 = 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑧𝑜𝑛𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 (𝑉)   

𝐵 = 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑧𝑜𝑛𝑒 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 (1/𝐴ℎ)   

∫ 𝑖𝑑𝑡 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐ℎ𝑎𝑟𝑔𝑒 (𝑉)   

𝑉𝐵𝑎𝑡𝑡 = 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)   

𝑅 = 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (Ω)   

𝑖 = 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝐴).   

 
𝐸 =  𝐸0 − 𝐾

1

𝑆𝑜𝐶
+ 𝐴 ∗ 𝑒−𝐵𝑄(1−𝑆𝑜𝐶) ( 3.10 ) 
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Figure 3.12: Used parameters of the DC-microgrid battery model. 

Inner Control Loop 

The inner control loop consists of a voltage and current double-loop. Each control loop us-

es a PI controller. The input of the voltage control can be described as VPI = Vref - Vdc. The 

output of this first PI control is used as reference current value for the second PI controller, 

described with the formula IPI = Iref - iL.  

The inner-loop control parameters were designed with symmetrical optimum level as de-

scribed by Blasko and Kaura [25], and are adopted from the work of Wu et al. [26]. The 

implementation is shown in Figure 3.13. 

 

 

Figure 3.13: The inner-loop control of the ESS. 

Boost Converter 

The boost converter allows the ESS to support the DC bus with power by stepping up its 

own voltage output from 36 V to 48 V resulting in stabilization of the common bus. If the Vdc 

is higher than 48 V, the boost converter will be disabled and the battery will be charged. A 

brief explanation of the boost converter will be given in reference to Figure 3.14. 

A magnetic field is created in the inductance L, as long as switch S is closed as for TON. In 

this case the voltage of the inductance is defined as vL = V1. When the switch S is open, as 

for TOFF, the output voltage is defined as V2 = V1 – vL, and therefore, higher than V1. The 

relationship between V1 and V2 can be expressed as 
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As visible in Figure 3.14 while S is closed the output capacitor C2 is supplying the load volt-

age. 

 

Figure 3.14: Topology of DC-DC boost converter. 

The implementation of the boost converter in PSCAD and the logic to control discharging 

and charging of the ESS are shown in Figure 3.15 and Figure 3.16, respectively. 

 

 

Figure 3.15: PSCAD Implementation of the ESS. 

 

 𝑉2 =  
𝑉1

𝐷𝑐𝑦𝑐𝑙𝑒
 ( 3.11 ) 



Content 

 

38 

 

Figure 3.16: PSCAD Implementation of control logic for ESS. 

3.3 Control Objectives 

The control objectives for the DC-microgrid are the following: 

• ESS controls the DC bus voltage by its output voltage. It will discharge if power is 

needed and charge if a surplus of power is provided. In dependence of its SoC, the 

ESS will change its bus signaling behaviour. 

• The RES operates at MPP under normal conditions. Through bus signaling it is 

possible to curtail its power in a coordinated control with ESS. 

• The loads are sheddable and react to pre-defined voltage levels in order to stabilize 

the DC bus voltage in a coordinated control with ESS. 

• Voltage deviations will be eliminated by an additional feedback signal. 

3.4 Coordinated Controller 

3.4.1 Control Strategy 

The main objective of the control is to ensure that the DC bus voltage is kept stable at 48 

V. For this purpose, a coordinated control strategy is adopted which consists of two layers 

of control. The primary control is based on the bus-signaling method (BSM), which allows 

(a) the DC bus voltage itself to serve as a coordination signal in order to control the power 

generation of RES as well as the power consumption of distributed, sheddable loads, and 

(b) the bus voltage to be regulated as a function of the ESS state of charge (SoC). In addi-

tion, a secondary centralized controller will monitor the DC bus voltage and send feedback 

signals in order to eliminate potential remaining voltage deviation caused by the primary 

control’s virtual inertia. 
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The ESS is the master control which is responsible to regulate the bus voltage. It operates 

in three different modes, due to the reason that the SoC of the ESS is taken into account 

and, therefore, divides the control strategy into three different scenarios. 

The first scenario corresponds to a high SoC, in which a coordination of ESS and RES 

takes place. When the ESS of the battery reaches its upper SoC threshold, it will gradually 

increase its output voltage to protect itself from overcharging. This will result in a bus volt-

age higher than the reference value of 48 V and will, therefore, inform the RES to decrease 

the generation of power. When the RES detects the rising bus voltage, it stops operating at 

its maximum power point and curtails its power output. The higher the bus voltage devia-

tion is from the reference value, the lower is the power output from the RES. This behavior 

is referred to as virtual inertia since it mimics the behaviour of rotating machines. 

The second scenario comes into effect, when the ESS SoC is between its upper and lower 

threshold. In this situation, the ESS works in its ideal voltage control mode and keep its 

output voltage at the reference value. The RES will switch back to operating at its maxi-

mum power point, as long as the bus voltage is kept stable at its reference   value. 

The third scenario takes place when the SoC of the ESS has reached its lower threshold, 

making a coordination of the ESS and loads necessary. First, the ESS  starts to gradually 

decrease its output voltage to protect itself from deep discharging. This leads to a further 

decrease of the bus voltage. The sheddable loads are coupled to the DC bus through re-

lays. Each relay has two assigned voltage levels to shed and reconnect its load. If the 

shedding threshold voltage is reached, the load will be disconnected in order to increase 

the bus voltage. After the bus voltage rises above the recovering threshold voltage of the 

load, the load will be reconnected. The two voltage levels of each relay are used in order to 

avoid on/off chattering of the load. 

