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Abstract

This chapter is dedicated to DC Microgrid’s application to provide ancillary services to weak AC
grids. In particular, control algorithms are designed to provide inertial, frequency and voltage support
for weak grids, such as AC Microgrids composed mainly by sources interfaced by power converters,
with a small portion of diesel generators. A number of synthetic inertia approaches are introduced
to improve the stability properties of an AC grid face to strong variations on loads and productions,
brought by electric vehicles and possibly other renewable energy sources. The power electronic issues
related to control interactions and poor inertial response are described, where suitable solution is
addressed. The power converter is driven as a Virtual Synchronous Machine (VSM), where the control
strategy follows classical swing equation, such that the converter emulates a synchronous generator,
including inertial support. This strategy can be exploited in low inertia systems with high penetration
of renewables. An application example illustrates the performance of the Microgrid in the context of
virtual inertia control.

Keywords: DC Microgrids, virtual inertia, power system stability, low inertia systems, inertial
support, frequency regulation, energy storage systems.

15.1 Introduction

Direct Current (DC) Microgrids are attracting interest thanks to their ability to easily integrate
modern loads, renewable sources, Energy Storage Systems (ESS) and Distributed Energy Resources
(DER) in general [Ashabani and r. I. Mohamed, 2014, Boicea, 2014]. They also acknowledge the fact
that most renewable energy sources and storage systems use DC energy (as Photovoltaic Panels (PV),
wind power, batteries and even electric vehicles for example), and allow the reduction of the number
of power converters in the grid with simpler topology. By doing this, they increase energy efficiency,
and allow faster control of the grid [Tucci et al., 2016, Dragicevié¢ et al., 2015, Meng et al., 2017].

DC Microgrids are generally fully composed of DC/DC or AC/DC converters to adapt to the
system’s voltage level. Commonly, a DC bus operates as the main interconnection link, where power
flow control is performed to balance the energy of the system. The devices of the Microgrid are
integrated in the DC link to share power, where distributed generators inject the produced power, the



load demand is supplied and the storage elements can absorb the power mismatch. The main target
here is to control the DC bus voltage to ensure proper operation of the system, since fluctuations,
ripples and deviation in the voltage amplitude may cause a collapse, harming the overall operation of
the system. Also, DC/DC converters are used to interconnect buses with different voltage levels, so the
devices are inserted according to their voltage level. Therefore, sensitive loads can be properly supplied
through a specific bus with multiple DC links configuration [Kumar et al., 2017, Olivares et al., 2014].

On the other hand, the connection of a large number of power converters may lead to stability
problems, since the converters can act as a Constant Power Load (CPL), which introduces negative
impedance into the system. The effect of the negative impedance reduces significantly the stability
margins and the operating region of the entire system. Therefore, standard control techniques, as
droop controllers and linear Proportional Integral (PI) controllers, are very limited to attain stability
in this case, and different solutions must be achieved to improve the operation of this type of system.
The nonlinear control can be introduced as a powerful tool to develop improved controllers, that
are robust enough to keep safe operation in a wide operating region. Nonlinear control technique
can easily suppress the negative impedance term and insert a stabilizing dynamic through feedback
process, when the variables of the system are known [Bidram and Davoudi, 2012, Yang et al., 2016].

In this context, [Bevrani et al., 2017, Sahoo et al., 2017] present a survey on the most relevant
features of DC Microgrids, and it is summarized as follows:

1. The reduced number of converters between sources and loads improve efficiency and decrease
losses.

2. A number of system variables are eliminated, such as frequency, reactive power, power factor
and synchronization.

3. The system is more robust against voltage sags and blackouts, since they have fault ride trough
capability from voltage control of the power converter and the energy stored in the DC bus
capacitor.

4. DC distribution is not the standard shape and need to be built in parallel to the conventional
AC distribution system.

5. The system protection is harmed, since zero cross detection is non-existent.

6. The power electronic loads and DC motors are easily integrated in DC systems, but there are a
number of loads that must be adapted for DC power supply.

7. The absence of transformers reduces losses and inrush currents.
8. Voltage stability is directly affected by power flow control.

In the following, some examples of Microgrid studies are mentioned to highlight the possible
solutions and improvements in Microgrid topic.

A complete nonlinear model of a DC distribution system driven by PI cascaded droop-based
controllers including a damping factor is developed in [Makrygiorgou and Alexandridis, 2017], where a
nonlinear stability analysis is conducted using Lyapunov techniques. Also, small signal stability studies
are introduced as in [Magne et al., 2012], where different DC loads and a supercapacitor compose the
DC network of aircrafts. Then, a large-signal-stabilizing study is proposed to ensure global stability
by generating proper stabilizing power references for the whole system. In [Tahim et al., 2015], a
simplified model of a small DC Microgrid under droop control is addressed to reduce the complexity
of the nonlinear stability analysis, which is based on bifurcation theory, and a relation among grid
parameters is provided. Several strategies for stability analysis and stabilization techniques for DC
Microgrids are presented in [Meng et al., 2017] and in [Dragicevié et al., 2016].

In [Tovine et al., 2017], a nonlinear distributed local control is proposed to interconnect a number
of elements in a DC Microgrid. The Microgrid is composed of different time-scale’s storage elements,
like batteries and supercapacitors that are used to improve the system operation. A stability analysis
of the proposed control strategy is conducted considering the system as a whole and its physical
limitations. The proposed scheme can easily be scalable to a much larger number of elements and a
comparison with standard linear controllers is also carried out. In this way, the control performance



of the system is presented towards interconnected disturbances from loads and PV variations. The
robustness of the proposed control is highlighted when compared with linear control. Subsequently,
a power management controller to ensure power balance and grid stability of the DC Microgrid is
designed in [Iovine et al., 2019]. The secondary control scheme, based on Model Predictive Control
(MPC), is developed to optimize the operation of the DC Microgrid in long term, considering weather
forecasts and load demand profile. In this case, the power balance and the DC bus voltage regulation
are considered as constraints.

Therefore, in [lovine et al., 2016], the connection with the main AC grid is carried out considering
the stability of the Microgrid DC bus, still applying nonlinear control techniques. Afterwards, in
[Perez et al., 2018], a more favorable power converter configuration is proposed to improve the electri-
cal scheme of the DC Microgrid. A dynamical feedback controller is designed to reduce the complexity
of the stability analysis and simplify previous controller design keeping the stability properties. And
finally, a nonlinear control scheme to integrate regenerative braking from a train line is proposed in
[Perez et al., 2019b]. In this case, the DC bus stability is also taken into account, where the power
surges from braking periods are considered as disturbances. The proposed controller must be able to
properly operate regarding various disturbances in the network.

Ancillary services using DC Microgrid is carried out in [Iovine et al., 2018, Perez et al., 2019a],
where the available power on the DC side of the Microgrid is used to supply the AC side of the grid
appropriately, ensuring voltage limits within grid requirements. Therefore, the power quality of the
main grid is improved.

Relating the different applications of power electronics in power systems, High Voltage Direct
Current (HVDC) transmission, Multi-Terminal Direct Current (MTDC) and Modular Multilevel Con-
verter (MMC) [Jiménez Carrizosa et al., 2018, Gonzalez-Torres et al., 2020, Chen et al., 2014] results
can be adapted for DC Microgrids application, because of the following reasons: they have similar
power converter configuration, differentiated only by their size and power value; the electrical model
and dynamics of the system are similar; the perturbations’ properties can be easily compared to each
other; the control schemes are compatible, besides the gain tuning.

