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ABSTRACT

The idea of microgrid is to integrate selected number of DGs with proper control strategy and
loads and should have a PCC (point of common coupling) point for connection/disconnection
with the grid. While connected to grid, it is called working under grid connected mode and the
inverter operates in constant current mode or P/Q mode. Due to certain faults or interruptions
PCC point is opened and microgrid function autonomously and hence it is referred as working
under autonomous mode or islanded mode. In autonomous mode, microgrid operates in

constant voltage control mode or V/f control mode.

In microgrid, selected number of distributed sources are operated in parallel to each other and
interfaced via power electronic devices resulting into large number of power electronic devices,
so their dynamic stability needs to be studied. Here the state space modelling of whole system
is done which is used for stability analysis and designing of filters and droop gains and other
major parameters. Moreover, control strategy is developed based on state space equation and

simulation study is performed for verification of controller design in time domain.

This report presents systematic small signal modelling approach for grid connected mode as
well as autonomous mode. DER (Distributed Energy Resource) unit is represented by a dc
voltage source interfaced through power electronic devices for supplying suitable loads.
Modelling is done for these elements and then control strategy is developed for proper
regulation of output power in grid connected mode and regulation of voltage and frequency in
autonomous mode. Each subsystem is modelled separately and then all are interfaced. All
modelling and simulations are done in MATLAB. Eigen value analysis is done to observe
states causing unstability and the range of their values for stable operation is determined and
optimal design of LC filter, controller parameters and damping resistance is carried out. It is
also shown that how fast responsive distributed energy sources can be, if interfaced with power

electronic devices. Lastly, load sharing is done among DGs in autonomous mode.
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CHAPTER -1
INTRODUCTION

1.1 GENERAL

The need of reducing CO, emissions in electricity generation along with technological changes
in this field are main factors contributing for interest in microgrid. Microgrid is a power system
on small scale basis which is controllable in terms of power sharing to its loads, can be
operating in grid feeding mode or grid forming mode. Distributed Generation (DGs) consist of
small capacity generation units often termed as DG units, using mostly non-conventional
energy resources. DGs are required due to environmental issues, limited transmission lines
construction and capacity. These can supply electricity to remote areas, reduce greenhouse
emissions, maintain peak loads and most importantly helps us in shifting from conventional
sources. These DG units alongwith power electronic interface is termed as DER (Distributed
Energy Resource) unit[1].This power electronic setup improves power quality and provides fast
response and many more as discussed in[2] but also has a drawback of low inertia, small
oscillations and has to maintain stability. In microgrid, a large no of DGs are connected, in
place of which if a large convention DG is connected then CO, emissions pose another
problem apart from transmission network extension. But DGs are connected directly to
distribution side which is a bidirectional network. DGs have several advantages for example
they maintain reliable power supply due to small power output, impose less burden, reduce
transmission. losses as directly installed near customer locations and facilitate integration of
renewables. However they have certain limitations [3] e.g. DGs have low inertia which can be
enhanced by connecting batteries and capacitors on dc side.

Small generating units called microsources (MS) enhance the reliability of whole system and
also lead to electricity business restructuring like investment reduction for future grid
reinforcement and expansion. However, their power output very much depend on weather
conditions so power electronic interface is a necessity. Therefore, control of inverter is main
concern in operation of microgrid. Multiple inverters are connected to common ac system and
need to operate in parallel. Microsources or DER operate at their max point and lack the inertia,

so their small signal analysis is important as oscillations can occur[4] during their operation.

Microgrid has quite a large number of advantages [5] like integration of renewables, connection

& disconnection from grid as and when required. The DG helps in supplying high priority loads
1



at grid failure times. In event of failure, apart from controlling voltage and frequency, power
output of DGs is also regulated by droop equations[6]. Since microgrid can operate with or
without support of grid, its viability is very high and DER units used does not have inertia like
synchronous machine, so their analysis has an interesting side. Inverters used needed to have
capacitor but those are ignored here. Such system can only be used in autonomous mode which
means we can also observe dynamic response during black start operation meaning that initially
synchronous generator is run and generate references for voltage and frequency, resulting
which DER are connected one by one using grid connected controller and later switched to

droop mode[7].

In grid connected mode the magnitude and frequency of the microgrid terminal voltages are
imposed by the grid whereas current controller is designed to provide constant current output
during grid connected operation [8. The inverter AC output current is transformed into DC
quantity in synchronous rotating frame by Park’s transformation. The direct and quadrature
components are compared with the reference quantities and the error signal is passed to the Pl
controller to generate the voltage references [9]. The inverter terminal voltage is considered as
a disturbance and hence fed forward to compensate it. The inverter is fitted with a coupling
impedance and possibly further passive filter elements to attenuate the switching frequency
components of voltage and this inverter is phase locked through PLL. Inverters are sometimes
modelled in a space-state formulation with the power devices in the inverter represented as
ideal switches [10]. State space modelling is well explained in textbook [11]. A common
simplification is to linearise the switching circuit by creating a small-signal model and to

consider the average behaviour of the switched circuit over a period.

In standalone systems, entire power is supplied by inverters, no synchronous alternators are
there and hence no reference for voltage and frequency is provided. For stable operation of
microgrid we need to control P and Q which are decoupled, as P depend on power angle and Q
on voltage magnitude. This dependency of P on load angle and of Q on voltage is expressed
through the droop method[12]. Therefore both voltage and frequency are controlled in islanded
mode but only voltage is controlled in grid connected mode due to negligible effect of
frequency change. Therefore for the grid connected mode of operation of microgrid, voltage is
local variable and frequency is a global variable. Furthermore, for removing harmonics and

increasing damping LCL filter is designed [13].

The dynamic model including power and control stages of every subsystem, usually leads to a
large number of state variables, which is difficult to manage and can necessitate significant

2



redesign if the control scheme or microgrid configuration is modified. In this modelling
approach, the first stage is to develop systematic models of each microgrid subsystem in its
local d-q frame. Then, each model is schematically interfaced in a global d-frame. Under grid-
connected mode, the global d-q frame frequency is imposed by the main grid but in isolated
mode one DG is considered as reference and all other variables are converted to its frame.
These variables includes the PLL, the abc—dq transformations, the controllers for current,
voltage, power and any low-pass filters applied to feedback or control signals. A complete

model should also include the control system associated with the converter circuit [14].

This report represent model of three phase inverter alongwith its complete sub-models needed
for interfacing in both grid connected mode and islanded mode. If a microgrid is islanding, then
switching in control strategy should be studied [15]. The mathematical model of microgrid
applicable in both the modes is formulated which helps in determining eigen values. Here small
signal model of inverter is developed for designing control loop and analyse system stability
using eigen value analysis. The mathematical model equations formed are linearized around an
operating point and small signal state space model is formed. Stability margin of microgrid is
found out by varying one of the filter parameters at a time and observing eigen values but in
isolated mode droop gains are also varied. Higher droop gains result in proper sharing of power
among DGs but they often lead to instability[4]. In this report only resistive load is considered
both locally and globally of a DG. Also the control strategy explained here can only be used if
a microgrid is either in grid connected mode or in islanded mode from the start. For
autonomous mode, where microgrid is first operating in grid connected mode and later
switched to islanded, different control strategy or switch among proposed strategy needs to be
studied. Since load is resistive so sharing is done by varying power frequency droop coefficient
only and voltage- reactive power coefficient is kept constant. In chapter 111, small signal model
is made with chosen current and voltages as state variables. In chapter IV, control strategy is
presented and frequency domain characteristic of system is analysed. In chapter V, simulation
is done in time domain to verify the model and chosen strategy[16]. In chapter VI, load sharing

is explained among DGs in autonomous mode.

1.2 EIGEN VALUE AND STABILITY OF MICROGRID

The fundamental property of a system which facilitate it to persist in the condition of stability
and to recapture its original equilibrium point even after being exposed to any disturbances is
System Stability. Operating conditions and configuration affect stability. Stability,

conventionally is capability of power system to remain in synchronism but that’s not entirely

3



true. Inertia of inverters used is very less and hence any small disturbance affect output to great
extent. For determining stability of system, determination of eigen value is widely acceptable.
Hence state space equations are formed and initial values are found out. When plotted in
frequency domain the close loop poles will change their locations which may lead to
oscillations. For stability analysis, we need to change a particular parameter while maintaining

others as constant at their nominal values.

