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Introduction

Effect of inertia and damping of SGs on system’s stability.

Effect of inverter-based RERs on system inertia.

Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

This paper would describe:

VSG ( Virtual inertia)

Inverter controller design 

HESS

Simulation results for different scenarios

General layout of the proposed system
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Presenter Notes
Presentation Notes
Conventional power systems are mostly supplied by conventional SG which  have D and Inertia , and help to …
Inertia and damping of SGs to support the system’s stability and provide frequency regulation. 


But the modern microgrids and depends on Renewable energy resources such as photovoltaic and wind generation for the advantages…….

 these resources have a low or zero inertia and so 

These resources reduce the total system inertia and could destabilize the system

Then, The grid becomes vulnerable to high-frequency fluctuation in case of disturbances such as varying loads or variations of electric power generated from RERs 

To solve this problem, Power converters  have to play an important role in the operation and control of micro grids

VSG- is used to support the system


The proposed system layout where a VSG-based controller is used to control the PV system with storage is shown in Fig.1. 

The PV array is the main source of electrical energy.


System Layout:
In this paper, the VSG controller consists of outer and inner loops. The outer loop represents the VI emulation and terminal voltage control. It produces the reference signals to the inner cascaded voltage and current loops. The current reference signals can be calculated from algebraic equations. 
The current and voltage signals are controlled and limited in the inner loops. 
Hereafter; the mathematical model is explained in the synchronous dq reference frame, and the simulation of the proposed control methodology is carried out using an electromagnetic transient program.
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DC-AC converter controller
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Outer loops:
Virtual inertia emulation

Outer loop: 
Terminal voltage Controller

Ta ….Inertia time constant 
Kd ….Damping constant

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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DC-AC converter controller
Inner loops

Cascaded voltage and current control loops
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Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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SMES system and controller  

DC-DC chopper of the SMES coil
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Schematic diagram of a SMES system

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control



Battery storage system and dc-dc converter

Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

𝐸𝐸 = 𝐸𝐸0 − 𝐾𝐾
𝑄𝑄

𝑄𝑄 − 𝑖𝑖𝑖𝑖
+ 𝐴𝐴 ∗ 𝑒𝑒−𝐵𝐵 ∫ 𝑖𝑖𝑖𝑖𝑖𝑖

𝑉𝑉𝑏𝑏 = 𝐸𝐸 − 𝑅𝑅𝑖𝑖 ∗ 𝑖𝑖
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Battery equivalent electric circuit model 

Battery Buck–Boost converter controller

Battery Buck–Boost Converter controller

Presenter Notes
Presentation Notes
Emulating the rotating inertia requires an energy storage system, and VSG performance relies on the DC-link configuration such that the power fluctuation is supplied or absorbed from the DC-link and so, from the storage system. Thus a battery storage system (BSS) is used as well as a bidirectional buck/boost converter to charge or discharge the battery.



The battery energy storage is considered as the oldest and most mature storage system which stores electrical energy in the form of chemical energy [48, 49].

There are different models of ESSs that capture their dynamic behavior relating to frequency response

The equivalent circuit for the battery is based on a non-linear equation and the battery is modeled using a controlled voltage source connected with a series resistance as described in Fig. 4.
The electric circuit-based models can be useful to represent electrical characteristics of batteries.
This model accurately represents the behavior of various battery types.
The parameters of the battery can be obtained from the discharge curve provided by the manufacturer
he battery characteristics in this model have similar charging and discharging behavior.

The open voltage source E is calculated by using a non-linear function based on the real state of charge of the battery to compute the no-load voltage[2]. 
he equation of the generic battery model is shown inequations (3) and (4).

In this model, the internal voltage is not fixed (which is considered as fixed in all previous models) and it depends on the charging/discharging current.



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

Simulation results: microgrid frequency drop 
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Response to a microgrid frequency drop 
at different damping constants (Ta=5)
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Converter output power at different damping constants in 
response to a microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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SMES instantaneous power in response to a 
microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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SMES energy at different damping constant in 
response to a microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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Maximum converter output power versus damping constant in 
response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 

15

SMES maximum power versus damping constant
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES generated energy versus damping constant 
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop at different inertia time constants 
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Converter output power at different inertia constants in 
response to a microgrid frequency drop (Kd=0.16)
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Simulation results: microgrid frequency drop 
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SMES output power at different inertia constants in response 
to a microgrid frequency drop (Kd=0.16)



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

Simulation results: microgrid frequency drop 
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SMES energy at different inertia constants in response 
to a microgrid frequency drop (Kd=0.16)
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Simulation results: microgrid frequency drop 
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Maximum converter output power versus inertia constants 
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES maximum power versus inertia constants
in response to a microgrid frequency drop



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

Simulation results: microgrid frequency drop 
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SMES energy versus inertia constants in response 
to a microgrid frequency drop
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Simulation results: 
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Converter power at different damping constants in 
response to step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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Frequency change at different damping constants in response 
to step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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SMES power at different damping constant in response to 
step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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Battery power profile 
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Simulation results: step power setpoint increase at different inertia time constants
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Converter power at different inertia constants in 
response to step power setpoint increase (Kd=0.16)



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

Simulation results: step power setpoint increase

28

Frequency change at different inertia constants in response 
to step power setpoint increase (Kd=0.16)
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Simulation results: step power setpoint increase
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SMES power at different inertia constants in response to step 
power setpoint increase (Kd=0.16)
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Simulation results:
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Converter output power at different inertia and 
damping constants
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Simulation results:
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SMES energy at different inertia and damping constants
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Simulation results:
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SMES maximum power at different inertia and damping constants
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Conclusion
Frequency fluctuation depend on the rotor inertia and damping coefficients of CSGs. 