The main challenge in the operation of Microgrids is to maintain a safe operation of the sys-
tem, balancing generation and demand, where the optimal management of the system can be done
through heuristic algorithms or intelligent control. The Microgrid operation address different energy
scenarios, where generation excess/deficit is minimized through optimization methods composed of
cost functions. However, the open-loop feature of optimization systems does not allow to compensate
uncertainties and disturbances. Therefore, MPC closed-loop feature allows corrective actions using
measurements to update the optimization problem, which ensures the optimal operation of the system
[Bordons et al., 2020, Parisio et al., 2014].

The hierarchical control structure of Microgrids performs the separation of the variables according
to time-scales, therefore variables with close time responses are controlled in the same control level.
Hierarchical control are typically composed of three different levels: primary, secondary and tertiary
level. Primary control deals with the stability of currents and voltages at the transient level, on a
time-scale from milliseconds to seconds. The secondary control performs the control of power and
energy of the system through optimization techniques in minutes to hours. The tertiary control deals
with strategic dispatches, according to an energy market or human factors, in the range of hours or
days [Vasquez et al., 2010, Arnold et al., 2009]. A general scheme of a Microgrid is presented in Figure
15.1, where the Microgrid central control contains the hierarchical structure to optimal operation of
the entire system.

15.1.1 Droop control strategy

Droop control strategy traditionally applied in AC Microgrids is also widely applied in DC Micro-
grids for power sharing purposes. This simple strategy is based on the linearized behavior of the system
power flow around a operation point. The output power/current can be used as the droop feedback.
In the Power-based droop, the DC bus voltage reference is given by the power variation in the grid
according to the droop coefficient [Tayab et al., 2017, Tahim et al., 2015, De Brabandere et al., 2007].

VDC,ref = VEC — mpPout (15.1)
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Figure 15.1: A Microgrid composed of central control with hierarchical structure.

where Vpc ey is the voltage reference value for the given operation condition, V} is the rated DC
voltage value. m,, is the droop coefficient and P, is the power output.
In the Current-based droop, the DC bus voltage is the control output, given by the droop coefficient
and the current in the converter.
Vperer = Voo — milout (15.2)

here, Vpc,rey is given by the droop relation according to the current output I,,:. m; is the droop
coeflicient, which can be interpreted as a virtual internal resistance. A general control scheme of the
conventional droop control is introduced in Figure 15.2 according with [Dragicevié et al., 2015].

The droop strategy is associated as an adaptive voltage positioning and the droop coefficients have
a direct effect over system stability and power sharing accuracy. Higher droop coeflicients may bring
better sharing accuracy and damped response, but a commitment must be made not to cause major
voltage deviations. Besides that, the droop coefficient can change the power sharing of the generation
units.

An extension of conventional droop control is to introduce adaptive feature for droop control,
where the droop coefficients become time varying (my(t) and m;(t)), and can change according to a
specific strategy. The adaptive calculation of droop control can consider the State-of-Charge (SOC)
of the ESS or other strong perturbations related to power injection and load demand. With the
dynamic adjustment of the coefficients, the operation of the system and power sharing is improved.
This approach also reduces the effects of the line impedance and also reduce line losses, but the control
parameterization is too complex [Tayab et al., 2017].

15.1.2 Power System Problems

Historically, power systems were based on synchronous machines rotating in synchronism, sharing
power to supply the load, and providing natural inertia (frequency response) following disturbances
or simply changes on operating conditions. This classical scheme is less and less true, because of the
large penetration of power electronic devices like power converters and modern loads.
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Figure 15.2: Conventional droop control scheme for multiple generations units in a DC Microgrid.

Power converters are inherent to the interconnection of renewable energy sources and storage units
as mentioned before, but also by the HVDC lines that are being built to reinforce current transmission
systems. For this reason, inertia is reducing fast, and in some situations, there are grids mostly com-
posed of power converters where the frequency reference is completely lost [Tielens and Van Hertem, 2016,
Winter et al., 2014, Milano et al., 2018]. This situation is a change of paradigm from the classic elec-
tric grid, and power systems practitioners are struggling to keep the grid running. A recent example
of such situation is the 9 august 2019 black-out in the United Kingdon [National Grid ESO, 2019],
where arguably the main cause was the reduction of inertia, and its effect in several power converters
interconnecting distributed generation.

Distributed generation are mostly formed by renewable energy sources, which have power elec-
tronics interface. And so, the power converters do not have an inertial response due to the absence
of a rotating mass, as conventional synchronous generators do. Power converters are unable to natu-
rally respond to load change. Consequently, the frequency response worsens, causing oscillations and
operating margins problems. Thus, the integration of renewables has a direct relationship with the
reduction of inertia in power systems.

The inherent features for systems mainly composed of power converters are:

1. Fast response;

2. Lack of inertia;

3. Harmonic issues;

4. Interaction between controls;
5

. Weak overload capacity.

The converter dominated grid is emerging from a traditional generator dominated grid, therefore
the lack of inertia is becoming a main issue of concern. The grid modernization through power
electronics advancements is a trend research topic in power systems related to Smart Grids. In
this way, energy storage is required to balance generation and consumption in this kind of system,
specially for strong variations on load or generation, when compared to the case of rotating mass
reserve (inertia) and damping winding in traditional synchronous machines that buffer the strong
oscillations maintaining the system’s stability.

15.2 Ancillary Services in Brazil

The main respounsibility of a Transmission System Operator (TSO) is to provide electric power
from generators to the consumers through transmission lines meeting the standardized network re-
quirements (grid codes - obligations of control areas and transmitting utilities) to maintain the proper



and reliable operation of the system interconnection. In this context, the specific services and func-
tions provided to maintain and support the power supply in the grid are called ancillary services.
Ancillary services support the grid to maintain continuous and reliable operation of the system, prop-
erly supplying the loads while keeping stability and security. Traditionally, ancillary services are
provided by generators controlled by the TSO, however the integration of power electronic based
equipment in the network expanded the possibility of ancillary services provision. Therefore, power
electronic devices and generators non-controlled by the TSO are now able to participate on the sup-
port to the grid in several operation modes, which has created a new opportunity in the energy market
[Joos et al., 2000, Wu et al., 2004, Rebours et al., 2007].

The ancillary services provision in Brazil is still very limited because of regulation aspects and
restricted to the generation units controlled by the TSO (composed of hydroelectric and thermoelec-
tric plants). There are some generation units able to operate as synchronous compensators, which
provide reactive power compensation through a formal contract with the national TSO. These are
centralized thermoelectric plants used as operational power reserves. Therefore, power plants non-
controlled by the TSO cannot perform ancillary services, which greatly restrict these services in Brazil
[ANEEL, 2018, ANEEL, 2019a, ANEEL, 2019b].