1.2.1Eigen value

Filter parameters and droop variables of individual inverters play an important role in deciding
stability of the microgrid so we need to observe their variation for stability analysis. A state
space model of microgrid is formed considering droop equations and droop gains. Eigen value
is used to determine small signal stability, damping margin and sensitivity. Eigen value is
traced after varying a parameter and it is observed whether system is moving towards
unstability i.e. on RHS of complex plane and that point is obtained where it is crossing
imaginary axes which is upper limit of parameter. Hence root locus is plotted by varying open
loop gain observing its effect [17]. Therefore there is direct correlation between stability and
parameter [18]. The time dependent characteristic of a mode corresponding to an eigen value A

is given by e *t. So stability of the system is determined as follows:

a) A real eigenvalue corresponds to a non-oscillatory mode.
b) A negative real eigenvalue represent decaying mode.
c) A positive real eigenvalue represent aperiodic instability.
d) Complex eigenvalue occur in conjugate pair and each corresponds to oscillatory mode and
is of the form:
(a+ jb)e@TI®t 4 (3 — jh)ele+ioNr (1.1)

Where a and b are coefficients of complex equation, (1.1) further converts to (1.2).
e°tsin(wt + 6) (1.2)

A=oc+jw (1.3)
The real component of eigen value (o) gives damping and imaginary part (o) gives oscillation

frequency. The oscillation frequency is given by:

f= = (1.4)

2T

The damping ratio is given by:
£ =—0/{/(0%+ w?) (1.5)

So if eigen value is known then frequency of oscillation and damping ratio can be calculated.
4



1.2.2 Small Signal Stability

System’s ability to maintain synchronism under small disturbances which occur due to small
variation in load and generation is called small signal stability. These disturbances are
sufficiently small for linearization of system equations for analysis purposes. The system is said
to be stable about an operating point if subjected to small perturbation, it remains within small
region around equilibrium point. Small signal stability in a microgrid is related to feedback
controller and bandwidth of controller designed, continuous load switching, power limit of
microsources. Therefore, if we only talk about stability of fundamental component of voltage
and frequency, then we are not doing fair analysis and we need thorough research of small
signal stability of microgrid. Small signal analysis can be done by varying load, step changes in

load, varying droop parameters[19].

Small signal analysis allows us to select control and system parameters through frequency
domain analysis by knowing eigen values. If power system oscillations caused by small
disturbances can be suppressed, such that the deviations of system state variables remain small
for a long time, the power system is stable. Since it is inevitable that power system operation is
subject to small disturbances, any power system that is unstable in terms of small-signal
stability cannot operate in practice. Hence a power system that is able to operate normally must
first be stable in terms of small-signal stability. Hence, one of the principal tasks in power
system analysis is to carry out small-signal stability analysis to assess the power system under
the specified operating conditions. Since microgrid comprises of large no of power electronic
devices, hence their dynamic stability is more prominent. Through small signal analysis, we
can know the response of system to a large no of parameter variations. Small signal analysis is
done at an operating point and often investigate the interactions among several converters and
also done for stability issues of whole system[16].Small signal analysis also allows us to select

control and system parameters through frequency domain analysis by knowing eigen values.

In this report, small signal model of VVSI has been developed, control loop is designed
and stability of system is studied. When the power system is subject to any such disturbance,
state variables of the linearized system model vary over a very small range. Hence, asymptotic
stability of the linearized system can guarantee a certain type of asymptotic stability of the

actual nonlinear system[20].



CHAPTER -2
LITERATURE SURVEY

Yazdani [1] developed a control strategy for regulation of voltage and frequency in islanded
mode. Unlike the conventional droop characteristics which depend on load configuration and
characteristics, a new feedforward strategy is proposed where stability and performance of

system does not largely depend on load.

Pogaku, Green and Prodanovic¢ [4] modelled and analysed isolated microgrid. In this work a
control strategy has been established based on state space approach and each submodel has
been modelled in state space form. Finally, all submodels are combined to give complete model
of inverter and eigen values are found out. Futher, model reduction technique has also been
done based on damping and sensitivity calculations. The switching states of inverter are
neglected. The method of conversion from individual reference frame to common reference
frame is shown clearly and droop equations are also defined so as to mimic the synchronous
generator’s governor characteristics. Through modelling of controllers, stability improvement
has also been done and experimental verification of the same model has been done. Sensitive
states are found out through calculations. It was stated that eigen values are subjected to
change, if a parameter has been varied. Finally it was shown and verified experimentally, that
low frequency modes are affected by parameters of power controller block and high frequency

modes by inner loop and load dynamics.

Mueller and Kimball [21] introduced a method in which two inverters are working as DER
and whole microgrid is in isolated mode. The controllers used has been designed in dg
reference frame and non-linear equations are developed, which are further linearized around an
operating point. LCL filter has also been designed and included in equations. The linearized
equations are now used for forming state space equations from which eigen values are
calculated. In addition, a unique model of forming voltage controller by comparing @ with
wpy; has been developed. Conversion from local reference frame to global reference frame has
clearly been specified. Assessment of developed model is done by comparing it with
experimental results. The equations developed, clearly give eigen values which can be used for
stability analysis, sensitivity calculations and for designing parameters of LCL filter and droop
coefficients.



Leitner, Yazdanian, Sani and Muetze [22] analysed small signal model of isolated microgrid,
using internal model based current and voltage controllers based approach. The proposed
approach is compared with PI based current and voltage controller approach. Eigen values and
sensitivity analysis has been done. Simulation has been done to point out that overshoots are
less in case of IMC based approach and transient response is better in IMC based approach. It
has been concluded that IMC based approach is more robust.

Pogaku, Prodanovic and Green [23] formulated state space equation alongwith necessary
conversion from local to global reference frame. Taking all the network and line into
consideration, overall model of microgrid has been developed. Stability parameters and
trajectory of modes has been analysed. Furthermore, it has been shown that developed model

can analyse operation in low and high frequency range.

Hassan and Abido [24] developed non-linear models of microgrid which are converted to
linearized form and analysed. Through these analysis optimal design of LCL filter and
controller parameters were found out. Additionally damping resistor was also included in study
and by tracing locus of eigen values, power sharing coefficients were calculated. Operation of
inverters in both the modes has clearly been explained in this alongwith function of each
controller. Additionally, power electronic interface was quick enough for sudden changes in

load has also been shown.

Katiraei, Iravani and Lehn [25] simulated a microgrid model having two DGs in autonomous
mode, one being synchronous generator and other an inverter. Based on modelling, controllers
were designed for both sources and their optimization for fast response and reliable system has
been done. Frequency control was also explained in dg reference frame and frequency
deviations were discussed in autonomous mode. Thereafter, small signal stability of whole
system was analysed by linearizing developed equations. It was stated that fast response of
electronically interfaced DG unit, can be used for frequency regulation and reactive power

balancing.

M.A. Hassan and M.A. Abido [24] investigated microgrid in grid connected mode. Models of
controllers namely power controller, current controller, PLL and LCL filter have been
developed alongwith state space equations. The power controller gave reference value of
inductor current which were passed through PI1 controllers for error minimization. Since Pl
controllers are used only for stationary systems, so a strategy was proposed where modelling is
done in dq stationary frame. PLL generates a reference angle required for conversion from

local rotating frame to global frame. The developed model also included current controller for
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power quality improvement. Due to high switching frequency, the states were not affected by
inverter action, so inverter was represented by voltage gain only. It has also been shown that
filter designing plays a crucial role in deciding stability. With the step changes in load,

inverter’s performance was studies and observed.

N. Kroutikova, C.A. Hernandez-Aramburo and T.C. Green [26] developed models of
inverter-interfaced DGs in grid connected mode. These individual models were combined and
detailed analysis of whole system has been done. Stability of these inverters models was
studied through eigen value analysis. State space equations of all individual models i.e. current
controller, PLL, LCL filter, power controller were developed, clearly stating their state
variables and inputs. Then state space equation of whole model was developed with the overall
state space equation of system. The developed non-linear state space equation, then linearized
around an operating point for analysis of eigen value. Finally, the developed system’s response

was analysed by the step change in the reference power and results were proposed.

F.katiraei, M.R. Iravani, P.W. Lehn [25] analysed eigen values through state space equation
of developed overall model. Small signal analysis was done in dqO frame with validation.
Control strategy for various modes of operation of microgrid has been proposed. Linearized

model was shown and eigen value plot was also analysed for validation of small signal model.

K. H. Ahmed, S. J. Finney, and B. W. Williams [27] investigated LCL filter design.
Parameters were calculated by considering harmonics injection, resonant frequency and
damping of the resonant effects. Formulation of PR controller in single phase inverter system

analysis has also been done.

Tusar Kumar Dash and B. ChittiBabu [28] developed a model to linearize state space
equation. Model for inverters has also been developed alongwith state space equations. These

equations are linearized and whole system stability is analysed

Lasseter [29] defined the microgrid as an aggregation of loads and microsources operating like

single system providing both power and heat.

Barnes [30] presented the microgrid concept to integrate large amounts of microgeneration

without disrupting the operation of the utility network.

The Microgrid concept assumes a cluster of loads and microsources operating as a single
controllable system that provides power. This concept provides a new paradigm for defining

the operation of distributed generation. When the customers are too far from the main grid,
8



small power sources (typically diesel generators or renewable power sources) are used to
produce the local needed energy. Generally, such small-scale electrical grid can operate
isolated or interconnected with a main grid and is called microgrid (MG). It is mainly
composed by one or several micro-sources, multiple loads and potential energy storage systems
connected together [20].Today there is much interest in microgrid due to the environment
protection and energy sustainable development. B. Lasseter., first put forward a review of the
microgrid example in 2001. Then CERTS (Consortium for Electric Reliability Technology
Solutions) [31]and European Commission Project Micro grids respectively proposed the
concept of microgrid. Now the concept of microgrid has been accepted in many organizations
and laboratories [32]. In a typical microgrid, the microsources may be rotating generators or
Distributed Energy Resources (DER) interfaced by power electronic inverters [33]. The
installed DERs may be biomass, fuel cells, geothermal, solar, wind, steam or gas turbines and

reciprocation internal combustion engines.