3.4.2 Control Design and Implementation 

Master Control: Bus Signaling Method 

Within the targeted control, the ESS is the master unit and regulates the bus voltage in 

dependence of its SoC. As described above, the ESS is designed to switch between 3 dif-

ferent SoC scenarios: (i) High SoC Control, (ii) Optimum SoC Control, and (iii) Low SoC 

Control. The ESS adapts its bus signaling behaviour for the following SoC ranges: 
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Whereas the boosting coefficient m1 and the descending coefficient m0 are defined as 

with 

While ESS is between lower and upper SoC threshold (in Optimum SoC Control), it regu-

lates its output voltage according to the nominal voltage. However, in High SoC Control the 

ESS will gradually increase its output voltage by slope m1. This causes the bus voltage to 

increase and thus, inform the RES unit to curtail its power output. In the case the ESS is in 

Low SoC Control, the output voltage will gradually decrease by slope m0. This causes the 

bus voltage to decrease and thus, the bus voltage level acts as signal for load shedding. 

Figure 3.17 shows this coordinated control of the ESS and the interaction with RES and 

loads until it reaches steady state points for SoC (SoCE) and power output (PE), which will 

be further explained in the following sections. The implementation of the bus signaling pat-

terns of the ESS in PSCAD in visible in Figure 3.18. 

𝑉𝑑𝑐 = 𝑉𝑑𝑐
∗                                               𝑖𝑓 𝑆𝑜𝐶𝐿  ≤ 𝑆𝑜𝐶 ≤ 𝑆𝑜𝐶𝐻  

 

𝑉𝑑𝑐 = 𝑉𝑑𝑐
∗ + 𝑚1(𝑆𝑜𝐶 − 𝑆𝑜𝐶𝐻)        𝑖𝑓 𝑆𝑜𝐶 > 𝑆𝑜𝐶𝐻    

𝑉𝑑𝑐 = 𝑉𝑑𝑐
∗ − 𝑚0(𝑆𝑜𝐶𝐿 − 𝑆𝑜𝐶)        𝑖𝑓 𝑆𝑜𝐶 < 𝑆𝑜𝐶𝐿  ( 3.12 ) 

𝑚1 =
𝑉𝑚𝑎𝑥  − 𝑉𝑑𝑐

∗

100% − 𝑆𝑜𝐶𝐻
  

 

𝑚0 =
𝑉𝑑𝑐

∗ −𝑉𝑚𝑖𝑛

𝑆𝑜𝐶𝐿
   ( 3.13 ) 

𝑉𝑑𝑐 = 𝐷𝐶 𝑏𝑢𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)  
 

𝑉𝑑𝑐
∗ = 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐷𝐶 𝑏𝑢𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)   

𝑆𝑜𝐶𝐿 = 𝐿𝑜𝑤𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑜𝑓 𝑆𝑜𝐶  (%)   

𝑆𝑜𝐶𝐻 = 𝑈𝑝𝑝𝑒𝑟 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑜𝑓 𝑆𝑜𝐶  (%)   

𝑉𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑏𝑢𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)   

𝑉𝑚𝑖𝑛 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑏𝑢𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉).  
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Figure 3.17: BSM of the Master Control Unit - ESS. SoCL, Low SoC Control; SoCH, High SoC Control; SoCE, SoC steady State; PE, 

Power Output steady state. Adopted from Wu et al. [26]. 

 

 

Figure 3.18: PSCAD implementation of the ESS bus signalling. 

Slave Control: Virtual Inertia 

The RES in this coordinated control reacts to the bus signaling provided by the ESS. As 

long as the bus voltage is at its nominal value, the RES operates at its MPP and, therefore, 

provides as much energy as possible to the grid. 

However, when the bus voltage increases – caused by the High SoC Control of the ESS – 

the RES stops working at its MPP resulting in a decrease of the power output, as shown in 

Figure 3.17. When the output of the ESS is in equilibrium with the curtailed power of the 

RES and the power demand from the loads, the ESS reaches its steady state of charge, 

namely SoCE at the corresponding voltage Vdce, and so does the output power of the RES, 

that is PE. 

This can be achieved by adding virtual inertia to the RES. The output power of the RES 

can be described as 
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where 

is the virtual inertia coefficient and 

The measured bus voltage is obtained through a low-pass filter defined as 

where 𝜏 is the time constant of the filter. The implementation of the RES virtual inertia is 

shown in Figure 3.19. 

 

 

Figure 3.19: PSCAD Implementation of the virtual inertia control. 

𝑃𝑅𝐸𝑆 = 𝑃𝑀𝑃𝑃                                          𝑖𝑓 𝑉𝑚𝑒𝑎𝑠  ≤ 𝑉𝑑𝑐
∗   

 

𝑃𝑅𝐸𝑆 = 𝑃𝑀𝑃𝑃 − 𝑛(𝑉𝑚𝑒𝑎𝑠 − 𝑉𝑑𝑐
∗ )        𝑖𝑓 𝑉𝑚𝑒𝑎𝑠  > 𝑉𝑑𝑐

∗    ( 3.14 ) 

 𝑛 =  
𝑃𝑀𝑃𝑃

𝑉𝑚𝑎𝑥 − 𝑉𝑑𝑐
∗  ( 3.15 ) 

𝑃𝑅𝐸𝑆 = 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑅𝐸𝑆 (𝑊)  
 

𝑃𝑀𝑃𝑃 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑅𝐸𝑆 (𝑊)  
 

𝑉𝑚𝑒𝑎𝑠 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑢𝑠 𝑣𝑜𝑙𝑡𝑎𝑔𝑒  (𝑉).   

 
𝑉𝑚𝑒𝑎𝑠 =  𝑉𝑑𝑐 ∗

1

𝜏𝑠 + 1
 ( 3.16 ) 
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3.5 Off-line Control Performance Verification 

3.5.1 Maximum Power Point Tracking 

In order to validate the function of the MPPT, step changes for the solar radiation and tem-

perature are adjusted, as shown in Figure 3.20 and Figure 3.21, respectively. The used 

MPPT algorithm scans for its PMPP constantly. Its output is the reference signal Vrefmpp. In 

order to follow the reference signal, the DC-DC converter of the MPPT adjusts the output 

voltage Vpv. 