VSG-based controlled inverter combined with ESS can emulate the behavior of CSG

VSG supports the system frequency and improve system performance ( RoCoF - frequency nadir).

The impact of different values of constants affect the ratings of the converter and the ESS.

The converter and the ESS power and energy increases when the inertia time constant increases

The converter and the ESS power and energy increases when the damping constant decreases

Supplementing the battery with the SMES

 Reduces the number of charging and discharging cycles of the battery. 

 Reduces the stress on the battery system 

 Increases its lifetime

VSG controllers can promote exploiting and expanding RERs in microgrids.
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Presenter Notes
Presentation Notes
Large changes in load or the generated power from RERs cause the frequency of the system to fluctuate. 
The amplitude, frequency, and damping of this fluctuation depend on the rotor inertia and damping coefficient of synchronous machines in the system.

In this paper, a brief explanation of VSG has been presented with the aim of emulating conventional SG. 

Then modeling of VSG control structure has been discussed in synchronously rotating dq reference frame. All the system including PV array, power electronic converters, and BSS has been integrated and implemented using an electromagnetic transients program. 


From the simulation results, it can be concluded that rotor inertia and damping factor can be represented by a first-order control system with a lag time element. Also, a VSG-based controlled inverter combined with BSS can emulate the behavior of conventional SG to regulate and support the frequency of the power system following a disturbance and improve system performance.


%Furthermore, VSG parameters can be set according to the best performance without being limited by the characteristics of a physical SG.

 Moreover, it can support the system voltage even in the case of grid voltage fluctuations. As a result, VSG controllers can promote exploiting and expanding RERs in microgrids.
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Introduction

Problem Definition

Increasing number of converter-based RERs.

The total system inertia is reduced.

The system is vulnerable to frequency and voltage stability problems in case of disturbances.

Introduction WECS with 
BESS

PV system 
with BESS

Volt/Var of 
PV system

Virtual 
Inertia 

Emulation
Conclusion 
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Presenter Notes
Presentation Notes
$$  %%  Converters have almost zero inertia




Thus, in the future, power converter control methodologies should play a noticeable role in the operation and control of smart grid. 
The proliferation of converter-based RERs to replace the traditional large-scale SG diminishes the total system inertia and could destabilize the system for smaller disturbances than are the case now.

 The grid becomes vulnerable to high-frequency fluctuation in case of disturbances such as varying loads or variations of electric power generated from RERs such as PV power plants. 






Introduction

Objective

Increasing the system inertia.

Controlling the active and reactive power and the terminal voltage.

Goals:

Creating virtual inertia, emulating and enhancing features of the conventional SG (Inertia and damping).

Describing the effects of inertia and damping constants on system performance and ratings.

Developing a hybrid energy storage system that can provide

• High power and energy capabilities 

• High and low rate of change of power fluctuations responses
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Presenter Notes
Presentation Notes
$$ %%  Controlling the active and reactive power and the terminal voltage in response to the system frequency change



 Thus, in the future, power converter control methodologies should play a noticeable role in the operation and control of smart grid. 
The proliferation of converter-based RERs to replace the traditional large-scale SG diminishes the total system inertia and could destabilize the system for smaller disturbances than are the case now.

 The grid becomes vulnerable to high-frequency fluctuation in case of disturbances such as varying loads or variations of electric power generated from RERs such as PV power plants. 




Introduction: 
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Literature survey

 RERs (WECS, PV), ESSs, Control requirements, VI techniques.

Modelling of the system components using PSCAD/EMTDC.

Controlling the active and reactive power, and terminal voltage of the systems.

Using HESS (Batteries and SMES (Superconducting Magnetic Energy Storage)).
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Presenter Notes
Presentation Notes
$$   %%%  Last proposal    Or research proposal





Controlling the Frequency and the Voltage of the system through emulating a Virtual Inertia of Synchronous Generator using Batteries and SMES and designing a control system that do the following
Determine which and when the energy storage system should interact to the disturbance and should prioritize one of them according to the disturbance. Furthermore, the charge and discharge levels and rate should be controlled to protect the energy storage systems and increase their lifetime.
The power that energy storage systems should absorb or inject to counteract the disturbance.







Published in:

The 53rd North American Power Symposium 2021/ IEEE

Layout of the proposed WECS system
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Modelling and Control of  Type 3 WECS Combined with BESS
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Presenter Notes
Presentation Notes
The energy crisis and the greenhouse gas issues caused by the conventional power resources led governments to pay greater attention to renewable energy resources.

a battery energy storage system to overcome the intermittent nature of the wind speed.