The real world microgrids are American Microgrids (AEPCERTS, Mad River, BC Hydro
Boston Bar, and GE Microgrid), Asian Microgrids(Shimizu's Microgrid, Hachinohe Project,
Kyoto Eco-Energy Project, Aichi Project, Sendai Project, Hsinchiang in China), and European
Microgrids(Kythnos, Labein Experimental Centre, EDP Feeder, CESI, Continuon Holiday
Park, Demotec, MVV Energie Projects) [34].



CHAPTER -3
MICROGRID

The idea of microgrid is to integrate selected number of DG with proper control strategy and
loads having a PCC point for its connection/disconnection with the grid. A broadly cited
definition, developed for the U.S. Department of Energy by the Microgrid Exchange Group, an
ad hoc group of research and deployment experts, reads as follows:

‘A microgrid is a group of interconnected loads and distributed energy resources within clearly
defined electrical boundaries that acts as a single controllable entity with respect to the grid. A
microgrid can connect and disconnect from the grid to enable it to operate in both grid-

connected or island mode [35].”This description includes three requirements:

1) Local generation sources and loads.
2) It should control voltage and frequency.
3) It should have PCC point

IEEE Std 1547.4-2011 states microgrids as electric power systems (EPS) that:

(1) Include DR and load

(2) Include the ability to disconnect from and parallel with the area EPS

(3) Include the local EPS and may include portions of the area EPS

Microgrid is a subsystem of generation and its associated loads where a vast number of
renewable sources are connected as main power source. However, each one is operated in
parallel via power electronic devices having various controllers with each one having fix
role[16]. In a typical microgrid, the microsources may be rotating generators or Distributed
Energy Resources (DER) interfaced by power electronic inverters [36]. The installed DERs
may be biomass, fuel cells, geothermal, solar, wind, steam or gas turbines and reciprocation
internal combustion engines. DER unit is represented by a dc voltage source interfaced through
power electronic devices for supplying suitable loads. Modelling is done for them and then

control strategy is developed for regulation of voltage and frequency [1].

3.1 MODES OF MICROGRID

Microgrids can be operated in both autonomous and grid-connected modes.

e When the grid is connected and the utility is fully functional, power flows to and fro.
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e If, however, the utility experiences energy interruptions due to faults, with pre-planned
switching, the microgrid disconnects from the grid and self-supplies its loads. These
microgrids are in autonomous mode. Once the microgrid senses that the utility grid is
stable, it reconnects to the utility.

e Some microgrids are in remote locations and not connected to the utility grid i.e. they do
not have PCC connection and therefore, always operates under autonomous mode.

With interconnection of microgrid with main grid, microgrid operation is highly flexible,

allowing it to operate freely in the grid-connected or islanded mode of operation. For the grid

connected mode, each microgrid source can be operated like a current source with maximum
power transferred to the grid. In grid connected mode, inverter operate in constant P/Q mode
which has set-points maintained by grid which itself control voltage and frequency. However
for islanded mode or autonomous mode, each microgrid operate as constant voltage source
regulating frequency as grid is disconnected. Without a strong grid and a firm system voltage,
each microgrid source must now regulate its own terminal voltage within an allowed range
determined by its internally generated reference. The microsource thus appears like a controlled
voltage source, whose output should rightfully share the load demand with the other sources.

So far, this can only be met by the droop control method, where virtual inertia is intentionally

added to each microsource.

3.2CONTROL OF MICROGRID

Micro-grid operating in the grid-connected mode, can separate itself from the main grid
whenever a power quality event or malfunction occurs in the main grid and this mode is called
islanded mode. After the malfunction is eliminated, the micro-grid is connected to the main
grid again.- Connection to main grid should be at such an instant, where voltage difference
between terminal voltages of microgrid and main grid is 0. Grid connected mode of microgrid
consist of PLL. LCL filter, current controller as shown in figure 3.1. In the grid-connected

mode, P/Q control is adopted in the micro-grid [38].

Vi Re L Ve R L. W

E
Source | | sz—m_
or | T/ — k|

Storage b G fe

Figure 3. 1: Grid connected mode of microgrid
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An inverter based isolated microgrid is shown in figure 3.2, consisting of PLL, LCL filter,
current controller, voltage controller, power controller which are combined and shown in

subsequent section.

3 phase VS|

LOAD

Ground

—

PULSES CONTROLLER

Figure 3. 2: Isolated mode of microgrid

Power electronic interface brings challenging issue and huge scale of possibilities as follows:
1) Allowing microsources to operate in islanded mode.
2) Provide high reliability and fast operation.
3) Incorporating “frequency droop” methods for proper load sharing between microsources
in islanded maode.
So we need proper control of inverters and for that there are 2 types of control in microgrid:
1) P/Q control mode or constant current mode:
In this mode, inverter is made to operate such that it delivers fix amount of P and Q to
grid and no regulation in terms of voltage and frequency is required. This control is
used in grid connected mode and power is delivered to grid. For delivering power to the
grid, inverter voltage must in synchronism with grid voltage and frequency.
2) Voltage control mode or V/f control mode or P/V control mode:
In this mode inverter operates with reference values of voltage and frequency. As load
demand changes, so does voltage and frequency. This control is used in isolated mode
of operation as P/Q control would fail, due to non-availability of P and Q references.
During islanded mode, inverters need to control voltage and provide required active

power which is done by power-frequency droop[39].

3.2.1 Control Techniques for inverter:
The difference in control strategy in both modes lie in the available reference values. In grid

connected mode, active power and reactive power reference values are available
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(Prefand Qr.f) and other quantities like voltage and frequency are controlled by main-grid.
Therefore, inverter need to supply required P and Q, and it is said to be operating in constant
current mode. However in islanded mode, the microgrid has been disconnected, so voltage and
frequency are no longer regulated by grid. In such case, reference values of voltage and
frequency are to be provided, and inverter is operated in voltage control mode.

Modelling of grid connected mode is done by considering only one DG and based on
developed model, multiple DGs can be connected. DG variables are converted to common
reference frame and in this case PCC point or main grid is considered as common reference
frame and all DGs are converted to this common frame. Similarly, in the islanded mode,
modelling is done by considering single DG and inverter is modelled on its own reference
frame. In later section, where multiple DG interfacing is done, conversion to common reference
frame is done. The frequency of reference frame is decided by the power controller. In later
section, models of voltage controller, current controller, LCL filter, loads are shown. Droop
equation is also considered for power sharing among DGs. In the case of multiple DGs, for
transformation to common reference frame, (3.1) is used where 6 is defined as angle between d

axis of local reference frame and global reference frame.

'on ja)—wref (3.1)
Inputs and outputs of an inverter are transformed to global reference frame. The output of an
inverter is output currents (i,) and input to inverter is the bus voltage (v,). Also we need to
make sure that reference inverter’s change in frequency (Aw) needs to be supplied to other
inverters and is termed as (Aw;ym, )[40].
Now each inverter can be modelled into state space equation with 13 state variables, 3inputs
(bus voltages in dq frame and common frame frequency) and 2 ouputs (output current in dq
frame). Then whole microgrid model considering all the inverters is modelled in[4]. The power
and current control loop has been implemented by using PI controllers in the d-q synchronous
reference frame. AC quantities are converted in to DC synchronous reference frame by Parks
Transformation, hence all reference quantities become DC in nature, so that simple PI
controllers would be sufficient to yield zero steady state error. Moreover every block diagram
is mentioned and state space equations are derived which combines to give state space model of

whole system along with state space equations.

3.2.2 DROOP
To make inverter interfaced DG behave as synchronous generator, droop is used. In

synchronous generator, if load is increased then it is compensated from mechanical power of
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the rotor. Therefore, as power increases correspondingly frequency decreases and same
relationship goes with voltage and reactive power. In figure 3.3, it can be seen that power is
flowing through inductor as per current direction, induced voltage (E) should lead terminal

voltage (V) by an angle 3.