 

Figure 3.20: MPPT of PV array for changing solar irradiation conditions. 

In Figure 3.20, the solar radiation is changed in steps of 200 W/m2 beginning with EE = 0 

W/m2 until a maximum of EE = 1200 W/m2 while the cell temperature is kept at its nominal 

value which is Tcell = 25°C. It appears that Vpv tracks Vrefmpp well. The signal Vdelta expresses 

the voltage deviation between the reference and the actual PV output voltage. At t = 100 s 
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the nominal solar radiation of EE = 1000 W/m2 is reached with Vdelta = 0.8%. The maximum 

voltage deviation is 2%. The PV array output current increases in accordance to the in-

crease of solar radiation.  

In the second test case, visualized in Figure 3.21, the solar radiation was kept at the PV 

arrays nominal value EE = 1000 W/m2 while the temperature was adjusted stepwise begin-

ning with Tcell = 50°C in steps of 5°C until Tcell = 10°C. It was observed that the voltage de-

viation at higher temperatures is bigger as compared to the previous test case. This is 

based on the losses inside the solar cells which increase with higher temperatures. At t = 

90 s, the nominal cell temperature of 25°C is reached resulting in a voltage deviation of 

1.15%. At the highest investigated temperature of 50°C, 12.5% voltage deviation is 

reached. As the temperature falls, both output current and output voltage of the PV array 

increase and therefore the its power output. 

 

Figure 3.21: MPPT of PV array for changing cell temperature conditions. 
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3.5.2 Charging / Discharging of ESS 

Objective of this test was to investigate if the developed control strategy for charging and 

discharging operations of the ESS performs as excepted.  

As a first step, the charging operation of the ESS was observed, depicted in Figure 3.22. A 

negative value of PESS implies that the ESS absorbs power, whereas a positive value rep-

resents delivering power. In this test, a surplus of power at t = 33 s is simulated which in 

turn forces the bus voltage above its nominal value of 48.0 V. The ESS recognized the sur-

plus of power and, therefore, starts charging. While charging, the SoC slowly increases. It 

is visible that the absorbed power decreases until the bus voltage stabilizes at 48 V which 

stops the ESS from charging. The output power of the ESS displays no control error since 

it returns to PESS = 0 at t = 54 s. 

The second test was conducted to examine the discharging operation of the ESS. A lack of 

power was simulated which forced the bus voltage to drop below its nominal value. As the 

ESS realized the voltage drop, it increases its power output until Vdc stabilizes at 48.0 V. 

While the discharging power remains constant between t = 27 s, the SoC decreases linear. 

At t = 29 s, the lack of power decreases and so did the output power of the ESS. At t = 37.5 

s the ESS stops discharging and SoC stops decreasing. No control error was observed. 

The discharging operation is displayed in Figure 3.23. 

 

Figure 3.22: Charging operation of ESS. 
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Figure 3.23: Discharging operation of ESS. 
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4 Overall Control Structure and Performance 
Verification 

4.1 Overall AC-Microgrid Control Architecture 

4.1.1 Performance Verification: Offline Test Cases 

All tests in PSCAD have been performed with a time step of 5 µs if not other stated. 

a) Planned Islanding 

 

Figure 4.1: Test case with planned islanding and pre-adjustment of P and Q. 

This test case reflects the least severe transition from grid-connected to islanded mode 

(Figure 4.1). The idea is that the islanding of the microgrid is planned, for instance for 

maintenance purposes at the PCC. The DER units adjust their real and reactive power out-

put according to the power consumption within the microgrid as a result of the existing 

loads. After the DERs have adopted their power generation, the circuit breakers both from 

the utility grid and at the PCC will open to initiate the islanding mode. The pre-selected 

master DER unit – which is in VF-mode – will provide the islanded microgrid with a refer-

ence frequency and adapt P and Q to the load voltages if necessary to stabilize the voltage 

within the microgrid to its nominal value. 

At t = 0.52 s the utility side circuit breaker opens and due to an artificial build-in detection 

delay within the supervisory control, the opening of the utility grid breaker is detected at t = 

0.54 s only. The supervisory control operated breaker opens with a delay, because it can 

open the breaker of each phase only at the corresponding zero-crossing of the currents.  
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At t = 0.545 s the microgrid is decoupled from the utility grid. The pre-selected master DER 

unit, in this case the DER2, now dictates the reference frequency of 60 Hz. The transition 

from grid-connected mode to islanded mode is uneventful and only very small voltage de-

viations were apparent at the PCC. The same is true for the transition from islanded to grid-

connected mode at t = 0.650 s, as depicted in Figure 4.2 and Figure 4.3. 

 

Figure 4.2: Small voltage deviations at PCC due to planned islanding and adaptation of P an Q. 

 

Figure 4.3: Currents over microgrid circuit breaker due to planned islanding and reconnection. 

The real and reactive power output of DER2, DER3 and DER4 is visible in Figure 4.4, Figure 

4.5 and Figure 4.6. Since DER4 cannot provide enough power for its nearby load L7, the 

remaining power is provided by both DER2 and DER3. The apportionment of power is as 

follows: 

DER2: P = 1.185 MW, Q = 0.08 MVAr 

DER3: P = 1.165 MW, Q = 0.30 MVAr 

DER4: P = 0.0 MW, Q = 0.33 MVAr. 

It can be observed that there are deviations between the desired P and Q set point right 

before and shortly after islanding. This is partly  the result of the detection delay of the su-

pervisory control. Furthermore, after DER2 is in VF-mode, it takes some time until the con-

troller has adapted its real and reactive power output, such that power generation and 

power consumption are balanced and, therefore, the microgrid voltage is stable. 
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Moreover, although the DER units adjusted their real and reactive power output before is-

landing, it is apparent that a surplus of reactive power is existing. This is caused by the 

capacitor bank which is bound at the PCC. The additional reactive power in this case is 

absorbed by the DER2 depicted in Figure 4.4. 