Wind energy conversion systems (WECS) are one of the common and reliable renewable energy resources.

One of the most used generators in WECS is the doubly fed induction generator (DFIG) due to its advantages such as the ability to operate over wide ranges of wind speed and reduced  converter power rating leading to a reduction in losses and cost.

One of the main disadvantages in WECS is the variable nature of the wind speed, so a control system should be implemented to ensure reliable system operation and extracting the maximum available power from the system at different wind speeds.

The layout of the implemented system is described in Fig. 1.

The vector (dq) control achieves a decoupled control of both active and reactive power output of the wound rotor induction machine through dq components in the rotor currents.





































-Outer Loops

-Inner Loops

𝑉𝑉𝑑𝑑𝑑𝑑−𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑑𝑑𝑑𝑑1 − 𝑆𝑆 𝜔𝜔𝑠𝑠 𝐿𝐿𝑟𝑟 𝐼𝐼𝑞𝑞𝑞𝑞 + 𝐿𝐿𝑚𝑚𝐼𝐼𝑞𝑞𝑞𝑞
𝑉𝑉𝑞𝑞𝑞𝑞−𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑞𝑞𝑞𝑞1 + 𝑆𝑆 𝜔𝜔𝑠𝑠 𝐿𝐿𝑟𝑟 𝐼𝐼𝑑𝑑𝑑𝑑 + 𝐿𝐿𝑚𝑚𝐼𝐼𝑑𝑑𝑑𝑑

Type 3 WECS controller design: 
Rotor side converter controller

RSC, d-axis current controller RSC, q-axis current controller
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RSC consists of 2 cascaded loops, Inner and outer loops

The outer loops of the RSC control both the active and reactive power exchanged between the generator’s stator and the grid. 

Also, they generate the reference currents for the inner loops.

The inner loops control the current values to follow their references.

The controller is designed in a stator-voltage oriented reference frame where the d-axis of thereference frame is aligned with the stator-voltage space vector.�
The reference voltage signals generated by rotor side controller can be defined as:

The reference values of Idr−ref and Iqr−ref are produced from the outer control loops and used for achieving the decoupled control of both active and reactive power.

The two signals Vdr−ref and Vqr−ref represent the direct and quadrature reference voltage control signals which are generated by the rotor side controller.









-Outer Loops

-Inner Loops

Type 3 WECS controller design: 
Grid side converter controller

𝑉𝑉𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑑𝑑𝑑𝑑 − 𝑉𝑉𝑑𝑑𝑑𝑑1 + 𝜔𝜔𝑠𝑠𝐿𝐿𝑐𝑐𝐼𝐼𝑞𝑞𝑞𝑞 𝑉𝑉𝑞𝑞𝑞𝑞 = 𝑉𝑉𝑞𝑞𝑞𝑞 − 𝑉𝑉𝑞𝑞𝑞𝑞1 − 𝜔𝜔𝑠𝑠𝐿𝐿𝑐𝑐𝐼𝐼𝑑𝑑𝑑𝑑

GSC, d-axis current controller GSC, q-axis current controller

GSC, dc voltage control block diagram
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Presentation Notes
GSC controller consists of 2 cascaded loops, Inner and outer loops.

It controls both the reactive power exchanged with the grid and as well as the real transfer between the grid and the rotor by controlling the dc-link voltage  through its outer loops

The inner loop controls the rotor direct and quadrature currents.

The two signals Vdg−ref and Vqg−ref represent the d and q reference voltage control signals which go the switching pulse generation.


The  d and q current regulation parts of the grid side converter are  described in Fig. 4 and Fig. 5

The reactive power is controlled through quadrature axis current reference, with a current reference of zero for unity power factor operation. 


The dc-link voltage is used an indicator of the power demand of the RSC. 
An increase in dc-link voltage indicates the converter needs to increase the real power reference for the GSC. 
The reference value of the d-axis current can be produced from the outer loop of the dc-link voltage [7]. 

The dc voltage regulator block diagram is shown in Fig. 6











DC-AC converter controller

-Outer loops

-Inner loops

Battery dc-ac converter controller
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Presenter Notes
Presentation Notes
The battery is connected to the ac system point of common coupling (PCC) through the dc-ac converter.

The converter and its controller work with the strategy of the grid following vector current control as described in [17], [18].

the converter to control both the active and reactive power independently.

The outer loops control the active and reactive power and produce the current references for the inner loops. 
The reactive power is set to zero for unity power factor operation.

The inner loops control the direct and quadrature axes currents  and then produce the voltage control signals that are used for generating the pulse width modulation signals that drive the converter switches.


















Simulation of WECS: active and reactive power profile

Generated active power in response to wind speed variationWind speed variation profile
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Generated reactive power profile Reactive power variation profile

Presenter Notes
Presentation Notes

To examine the operation of the combined system in Fig. 1, a 2 MW WECS is modeled and simulated with an electromagnetic transients simulation program.

Fig. 10 describes the variation in wind speed from 7 m/sec to 16 m/sec

The active power generated by the WECS changes in response to the wind speed variation as shown in Fig. 11
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Modeling and control of solar PV 
System combined with BESS
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Presentation Notes
-PV System is attractive as a renewable energy resource, but it depends on climate change
Energy storage system is connected in parallel with the PV system.
 