X=wlL
E ‘666| v 6 Vv

Figure 3. 3: Phasor vectors of applied voltage and induced voltage

EV
P 75i1’18 (32)
SV E (3.3)
= X X COS

From above equations we can see that P depends on ¢, and Q on V which helps in developing
droop equations. Hence, change in load directly affect f and changes in V directly affect Q on a
generator. Droop characteristics states that as the load changes, generation should also change

for proper sharing of power among multiple DGs.
a) VOLTAGE VS REACTIVE POWER DROORP:

Since voltage directly affects reactive power so it is controlled as depicted in figure 3.4. The
relationship of V and Q is shown in (3.4), where d axis voltage is considered depending on
reactive power and no unbalancing is considered, so q axis component is zero. If reference
value of voltage is changed by a small amount then circulating currents are affected. This is

main reason of using droop but it also serve the purpose of power sharing.

v e Tt
770, —Q
174 /
|2
—
Q1 Q>

Figure 3. 4: Reactive power vs frequency droop
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kq (3.4)

Vpg" =0 (3.5)
b) POWER VS FREQUENCY DROOP:

There is always a little error in selecting operating point, sometimes the error lies in frequency
generation and sometimes in matching load requirements. Let us consider a grid connected
having a load, supplied partly by grid and by microsources. Now microgrid goes into islanding
and phase angle of voltage at microsources are changed alongwith reduction in frequency,
leading to mismatch in generation and load. So we introduce droop where the drop in frequency
results increase in active power so that inverter can provide its share of power as given by (3.6).
This droop characteristic is shown in figure 3.5. Droop dampens the changes occurring due to

load variation[41] and explained in [5].

) ‘ k =w1—w2
i PoR—y Py
(1)1 /
(00
|
P1 P2 P

Figure 3. 5: Active power vs frequency droop

W = Wyer — kpP (3.6)

3.2.3 REFERENCE FRAME TRANSFORMATION
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Figure 3. 6: Single-Line diagram of the microgrid used for small signal analysis
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Figure 3. 7: Global and local rotating reference frames of the study

Let us consider the system shown in figure 3.6 having 2 DGs are there. Now both DGs have
their d-q frame at certain angle from reference, DG-1 has transformation angle of 6, and DG-2
has angle of 6, as shown in figure 3.7. Assuming DG-1 as reference, d axis terminal voltage of
DG-1 is forced to be align in direction of reference frame resulting in decoupling of dq
quantities. D axis terminal voltage of DG-2 lies along d2 local frame and q axis along g2 frame.
Let us assume local reference frame of DGL1 rotates at speed w,.. It is common standard that d
axis align along applied voltage (V) and q axis along internal rotor voltage (E). The power
angle of DGL1 is §,, these are further described in[42]and shown through (3.7)-(3.8).

SN . Tl (3.7)
2
26 3.8
s 7
For further analysis each subsystem is transformed to dq reference frame.
X9, =< Taxn (3.9)
X9 = [X;9%,°] (3.10)
X™ is any variable defined in dn-gn reference frame and X9 is reference frame and this
conversion is shown in (3.9)-(3.11).
cosd, sind, (3.11)

|

8, is the angle between d axis reference frame and d axis of dn local frame.

—sind, cosd,
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3.2.4 SMALL SIGNAL STABILITY ANALYSIS METHOD

With power electronically interfaced microgrid, most appropriate method of small signal
stability is eigen value analysis but there are other methods like impedance analysis based
models (load unbalance create problem and it is difficult to model it into dq frame), other non-
linear analysis methods namely bifurcation theory and probabilistic analysis methods (require

certain hypothesis and also consider uncertainties).

3.2.4.1 Eigen value analysis methods using state space modelling

State space model of whole system is developed and then system is linearized around an
operating point which is a steady state point. Obtained small signal model is used for eigen
value analysis. Linearization is done by applying taylor series to differential equations formed.
After system is linearized and state space equations are formed [16] as shown in (3.12)-(3.15),

where X is state variable, u is input to system.

%= f(x(),u(t),t) (3.12)

Ax(t) = % + Ax(t) (3.13)

x(t) = f(xo(t), up(t), t) + AAx(t) + BAu(t) (3.14)
A= % (x0(t), uo(t)),B = % (x0(), uo(1)) (3.15)
% = Ax + Bu (3.16)

x = Ax + B(u,v) + F(w) (3.17)

sX(s) = AX(s) + BU(s) + F(W(s)) (3.18)

State space equations and process of converting it into s domain for finding eigen values is
shown through (3.16)-(3.18). Most of the development of models is done in in d-q axis
frame[17].

ok * . s
Voltage fil'ﬁ_;,?_J Current |_v[¢iq_ Converter E}r‘_"ﬂ‘ LC ontput ﬁvum;“mmf:‘ Coupling | ﬂ’@_h

controller | controller bridge ‘ filter inductor

T
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4 Control loops <

AP | Power 44—
ﬂQ Controller .

Figure 3. 8: Small signal model of inverter in isolated mode
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In figure 3.8, P is real power, Q is reactive power, v, is voltage at pcc point, v,* is output
voltage reference, v;* is modulating voltage of inverter and v, is bus voltage. Inverters are
modelled in their own reference frame and their state space equations are found out. Each
subsystem’s equation is combined to form system’s state space equation. In system where
multiple inverters are there, each inverter is modelled in own reference frame but certain values

like inputs and outputs are find out in common d-q reference frame.

3.2.4.2 Working of PLL

For decoupling and conversion to common reference frame, an angle of transformation is
obtained from PLL. The PLL form adopted in this study is shown in figure 3.9. PLL will fix
voltage such that v,=0, and is said to be in locked state. It has VCO, integrator and phase
detector. When angle after integrator equals that of VCO, that angle is noted and d axis voltage
directly gives magnitude of voltage [43]. Input of PLL is PCC voltage in dg frame, with angle
in feedback from output of PLL. PLL also measures frequency of system and lock the phase
when © generated by oscillator approximates to 8. The value of V4 will become V (magnitude

of voltage) i.e. at the instant locking is done [44]. The state space equations are mentioned

below:
(bPLL = Voq f (3.19)
o s, (3.20)
wpry, = KppriVogr + Kiprn Ppr (3.21)
PLL
v Ko
Vm& g abe of '9
I b
d PLL
o I —a! K

Figure 3. 9: PLL model
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3.3Controller blocks of both modes

3.3.1 Grid connected mode

In grid connected mode P..rand Q,.f are available, so inverter needs to regulate its P and Q,
and voltage and frequency are controlled by the grid and inverter is said to be operating in
current control mode.

a) Current controller:

In grid connected mode the magnitude and frequency of the microgrid terminal voltages are
imposed by the grid voltage. Current controller used in grid connected mode is essential for
power quality improvement. LCL filter shown in figure 3.10, improves system response by

increasing damping and filtering.

V] abe Vb abc
Re e Re. Lo "’I
— _———
cr VUcabc :
i Lo abc
labc
Rg .
lc abe

|

Figure 3. 10: LCL filter model
Viabe = Voabc + (wLp)ijape + (i1 abc)Tt (3.22)

The inverter AC output current is transformed in to DC quantity in synchronous rotating frame
by Park’s transformation. By applying KVL in figure 3.10, we get (3.22) and applying small
signal (3.23)-(3.24) are developed.

Vidq = Vodq t (@Lpijaq + (i1aq)rs + Ali1aq) (3.23)

Vig = Voq T (wLp)(iig) + (ha)re + Aliigrer — 1ia) (3.24)

The direct and quadrature components are compared with the reference quantities and the error
signal is passed to the PI controller to generate the voltage references [24]. The inverter
terminal voltage is considered as a disturbance and hence fed forward to compensate it. This

equation is converted into model as shown in figure 3.11.
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Figure 3. 11: Current controller in grid connected mode

The model in figure 3.12 is developed as per (3.25)-(3.26).
Vldref 2y 4 (*)Lfilq + (ijg)re + Kpd,ccilderr + Kid,childerr dt (3.25)
quref = Voq + wL¢iyg + (ilq)rf s qu,ccilqerr n Kiq,cc f ilqerr dt (3.26)

o is taken from PLL, charge on inductor is taken as state variable and is defined as qq4°"" with

equation shown in (3.27)-(3.29) so that state space equations can be derived.

qdqerr = f il dqerr dt (327)

Q= i1q"" (3.28)

qq®™ = """ (3.29)
gk o

E
#0320

o :

i

0
3

Figure 3. 12: Developed model of current controller in simulink
20



b) Power controller

The power controller is used to calculate current references in dgq form, when active and
reactive reference powers are fed as input. Power controller block is shown in figure 3.13 and
the developed model is also shown in figure 3.14. The d-q axis output voltage and current
measurements, used to calculate the instantaneous active power (p) and reactive power (q)

generated by the inverter is shown through (3.30) and (3.31).
p= %(vodiod + voqioq) (3.30)
q= %(Voqiod w Vodioq) (3.31)

Instantaneous powers are then passed through low pass filters with the corner frequency w.to

obtain the filtered output power as shown in (3.32) and (3.33).

P= S:):)Cp (3.32)
R &3

Since voq = 0, (3.30) is now converted to (3.34) and (3.31) to (3.35).
P = - (Voaloa) (3:34)

3 L
Q= > (_Vodloq) (3.35)
With the reference active power (P..¢) and reactive power (Q.ef), current reference values
(ig,rer) and (ig rer) are calculated, as shown in (3.36) and (3.37).

3 2 P
1g ref = g( ref/VOd) (3-36)

igrer = =20y ) (3:37)
(3.38) can be derived from figure 3.10.