 

Figure 4.4: Response of real and reactive power output of DER2 due to islanding and reconnection (planned islanding). 

 

Figure 4.5: Response of real and reactive power output of DER3 due to islanding and reconnection (planned islanding). 
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Figure 4.6: Response of real and reactive power output of DER4 due to islanding and reconnection (planned islanding). 

Figure 4.8 displays which entity provides the reference frequency. Until t = 0.545 s the fre-

quency is provided by the utility grid. Afterwards DER2 is in charge and dictates the fre-

quency to be 60 Hz for the microgrid. As the microgrid reconnects, the main grid again con-

trols the frequency. At the time point of reconnection, the frequency experiences a disturb-

ance and reaches steady state at t = 0.690 s only. 

In Figure 4.9, the frequency at each entity is presented. It is apparent that upon islanding 

DER3 and DER4 follow the frequency set point of DER2 and reach steady state within 0.03 

s. 

 

Figure 4.7: Monitoring grid signals during fault (planned islanding). 

 

Figure 4.8: Showing entity which provides microgrid with reference frequency during fault (planned islanding). 



Content 

 

51 

 

Figure 4.9: Monitored frequency of each entity during fault (planned islanding). 

b) L-L-L-G fault at PCC 

 

Figure 4.10: Test case with three-phase to ground fault at PCC. 

In this test case a three-phase to ground fault at the PCC is investigated (Figure 4.10). As a 

result the AC-microgrid will experience an unintentional islanding and the real and reactive 

power outputs of the DER units will not be adapted to their loads’ needs before transition-

ing into the islanded mode. The real power outputs for each DER unit is at maximum 

whereas the reactive power output is at zero. Since the fault is a three-phase fault, it is bal-

anced and, hence, a less severe test case. The fault is applied at t = 0.5 s when the system 

is in steady state and the aforementioned power is provided by the DERs. The duration of 

the fault is 0.15 s. An artificial detection delay of 0.02 s is applied to the supervisory control 

to receive a more realistic system response. 

Examining the voltages of the PCC, it is apparent that the fault causes the voltages vPCC,abc 

to drop down to 0.675 pu. After the detection delay of the supervisory control has passed, 

the control recognizes that the pre-conditions for an islanding of the microgrid are met and 

initiates the process. The circuit breaker CBUG,Main receives the order to open at t = 0.52 s, 

but has to wait for each phase to reach its next zero crossing. As soon as the circuit break-
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er opens at t = 0.525 s, the preselected master DER unit switches from PQ- to VF-mode 

and provides the now islanded microgrid with a reference voltage and frequency. The ob-

served voltage disturbances caused at the PCC as well as the currents over the circuit 

breaker before its opening are visualized in Figure 4.11 and Figure 4.12, respectively. 

 

Figure 4.11: Voltage disturbances at PCC due to fault, islanding and reconnection (three-phase to ground). 

 

Figure 4.12: Currents over grid circuit breaker due to fault, islanding and reconnection (three-phase to ground). 

 

Figure 4.13: Response of real and reactive power output of DER2 due to islanding and reconnection (three-phase to ground). 

Examining the DER unit signals for real and reactive power output, it was observed that 

both DER3 (Figure 4.14) and DER4 (Figure 4.15) experience a disturbance during the tran-

sition from grid-connected to islanded mode. Furthermore, within 0.125 s, they could return 
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to their pre-disturbance power output values and reach steady state. However, the devia-

tion between set values and actual values was smaller if the detection delay was chosen to 

be smaller and, hence, the steady state could be reached faster. DER2 showed a different 

pattern (Figure 4.13), based on the fact that it has switched to VF-mode to provide set 

points for voltage and frequency for the other DER units. It monitors the load voltages, Vsd 

and Vsq, and adapts the real and reactive power in order to set the microgrid to steady state 

in which the supplied and demanded power are balanced. The simulation exhibits that 

DER2 has to supply additional reactive power whereas the generated power within the mir-

crogrid is too high. Therefore, it absorbs real power which can be stored in an energy stor-

age system. 

 

Figure 4.14: Response of real and reactive power output of DER3 due to islanding and reconnection (three-phase to ground). 

 

Figure 4.15: Response of real and reactive power output of DER4 due to islanding and reconnection (three-phase to ground). 
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Examination of the supervisory control monitored signals show that as a result of the fault 

the frequency at PCC as well as the monitored voltages, which are transformed to Vgd and 

Vgq, decreases abruptly. Start and end of the fault can be easily identified via signal Vg,peak, 

since it is reduced in that time (Figure 4.16). 

As mentioned before, at t = 0.525 s, the breaker opens and the microgrid switches into is-

landed mode. Figure 4.17  displays only the frequency of the entity which is in charge of 

providing the reference frequency. Before the fault, until t = 0.5 s, the frequency given by 

the utility grid, namely fPLL,UG2, is the reference frequency and remains responsible although 

at its lower threshold until the supervisory control delay is over and can decouple the mi-

crogrid while switching to VF-mode. At this time, the pre-selected DER unit is in charge to 

provide the reference frequency, fPLL2,VF (see Figure 4.17). The fault ends at t = 0.65 s and 

the grid voltages return to pre-disturbance conditions. However, the supervisory control 

allows reconnection to the main grid only when the grid frequency (i) returns to 60 Hz and 

(ii) reaches a steady state which is when Vgq remains zero. Both conditions are met at t = 

0.746 s, the supervisory control initiates reconnection and DER2 returns from VF- to PQ-

mode. The time in which the microgrid is islanded can be identified by a high VFSignal in Fig-

ure 4.16. Furthermore, Figure 4.18 displays the frequency of all entities and shows that 

DER3 and DER4 are following the reference frequency provided by DER2. 

 

Figure 4.16: Monitoring grid signals during fault (three-phase to ground). 