Advantages of PV system such as environmentally friendly and pollution free 
- Disadvantages: such as in nigh conditions, it can not generate power.
- - at high irradiation values, battery can be charged and discharge at low irradiation or high loads periods.



DC-AC converter controller

-Outer loops

-Inner loops

Dc-Ac converter control circuit
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Presenter Notes
Presentation Notes
The PV array and the BESS are connected to the grid through DC-AC inverters. 
The inverter average model has been used in this paper.
The voltage source converter works with the specified strategy of the grid following vector current control as described in [3], [11]. 
The basic concept of the vector current controlled VSC is to independently control the instantaneous active and reactive power injected into the AC system

Inverter outer loop controller
AC power transfer from the voltage source converter tracks the PV output and battery charging or discharging.
A second outer control loop regulates the reactive power output from the DC-AC converter. 
The outer control generates the reference values for the inner loops
Id controls the voltage and Iq controls reactive power

Inner loop control
to control the direct and quadrature current components of the current such that the converter’s injected current tracks the reference closely

The state equations (8) and (9) of the inner current loop can be written as:








Generated active power in response to variations in irradiation Generated reactive power as irradiation is varied

Simulation of PV system with variable irradiation level
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Reactive power variation profile
DC-link voltage profile in response to changes in irradiation

Presenter Notes
Presentation Notes
To examine the operation of the whole system, the system is modeled and simulated with an electromagnetic transient simulation program.
1 MW PV system has been simulated at different irradiation levels to verify the response of the proposed system.
The reactive power is set to be at zero for unity power factor operation. Fig. 8 shows that the reactive power stays at zero as the irradiation varies for the case in Fig. 7.



Published in:
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Volt /Var Control of Solar Photovoltaic System
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Presenter Notes
Presentation Notes
The current changes in distribution network topologies due to increasing loads and distributed energy resources cause voltage-increased possibilities for variations.

Furthermore, power variation and reverse power flow phenomena may increase terminal voltage variations at the distributing energy resources.

controlling the terminal voltage of the resources in the distribution networks has great importance.

This paper describes a voltage control within the inverter of a photovoltaic system to keep the terminal voltage magnitude within acceptable ranges through injecting or absorbing reactive power.

In this research, the solar PV system can participate in voltage regulation through injecting and absorbing the reactive power.

inverter prioritizes the active and reactive power based on the terminal voltage level and its power output and controls both active and reactive power independently. This scheme is regarded as volt/var control.

Also, it may curtail the active power to inject extra reactive power if the inverter capacity is insufficient to generate both the required reactive power and the available active power from the sun.

The DC-DC controller is used to direct the curtailed power to be stored in a battery storage system (BSS).

The synchronous rotating dq reference frame has been used for controller modeling and design

This Method is volt/var droop control that enables the reactive power to regulate the voltage at the PV system 


The voltage control can be accomplished through  linear droop characteristics which set the reference reactive power as a function of the terminal voltage of the PV system.

traditional techniques that have been adopted to solve the voltage variation problem:
-change the set point of the on-load tap changer in the high voltage side of the transformer. On the other hand, this method has some drawbacks such as arc production  in the contacts and frequent maintenance requirements

-Using capacitor banks may mitigate the terminal voltage fluctuations, but they lack flexible control because they provide reactive power in discrete values 

-curtailing the output PV power in case of voltage increase at the point of common connection (PCC). Needless to say, this solution was not popular with PV system owners.













Volt/var control strategy

Volt/var control function
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Presentation Notes
This section explains the control method which controls the reactive power injection of the inverter based on the ac voltage magnitude.

The reference reactive power value is set by the controller using a linear droop characteristic that sets the reactive power value based on the measured voltage value as shown in Fig. \ref{Volt/var control}.

The controller considers the generated active power, inverter current limits and priority of active and reactive power modes of the inverter. 

The first point is v$_a$, when the voltage magnitude is at this point or lower the inverter supplies the maximum possible reactive power. At this operating point, the inverter doesn't supply rated active power since it prioritizes the reactive power and curtails the active power so as not to overload the inverter. 


The second point is v$_b$, and it is the largest reactive power value at which the inverter can generate at the rated active power generation while supplying reactive power


From v$_c$ to v$_d$ is a deadband where the voltage terminal level lies within the acceptable operating range and no reactive power injection is needed.

The last two points v$_e$ and v$_f$ are similar to the first two points but in the opposite direction where the converter consumes reactive power to try to lower the voltage.

Selecting the volt/var curve is influential in the reactive power control. It depends on the network characteristics, network performance metrics, and load conditions. Then it is very important to use the suitable curve in the inverter control system \cite{P_76}. The curve profile determines the limits for both the injected and absorbed reactive power.Also, it sets the rate at which the reactive power will change with respect to the voltage variation.

authors of \cite{P80} explained that the network losses can be minimized through the accurate optimization of volt/var profile.