0= i, + i, (3.38)
(3.38) can be converted to (3.39) which further can be modified to (3.40).

it =i, 4 i (3.39)

=iy + (i —ip) (3.40)
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(3.40) denote reference values converted to d-g namely i,*

and i,”. In order to remove

harmonics, it is passed through low pass filter of second order and is shown through (3.41) and

(3.42). For better results butterworth filter of cut off frequency w,. is used.

S . ,
iqg” =ipg + (i1a — loa)

. ¥ _ Vod*Pref—Voq*Qref
la = 2 2
Vod +V0q

+ (ita — oa)
., X ; ,
i, =y HIO o

. % _ Voq*PreftVod*Qref

[ + (g —1i

q V0d2+Voq2 ( ld od)
i ; 5

ld 524/25w+ w2 d

| el p

lq S2+V2swetwe? 9

Solving (3.41) and (3.42), (3.43)-(3.46) can be formulated.
ha' = 0Pz — WN2ig"
ug" = W2 qzq — w20
G3q =ig" —iia"

- _ 2 X P
U85 —"Lgum kil

(3.41)

(3.42)

(3.43)
(3.44)

(3.45)

(3.46)

Lrg

Second Order
Low Pass Filter
with
Cut-off Frequency

(£

(4

Figure 3. 13: Power controller block
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Figure 3. 14: Developed model of power controller block in Simulink

3.3.2 Islanded mode

In isolated mode, voltage and power controller are used to control voltage and frequency.
Droop characteristics are incorporated in power controller for load sharing. Current controller
is required to maintain flow of required amount of current.

a) - Voltage controller:

With the given reference value of voltage, it is used to generate reference values for current
controller. The error in voltage is passed through P1 controller for reducing steady state error to
zero. Feedforward and feedback signals are also used. LCL filter shown in figure 3.10, is used
for developing (3.47).

icabc = Cf% (347)
Converting (3.47) in dg frame by multiplying both sides by T4, and it convert to (3.48)

. Vo ap
quo * (lcabc) = quO * (Cf a;:l C)

. ) )
lquO = quo * (Cfa{quO 1v0dq0}) (3.48)
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Further solving (3.48) by variable separation method of integration we get (3.49)
, 4 0 0 _
teaqo = Taqo * (CdeqO ' a{"Odqo}) + Tago * (CfvoquE{quo 1})

40 0 B
icdqo = quo * (Cdeqo 1&{v0dq0}) + (cfvoququO a{quo 1}) (349)
Now simplifying (3.49) we get (3.50)

a 0 1 0
‘quo=(Cfa{vodqo})ﬂ“(Cfvodqo*(—w) [—01 8 g]) (3.50)

Yo aqo Is constant as voltage controller will regulate voltage, so under its operation voltage

remain same. Also v, , = rated voltage andv, , = 0 and with this (3.50) converges to (3.51).

01 1%0
-1 0 o)
o=="0 30

Now we have assumed balanced load, so zero component of v, is zero and with this (3.50)

Vod
voq] * (—w)

Voo

iquo:0+(Cf

converts to (3.51)

teaa = (&t [l * ) [} 3')

icaq = (¢ * (-w) [;:Zq])

iz = [_waf; 1:(;,] (3.51)
Further from Fig. 3.10, (3.52) can be deduced
i = iy + i (3.52)
Now applying small signal on (3.51) and (3.52) we get (3.53) and (3.54) respectively.
Aiqu = Aiodq + Aicdq + errory, (3.53)
Bicy, = [;‘*éfgit;q] (3.54)

For small signal model, we need a small signal called as disturbance or error from which
system stability can be analysed. This small signal modify equation as shown in (3.53). The

value of this error is given in (3.55)-(3.58).
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0Apq (3.55)

error ind axis = Av,;" — Avyg =

Jt
1 ) 1 /0Ag
= (Avoq" = B0) = E( - d) = Apy (3.56)
d0A
error in q axis = Av,q” — Avy, = (’)(fq (3.57)
1 . 1/0Ag,
;(A’qu - A’qu) = ;( T > = A(pq (358)

Rewriting (3.53) after applying small signal and using (3.55)-(3.58) we get (3.59)
Aljgg” = Aip,, + Aic,, +erroryg (3.59)

Further, a feedforward term (F) has been added to i, dq for stability reasons and the error now

developed, has been passed to Pl controllers. So applying all of this we obtain (3.60).

A= y —wCrpVoq kiv, [Avoa”™ = Avoq 3.60
Alldq ') FAlOdq ") [ waAvod ] ) (kpv -1 T) I Avoq* 3 Avoq ( . )
—Aild*_ - -Aiod- -_waAvoq- kiv Avod* B Avod 361
_Ailq*_ =F _Aioq_ K | waAvod | 3 (kpv i T) f Avoq* - Avoq ( . )

_Ailq*_ _Aloq_ | waAUOd ] kpvq A'qu* o A‘qu kivq A(pq

Using (3.56) and (3.58) alongwith (3.62) we get (3.63) and (3.64)

Aild* FAiOd = a)CfAvoq + kpvdAvod* — kpvdAvod B ki‘VdA(pd
Aig"| T

FAiyg + wCrpvoq + kpquvoq* — kpququ + kiqucpq

lA¢d] ol IAvod* - Avodl (3.64)
Ap, AVpq — Avyg

log

Vudk + kivd +

+ + . 'IFWt + ivgy + + l+ i *
— kwd +T_’O_’O_’le Ai_’ kp”d+T_’O_’O_’ !q
Vg

Uﬂd é

T I

Vog Vod

=

Figure 3. 15: Small signal model of voltage controller for autonomous mode in d-q frame
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Voltage controller model has been shown in figure 3.15 based on developed equation. VVoltage
controller model has been developed in Simulink, shown in figure 3.16.

Figure 3. 16: Developed model of voltage controller for autonomous mode in Simulink

b) Current control:

Current controller is used to achieve required current in system in order to match load. It also
houses Pl controller for reduction in error. In case of isolated mode, feedforward signal is not
used as Pl is not available in next stage for error reduction. It also generate voltage references
used in PWM. Moreover current controller used in isolated mode, is essential for power quality
improvement. Applying KVL equation on Fig. 3.10, (3.65) is obtained which is used for

current controller design.

a*Tf ila Voq
qu = llb *TIel + Lfd i | + |Vogq (3.65)
I, * 1y e Voo

Multiplying both sides by T44, for conversion from abc to dg0 frame we get (3.66)-(3.68).

Vig I * 1y 4 [ia .
quO * Vlb = quo 1lb *TIp| + quO * Lf& l.lb + quO VOb (366)
Vlc llC * rf 11C VOC
*I'g d lld Vod (3 67)
. 13 .
Vig| = g * | + Tgqo * Lfa Tago " |Mq| ¢+ Vog
ilO * I'e ilO V00

26



Vld 11d*rf d —lld lld Vod
1 -1 : 3 -1 V.
Vig [ = |lg * Tt [ + Tqaqo * L¢ * Taqo a@t g |+ Taqo * Le|Ngq i@t (Tago ) +|Voq
Vig Iy * ¢ 11, I Voo
* I'r ld lld Vod
_ ' d -1 '
qu] 1lq * Il + —t llq + Le | l1g [ Taqo * p (Tago ) + |V (3.68)
o *Tf iy, ] Iy, Voo

Now current controller helps in maintaining constant current, so H4q0 is constant and hence its

differentiation is zero. After simplifying (3.68), (3.69) can be deduced.

iy * It ild 0 1 0

11 *TI'e ilO 0 0 0

Vod
\%
Oq

Vo

(3.69)

0

Load is assumed to be balanced, so zero component is neglected. Further on applying small
signal analysis (3.70) and (3.71) are deduced.

Avyy" g * T 0 —wl, [Voa
[Avlq*l v lilq * Tt il [llql [ ] [ ] (370)

AVld Alld * I'f Aild 0 —
lAVl l [Al] * rf Ailq [ ] Avoq + ey ota, (3.71)

Now error in d frame and g frame are expressed in (3.72)-(3.75).

dAY,
error ind axis = Aiyg" — Aiyg = atd (3.72)
1 . ¥ o
;(Aild — Qi) =AYy (3.73)
dAY,
error in q axis = Ay, — Aijg = a—t" (3.74)
1% = s
;(Allq — Aiyy) =AY, (3.75)
Error is now passed through PI controller and equation is changed as shown below.
[Av, "1 [Aiy, * ry] (Al ] _ [Av ] k; (A5 — Al
O PO S Y e [0 7O | iy, + 2y e [ 1T
[Avi | [Alig * Tt Al | w0 [ AVoy, | dq S [Alyg — Alyg )
[Av, "1 [Aiy, * ry] (Al ] _ [Av ] k; (A5 — Al
O PO S Y e [0 7O | iy, + 2y e [ 1T
[Avi | [Alig * Tt Al | w0 [ AVoy, | dq S [Alyg — Alyg)
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Avld Alld * I'f (A)LfAilq AVOd Aild* — Aild n k Ayd]
Avy[ Ay, * re| wLeAi AVoq Fv g Aiy," — Ay waq |AY,
Here we don’t use vo ,; as they are feedforward terms but there is no PI controller after current

controller block, so if we use this then there would be a lot of disturbance so we neglect it.
AV]C;< _ Aild * I‘f (l)LfAllq Aild* — Aild Tk [Ayd]
Avy, | | Ay, * 1 wLeAi, Fv g Aiy," — Ay aq | AY,

Now combining all equations, (3.76) and (3.77) are obtained.