 

Figure 4.17: Showing entity which provides microgrid with reference frequency during fault (three-phase to ground). 
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Figure 4.18: Monitored frequency of each entity during fault (three-phase to ground). 

c) L-G fault at PCC 

 

Figure 4.19: Test case with 1 phase to ground fault at PCC. 

This test case examines the system response to a single-phase-to-ground fault. Similar as 

in the previous case, since the islanding is unintentional, the DER units generate real pow-

er at their maximum level while no reactive power is provided. The fact that only 1 phase is 

affected results in an unbalanced and, therefore, more severe fault. Again, the fault is ap-

plied at t = 0.5 s while the system is in steady state, and ends after 0.15 s. The fault was be 

detected by the supervisory control after 0.02 s at t = 0.52 s. 

Investigating the PCC voltages indicates that, after the fault occurs and before the supervi-

sory control recognizes it, the voltage amplitudes of the different phases vary from each 

other and over time between 0.7 pu and 1.43 pu. At t = 0.524 s the switch of the main cir-

cuit breaker opens and the microgrid operates in islanded mode. The very first moments 

after the switching causes high voltage deviations of up to 1.4 pu at the PCC which last 

less than one cycle. At the reclosure, after the fault is removed and the pre-conditions for 

reconnecting to the utility grid are met, the voltage deviations are neglectable small. The 

aforementioned events are visualized in Figure 4.20 and Figure 4.21, respectively. 
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Figure 4.20: Voltage disturbances at PCC due to fault, islanding and reconnection (single-phase to ground). 

 

Figure 4.21: Currents over grid circuit breaker due to fault, islanding and reconnection (single-phase to ground). 

Figure 4.22, Figure 4.23 and Figure 4.24 depict the real and reactive power of DER2, DER3 

and DER4, respectively. It is apparent that DER3 and DER4 experience disturbances which 

result in a decreased power output. When the transition to the islanded mode takes place 

at t = 0.524 s, their power output increase again. Compared to the previous case with bal-

anced fault, strong oscillations occur between the beginning of the fault conditions and the 

switching. As soon as the microgrid is in islanded mode, the oscillations stop.  

 

Figure 4.22: Response of real and reactive power output of DER2 due to islanding and reconnection (single-phase to ground). 
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Since DER2 is the pre-selected master unit, it changes from PQ- to VF-mode and, there-

fore, provides the reference frequency and keeps the load voltages, namely Vsdq, as it regu-

lates the microgrid to be balanced. Again, since the provided power is higher than what is 

needed by the loads, DER2 absorbs the surplus of power. 

 

Figure 4.23: Response of real and reactive power output of DER3 due to islanding and reconnection (single-phase to ground). 

 

Figure 4.24: Response of real and reactive power output of DER4 due to islanding and reconnection (single-phase to ground). 

The utility grid signal monitored by the supervisory control displays a different pattern com-

pared to the previous, balanced fault test case. Instead of dropping to a certain value, both 

grid voltages and frequency keep oscillating. After the microgrid disconnects itself and 

turns into VF-mode, the oscillations of the grid voltages and the frequency become smaller. 
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This is based on the fact that the fault is not additionally fed by the DER units anymore. It is 

cancelled at t = 0.65 s as shown in Figure 4.25.  

However, the grid frequency does not stabilize before t = 0.694 s, apparent in Figure 4.27. 

The microgrid itself is in steady state after 0.1 s that is at t = 0.625 s. In Figure 4.26, DER2 

can be identified as master DER unit, since it provides the reference frequency. Frequency 

of all entities are visualized in Figure 4.27. DER3 and DER4 follow the reference frequency 

within 0.05 s at t = 0.575 s. 

 

Figure 4.25: Monitoring grid signals during fault (single-phase to ground). 

 

Figure 4.26: Showing entity which provides microgrid with reference frequency during fault (single-phase to ground). 

 

Figure 4.27: Monitored frequency of each entity during fault (single-phase to ground). 

4.1.2 Performance Verification: Real-Time Test Cases 

To validate the findings for the proposed control strategy, a part of the microgrid was tested 

in a real-time digital simulator. Since the simulator uses its own software, it is not possible 

to import PSCAD/EMTDC files. Therefore, a part of the AC-microgrid was remodeled on 

RSCAD, which is the simulator’s software tool. The rebuilded microgrid on RSCAD com-



Content 

 

59 

prises the utility grid, transmission line 1, transformer T1, and all components of feeder 4, 

which also includes DER4 and load 7. In this test scenario, DER4 will act as master DER 

unit (since it is the only DER) and while being in islanded mode, will switch to VF-mode and 

provide its load with real and reactive power. The original values of L7 are too big to be 

supplied by DER4. Therefore, L7 has been adapted, so that its rated load consumption is 

now P = 0.358 MW and Q = 0.0503 MVAr. Since DER4 provides up to 0.5 MVA, this is con-

sidered appropriate. The same three test cases which were done in section 4.1.1 with 

PSCAD have been investigated here as described below. Figures of the rebuild system are 

attached in Annex C. 

a) Planned Islanding 

Similar to the test in section 4.1.1a), this test resembles the planned islanding of the mi-

crogrid and is, therefore, a less severe case. The adapted load has a rated power con-

sumption of P = 0.358 MW and Q = 0.0503 MVAr. The set points for Psref and Qsref are set 

to those values before the microgrid switches into islanded mode. 

The voltages at PCC show no major deviations as visualized in Figure 4.28. However, the 

signal is afflicted with noise, caused due to the fact that no capacitor bank was modeled for 

the test in RTDS. The current over the circuit breaker is almost zero (Figure 4.29), based 

on the fact that the DER4 provides the necessary power to its load. The breaker opens at 

approximately t = 0.535 s. At the reclosure at t = 0.65 s, a current deviation over the break-

er is apparent.  

 

Figure 4.28: Voltage disturbances at PCC due to islanding and reconnection (planned islanding/RSCAD). 