According to [ANEEL, 2019a], the ancillary services’ provision in Brazil includes the following
supports: a) Primary frequency control, performed by all generating units integrating the national
electrical grid; b) Secondary frequency control, where only the plants that are part of the Automatic
Generation Control, requested by the TSO participate; c¢) Reactive power support, performed by
generation units integrating the network and by plants that operate as synchronous compensators,
under prior authorization from the National Electrical Energy Agency (ANEEL); d) Black-start,
performed by all generation units integrating the network and by plants in compliance with ANEEL,
and on demand from the TSO; e) Complementary power reserve dispatch, performed by centrally
dispatched thermoelectric plants.

In this context, the report in [ANEEL, 2019b] proposes a normative review for ancillary services
provision based on the reduction of the regularization of the reservoirs of hydroelectric power plants
and the high penetration of intermittent renewable sources. It is also proposed to encourage the
expansion of existing services (mentioned above) and the insertion of new services such as:

1. Development of new services for reactive power compensation using photovoltaic plants, reactive
power support for wind power plants and even in the distribution system:;

2. Inertia as an ancillary service through power electronics equipment, aiming at reducing the
connection of thermal plants;

3. Load modulation by distribution agents, performed through the dispatching of power plants not
operated by the national operator, but by the local distributor;

4. Paying for ancillary service provision: payment through ancillary services’ charges by bilateral
negotiation between consumer and the provider, raising the need for the development of an
ancillary services market.

Thus, in the Brazilian scenario, there are still many barriers to the diversification of ancillary ser-
vices provision, being restricted to large generation units controlled by the TSO. Also, technological
adaptation costs and equipment deterioration costs combined with massive insertion of power elec-
tronics’ devices and communication equipment make the valuation of ancillary service provision quite
complex.

15.3 Power Converter Issues

As explained above, recent grid evolution has brought the integration of renewable energy sources,
ESS and loads based on power electronics. But these power converters have different behavior than
synchronous machines. Synchronous machines have an inherent energy storage from their rotational
mass', being able to naturally respond to a load disturbance contributing to system stability, while

ISynchronous generators store kinetic energy proportional to moment of inertia J and the square of their angular
speed, with time response of few seconds.



power converters are directly affected by their controllers with fast response and very low natural
energy stored?. Therefore, power converters do not have the natural ability to contribute to frequency
stability in the active power sense [Poolla et al., 2019, Pattabiraman et al., 2018].

In Microgrids context, power converters use the measured voltage of the network to estimate the
phase angle of the grid, being able to synchronize with the main grid to generate the voltage output,
i.e., grid-following converters. The main issue related to power converters in Microgrids is the difficulty
to implement isolated operation called as grid-forming converters. Grid-forming converters are a great
concern in academia and industry, where numerous studies have been carried out to develop useful
strategies to proper operate electrical grids only composed of power electronics technologies. In this
context, droop control has been widely applied, since it allows power share among power converters
with a distributed control approach.

A crucial issue in power electronics technology is the lack of inertia and interactions between control
as stated by the United Kingdom Transmission System in [Grid, 2014]. In fact, the high penetration
of power electronics based technologies decrease the inertia of the system, bringing frequency stability
problems and reduction of transient stability margins.

The AC/DC power converters like Voltage Source Converters (VSC) are mostly controlled by
Pulse-Width Modulation (PWM) and traditional control schemes in grid-following operation make
these converters behave as current sources®. The Phased-Locked Loop (PLL) is used to synchronize
the converter with the grid by estimating the phase angle of the network, where the calculation of
the voltage reference depends on the grid impedance. Therefore, the control performance is affected
by grid impedance, which makes these control schemes sensitive to grid condition. So, it is necessary
to design a good interaction between the PLL, voltage and current control loops, PWM switching
frequency and the output filter. The match of controllers’ bandwidth can be a very complex task.
Usually, current control loop bandwidth is tuned twenty times smaller than the PWM frequency and
filter frequency is designed accordingly [Jessen et al., 2015, Breithaupt et al., 2016].

Other important issues can be related to power electronics in power systems, where countries in
Europe are dealing as priorities [Rodrigues Lima, 2017]:

1. Decrease of inertia, related to frequency stability;
2. Wrong participation of power converters devices in frequency regulation (control errors);

3. Reduction of transient stability margins due to decreased short-circuit capacity of power con-
verters

4. Resonance and oscillations caused by power electronics;
5. Power electronics controller interaction among the devices (active and passive) in the grid.

In this scenario, new ancillary services and grid support are needed to fulfill the stability re-
quirements for power system operation and reliability. A suitable solution is to develop new control
strategies for power converters changing the original feature of power converters to provide ancillary
services to the network and reduce the power electronics impacts [Joos et al., 2000].

Traditional power systems composed of synchronous generators have a well established time-scale
separation considering the dynamics of the system. Usually, the time constant for frequency and
voltage regulation are related to slow dynamics of turbines (about 10s) and governors (about 1s),
compared with faster dynamics of the exciter (about 50ms), which can deal with the network line
dynamics (time constants about 1 —30ms). Besides that, the time constant of the swing equation and
flux linkages will be given by the flux and swing dynamics. So, in conventional systems, the controllers
are typically designed considering its operational margins and can assure the stability of the whole
system. However, in low inertia systems, the fast dynamics of power converter-based generation bring
interactions among different controllers, affecting the time-scale separation and increasing complexity
[Markovic et al., 2019].

The time-scale separation of power systems including power converter-based generation and the
dynamics feature of low inertia are introduced in Figure 15.3, adapted from [Markovic et al., 2019].

2The capacitors of power converters can store electrostatic energy in order of units to hundreds of milliseconds.
3Usually, VSC have outer voltage control loop and an inner control loop, which is the current control loop



It is presented the physical and control dynamics, considering three different time-scales: signal pro-
cessing, voltage dynamics and frequency dynamics. The voltage and frequency dynamics are related
to the controllers designed for these purposes. The signal processing is associated to the fastest inter-
actions (< 1ms), which may include PWM signals and harmonics from converters, and fiber optics
network communication. Then, the voltage dynamics are associated with larger range time-scale
interactions (> 1ms to < 100ms), which includes the network line dynamics, Automatic Voltage Reg-
ulator (AVR), Power System Stabilizer (PSS), linkage flux dynamics of synchronous machines, and
the Synchronous Reference Frame (SRF) inner control loops of converters. The frequency dynamics
are associated with the slowest interactions (> 10ms to 10s), including the Active and Reactive Power
Control, PLL of power converters, Governors, Turbine and swing dynamics of synchronous machines
[Markovic et al., 2019, Kundur et al., 1994, ENTSO-E, 2013].

Signal Processing Voltage dynamics Frequency dynamics

Grid  |Fibre optic network] | [Network line dynamics|

distribution transmission -
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Power Control
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Figure 15.3: Time-scale separation of power system dynamics considering conventional synchronous
generators and power converters integration.

In this sense, the controllers and Low-Pass Filter (LPF) of power converters have faster dynamics
than synchronous generator controllers, resulting in control interactions and causing stability issues,
since they have different time constants as shown in Figure 15.3. So, power converters can potentially
impact in the frequency regulation in low inertia systems, affecting frequency dynamics and the
associated fast transients. The result is the deterioration of protection schemes that consider the
limitation of frequency Nadir* and Rate of Change of Frequency (RoCoF) due to incompatible control
strategies interacting with the main grid under high penetration of power electronic-based generators.
The transmission line dynamics also interact with the dynamics of power converters’ controllers,
where the fast behavior of these dynamics can amplify the interactions. Therefore, when the X/R
impedance ratio is high enough, the time constant of the line is able to suppress the gap between
faster dynamics of power converters and slow dynamics of synchronous generators, acting as a buffer,
improving the system stability. However, in distribution lines, the lower X/R relation restricts the
operation and control of voltage and frequency, hindering system’s stability. In this case, virtual
impedance application may be a feasible solution for these stability issues.