AVld* Aild *I'e — (l)LfAilq + kpvdAild* == kpvdAild + kivdAYd -

8" | T | iy e+ L + Ky Ay = hepy Aty + ki AT, (3.76)
AY, Aiyg" — Aigy

=1 b 3.77

[qu] lA‘lq — iy (3.77)

The inverter AC output current is transformed in to DC quantity in synchronous rotating frame
by Park’s transformation. The direct and quadrature components are compared with the
reference quantities and the error signal is passed to the PI controller to generate the voltage
references [24]. Current controller model has been shown in figure 3.17 based on developed

equation. Current controller model shown in figure 3.18, has been developed in Simulink.

k d
—p | P ﬁ
iLa” + F's + )
. +I
d
iLd f ki 1

k d
* + Vig"
—_ +I +
, d
lrg f ki |

wLy

\ 4

. *
llg +

\ 4

ird

Figure 3. 17: Current controller in d-q frame for autonomous mode
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vLd ref

iLq ref iLq 1 Plts) * e
. »(2)

vLq ref

Figure 3. 18: Developed model of current controller for autonomous mode in Simulink.

c) Power controller

Power controller houses the droop characteristics [45]. One of its output is the angle needed for
conversion from abc or dqO to either one. Another output is the voltage magnitude, used for
reactive power balancing. The d-g axis output voltage and current measurements are used to
calculate the instantaneous active power (p) and reactive power (q) generated by the inverter as
shown in (3.30)-(3.35) and using them (3.78) is obtained.

SP +.w.P = we(Vogisd 1 Vogibg) (3.78)

Applying small signal, assuming frequency to be constant in (3.78) we get (3.79). Similarly
doing so on (3.81) and (3.83) we get (3.80).

SAP + W AP = w0 (Avoqiog + Vodliod + AVigiog + Voqhiog)
AP = —wcAP + wc(AVoqiod + Voaliod + AVoglog + Voqliog) (3.79)
AQ = —wcAQ + W (AVodiog + Vodllog — loaAVeq — Voqliod) (3.80)
Using (3.6) and converting it into state space form we get (3.81)
Aw = —k,AP (3.81)

Now finding 6 through (3.81), necessary for active power flow and for conversion abc/dg0

frame.

o= [ o 632
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Using variable of (3.82) and merging with (3.6) we get (3.83)

0 = wyest —kpf P dt (3.83)

Small signal is applied on (3.1) and (3.84) is obtained and is converted to state space form
shown in (3.85) using (3.6).
AS = [Aw — Aweom (3.84)

A8 = Aw — Awgyp,
A8 = (Awyes — kpAP) — Aweom,

A8 = —k,AP — Aweom (3.85)
Now applying small signal to (3.4), (3.86) is obtained
Voa = Vodyer — KqQ
AVoy* = —kgAQ (3.86)
Vog =0

Combining all equations of state variables and arranging into state space form we get (3.87)

and (3.88) and model shown in figure 3.19, is developed.

—k, AP — Awfgm
= | =0 AP + wc(AVogiog + Voaliod + AVogiog + Voghiog) (3.87)
—wcAQ + W (AVogiog + Voaliog — 10dAVoq — Vogliod)
—k,AP
AVod =|—k AQ (3.88)
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Figure 3. 19: Developed model of power controller block in Simulink for autonomous mode

d) LCL filter

LCL filter is used to increase damping and filtering harmonics. The resistors r. and reare the
parasitic resistances of the inductors. By applying KVL and KCL equations of current and
voltages in figure 3.10, LCL filter can be expressed through equations shown below. These
nonlinear equations are linearized about an operating point calculated from Simulink.

Assumption has been made that, v;4, = v,44". The state space equations of filter dynamics are

presented below. (3.50) is rewritten here.

9] g =0
l(;dqo = (CfE{UOdQO}) + <Cfvodq0 * (_(1)) _01 8 8 )

From Fig. 3.10, we can deduce (3.89).

iquO i ilqu . iOqu (3.89)
Combining (3.50) and (3.89) we get (3.90)
P Vog1 0 —w 0
ildqo — iOqu = (Cfa{vodq0}> + | cr ‘;oq * ((l)) 8 8 (3.90)
00
Arranging (3.90) into state space form we get (3.91)
V(:Jd i.ld - l:od 0 O)Voq 0
Voq = C— llq - Loq + —ond 0 0 (391)
Vool 7 litg = o 0 0 0

Neglecting zero component by assuming balanced load (3.91) is modified into (3.92).
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1

1 (3.92)
le (qu ioq) — wvodJ

Voq

Applying KVL on Fig. 3.22 (3.93) can be obtained.

Vla Ijg * I'¢
[Vlb] = [ilb * I‘f] + Lf lllb] + [Vob] (3.93)
Vic iy * I'¢

Now converting abc frame into dq0 frame we get (3.94).

Vig I, * T¢ d g Vog

Taqo * Vlb] = Taqo |11p * T¢| + Tyqo * Lfd I [ + Taqo \Vob]

Vie I, * I¢ L} Vo,
V14 Iy *Tf g Vog
[qu] = |l1g * Tr [ + Tygo * Lf% Tago  |lg|¢ + [Voq
Vi, i, * Iy i1, Vog

*I'f d lld lld Vod
[qu] = llq *Te| + Tgqo * L * quo_la g |+ Tago * L¢ i, ' (qu0—1) +
ij, * I's ilO 110 VOO
a Tt ild g 0 1 0] [Yoa
* I's 110 ilO 0 0 0 VOO
lld 0 _(I.)Lfild 0 Vog
[qu] = llq *Te| 4 Lf llq 4 wailq 0 0+ Voq] (3.94)
o ¥ T i, 0 0 o] LYo
Arranging (3.94) into state space form we get (3.95).
) e
11‘ L_f (Vld = Vod) + wllq [ B L_flld
d
. : e
11.q = L_f (qu - Voq) —wij, — L—fllq (3.95)
110

Now neglecting zero component on (3.95), (3.96) can be obtained.
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1 r
— V] A\ + wly _il ]
i [0+ (3.96)
I, 1 It J '
L Vi, = Vo ) — wij, = Ll
Applying KVL on Fig. 3.24, (3.97) can be deduced.
Vo, lo, * Tc Io, Vp,,
[Vob] = iob *Tel + LC% iob + Vbb (397)
o, * I'c io, Vb,
Converting (3.97) into dq0 frame and arranging it into state space form we get (3.98
g q ging
Vo, ig *T 4 1o, “
quO *|Vop | = quO lop *Ic| + quO N Lca lop | + quO Vbp
Vo, _ioc *T¢ ioc v
Vog log * I'c] d [log] Vbg
. %"
Voq = 1oq>f<rC _|_quo>.<Lfa quo 10q Vbq
Voo iOO * I | -iOO Vbo
Voq]  [loa *Te log Iog] d Vba
: | . . -
[Voq] = log * Tc| + Tgqo * L * Tgqo 1_t log [+ Lg|log | Taqo * a(quo )+ Vbq]
Voo [0 * I'c log 1o Vbo
Voq] [loa*Te 4 [Fea [log 0 1 0] [Ya
Voq| = [log * Te| + Le—log | + Le|log | * (@) =1 0 0+ |Y>q
Vool  |igy * Te ing io, 0 0 O Vbo
a ¥ lc d iod [ 0 —a)Lfioq 0 Vbg
Voq log *Te| + Lfd 0 5 waiOd 0 o+ Vbq
i ol L 0 0 0l LYbo
1 . c.
J L—f(vod—vbd)+w10q—L—10d
log c
1 1 Fp
Thl |2 i L el
19q L (Vo = Vb,) — Wiy, L. g (3.98)
00
L_f (VIO B VOQ)

Now neglecting zero component assuming all balancing is there so (3.98) is converted to

(3.99).
. I-i(v - Vp,) + wi, —Ei0
o [ e
L. | |1 ) Ic .
Ogq L‘—f (Voq — Vbq) — Wl — L_Ccloq
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From figure 3.10, (3.100) can be deduced.

Vo abc

=V 1 . .
cabc= C—ff(ll abc — lo abc)dt

(3.100)

Using (3.92), (3.96), (3.98) and (3.100) can be obtained and used to develop state space model
of LCL filter. Applying small signal on (3.101) we get (3.102).

(3.101) is used in eigen value analysis and based on initial values derived from simulation,

stability analysis can be performed.