 

Figure 4.29: Currents over grid circuit breaker due to islanding and reconnection (planned islanding/RSCAD). 
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The real and reactive power output is adjusted before islanding, so that after transition to 

the islanded mode the power deviation is only small. This is visualized in Figure 4.30 and 

Figure 4.31.  

In Figure 4.32, the signals Vsd and Vsq show that during both transitions no large voltage 

deviation occurs and, while in islanded mode, the microgrid – controlled by DER4 – is in 

steady state. The latter one is achieved because the supervisory control is able to keep 

Vsq around zero.  

 

Figure 4.30: Response of real power output of DER4 due to islanding and reconnection (planned islanding/RSCAD). 

 

Figure 4.31: Response of reactive power output of DER4 due to islanding and reconnection (planned islanding/RSCAD). 

 

Figure 4.32: Response of Vsd and Vsq of DER4 due to islanding and reconnection (planned islanding/RSCAD). 

Examining the monitored signals of the supervisory control (see Figure 4.33 and Figure 

4.34), it is observable that the transitions between modes is smooth and only small devia-

tion in frequency occur. 
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Figure 4.33: Grid signals during transitions (planned islanding/RSCAD). 

 

Figure 4.34: Frequency providing entities (planned islanding/RSCAD). 

b) L-L-L-G fault at PCC 

In accordance to section 4.4.1b), this test case investigates the system behaviour for a 

balanced fault in the main grid. The most significant difference to the test scenario on 

PSCAD is that the system takes longer until the pre-conditions are met to reconnect with 

the main grid. 

During the detection delay, the PCC voltages are reduced to 0.64 pu and return to 1 pu 

after switching into VF-mode. Again, the noise at the PCC is high, although it is visible that 

the voltages return to their pre-disturbance magnitude (Figure 4.35). The voltage deviation 

seems lesser compared to the simulation on PSCAD. Contrary, the current deviation over 

the breaker is higher compared to the PSCAD simulation, which is at least true for phase b 

(Figure 4.36). 

 

Figure 4.35: Voltage disturbances at PCC due to islanding and reconnection (three-phase to ground/RSCAD). 
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Figure 4.36: Currents over grid circuit breaker due to islanding and reconnection (3-phase to ground/RSCAD). 

Figures Figure 4.37 and Figure 4.38 display that DER4 adapts its real and reactive power 

output, respectively, to the needs of the islanded microgrid. It reduces its real power output 

in order to be able to support the load with a sufficient amount of reactive power and the 

needed real power. The load voltage deviation, signal Vsd and Vsq in Figure 4.39, appears 

to be similar but more severe as shown in PSCAD. 

 

Figure 4.37: Response of real power output of DER4 due to islanding and reconnection (3-phase to ground/RSCAD). 

 

Figure 4.38: Response of reactive power output of DER4 due to islanding and reconnection (3-phase to ground/RSCAD). 

 

Figure 4.39: Response of Vsd and Vsq of DER4 due to islanding and reconnection (3phase to ground/RSCAD). 
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are met which allow the microgrid to reconnect to the main grid. The main grid returns to 

steady state at t = 0.885 s (Figure 4.40). Furthermore, the reclosure is less smooth com-

pared to the PSCAD simulation, because the frequency of the utility grid overshoots at the 

beginning until it reaches its upper frequency limit at f = 65 Hz. In PSCAD, the overshoot is 

only as high as 0.5 Hz (Figure 4.41 and Figure 4.17, respectively). 

 

Figure 4.40: Grid signals during transitions (3-phase to ground/RSCAD). 

 

Figure 4.41: Frequency providing entities (3-phase to ground/RSCAD). 

c) L-G fault at PCC 

The most severe case which was tested is an unbalanced, single-line fault. It is observed 

that the unbalance forces two phases to decrease in their magnitude, while the third in-

creases. At t = 0.523 s, the microgrid turns into islanded mode. Voltage deviations are ob-

served (Figure 4.42) but not as distinctive as with the PSCAD simulation tool of part 4.1.1c) 

(Figure 4.20). The same is true for the currents of the circuit breaker, but the currents in the 

simulations with PSCAD where higher due to the bigger network and load flows. Those 

diverging results are visualized in Figure 4.21 for PSCAD and Figure 4.43 for RSCAD. 

 

Figure 4.42: Voltage disturbances at PCC due to islanding and reconnection (single-phase to ground/RSCAD). 

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

0.475 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.675 0.700 0.725 0.750 0.775 0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000

kV

Time (s)

 V_gd  V_gq  V_gpeak

55.0

57.0

59.0

61.0

63.0

65.0

0.475 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.675 0.700 0.725 0.750 0.775 0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000

H
z

Time (s)

 f_PLL4  f_PLL_UG2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

0.450 0.475 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.675 0.700 0.725 0.750

kV

Time (s)

 v_PCC_a  v_PCC_b  v_PCC_c



Content 

 

64 

 

Figure 4.43: Currents over grid circuit breaker due to islanding and reconnection (single-phase to ground/RSCAD). 

As visualized in Figure 4.44, in the grid-connected mode, DER4 only outputs real power, 

whereas in transition no big fluctuations are apparent. The reactive power is set to zero 

before islanding and will be increased to match the loads consumption, as seen in Figure 

4.45. Signals Vsd and Vsq show an oscillating behaviour, similar to the PSCAD simulation. 

The microgrid reaches its steady state within 0.05 s and the reclosure is smooth (Figure 

4.46). 

The grid signals, which are monitored at the supervisory control, show a similar behaviour 

as when simulated on PSCAD. The system values keep oscillating until the fault ends and 

return within short time to steady state conditions. Those simulations are visualized in Fig-

ure 4.47 and Figure 4.48. 

 

Figure 4.44: Response of real power output of DER4 due to islanding and reconnection (single-phase to ground/RSCAD). 