15.3.1 Inertial response and low inertia issues

Since power converters’ based generation is not able to provide natural frequency support (sub-
second and primary controls), the reliability of renewable generators and Microgrids can be dramati-
cally reduced. Consequently, the frequency response of the system as a whole can be affected, which
is an European concern [Breithaupt et al., 2016].

A reduced inertia may cause higher frequency excursions during and after a contingency and also
increase the RoCoF. RoCoF is used to indicate load disconnections (Load Shed) and in protection
schemes to detect the disconnection of generation units. Therefore, faster frequency ancillary ser-
vices, inertial response emulation and increase of grid code requirements for RoCoF were proposed by
[Grid, 2016, Eirgrid, 2012].

The active power response for a system with inertia (natural or virtual) depends on its inertial
constant (H) and the derivative of frequency as:

2H df
AP,, = ~a (15.3)

4Frequency Nadir is defined as the minimum value of frequency reached during the transient period.




where f is the measured frequency and fj is the nominal grid frequency.

The inertial power variation (AP,,,.) is proportional to the RoCoF, then its maximum is just after
a frequency disturbance and it goes to zero when a new equilibrium point is reached. Let us consider
a disturbance like a load increase (or generation loss) in a power system with primary reserve used
to hold the frequency drop. The behavior of frequency deviation and the inertial power variation are
depicted in Figure 15.4 from [Rodrigues Lima, 2017]. In this case, the frequency Nadir is reduced
when the inertial support takes place, which means that inertial power helps to improve frequency
variations.
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Figure 15.4: Inertial response scheme with a primary control.

This is a natural response of synchronous machines, but power electronics devices may mimic
this phenomenon as a virtual inertia approach. The synthetic inertial response after a contingency
can be a very good solution to systems presenting lack of inertia due to power electronics interfaced
connections, since it results in an equivalent behavior of synchronous machines. The main difficulty
in this process is to measure the frequency, when it is not possible to use the angular velocity of a
synchronous machine (Power converters based grids). Therefore, the PLL can be used for frequency
measurement in this case.

15.3.2 Frequency problems in weak power systems

Frequency stability issues caused by power converters have stronger impacts in weak grids and
Microgrids, since they already have small inertia constants. Anyhow, reduction of system’s inertia
affects frequency deviations even in strong grids, since the arrival of renewables. The Electricity
Reliability Council of Texas (ERCOT) has reported a continuous decline in the inertial response of its
system and recommends additional inertial response [ERCOT, 2013]. Also, the European Network of
Transmission System Operators for Electricity (ENTSO-E) has reported frequency violations growth
related to large renewable integration in the grid [ENTSO-E, 2017]. So, frequency problems have a
straight relation to renewables penetration and power converters based grids.

Frequency limits are imposed by TSOs, and these limits are well defined in grid codes. For example,
the IEEE recommends a tight frequency operating standard of £0.036 H z for grid-connected systems,
but for off-grid operation in Microgrids and isolated systems, the limits are redefined to fit limitations
of this kind of operation. In the North American Reliability Corporation (NERC) the recommendation
is to start load shedding when the frequency drops bellow 59.3 Hz to re-balance the system®. For
variations lower than 57 Hz or higher than 61.8 Hz, the NERC recommendation is to disconnect
generators units. To highlight the regulatory differences between grid-connected and isolated modes,
Table 15.1 is introduced from [Tamrakar et al., 2017]. Generally speaking, the limits for island mode
are relaxed compared with grid-connected mode, allowing variations of +1.5Hz in frequency, and
up to £9 Hz for critical periods according to ISO 8528-5 standard, which provides a guideline for
frequency in off-grid context.

5Nominal frequency in this case is 60 Hz.



Table 15.1: Microgrid operation standard for frequency levels.

Grid-connected \ Island mode
Frequency: main grid task Freq. primary controller by VSC
Small number of critical deviation Low inertia with critical deviations
IEEE ISO 8528-5
Recommended range: +0.036 Hz Nominal range: +£1.5 Hz
NERC Critical range: +9 Hz
Freq. < 59.3 load shedding Recovery time: 10 s
Freq. < 57 or > 61.8 disconnect generator Maximum RoCoF: 0.6 Hz/s
EN50160
49.5 to 50.5 Hz for 95% of a week
47 to 52 Hz for 100% of a week

15.4 Virtual Inertia and Inertial Support

Virtual or synthetic inertia consists in emulate in power electronic devices the energy stored in
rotational mass (inertia) of synchronous generators, such that the power converter is able to have
natural frequency response. The definition of Synthetic Inertia from [ENTSO-E, 2017] is:

“A facility provided by a Power Park Module or HVDC System to replace the effect of Inertia of
a Synchronous Power Generating Module to a prescribed level of performance.”

The concept of virtual inertia implementation through power converters has first appeared in
[Beck and Hesse, 2007]. The synchronverter concept was then developed [Zhong and Weiss, 2010],
subsequently called as Virtual Synchronous Machine (VSM)® in [Sakimoto et al., 2011]. These are
composed by power converters that mimic or behave like synchronous machines. In this way, it is much
easier to integrate such systems to the power network, providing a framework that practitioners are
well acquainted with [Van et al., 2010, D’Arco et al., 2015b, Tamrakar et al., 2017]. These VSMs have
raised much interest in recent years and have been widely applied to improve frequency stability and to
provide inertial support in weak grids and Microgrids [Torres and Lopes, 2013, Shrestha et al., 2017,
Zhong, 2016].

Virtual inertia uses a combination of control strategies, Distributed Energy Resources (DER), as
renewables and storage systems, and power converters to emulate the inertia of conventional syn-
chronous machines. The control algorithm for virtual inertia approach can be implemented in a power
converter, where the mathematical equations describing the inertial response are used to synthesise
the control signal sent to the converter. Therefore, power converters become capital devices able to
emulate inertia based on a control scheme. PV’s and ESS with VSC converters (inverters), wind
turbines with back-to-back converters and even HVDC links with multilevel converters can apply the
virtual inertia approach to contribute with inertial response for the grid. The key element to emulate
inertia in this case is the available energy from DER to proper inject power following inertial feature
[Poolla et al., 2019, Tamrakar et al., 2017, Bevrani et al., 2014].

VSM reproduces the dynamic properties of a real synchronous generator in a power electronic unit,
in order to achieve the inherent advantages of a synchronous machine for stability improvement. It
can be applied in either strong grids on power converters based integration or in Microgrids.

The inertial response of a typical power system is given in less than ten seconds duration, where the
synthetic inertia approach provides its contribution to improve system stability. The frequency Nadir
can be greatly reduced along with high RoCoF thanks to inertial behavior created by this approach.
Virtual inertia features can also improve the governor response, highlighting its contribution to primary
control in general. Therefore, virtual inertia must operate in a short time range in autonomous way like
inertial response from synchronous generators. The advantage here is that the inertial time response
(H) can be adjusted as needed”, and even can become a state variable to behave, such that, frequency
stability is improved.