= 1 rf -
=it v ) + ] e —
Lf lg od q Lf d
1 I'e
=N 0L R i
L la %4 CR P

1
gﬁu—%ﬂ+w%q

1 . .
= (llq r L"q) ~ Woq

a
1 r.
=Vl ="V + wi, ——i
Lf( o4 bd) Oq Lc od
1 r

ff (Voq = Vbq) = wl, L—1
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Lif(Avld —Av, ) + A(a)ilq) - ;—ffAild
1 o omihies
ff (Avlq = Avoq) — A(wiy ) = L_fAllq
1 . -
; (Alld ¥ AlOd) it A(wvoq)
l(Ai — Ai )—A(a)v )
/ I 0g 0d
1 . rC .
ff (AVOd — Avy ) + A(wloq) - L_CAlod
1 : Te
L_f (Av, — Aqu) — A(wi, ) — L_CAIO‘I_

(3.101)



— 1 rf —
ff (Avld —Av, ) + Ilqu + a)Allq - ffAlld
L 1 o Te
Aild _f (Aqu - AVoq) - IldA(U - wAlld - L_fAllq
Al 1. .
i, - (A0, = Aiyy) + Vo A + wAv,
A | = 1 (3.102)
\'
% — (Ailq — Aioq) -V, A0 — wAv,
Ai Ce
od
Ai; ! LYY
| Blog | ff (AVOd —Av, ) + IOqu i+ a)Aloq . L—CAlod
. rC G
—f (Avoq — Aqu) — I, Aw — whi, , = L—Aloq
i 2 |

3.4 MICROGRID STRATEGY

During grid connected mode, the controller has to supply pre-set power to the main grid with
the inverters using the signal of main grid as reference. Thus in grid connected mode the
system operates in stiff synchronization with main grid in current control mode [33].The
microgrid configuration with the control strategy is shown in figure 3.20. When the microgrid
Is isolated from the main grid, the controller is designed as shown in figure 3.21 so as to supply

constant voltage to the local sensitive loads.

IMYERTER|— m—-

Ciroutt Ereakar Lt ity Grid

I
m |y

k ol ts CONTROLLER

Figure 3. 20: Grid connected mode of microgrid configuration

In absence of grid, voltage and frequency references are lost. Moreover local P and Q must
match to those supplied by DER unit. Widely accepted voltage and frequency control strategy
is discussed in [37] and [5]. Frequency after islanding depends on the condition before
islanding, if total power generated by DG before islanding is less than their demand then
frequency after islanding will decrease in order to increase power output. Now real power can
be balanced by i, component and reactive power by i, component.
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Figure 3. 21: Islanded Microgrid configuration with controller

3.4.1P/Q control:

PQ control schematic for the three-phase grid-interfacing inverter having various components

is shown in figure 3.22 and discussed further.

|
¥oe T VST
% W
P* Ty " Vig* P b Viabe ¥
"t — y s |
! SVPWM
o* Confroller | iw*| Controller | Via®* -
T itgd
P P }
Power lod_| dg
Q ZPE 4 | Calculation ‘vJ:: ]
st e

Figure 3. 22: Model of current control VSI in grid connected mode

In this mode, the output of the DGs in the micro-grid is kept to be constant, even if the

frequency and voltage of the micro-grid fluctuates. In the Park transformation, the output

voltage of the inverter can be converted from abc axis to dq0 axis by choosing a reasonable

synchronized rotation axis, and the g-axis voltage should be set to 0 [46].

p= %(Vodiod + Voqioq)

3 . .
q=73 (Voqlod - Vodloq)

36



Here instantantaneous active power (p) , reactive power (q) , d-axis voltage of grid (voq) , q
axis voltage of grid (v,q) , d axis grid current(i,q) and g axis grid current(i,q) are mentioned in
(3.30) and (3.31) are expressed. Now since v,q = 0 and instantaneous powers previously

defined in (3.32) and (3.33) are rewritten here.
3 .
p= 5 (Vodlod)
3 )
q= 3 (_Vodloq)

Instantaneous powers are then passed through low pass filters with the corner frequency w, to

obtain the filtered output power as described through (3.34) and (3.35) is also shown.

w
P=—"p
s+we
= Og
Q_s+u) q
C

Above values are calculated average active power (P) and reactive power (Q). Now with the
constant output real power (P..¢) and reactive power (Qy.¢), current reference values (ig ref) and

(igrer) are calculated as in (3.36) and (3.37) and also shown here.
) P
Id,ref = %( r81E/V()(1)

1 2
lgref = — 3 (Qref/VOd)

State space equations derived above in LCL filter subsection are used in modelling block

diagram and analysis.

PI 7!‘ i v

\? dgly/

@, abe
'y g Hzahe

PI F% e
1/(Lg5R)

.‘.‘-!.‘rL_g 7

- s Ao
G I

Figure 3. 23: Diagram of P/Q control
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Figure 3.23 shows the structure diagram of P/Q control, which is realized by dominating the
inverters directly in the micro-grid. The inverter’s output power is controlled by the grid. The

model shown in figure 3.24, is developed in Simulink.

= - } H L) :
i ﬁ:, » 51683,
N I
5= =" g N
Figure 3. 24: Developed model of P/Q control in Simulink
3.4.2VIf control:

PV control schematic for the three-phase autonomous inverter having various components is

shown in figure 3.25 and discussed further.

Vi | Vsl

i
Var [ v ofls Vi L] Ll
S 1y ) L
ke [ Current R i SVEWM
W abe ——

iy Controfler | é* | Controdler

g | T igt

e
Diroop i Power
Caleulation

Figure 3. 25: Model of voltage control VSI in autonomous mode

The output of the DGs in this mode vary as per load, maintaining frequency and voltage of the
micro-grid. In the Park transformation, the output voltage of the inverter can be converted from
abc axis to dq0 axis as described in (3.30) and (3.31) and the g-axis voltage should be set to 0.
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p= %(Vodiod + Voqioq)

3 . .
q= 3 (Voqlod - Vodloq)

Here instantantaneous active power (p) , reactive power (q) , d-axis voltage of grid (voq) , q
axis voltage of grid (v,q), d axis grid current(ioq) and q axis grid current(i,q) are mentioned.

Since voq = 0, instantaneous powers are modified as expressed in (3.32) and (3.33).

3 .
p= > (Vodlod)

3 q
q= 5 (_Vodloq)

Instantaneous powers are then passed through low pass filters with the corner frequency w, to

obtain the filtered output power as shown in (3.34) and (3.35).

W¢

P=
s+oocp
Q_s+u)cq

Above values are average active power (P) and reactive power (Q). State space equations
derived above in LCL filter subsection are also used in modelling block diagram. Through
power controller inverter interfaced DG behaves as a synchronous machine, controlling voltage

and frequency of ac system and behaving as voltage source[47].

Figure 3. 26: Diagram of V/f control

Figure 3.26 shows the structure diagram of P/V control, which is realized by dominating the

inventers directly in the micro-grid.
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3.4Tuning Methods

1) Zeigler Nicholas Method
This is a very basic and fundamental tuning method. Here we firstly make k;= 0 and

keep on varying k,, such that we receive oscillations of constant amplitude and at that
point we make k,, as constant and vary k; such that error decrease. This is a very

random method and approach is also not proper so it has not been used

2) Here we have 2 loops, inner and outer loop.

L R
% T3t =3

Where G = time constant
Firstly inner loop is designed and them same equation used for tuning outer loop[11].
3) Linearization Method

With this method, whole non-linear circuit after linearizing with the help of state space
equations, can easily be tuned. It is always easy to tune linear circuit. This method is
inherently available in simulink but for doing so, we need to obtain bandwidth of all
control loops. Switching frequency is 10 khz and basic rule states that bandwidth of
current controller should be more than 1/10™ of switching frequency, bandwidth of
voltage controller should be more than 1/4" of current controller bandwidth and lastly
resonant frequency should lie in range of current controller bandwidth. So, following
values are selected.
o Switching frequency = 10 khz
o Bandwidth of current controller = 1600 hz
o Bandwidth of voltage controller = 400 hz
o Resonant frequency = 800 hz

The model used in study is shown in figure 3.27 and is developed in Simulink and based on

formula, we put rise time in Simulink linearization parameters and calculate k,and k;.

0.35
Bandwidth (Hz)

trise(sec) =
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Figure 3. 27: Developed linear model of V/f control for tuning
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CHAPTER -4
LINEARIZATION OF STATE SPACE EQUATION

State space matrix of individual blocks are shown, in both grid connected and isolated mode.

4.1 Grid Connected mode:

a) PLL

(3.19) - (3.20) are used to form matrix (4.1).

.6 C [kp,PLLVoq i ki,PLLCDPLL] (4.1)
CI)PLL Voq
[y] = [6]
b) Power controller
(3.43)-(3.46) are used to form (4.2), with controller block shown in figure 4.1.
We*qsq — wc\/iild*
ll;i* wczq3q W wcﬁilq*
llq* _|Voa * Pref — Voq * Qref ] ; .
= + (Lig — log) — 1 (4.2)
gzl Vodz + Voq2 ( ld Od) ld
Cléq Voq * Pref + Voq * Qref . p i
Vod® +Vog? + (g — loa) —iq |

[v] = [Zj]

—_—
Fr—————
. Tef
Pref POWER CONTROLLER g
—
e
» ref
Qref by

Touf vnq Eﬂd Enq Er l-]'q

Figure 4. 1: Power controller showing inputs and outputs in grid connected mode
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c) Current controller

Equations (3.25)-(3.29) are used to form (4.3), with controller block shown in figure 4.2.