Furthermore, determination of the voltage points in Fig. \ref{Volt/var control} are set at the design and implementation of the system according to the recommendation of the utility that will be responsible for operating the system and to its following codes. In the future grids, these values should be able to be modified by the network operators to enhance the system performance optimization when the load pattern or the network topology are modified.
















Simulation results:

Voltage variation profile without reactive power support
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Voltage variation profile with reactive power support Active power profile

Presenter Notes
Presentation Notes
Also, the dc-link profile is described in Fig. 14. The dc voltage value is constant and doesn’t show significant changes as the wind speed varied.
he proposed control system has been verified through modeling and simulation of a PV system in a simple microgrid using an electromagnetic transient simulation program.

The simulation has been carried out with the irradiation level equal to 1000  $W/m^{2}$ to operate the system at its rated output power and the load is changing during the simulation period.

Fig. \ref{Fig Voltage change variation profile} shows that the variation in the terminal voltage due to load changes without the contribution of inverter reactive power to support the terminal voltage magnitude

The terminal voltage varies beyond the acceptable range; where it ranges from 0.9 to 1.1 $pu$ due to load variation.
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Virtual Synchronous Generator Controller Performance and Evaluation
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PIC

Presenter Notes
Presentation Notes
Conventional power systems are mostly supplied by conventional SG which  have D and Inertia , and help to …
Inertia and damping of SGs to support the system’s stability and provide frequency regulation. 


But the modern microgrids and depends on Renewable energy resources such as photovoltaic and wind generation for the advantages…….

 these resources have a low or zero inertia and so 

These resources reduce the total system inertia and could destabilize the system

Then, The grid becomes vulnerable to high-frequency fluctuation in case of disturbances such as varying loads or variations of electric power generated from RERs 

To solve this problem, Power converters  have to play an important role in the operation and control of micro grids

VSG- is used to support the system


The proposed system layout where a VSG-based controller is used to control the PV system with storage is shown in Fig.1. 

The PV array is the main source of electrical energy.


System Layout:
In this paper, the VSG controller consists of outer and inner loops. The outer loop represents the VI emulation and terminal voltage control. It produces the reference signals to the inner cascaded voltage and current loops. The current reference signals can be calculated from algebraic equations. 
The current and voltage signals are controlled and limited in the inner loops. 
Hereafter; the mathematical model is explained in the synchronous dq reference frame, and the simulation of the proposed control methodology is carried out using an electromagnetic transient program.

















DC-AC converter controller
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DC-AC converter controller
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DC-AC converter controller
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Outer loops:
Virtual inertia emulation

Outer loop: 
Terminal voltage Controller

Ta ….Inertia time constant 
Kd ….Damping constant
Kw….Frequency droop constant

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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DC-AC converter controller
Inner loops

Cascaded voltage and current inner control loops
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Virtual impedance

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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VSG Controller Based SMES/Battery Energy Storage System
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Presenter Notes
Presentation Notes
Conventional power systems are mostly supplied by conventional SG which  have D and Inertia , and help to …
Inertia and damping of SGs to support the system’s stability and provide frequency regulation. 


But the modern microgrids and depends on Renewable energy resources such as photovoltaic and wind generation for the advantages…….

 these resources have a low or zero inertia and so 

These resources reduce the total system inertia and could destabilize the system

Then, The grid becomes vulnerable to high-frequency fluctuation in case of disturbances such as varying loads or variations of electric power generated from RERs 

To solve this problem, Power converters  have to play an important role in the operation and control of micro grids

VSG- is used to support the system


The proposed system layout where a VSG-based controller is used to control the PV system with storage is shown in Fig.1. 

The PV array is the main source of electrical energy.


System Layout:
In this paper, the VSG controller consists of outer and inner loops. The outer loop represents the VI emulation and terminal voltage control. It produces the reference signals to the inner cascaded voltage and current loops. The current reference signals can be calculated from algebraic equations. 
The current and voltage signals are controlled and limited in the inner loops. 
Hereafter; the mathematical model is explained in the synchronous dq reference frame, and the simulation of the proposed control methodology is carried out using an electromagnetic transient program.

















Battery storage system and dc-dc converter
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𝐸𝐸 = 𝐸𝐸0 − 𝐾𝐾
𝑄𝑄

𝑄𝑄 − 𝑖𝑖𝑖𝑖
+ 𝐴𝐴 ∗ 𝑒𝑒−𝐵𝐵 ∫ 𝑖𝑖𝑖𝑖𝑖𝑖

𝑉𝑉𝑏𝑏 = 𝐸𝐸 − 𝑅𝑅𝑖𝑖 ∗ 𝑖𝑖
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Battery equivalent electric circuit model 

Battery Buck–Boost converter controller

Battery Buck–Boost Converter controller

Presenter Notes
Presentation Notes
Emulating the rotating inertia requires an energy storage system, and VSG performance relies on the DC-link configuration such that the power fluctuation is supplied or absorbed from the DC-link and so, from the storage system. Thus a battery storage system (BSS) is used as well as a bidirectional buck/boost converter to charge or discharge the battery.



The battery energy storage is considered as the oldest and most mature storage system which stores electrical energy in the form of chemical energy [48, 49].