6Note that VSM is said as the VSC operating as a synchronous machine.
"The comparison can also be done with moment of inertia J.
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15.4.1 Virtual inertia topologies

The basic concepts of virtual inertia in the literature are quite similar, even because as shown
above, its definition is related to its effect and not to the means to obtain it. Hence, there are
various topologies distinguished by their model and implementation strategy. A topology may mimic
the exact behavior of a synchronous machine, by applying the mathematical model of such machine,
while other approaches applies directly the swing equation of synchronous machines to simplify the
implementation on power converters, and yet others incorporate a responsive DER to respond to
frequency changes. Next, the main topologies described in literature are discussed.

Synchronverter

Synchronverters developed in [Zhong and Weiss, 2010] are based on the dynamical equations of
synchronous machines from the network point-of-view. Such control strategy allows a traditional
operation of the power system without major changes in the operational infrastructure. The electrical
torque (T%.), terminal voltage (e) and reactive power (@) result from the equations written in the
converter such that, a synchronous generator behavior is captured. A frequency droop strategy is
applied to regulate the output power from the converter. The equations to model the synchronverter
are:

Te = Mfifig sin 6 (154)
e=0M;yissinf (15.5)
Q= —0M;yifi,cosf (15.6)

where My is the magnitude of the mutual inductance between the field coil and the stator coil, i is
the field excitation current, 0 is the angle between the rotor axis and one of the phases of the stator
winding, and i, is the stator current.

Figure 15.5 presents the block diagram of the proposed control scheme of a synchronverter pre-
sented in [Zhong and Weiss, 2010], where 7 and v are the current and voltage feedback used to solve
the equation within the controller. J is the moment of inertia and D, is the damping factor, which
are arbitrary control parameters used to impose desired dynamic behaviour. The design of these pa-
rameters is intrinsically related to the stability properties of the system and will dictate the RoCoF,
frequency Nadir and power injection limits to keep the grid requirements.

To PWM

Modeling
Equations

Feedback from
Converter

Amplitude |

) 4
calculation

Figure 15.5: Control diagram of a synchronverter.

The frequency and the voltage loops are used to generate the control inputs: mechanical torque
T, given by the active power reference P* from the swing equation and excitation variable My¢iy,
given by the desired voltage amplitude in the terminal v* and the reactive power reference Q* from
the droop strategy. The voltage loop have a droop constant D,, where the measured reactive power
is compared to its reference (Q*). The resulted signal is then integrated with a gain K, to eliminate
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steady-state error, resulting in Myiy. With Myiy, it is possible to generate e, which is the first control
output for the converter related to the modulation index (voltage amplitude regulation). A virtual
angular frequency is generated (w) from the swing equation loop, hence its integral 6 can be calculated
to be the reference for PWM, which is the second control output of the converter related to power
injection.

In the synchronverter topology, PLL is only used for initial synchronization and frequency mea-
surement purposes, since the frequency loop from swing equation generates a natural ability to attain
synchronism with the terminal voltage. A self-synchronized version of this approach is introduced in
[Zhong et al., 2013], greatly improving the stability performance, because PLL application may lead
to instabilities in weak grids. In the synchronverter topology, the frequency derivative is not necessary
for the control implementation, which is a great advantage since frequency derivative computation
may bring noise and poor control performance. Another great advantage is the fact that voltage
source implementation allows grid-forming operation for isolated systems. Synchronous motors can
also be obtained when this topology is applied to the power electronic based loads (rectifiers), helping
with inertial response in the load side [Ma et al., 2012]. Concluding, synchronverters is seen as a great
solution for power converters based application in power systems to improve system’s stability.

ISE topology

The ISE lab topology is based on the swing equation of a synchronous machine, where the power-
frequency relation is used to emulate the inertial response of the system [Sakimoto et al., 2011]. In
this strategy, the voltage v and current ¢ on the output converter is measured to compute the grid
frequency wy (which can be done by the PLL) and the active power output P,,;. The swing equation
of this approach is written as follows, where the phase angle # can be computed to generate the signal
for PWM:

dw,
Piy — Py = me% + Dp(wi — wy) (15.7)

where 0 = f wmdt, Py, is the active power input given by the prime mover and w,, is the virtual rotor
speed.

A governor model is used in this case to control the grid frequency (wy) to its reference w*. The
prime mover power input reference P, is computed by a first order system with gain K and time
constant Ty, where Py is the active power reference received from a higher level controller.

sl (9) — ()] (158)

The voltage reference (e), can be implemented via @ —V droop control to generate the amplitude
reference for the PWM. Similarly, P — f droop control may be applied to generate the power reference
P;, instead of a prime mover approach. The general scheme of ISE topology is illustrated in Figure
15.6 from [Tamrakar et al., 2017].

Pm(s) = P() (S)

S Converter

P , AC bus

t | Virtual Inertia |—%{ PWM | N Grid
i Control loop 2> generator | |

E \ J ]

\ P Wy Pout ] L{’J

b N i DC bus

i Power and Vi ]

: frequency ;

] Calculation ]

Figure 15.6: General control scheme of ISE lab topology for virtual inertia.

As in the synchronverter approach, frequency derivative is not required in the present case, what
improves the control performance, avoids signal pollution and can be applied for grid forming units.
Nevertheless, a poor design of swing equation parameters (J and D)) may result in oscillatory behavior
and instability problems.

12



Virtual synchronous generators

Virtual Synchronous Generators (VSG) is a Frequency-Power response based topology that em-
ulates the inertial response feature of synchronous generators focused on frequency deviation im-
provement. It is a simple way to insert inertial characteristics in power converter units®, since it
is not necessary to incorporate the detailed equation of synchronous generators. VSG can be eas-
ily compared with standard droop controllers, but they can also provide dynamic frequency control,
unlike droop controllers that only have steady-state performance. The dynamic frequency control
is implemented by frequency derivative measurement, where the system reacts to a power imbal-
ance [Van Wesenbeeck et al., 2009, Torres and Lopes, 2009]. So, VSG provides a power output (Pysq)
according to frequency deviation, which equation is written as follows:

dAw
dt

Pysg = KpAw + K7 (15.9)
where Aw = w — w* is the frequency deviation and dAw/dt is the RoCoF. The gains Kp and K
represents the damping factor and the inertial constant respectively, based on a synchronous generator
model.

The inertial constant (K7) impact the RoCoF improving the dynamic frequency response, which
is a suitable solution for isolated systems where the RoCoF may have high values, harming system
stability. Therefore, this approach can be applied to enhance RoCoF values, and the damping constant
(Kp) have the same effects of a P — f droop controller. In this topology, a PLL must be used to
measure frequency deviation and RoCoF, which can be challenging, since the harmonic distortions
and voltage variations may lead to poor control performance, while, in the other topologies, PLL is not
really necessary. The VSG scheme is depicted in Figure 15.7 adapted from [Tamrakar et al., 2017].

Converter
R AC bus

L (2Yhos ~ 4@ Current | [T PWM | | | Z _

N CE Control [ |generator [: Grid
E vag I E
: i L

DC bus

dAw/dt
dAw / Phase

Locked Loop

VSG topology

_______________________________________________

Figure 15.7: General control scheme of VSG topology for virtual inertia.