 

Figure 4.45: Response of reactive power output of DER4 due to islanding and reconnection (single-phase to groudn/RSCAD). 
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Figure 4.46: Response of Vsd and Vsq of DER4 due to islanding and reconnection (single-phase to ground/RSCAD). 

 

Figure 4.47: Grid signals during transitions (single-phase to ground/RSCAD). 

 

Figure 4.48: Frequency providing entities (single-phase to ground/RSCAD). 
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4.2 Overall DC-Microgrid Control Architecture 

4.2.1 Performance Verification: Offline Test Cases 

a) High SoC Scenario 

In this test case, the behaviour of the battery is tested while the battery has a high SoC, 

which, in this case, is 90% of the batteries nominal capacity. As displayed in Figure 4.49, at 

t = 43 s, the ESS was manually forced to stop discharging.  

 

Figure 4.49: Coordinated control reaction on disturbances at high SoC. 



Content 

 

67 

As a result, a short voltage deviation is apparent that is immediately buffered by the PV 

array. Nevertheless, the High Soc Control aims to increase the output power of the ESS as 

a protection against overcharging, and, therefore, reduces the reference voltage for the 

inner loop control of the ESS. The control is active until ESS reaches the lower boundary. 

b) Optimum SoC Scenario 

In this scenario, a fault is applied at one of the loads which, as a result, disconnects at t = 

33 s. The immediate surplus of power triggers two things: (i) the ESS starts charging and 

(ii) the PV array reacts on the high bus signal and, therefore, curtails its power output.  

 

Figure 4.50: Coordinated control reaction on disturbances at optimal SoC. 
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As soon as the power demand and supply are in balance, Vdc returns back to its reference 

value of 48 V, and the system is back in steady state. The load will be reconnected at t = 

55 s which causes a voltage drop. As a result, the ESS starts discharging immediately in 

order to get the bus voltage back at its nominal level. Also the PV array adjusts to the new 

conditions by increasing the power output. As the ESS stops discharging at t = 85 s, there 

is another voltage drop. The drop is countered by the PV array which increases its output 

power by 70 W. This scenario is displayed in Figure 4.50. 

c) Low SoC Scenario 

In this scenario, the behaviour of the battery is observed while it is in a low state of charge, 

Low SoC Control (Figure 4.51).  

 

Figure 4.51: Coordinated control reaction on disturbances at low SoC. 

The lower threshold for the battery was chosen to be 20% of its nominal capacity. First, the 

solar irradiation decreases beginning at t = 25 s from 1000 W/m2 to 800 W/m2. The PV ar-
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ray tries to serve the power demand but eventually reduces its power output at t = 37 s. 

This causes a decrease of the DC bus voltage. The ESS is manually blocked from dis-

charging until t = 52 s. Therefore, several things can be observed: (i) the SoC start to de-

crease and (ii) since the battery is already in a low state of charge, the control reduces the 

supplied power by ESS by increasing the negative slope, which will prevent the battery 

from charging. During the test, the automated load shedding was disabled. 
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5 Conclusion 

5.1 Summary and Conclusions 

It is undeniable that the future power supply lies within renewable energy resources. Since 

production costs of photovoltaic cells are still decreasing, with rising efficiency and, the 

most important part, generating basically free clean energy, renewable energies will 

change the whole utility industry. In order to embrace those resources within our grid struc-

tures, which are grown over and developed for decades, an integration of renewable ener-

gy resources has to be planned carefully, since they confront us with new challenges like 

bi-directional load flow on the one hand, but also allow us new modes of operation. The 

integration has to be in consensus with valid grid codes and robust control strategies have 

to withstand grid disturbances. Additional communication techniques enable us to operate 

sub-divisions of a larger grid in autonomous ways, in case of an upstream grid outage.  

 This thesis investigates known and novel control structures in order to find potential im-

provements and show future directions for not only AC- but also DC-microgrids. The inves-

tigated AC microgrid is partly adopted from an IEEE standard benchmark system so that 

the system model is a realistic system.  

The AC study system is comprised of 3 distributed energy resources, each of them having 

their own local controllers and local loads, as well as a centralized supervisory control. 2 

DER units have a rated apparent power of 3 MVA and one unit with 0.5 MVA power appar-

ent power rating. 

The general tasks of the proposed supervisory control can be summarized as follows: 

- Coordination of DER units 

- Islanding Detection and Grid Restore Detection 

- Grid synchronization 

Furthermore, the transitions between both modes should as smooth and seamless as pos-

sible. The proposed study system and control strategy are then first modeled in 

PSCAD/EMTDC and furthermore investigated on a real-time simulation platform. 

In a second approach, the adoption a novel control strategy for DC-microgrids is investi-

gated, which is referred to as coordinated control, where loads, energy storage systems 
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and renewable energy sources are all linked through a single DC bus. The investigation of 

this control strategy will also be investigated in PSCAD. 

 

The general conclusions for this thesis are as follows: 

For the AC-microgrid: 

- The implemented control strategy is robust against disturbances 

- Reliable fault detection 

- All fault conditions applied could be handled by the local controllers of the DERs 

- Operates within the voltage tolerance limits proposed by the Information Technolo-

gy Industry Council (ITI/CBEMA Curve)  

- The local controllers successfully supply real and reactive power to their loads while 

in voltage- and frequency control mode. 

- Successful synchronisation of the microgrid with the AC-host system achieved by 

the supervisory control 

Furthermore, a smaller portion of the microgrid was modeled on RSCAD in order to exam-

ine the system behaviour in a real-time digital simulator. The aforementioned findings could 

be verified.   

 

Additionally, a novel DC microgrid control scheme was investigated. Conclusions for the 

DC-microgrid are the following: 

- Implementation of energy storage system that uses bus signaling method to com-

municate with other entities. The batteries acts as master unit within the coordinat-

ed control and uses different bus signaling pattern in dependence of its state of 

charge. 