There are different models of ESSs that capture their dynamic behavior relating to frequency response

The equivalent circuit for the battery is based on a non-linear equation and the battery is modeled using a controlled voltage source connected with a series resistance as described in Fig. 4.
The electric circuit-based models can be useful to represent electrical characteristics of batteries.
This model accurately represents the behavior of various battery types.
The parameters of the battery can be obtained from the discharge curve provided by the manufacturer
he battery characteristics in this model have similar charging and discharging behavior.

The open voltage source E is calculated by using a non-linear function based on the real state of charge of the battery to compute the no-load voltage[2]. 
he equation of the generic battery model is shown inequations (3) and (4).

In this model, the internal voltage is not fixed (which is considered as fixed in all previous models) and it depends on the charging/discharging current.
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SMES system and converter controller  

DC-DC chopper of the SMES coil
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Schematic diagram of a SMES system

Helium/Nitrogen

LTS/HTS

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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Simulation results: microgrid frequency drop 
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Response to a microgrid frequency drop 
at different damping constants (Ta=5)
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Simulation results: microgrid frequency drop 
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Converter output power at different damping constants in 
response to a microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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SMES instantaneous power in response to a 
microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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SMES energy at different damping constant in 
response to a microgrid frequency drop (Ta=5)
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Simulation results: microgrid frequency drop 
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Maximum converter output power versus damping constant in 
response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES maximum power versus damping constant
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES generated energy versus damping constant 
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop at different inertia time constants 
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Converter output power at different inertia constants in 
response to a microgrid frequency drop (Kd=0.16)
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Simulation results: microgrid frequency drop 
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SMES output power at different inertia constants in response 
to a microgrid frequency drop (Kd=0.16)
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Simulation results: microgrid frequency drop 
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SMES energy at different inertia constants in response 
to a microgrid frequency drop (Kd=0.16)
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Simulation results: microgrid frequency drop 
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Maximum converter output power versus inertia constants 
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES maximum power versus inertia constants
in response to a microgrid frequency drop
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Simulation results: microgrid frequency drop 
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SMES energy versus inertia constants in response 
to a microgrid frequency drop
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Simulation results: 
step power setpoint increase at different damping constants 
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Converter power at different damping constants in 
response to step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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Frequency change at different damping constants in response 
to step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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SMES power at different damping constant in response to 
step power setpoint increase (Ta=6)
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Simulation results: step power setpoint increase
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Battery power profile 
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Simulation results: step power setpoint increase at different inertia time constants
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Converter power at different inertia constants in 
response to step power setpoint increase (Kd=0.16)
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Simulation results: step power setpoint increase
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Frequency change at different inertia constants in response 
to step power setpoint increase (Kd=0.16)
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Simulation results: step power setpoint increase
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SMES power at different inertia constants in response to step 
power setpoint increase (Kd=0.16)
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Simulation results:

10

Converter output power at different inertia and 
damping constants
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Simulation results:
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SMES energy at different inertia and damping constants
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Simulation results:

10

SMES maximum power at different inertia and damping constants
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Virtual inertia emulation outer loops

Outer loops: virtual inertia emulation
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Simulation results: microgrid frequency drop at different damping constants 

VSM frequency response to a microgrid frequency drop at different 
damping constants (Ta=6)
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Simulation results: microgrid frequency drop at different damping constants 

Converter output power at different damping constants in response to 
microgrid frequency drop (Ta=6)
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Simulation results: microgrid frequency drop at different damping constants 

ESS power at different damping constants in response to microgrid 
frequency drop (Ta=6)
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Simulation results: microgrid frequency drop at different damping constants 

Converter output power in response to microgrid different frequency 
drop values (Kd=0.2)



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

11

Phase compensation method

Lead-lag compensator cascaded with the grid frequency
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Simulation results: microgrid frequency drop at different damping constants 

Converter output power at different cases (Ta=6, Kd=0.2) 

Tlead Tlag

Case1 0 0
Case2 0.2 0.4
Case3 0.1 0.8
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Simulation results: microgrid frequency drop at different damping constants 

Converter output power at different damping constants for the 
parameters at cases2 (Tlead=0.2, Tlag=0.4)
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Comparison between different types of ESSs:
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Characteristics of ESS SMES Li-ion Lead-acid Supercapacitor

Energy density (Wh/Kg) 1-10 70 - 200 30 - 50 0.5 - 5 

Power density (W/Kg) 500-2000 150-500 75-300 1000-10000

Capital cost($/kWh) 1000-10000 600-2500 200-400 500-15000

Capital cost($/kW) 200-500 1200-4000 300-600 100-400 

Life (cycles) 100000+ 1000-10000 500-1000 -

Discharge time m sec-hrs mins-hrs sec-hrs m sec-60 min
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Cycle life versus DOD curve for a lead-acid battery Cycle life versus DOD curve for a li-ion battery 
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Comparison between different types of ESSs:
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Battery capacity versus number of cycles for lead-acid battery Battery capacity versus number of cycles under different rates for Li-ion battery 

1 kW, 1 kWh System Cost is:
SMES cost is $ 6000 
Lithium-ion battery cost = $ 4000  
Lead-acid battery cost = $ 750