VSG can be seen as a dispatchable current source, where P, is used to calculate the current
reference for power converter control loop. Equation (15.10) presents the current reference I; related
to active power injection:

I} = EM (15.10)
3 Vi+ Vg
where V4 and V; are the voltages in dq reference frame from Park transformation, @) is the measured
reactive power.
The reactive power can also be controlled by calculating current reference I; related to reactive
power injection:

o 2VaQ" —VoP
Iy =3 GEaE (15.11)
where Q* is the reactive power reference, which may be obtained by a droop control strategy, and P
is the measured active power in the grid.

VSG topology is used by the European VSYNC group, because of the simplicity and effectiveness
features of this approach. When applied as current sources as described in equations (15.10) and

8Power converter units can be understand as a generalization for DER integrated via power converters.
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(15.11), VSG approach is not able to operate as grid-forming unit. Also, the inertia is not emulated
during power input variations, but only in frequency variations. And the main problem of this
approach is the complexity to compute and measure frequency deviations and RoCoF, since the
derivative operation involves noise pollution and stability issues?. Stability problems can also be
noticed, when cascaded control loops are used, such as PI controllers with an inner-current loop and
an outer-voltage loop for converters. This happens because the gains of these controllers may be

complex to tune, which results in inaccurate control performance [Midtsund et al., 2010].

Droop based topology

The droop control is a well known approach used for power sharing both in strong grids and
Microgrids without the need of communication among distributed generation units, which contributes
for an easy application. The designed control loop is composed by P— f and @ —V droops considering
an electrical grid with inductive impedance (X >> R) and large amount of inertia, which is the case of
conventional power system with high voltage transmission lines. In the classical case, equations (15.12)
and (15.13) model the droop relation. But, when dealing with Microgrids composed of medium and
low voltage lines, in many cases the impedance is not inductive (X &~ R) and the active and reactive
power decoupling is not true. Then, the traditional droop relation (P — f and @ — V') is not applicable.
In fact, in resistive lines, the reactive power will depend on the phase angle (or frequency) and the
voltage is related to the real power exchange. Therefore, an opposite droop may be addressed by
P —V and Q — f droops to provide proper power sharing [Chang et al., 2015].

The steady-state equation that relates frequency and active power is given as:

wg = w* —my(Py — P¥) (15.12)

where wy is the grid frequency, P, is the power in the generator, P* is the active power set point and
w* is the grid frequency reference [De Brabandere et al., 2007].
The steady-state equation for voltage droop equation is written as:

V=V~ mg(Qm — Q") (15.13)

where V is the grid voltage amplitude, V* is the nominal voltage reference, @, is the filtered reactive
power, Q* is the reactive power set point [Dohler et al., 2018].

Droop strategy has only steady-state properties, with no dynamical contribution to frequency or
voltage regulation. This is because the droop equations only includes frequency and voltage devi-
ation. Therefore, the result is a slow transient response with improper active power sharing. In
addition, droop control is not able to bring the system back to the original (or desired) equilibrium
point. The inclusion of a frequency derivative term can bring a inertial response for droop strategy,
approaching the VSG control scheme and can be compared with the following virtual inertia strategy
[De Brabandere et al., 2007, Mohd et al., 2010].

Another approach to provide virtual inertia is to insert a time delay in the active power response,
to emulate the inertial behavior of a synchronous machine [Arani et al., 2014]. In droop control
applications, the measured output power is filtered to avoid noise and high frequency components
from power converter switching. Usually, a low-pass filter with a suitable time constant is applied, so
the filter will induce a slower behavior in active and reactive power that can be compared with the
inertial behavior of a synchronous machine [Soni et al., 2013]. Consequently, the droop control with
a well designed filter may be used for virtual inertia purposes. A standard low-pass filter for active
power can be described as follows:

L p.(s) (15.14)

Po*ut(s) = m m

where P}, is the filtered output active power measured in the system, T is the filter time constant

and P,, is the measured active power.

9PLL performance problems can also be cited here, since may bring steady-state errors and instability mainly in
weak grids application. So, this approach requires robust PLL implementation [Svensson, 2001].

14



According to [D’Arco and Suul, 2013], applying the filter dynamics (15.14) in the frequency droop
equation (15.12), we may result in the following expression that presents a virtual inertial component,
which is the frequency derivative term:

! 1y do,

out — Pm = mip(W* _wg) + m, dt

(15.15)

where the derivative term is equivalent to the inertial response, which results in a low-pass filter with
analogous function of a virtual inertia approach. It is necessary to correctly tune the parameters of the
droop regulator to obtain a small-signal behavior of a synchronous machine [D’Arco and Suul, 2013].

15.4.2 Virtual Inertia Control Application

The VSM can act to provide transient power sharing and primary frequency support independently,
using only local measurements. VSM can also be implemented with no need of PLL, being used just
for sensing the grid frequency or during initial machine starting'®. As result, VSM are conceptually
simple thanks to intuitive interpretation as synchronous machines responses [D’Arco et al., 2015a,
Tamrakar et al., 2017]. The VSM is implemented to provide frequency reference output, with the
power flow been related to inertia emulation and the angle from the swing equation, while voltage
amplitude and reactive power control is made separately by the modulation index in the converter.
The VSM scheme is introduced in Figure 15.8, where the direct application of VSM concept is built,
which means that the voltage amplitude and the phase angle are directly used to generate the PWM
signal in the converter [D’Arco and Suul, 2013].

Inertia
6 [Emulation ‘P_L Power
lc. €]
Voltage <Q_|— ca
€ |Regulation

Figure 15.8: VSM general control scheme for a Microgrid integration.

To develop a VSM, it is necessary to implement the swing equation of a Synchronous Machine in
the VSC control structure as detailed in [Zhong and Weiss, 2010]. In the following, it is presented the
general swing equation of a synchronous machine applied for VSM implementation, where the inertia
acceleration is represented by the power balance and a damping factor:

1
Z[Pref = P = Dy(woom — wy)] (15.16)

a):

where 0 = wysm — wy is the frequency deviation, wysy, is the VSM’s frequency, H the virtual inertia
coefficient and D), the damping factor. P,.y is the active power droop reference and P is the measured
power into the AC grid.

The inertia coefficient is defined in [Kundur et al., 1994]:

2
H= 2:5{“0 (15.17)

where S,om is the nominal apparent power of the VSC converter, w, is nominal grid value and J is
the emulated moment of inertia. In (15.17) it is evident the inverse ratio between moment of inertia
and its time constant, H given in seconds.

10The swing equation of VSM allows interactions with the grid frequency, influencing its behavior.
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The electrical model applied here was developed in two parts: the Microgrid with an output LC
filter, and the VSM model. The VSM with proper virtual inertia parameters is applied to improve
frequency stability and reduce power oscillations in the grid. The synthetic inertia scheme is incorpo-
rated in a VSC converter connected to an AC Microgrid composed by a diesel generator and loads.
The DC side of the grid is formed by a DC Microgrid able to provide energy (ancillary services) to
the AC side of the grid. The DC side of the grid is summarized here as voltage Vg.. The electrical
model of the system is depicted in Figure 15.9.