- Successful implementation of a PV array model that, instead of controlling the dc 

bus, reacting to it by adding virtual inertia. 

- Voltage deviation sensing load were which are sheddable and will automatically do 

so in dependence of the bus voltage level. 
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5.2 Contributions 

The contributions of this thesis are as follows: 

- Proposed control strategy is robust against symmetrical and asymmetrical fault 

- The local controllers are able to work within the voltage tolerance limits provides by 

ITIC 

- The thesis illustrates the design of the necessary local and supervisory controllers 

- It provides a realistic study system which can be adopted for further research 

- First steps into a novel control strategy were made and are shown 

5.3 Future Work 

The developed AC microgrid will be further developed and investigated both in PSCAD and 

RTDS to identify potential improvements of the overall control strategy. Furthermore, it will 

be used within a hierarchical supervisory control that incorporates several microcrids and is 

at the moment the topic of an ongoing thesis. 

First steps to model this control strategy were successful. The basic functions of the differ-

ent entities of this coordinated control named strategy where investigated. Never the less, 

only basic investigations have been done so far and the different entities have to be well 

adjusted to each other in order to represent a robust and reliable control strategy. The in-

vestigation of the coordinated control of a DC microgrid has to be further developed, since 

the control is yet not working perfectly. Furthermore, the advantages or coordinated control 

and the used virtual inertia have to be compared with droop control that is widely used for 

microgrids.  
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Annex 

Appendix A: AC Study System Parameters 

 

Table A.1: Parameters of Transformers T-1 to T-8 and T-DERs. 

Transformer 
Rated 

MVA 

Primary 

kV 

Secondary 

kV 

Z 

(%) 

X/R 

ratio 

Impedance (%) 

Vb = 13.8 kV,  

Sb = 10 MVA 

T-1 15.00 69.00 13.80 8.00 17.00 0.31+j5.32 

T-6 1.25 13.80 0.48 4.50 6.00 5.9184+j35.51 

T-7 1.50 13.80 2.40 5.50 6.50 5.57+j36.24 

T-8 1.50 13.80 2.40 5.50 6.50 5.57+j36.24 

T-DR4 0.60 13.80 0.60 5.00 10.00 0.83+j8.30 

T-DR2 4.00 13.80 0.60 5.00 10.00 0.12+j1.25 

T-DR3 3.00 13.80 0.60 5.00 10.00 1.60+j16.01 

 

Table A.2: Parameters of Conductors of the Study System. 

 
Length (km) 

/Conductor 

Line Impedance (%) 

Vb = 13.8 kV, Sb = 10 MVA 

T-L1 
0.8 

266.8 MCM 
0.9054+j1.2861 

F-3 
1.8 

ACSR 4/0 
2.5497+j2.9902 

F-4 
2.06 

ACSR 4/0 
2.9180+j3.4222 

C-6 
15.34 

ACSR 4/0 
21.7291+j25.4834 

C-7 
0.201 

ACSR 1/0 
0.5655+j0.3602 

C-8 
0.362 

ACSR 1/0 
1.0185+j0.6487 

C-9 
0.128 

ACSR 1/0 
0.3601+j0.2294 
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Table A.3: Load Parameters of the Study System. 

Load Number 
Maximum Power 

MW+jMVAr 

Load Impedance (pu) 

Vb = 13.8 kV, Sb = 10 MVA 

L-5 0.75+j0.08 13.18+j1.21 

L-6 0.73+j0.30 11.6+j5.00 

L-7 0.87+j0.33 10.00+j3.84 

 

Table A.4: Ratings and parameters of the DER unit. 

Parameter Parameter Name DER2-DER3 Value DER4 Value 

Inverter nominal power A Sn 3 MVA 0.5 MVA 

Filter inverter-side inductance Lf 0.1 mH 0.57 mH 

Filter inverter-side resistance Rf 2.4 mΩ 21.6 mΩ 

Filter capacitor Cf 500 µF 87.7 µF 

RLC filter cutoff frequency fc 711.7 HZ 711.7 HZ 

Grid frequency f 60 HZ 60 HZ 

Inverter commutation frequency fcom 3060 HZ 3060 HZ 

DC bus voltage VDC 1200 V 1200 V 

Closed-loop time constant τi 1.25 ms 1.25 ms 
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Appendix B: DC Study System Parameters 

 

Table B.1: Electrical Parameters of DC-Microgrid Study System. Adopted from [26]. 

Parameter Symbol Value Unit 

Power Stage 

Nominal DC Bus Voltage Vdc* 48 V 

Filter Inductance L 1.8 mH 

Filter Capacitance C 2200 µF 

Inner loop Control 

ESS Voltage Controller kpV, kiV 5, 50 -, s-1 

ESS Current Controller kpI, kiI 10, 300 -, s-1 

RES Current Controller kpR, kiR 10, 300 -, s-1 

Primary Coordinated Control 

Upper-threshold of SoC SoC1 95 % 

Lower-threshold of SoC SoC0 40 % 

Boosting Slope of Bus Voltage m1 0.48 V/% 

Descending Slope of Bus Voltage m0 0.1 V/% 

Virtual Inertia Coefficient of RES1 n1 83 W/V 

Virtual Inertia Coefficient of RES2 n2 42 W/V 

Secondary Coordinated Control 

Secondary Bus Voltage Reference Vsec* 48 V 

Proportional Term kpsec 0.001 - 

Integral Term kisec 1 s-1 

Demand Side Control 

SoC Thresholds of Load Shedding 
SoCs1, 

SoCs2 
20, 12 % 

SoC Thresholds of Load Recovering SoCr1, SoCr2 31, 23 % 

Bus Voltage Thresholds of Load Shedding Vs1, Vs2 46, 45.2 V 

Bus Voltage Thresholds of Load Recovering Vr1, Vr2 47.1, 46.3 V 
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Appendix C: Rebuild Study System on RSCAD 
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