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

Verification of VSG Compared to CSG
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General layout of VSG and CSG systems

Presenter Notes
Presentation Notes
$$  %% Simplified model for the conventional synchronous generator



Abstract Introduction VSG Controller 
System

Simulation 
Results Conclusion 

12

Simulation results: step power setpoint increase at different inertia time constants

VSG and CSG active power step change at inertia time constant = 2
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Simulation results: step power setpoint increase at different inertia time constants

VSG and CSG active power step change at inertia time constant = 8
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Simulation results: step power setpoint increase at different inertia time constants

ESS power at different inertia time constants
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Simulation results: step power setpoint increase at different inertia time constants

Frequency profile at inertia time constant = 2
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Simulation results: step power setpoint increase at different inertia time constants

Frequency profile at inertia time constant = 8
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Conclusion
WECS and PV systems can control the output active and reactive power independently.

Frequency fluctuation depend on the system inertia and damping constants. 

VSG controller based grid forming converters combined with ESS can emulate the behavior of CSG.

VSG parameters can be changed to mimic the features of many CSG.

VSG controller supports the system’s frequency and performance  (RoCoF and the frequency nadir).

Increasing inertia and damping constants reduces the frequency oscillation and stabilizes the system.

Damping and inertia time constants emulation affect the ratings of the converter and the ESS.

Increasing the inertia time constant increases the converter and the ESS ratings.

Increasing the damping constant decreases the converter and the ESS ratings.
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Presenter Notes
Presentation Notes
Large changes in load or the generated power from RERs cause the frequency of the system to fluctuate. 
The amplitude, frequency, and damping of this fluctuation depend on the rotor inertia and damping coefficient of synchronous machines in the system.

In this paper, a brief explanation of VSG has been presented with the aim of emulating conventional SG. 

Then modeling of VSG control structure has been discussed in synchronously rotating dq reference frame. All the system including PV array, power electronic converters, and BSS has been integrated and implemented using an electromagnetic transients program. 


From the simulation results, it can be concluded that rotor inertia and damping factor can be represented by a first-order control system with a lag time element. Also, a VSG-based controlled inverter combined with BSS can emulate the behavior of conventional SG to regulate and support the frequency of the power system following a disturbance and improve system performance.


%Furthermore, VSG parameters can be set according to the best performance without being limited by the characteristics of a physical SG.

 Moreover, it can support the system voltage even in the case of grid voltage fluctuations. As a result, VSG controllers can promote exploiting and expanding RERs in microgrids.
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Conclusion
Supplementing the battery with the SMES:

 Provide both high power and energy capabilities.

 High and low rate of change of power fluctuations response.

 Reduces the number of charging and discharging cycles of the battery. 

 Reduces the stress on the battery system.

 Increases its lifetime .

VSG controllers based grid forming converters can promote expanding RERs in microgrids.
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Presenter Notes
Presentation Notes
Large changes in load or the generated power from RERs cause the frequency of the system to fluctuate. 
The amplitude, frequency, and damping of this fluctuation depend on the rotor inertia and damping coefficient of synchronous machines in the system.

In this paper, a brief explanation of VSG has been presented with the aim of emulating conventional SG. 

Then modeling of VSG control structure has been discussed in synchronously rotating dq reference frame. All the system including PV array, power electronic converters, and BSS has been integrated and implemented using an electromagnetic transients program. 


From the simulation results, it can be concluded that rotor inertia and damping factor can be represented by a first-order control system with a lag time element. Also, a VSG-based controlled inverter combined with BSS can emulate the behavior of conventional SG to regulate and support the frequency of the power system following a disturbance and improve system performance.


%Furthermore, VSG parameters can be set according to the best performance without being limited by the characteristics of a physical SG.

 Moreover, it can support the system voltage even in the case of grid voltage fluctuations. As a result, VSG controllers can promote exploiting and expanding RERs in microgrids.



Future work
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Considering different types of ESSs and studying the coordination between them.

Studying the effect of climate change algorithms on ESSs w.r.t. the emulated constants changes.

Connecting different RERs to the system.

Studying multi VSG-based based grid forming converter controller system.

Updating microgrids standards and indices to include VSG based grid forming converter controller.

Evaluation standard and indices for VSG based grid forming converter controller.

Presenter Notes
Presentation Notes
$$ %%  Climate change algorithms may be embedded on the system and studying their effect on change ESSs w.r.t. the emulated constants.
$$ %%   Updating standards and indices evaluating overall performance and operation should be updated to include VSG.
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Comparison between SMES & supercapacitors 
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Advantages

high power density

long lifetime

high speed response

high efficiency

good cycle life



Comparison between SMES & supercapacitors 
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Disdvantages of supercapacitors

A supercapacitor is a series of capacitor cells with a voltage range limited to 2.5-3 volts.

This series connection is inevitable, but it reduces the total capacitance.

A protection circuit should be integrated with the system to protect the cells from overvoltage and 
non-uniform cells problems. 

A step-up and step-down converters  are required to match supercapacitor voltage with the power 
system voltage. 

The converters have a complicated design, since the stored energy varies with square of the stored 
voltage complicating the converter control of the charging and discharging processes.