The VSC converter has a LC filter, represented by L. and C., connected to the Point of Common
Coupling (PCC) with the AC Microgrid. The line impedance is represented by L; and the active
losses are given by R;. The state space model of the system can be written as:

Lea= —% ed T Woleg+ %chdcmd - ‘E’Cd (15.18)
Ig= —%’Ic,q —wylq+ zichdcmq - ‘26;‘1 (15.19)
Ved = ch - gd +wgVeq (15.20)
Veg = IC: - I(ljj —wyVea (15.21)
L= —%llz,d +woly g + ‘;ld - ‘Z’Zd (15.22)
Lg= —%llz,q —wgliq+ VLClq - ‘%; (15.23)

Ve,dq is the voltage on the LC filter capacitor C. and I 44 is the current on inductor L.. I; 44 is the
SRF line current and the modulation indexes are mq and m,. V; is the voltage on the diesel generator
and Pjoaq and Qjoqq are the active and reactive power demand of the load in the AC Microgrid
respectively. The angular speed is given by wg, where wy = 27 f,.

DC Microgrid LC filter PCC AC Microgrid
Rf’ LC I Ll Rl ‘/l

1DC .
i Gl i ey I e
a Pload

Va AC iPg C.

1 VSC —_|— : €7— -

NSRS

Figure 15.9: Virtual Synchronous Machine (VSM) connected to an AC Microgrid based on diesel
generation.

The scheme of the proposed control strategy is composed by the active and reactive power control,
given by the droop controllers. The active power control provides the power reference for the swing
equation of the virtual inertia to generate the power angle of the converter. Here, the control system
is used to directly generate the voltage references for PWM signals driving the power electronic
conversion. Modulation indexes (mg and mg) provide the signal reference to obtain the desired
sinusoidal waveform for voltage and current output (V. and I..) on the VSC converter in synchronism
the diesel generator, such that, the ancillary services purposes are accomplished.

According to the control target, frequency (wysm) and voltage (V. 4) are chosen as the control
outputs. Modulation indexes (m4 and my) provide the reference to generate the PWM signals, where
mgq and my are transformed into phasor signal with amplitude m and phase 6, chosen as the control
inputs. The angle is given by 6,4, from the swing equation in (15.16) and voltage reference V¢ q4,., 7 is
given by the droop strategy in (15.13):

Vdc
L0 = Ve, Lbuom (15.24)

The signal obtained in (15.24) is the reference signal for the PWM modulation, making possible to
emulate inertia in the VSC.
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Stability analysis

The stability analysis of the virtual inertia can be compared with the conventional stability analysis
of synchronous machines. The swing equation can be rewritten considering the total inertia of the
system and defining & = wysm — wy:

M@ = Py, — Ppas sin(é) — D& (15.25)

where § is the power angle, Praz = |Vism||Vy|/Xeq is the maximum power for the remaining of the
grid and the VSC converter. D is the equivalent damping factor and M is the equivalent inertia
coefficient given by [Gonzalez-Torres et al., 2018]:

HusmH rid
M =_—Emoome 15.26
Hvsm + ngid ( )
Hysm and Hg,iq are the inertia coefficient of the VSM and the remaining grid respectively.
The equivalent input power is given by:
H T vam - HvsmP
p,, = =9 g (15.27)

Hvsm + ngid

If the damping term is neglected and the swing equation in (15.25) is multiplied by @, the following
equation is arranged [Machowski et al., 2011]:

Moo — (P — Prgs sind) = 0 (15.28)

To find a positive function, equation (15.28) is integrated from its equilibrium point (6¢ = 9,
we =0):

@ 5
Wy = / M&odo — / (P — Pz sind)ds = C (15.29)
0 )

where C' is a positive constant.
The Lyapunov candidate is given by the energy function of the system [Machowski et al., 2011]:

Wi = $M&? — [Py (6 — 6) + Prga(cosd — cos )] = (15.30)
EL + Ep

where the kinetic energy is given by Ej = %M @&? and potential energy given by E,=—[Py(0 — 5) +
Prnaz(cosd — cos d)], with respect to the equilibrium points (6¢ = 6, @ = 0). The energy function is
positive definite around the considered equilibrium point.

The time-derivative of the Lyapunov function can be calculated as follows:

OBy, do | 9E, ds

Woi=at 9 a

(15.31)

Therefore,
Wyi = @M@ — (P, — Prag sin 6)@ — D&? (15.32)

The result is a negative semi-definite function of the time derivative of the Lyapunov function
[Bretas and Alberto, 2003].

Wy = —-D&? <0 (15.33)

where one can see that the energy of the system is dissipated proportionally to the damping factor
and the frequency deviation. Therefore, the given equilibrium point can be shown (using Barbalat’s
Lemma) to be asymptotically stable [Machowski et al., 2011, Kundur et al., 1994].
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15.4.3 Application Example

The proposed model was built on Matlab/Simulink using SimScape Electrical toolbox. The VSC
converter interfaces the DC Microgrid to The AC one, which is composed of a diesel generator and
loads, as depicted in Figure 15.9. The diesel generator in the AC Microgrid has a Governor (speed
control) to control the frequency and active power. The control parameters of the governor are
presented as follows: Regulator gain K = 150 and time constant 7., = 0.1s, actuator time constant
Toct = 0.25s and engine time delay Ty = 0.024s. The AVR is implemented to control the excitation
of the machine, terminal voltage and reactive power regulation [Lee, 2016]. The AVR parameters are
presented as follows: Voltage regulator gain K,, = 400, time constant T,, = 0.02s and low-pass filter
time constant 7}, = 0.02s.

The VSM and the AC grid parameters are presented in Table 15.2. The nominal frequency of the
grid is f, = 50H z and the nominal power of the diesel generator is Sgjese; = 2MV A with V; = 400V
rms nominal voltage, 2 pairs of poles and inertia coefficient of Hyjese; = 3s. The Q-V droop coefficient
is K, = 0.3.

Table 15.2: Microgrid parameters

VSC Spom = IMVA | f, =20kHz | Vepom = 400V
LC Filter | R.=20mQ | L.=0.25mH | C, = 150uF
VSM Ky =20 D, = 50 H, = 25
AC grid R, = 0.10 Ly = 0.01mH | Vi pom = 400V

Here, the VSM has a nominal power of S, = 1MV A and same nominal rms voltage as the grid
Vism = 400V, where these values are the base for per unit transformation. The active and reactive
power demand for the load in the Microgrid is introduced in Table 15.3.

Active power (P) and reactive power (Q) injected by the VSC converter are controlled in their
references (P* and Q*), given by a higher control level, according to power dispatch schedule. The
controlled active and reactive power are presented in Figure 15.10. Active power is well controlled,
following the reference with small overshoots during the load changes. The reactive power is controlled
to maintain the voltage regulated in the desired value, and the reactive power reference is given by a
secondary control. The steady-state errors in reactive power are due to the droop control feature.
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Figure 15.10: The controlled active and reactive power in the VSC converter of the Microgrid.