Flywheel system

13

Avantages

Low maintenance costs

Long expected lifetime

Fast response

Roundtrip efficiency of about 90%

Disavantages

High cost

Appropriateness for smaller capacities only  

Mechanical stress and fatigue limits

Relatively high intrinsic losses

Potentially hazardous failure modes

Short discharge times

Self-discharge risk

Noise
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SMES system and converter controller  

DC-DC chopper of the SMES coil
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Schematic diagram of a SMES system

Helium/Nitrogen

LTS/HTS

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control



DC-DC chopper of the SMES coil

13
J. Li, Q. Yang, F. Robinson, F. Liang, M. Zhang, and W. Yuan, “Design and test of a new droop control 
algorithm for a smes/battery hybrid energy storage system,” Energy, vol. 118, pp. 1110–1122, 2017.
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Ideal single diode PV model
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DC-DC boost converter

DC-DC boost converter

Presenter Notes
Presentation Notes
PV arrays consist of parallel and series combinations of cells to produce the required voltage and current.
The voltage and current behavior of the PV array can be expressed using nonlinear mathematical equations described in [6].
Fig. 2 shows the equivalent circuit model of the PV cell which consists of a diode connected on parallel with resistance(Rp), current source and series resistor (Rs).
The output current Ipv of a PV array group of modules that are connected with Ns cells in series and Np strings in parallel is represented in (1):



Volt/var control strategy

Volt/var control function
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- Determination of the voltage points are set at the design and implementation of the system according to the 

recommendation of the utility that will be responsible for operating the system and to its following codes. 

- In the future grids, these values should be able to be modified by the network operators to enhance the system 

performance optimization when the load pattern or the network topology are modified.



Grid forming inverter vs grid following inverter

14

Inverter-based resources can be modeled with a grid-forming or –following  inverter. 

Grid-forming control

converters act as voltage sources, where the inverter can respond instantaneously to system changes .

Adjust the voltage magnitude

Adjust the frequency of the system, supply fault current, and contribute to the system inertia . 

Grid-following inverters

Rely on the measurements of the phase-locked loop (PLL) and the proportional and integral control.

Limited to tracking the voltage and frequency during disturbances.
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DC-AC converter controller
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Outer loops:
Virtual inertia emulation

Ta ….Inertia time constant 
Kd ….Damping constant
Kw….Frequency droop constant

Swing equation

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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DC-AC converter controller
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Outer loops:
Virtual inertia emulation

Ta ….Inertia time constant 
Kd ….Damping constant
Kw….Frequency droop constant

Swing equation

Tm is the mechanical torque driving the generator,
Te is the electromagnetic torque due to electric load on the generator, 
D is the coecient accounting for the damping torque associated with the damper winding, 
w is the rotational speed of the
J is the rotor inertia kg .m2.

Presenter Notes
Presentation Notes
The control structure consists of two main loops, the outer loops are representing the inertia emulation and AC terminal voltage magnitude control. 

VI emulation produces the virtual rotor angular position of the VSG and this represents the load angle of VSG. 

Furthermore, the voltage controller produces the VSG voltage magnitude, and this will be applied to the inner loop.

From the reference voltage signals, the controller calculates and produces the reference currents in the inner control loops. 

Thus, the inverter is able to operate in both the grid-connected and isolated operating modes. 
Furthermore, it can provide a smooth transition between these two operating modes


This angle is used in the inner loops and for the Park’s transformation in the inverter control
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DC-AC converter controller
Outer loop virtual inertia emulation controller

The active power is associated with:
VSG emulated torque and angular speed of the rotor (ω)

(KP = 1 /Kd) Inverse of the damping.

(TP = Ta/ Kd) Time taken by the rotor to reach its rated speed.

Virtual inertia emulation
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Presenter Notes
Presentation Notes

The active power is associated with:
VSG emulated torque and angular speed of the rotor (ω).
The swing equation of SG which can be derived from Newton’s Law of Motion for rotating objects.
The proportional control and first-order lag element represent the combination of the damping and rotor inertia. 

Proportional gain (KP = 1 /Kd ), represents the inverse of the damping. 
Inertia time constant (TP = Ta/ Kd ), represents the time taken by the rotor of the machine to reach its rated speed, when accelerated by the rated torque from rest. 
the variation in the rotor speed can be determined by applying the difference between the reference and output active power to a proportional gain constant Kp and first-order lag element which has a time constant Tp (These two constants represent the damping effect and the rotating rotor inertia of the SG.). 
The virtual rotor angular speed is then calculated by adding this difference to the rated angular speed. 
Integration of this angular speed produces the virtual generator load angle. 
This angle is used in the inner loops and for the Park’s transformation in the inverter control. 

Then, frequency variations due to abrupt changes in the load or generating power can be suppressed by the rotating rotor inertia created by the proposed control system. 
Furthermore, the VSG can improve system stability and replicate the desirable attributes of conventional SG performance 

It is more common to write the swing equation expressed in (1) in terms of power instead of torque. In case of a little oscillation around the synchronous speed, the equation representing the power balance which is represented in s domain is expressed as [6]:
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