The VSM have about the same power level of the main generation, given by the synchronous
machine. Then, in this case, the operation of the generator is affected by the power converter and the

Table 15.3: The AC load power demand.
Time [s] 0 |4 |12 |23 |3l
Active power [MW] | 0.5 | 1 1.8 | 1.8 | 1.3
Reactive Power [kW] | 50 | 100 | 200 | 150 | 100
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dynamic of the system is completely changed, so the power variations in the machine in combination
with the VSM assures the stability of the system. The diesel generator has a governor to control
the frequency without steady-state error, acting as a primary frequency controller. Voltage and
machine excitation are regulated by the AVR control, according with standard paramatrization of the
controllers and also ensure the elimination of steady-state error in voltage. Therefore, it is clear that
the power response of the synchronous machine is slower than the power variations in the VSM. And,
the VSM participates in the operation of the network, contributing to the system stability together
with the diesel generator.

The voltage on the PCC is controlled according the P — V voltage droop. The voltage amplitude,
given by V. 4 is introduced in Figure 15.11, where the overshoots are caused mainly during the load
changes and the reactive power reference changes. But, even with deviations, the voltage operates
within the established limits
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Figure 15.11: The voltage amplitude profile on the PCC.

The frequency of the grid and its reference are depicted in Figure 15.12. The diesel generator has
a governor to track the frequency in the desired value, therefore, there is no error in steady-state.
The virtual inertia with the droop equation provide the power sharing with the VSM. As result, the
frequency has some transient overshoots during load changes and when the active power injection
dispatch changes in the VSM, but remains with good transitory behavior, and quick response to
disturbances. The VSM provides a better frequency response to the system, decreasing frequency
variations improves the speed of convergence during transients.
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Figure 15.12: The controlled frequency from the VSM approach.

Next, the frequency deviation (Aw) and the frequency RoCoF is introduced in Figure 15.13, where
the operational margins of the grid can be analyzed, as the maximum frequency deviation and the
rate of change of frequency. These operating margins are given according to the limits imposed by
load and power variations, that can trigger load shedding and machine disconnection procedures.
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Figure 15.13: The frequency deviation (Aw) and RoCoF.
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15.4.4 TIsolated operation

In the context of Microgrid operation, errors and failures may exist. In the event of a diesel gen-
erator failure, the Microgrid converter must be able to operate stand-alone, controlling the frequency
and voltage in the network within the established grid requirements. In this case, it is possible to use
the concept of virtual inertia and droop control to maintain the operation of the system. An example
is provided here, where only the VSM is supplying the AC loads from the DC side of the Microgrid,
i.e., no rotating machines are connected into the system.

Considering the VSM as the main generation, the P and @ dispatch is provided, such that the
frequency and the voltage is controlled. Therefore, the reference values of the droop equations (15.12)
and (15.13) are set to zero (P* =0 and Q* = 0). The swing equation of the VSM becomes:

1
7l

o=

Py — P — Dp(wysm —w™)] (15.34)
where @ = wysm — w*. The swing equation in (15.34) can be applied for isolated operation of the
Microgrid. The droop equations can be expressed as follows:

Pro = —Ko[wosm — w°] (15.35)
Vedpey = Ko[Vea = Vi — KQ (15.36)

where K, is the voltage droop coefficient.

The simulation of the full converter operation is built considering the same Microgrid parameters
of previous simulations. Table 15.4 presents the load variation during these simulations. The power
generated in the VSM is to attend the load demanded power of the Microgrid, such that the frequency
and the voltage are regulated. The active and reactive power injected by the VSM are introduced in
Figure 15.14. The power response of the VSM model is slower than the traditional control of power
converters, to emulate the behavior of a synchronous machine.

Table 15.4: The AC load power demand in stand-alone operation.
Time [s] 0 4 12 | 23 31
Active power [MW] | 0.25 | 0.55 | 0.9 | 0.55 | 0.25
Reactive Power [kW] | 50 100 | 200 | 100 | 50

o3l =
3

50.6- 1

a

0.2 1

Ol I I I I I I
0 5 10 15 20 25 30 35

Time [s]

Figure 15.14: The active and reactive power from the VSM in the stand-alone operation.

The voltage on the PCC and the grid frequency are presented in Figure 15.15. The voltage and
the frequency present steady-state errors due to droop control behavior. Therefore, when the power
demand of the load increases, the voltage and frequency values are stabilized below their references,
which can be more clearly seen at 12 and 23 seconds of simulation. The transient overshoots are
caused by the load change, with larger variations when compared to the system operating with the
diesel generator, where the smallest value of frequency is 48.7 Hz during transients. In this case, the
voltage and the frequency varies according to the operating condition of the system, with steady-state
errors.

The frequency deviation and the RoCof are depicted in Figure 15.16. In this case, the frequency
deviation is much larger than in previous simulations with the diesel generator in operation, and also
has a steady-state error. But the frequency RoCoF have smaller peaks when compared with the
previous simulations.
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Figure 15.15: The voltage profile and the grid frequency in the stand-alone operation.
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Figure 15.16: Frequency deviation and RoCoF in stand-alone operation.

An integral term from a secondary level control can be inserted in the droop control equations
to eliminate the steady-state error of the frequency and the voltage of the system, improving the
operating margins and power quality. Therefore, the droop equations are rewritten as follows:

Prey =—K, [Wosm — w*] — Kgay, (15.37)
Ved,e; = Ky Vea — Vc»:d} - K,Q - K a, (15.38)
where the integral gains are K and K¢, the integral terms are given as ay, = [(wysm — w*)dt and

Ay = f(‘/c,d - ‘/cfd)dt

The following simulations show the behavior of the system when the integral terms representing
the secondary controller are employed. The Microgrid parameters are kept the same and the load
variations are presented according to Table 15.4.

The voltage profile on the PCC is introduced in Figure 15.17, where the steady-state error is
eliminated by the secondary control, improving the voltage profile. The same behavior can be seen in
frequency, where the steady-state error is eliminated, remaining only the transient overshoots during
load changes. The transient levels can be reduced according to the secondary control tuning. The
frequency behavior with the integral term is introduced in Figure 15.18.
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Figure 15.17: Voltage profile on PCC applying the integral term.

The frequency deviation and the RoCoF are presented in Figure 15.19, where frequency deviation
is reduced without steady-state error.
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Figure 15.19: Frequency deviation and RoCoF when the integral term is applied.

15.5 Conclusions

In this chapter, an introduction for Microgrid issues is drawn introducing standard control tech-
niques for frequency, inertial stability and power share. The ability of a DC Microgrid to provide
ancillary services to an AC grid is highlighted where the virtual inertia approach rise up as a suitable
solution for frequency regulation and inertial support. Also, voltage support is given by droop control
strategies.

Energy storage and renewable sources technologies may be applied to improve grid support from
the DC side of the system. In this way, power converters issues as support to low inertia grids bring
great impacts to modern grids affecting the inertial response of the power systems based on power
electronic devices. Power converter issues are discussed considering the dynamics of the system and
their time-scale properties. The inertial response and the frequency problems are brought to the
context of weak grids, where ancillary services can be applied to improve the system operation.

Different virtual inertia approaches are presented in the chapter, where the Virtual Synchronous
Machine (VSM) is detailed. A stability analysis for the Synchronous Machine approach is conducted
and an application example is provided highlighting the operation combined with traditional syn-
chronous generators and stand-alone operation. The frequency parameters as frequency Nadir and
RoCoF are discussed, and inertial support is improved when compared with typical control strategy
for power electronic based grids.
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