I%::l [ l [lld _lldl 4.3)

ref : . d,cc. err d,cc
Via'" | |Vod — wLelig + (ha)re + Kp i~ + K qq®"
Voq + waild + (ilq)rf + qu,CCilqerr + Kiq.Cque‘r‘T

———
irdrl.-_.'
—_—
. i
Lig CURRENT CONTROLLER bia
_
iy, TR
—_— | I‘:I:‘Irrl.-_.l
itq.

Tnd V:Iq I--:l:r i:lq il:r ilq
Figure 4. 2: Current controller showing inputs and outputs (along with
internally generated inputs) in grid connected mode

d) LCL filter

Equation of LCL filter comprising of all the states was shown in (3.101) and rewritten here.

r gL - Tg o]
. L_f (AVld L AVOd) + I]qA(,l) + (J)Allq - L_fAlld
[Aj ] 1 r
d 4 fawaws
—(Av, —Av, ) — I} Aw — wAij, — —Ai
Ail Lf( Iq oq) lq 14 L Ig
a 1 . .
A‘}od = (Alld o ALOd) + Voqu + wAvoq
Ll = (4.4)
Av,, (Allq Ai ) Vo Aw — wAv,
Lt i
Mool |lav - av )41 Aw+ whi, - a
Ai(; Lf( Voy vbd) o Aw + whi, L loy
R | : T,
L (Avoq - Aqu) — I, ,Aw — wAi, , = L_CAIOCI_
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4.2 Islanded mode:

a) Power controller

Small signal state space equations (3.87) and (3.88), derived previously in section 3.3.3 are

shown here. Power controller block is also shown in figure 4.3.

AS —KJAP #lw,om
A:p = | =WAP + 0cigqAVeq + WcVoglipg + WelgqAVoq + WcVoqling)
AQ —WAQ + WcigqAVeq + WVogliog — WeigdAVeq — WcVoqhiod)
Aw 1 [-k,AP
Aoq | = |—keaQ
Avoq 0
1 i
N y []T —---—l* 1:!‘ *
Ly dd
Ii l_—*
i Power Controller i
.ﬂ g > ’ Uy g
lfq — >0

Figure 4. 3: Power controller block having input and outputs.in d-q frame in
isolated mode.

b) Current controller
Small signal state space equations (3.76) and (3.77) derived previously in section 3.3.3 are

shown here. Current controller block is shown in figure 4.4,

AYy|  [Aig” — Digg
qu B AL‘lq>'< - Ailq
Aild *If— (,L)LfAilq+ kpquild* - kpvdAild + kivdAYd

AVld*
Avig"| | Ay * re + @Lediyg+ kpy Aig” = kpy Alig + Kin gAY,
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I:[ * *
d ——p

Current Controller
Iy

ir i,

Figure 4. 4: Current controller black showing inputs and outputs (along with internally
generated inputs) in d-q frame in isolated mode

C) Voltage controller

Small signal state space equations (3.13) and (3.14) derived previously in section 3.3.3, are

shown here. Voltage controller block is shown in figure 4.5.

Apq e [Avod* = Avod]
Ag, AV, — Vg

[Aild*:l FAiOd = (l)CfAvoq + kpvdAvod* — kpvdAvod + kivdA§0d
Aiyg"| T | FAipg + wCrAv,g + kpquvoq* — kpquvoq + ki,,quoq
Vg, , _ i;d*
Voltage Controller
Voo " e, —

Log Laq Vg g paq

Figure 4. 5: Voltage controller block showing inputs and outputs (along with
internally generated inputs) in d-g frame.
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d) LCL filter

Small signal state space (3.101) derived previously in section 3.3.3, is shown here.

Equations are obtained by assuming that v, aq = VI dq*and arranged to from complete state

space model.
1 T ]
L_f (Avld —Av, ) + IlqAa) + wAllq - L_fAlld
] 1 T
Aiy, —f (Avlq - Avoq) — 1 ,Aw — wAi; , — ffAllq
y : (i, — A, ) +V, Ao + wh
: — (4, — AL, ) + +
&, X ” i, Ly o Aw + whv,
Av, | Lo .
. 1 (Allq — Aloq) — wAv, , =V, Aw
Ai, 7
: 1 r
Ai = = e THEC R
| Blog, | L (AVOd Avy, ) + IOqAa) i a)Aloq L Ai,,
1 " I‘C q
_—f (Avoq ] Aqu) = Iy, Aw — wAi, , — _cAloq-

4.3 Complete Model of inverter

In case of multiple inverters, their inputs and outputs should be transformed to common
reference frame as depicted in (4.5).

Output of an inverter: i, a

Input to an inverter: Vb g

Converting inverter to common reference frame and its output i, dq and input v, dq aTe

converted as shown in (4.5)

[foo] = [cos& —sin 6] [fia] (4.5)

siné cosé

Here fpq is common reference frame and fg, is individual frame and § is angle between both

frames, now applying small signal we get (4.6).

_ [cosbé —sind —sind —cos 8 4.6
[8fbo] = [sinS cos § [ +[c058 —sin & [faa)as (4.8)

Now converting output into common reference frame in (4.7).

AiOD =[c058 —sin8] Aiod +[—sin8 —cosS] IOd AS
Ay, sin§  cos§ 1A, cos§ —sinél [,
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[Sone] = [Gns cons [14%0aa] + [cass “eimallloca] 22 “n

Also input needs to be converted into common reference frame and for that we use (4.8) and

input in common reference frame is expressed in (4.9).

[qu] _ [cgs& —sin 8] [fDQ]

sind cosé

_[cos8& sind —sind cosé (4.8)
[8faq] = [—sin 8§ cos$ [8fbo] + [—cos 8§ —sin 6] [8f5]A3
Avpg| _ [ cosd sind][AVbp n [—sinS cos § ] VbD (4.9)
Avp, [~ l—sin8 cos8l|AVpy|  l—cos§ —sind VbQ

4.4 State space equations

Arranging derived equations into state space form, shown through equations (4.10)-(4.11).
X = Ax + Bu (4.10)
y=Cx+Du (4.11)

Where u is input matrix, x is state vector matrix and y is output matrix.

4.4.1 Grid connected mode

ay  PLL

lcb?u] b B R e [\\;Z] (4.12)

b) Power controller

) 0

I[ll(.i*—! _\/E(UC \/(l G)CZ 0 [ild ] 0

llq* = 0 —V2w 0 w il * Vod*Pref—Voq*Qref L

IlCIédJI | -1 0 i 0 5 qu + Voa2+Voq? Tlha = loa| (4.13)
; - Vog*PreftVod*Qref | . .

d3q 0 1 0 0 11934 [ oq V0;2+qu2 of | j — lodJ

Non linearity can clearly be seen here but through small signal analysis can be linearized.

47



c)

qd'err 0
[qq'errl = [0

d) LCL filter
I
-— -— 0
L L 0 0
. 153
a1 e E o et
Al.ld B Lf Lf 09 Aild [
Allq 0 0 a _i 0 [Allql |
A‘/:od - I Cr Iﬁvad|+|
. |
Av,, 0 1L b, 0l - Aioq N
Alg, ¢ & A [ L
pc 8 L o T Bl
L. Le
0 c
— - ——
0 0 » r
Vod [xl]
B [ %2 |
IVOQI |x3|
u= p*l,x:|x4|andy
Q*J x|
a lx6J

Current controller

ol [acer] +

0
-1

0 0 O
0 0 O
1 0
i
0 Lf Avld
0 Olszq
0 ol
Lo ol

(4.14)

(4.15)

(4.16)

Above equations are arranged and complete state space model is developed, alongwith

individual state space equation. Combining all the equations, it is observed that 14 eigen values

are there. Figure 4.6 shows the state variables of each subsystems, with developed model of

CCI (current controlled inverter).

LC filter and Coupling
P FERT ]
power comtroifer  controller e
J'.-J;l d;:? - .
i - n dabe
T 1 (L
'rid',l L iy, Fpokr ik
* 0
Fa !I'n' T, = Ve by | X4 =
— 5 Ve . .
_h k- ;- - 1 i f 'l
Q' G fnvertcr ¥, § Laibe
‘I’J.c.; o
JIJnT E
i, |
R
a g
X, =
Py | p——
PLL Yone

Figure 4. 6: Grid connected inverter model showing state vectors of each subsystem
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System developed is of the form as described through (4.17), which is non-linear. For

linearization purpose an operating point is found out by simulation. So for convenience purpose

Simulink model developed has been used to find steady state value or stable operating point as

shown in table 4.1.

X = Ax + Bu + R(x,u)

Table 4. 1: Calculated operating point

(4.17)

Parameters Value
Vod 350
Vogq 0
iog 19
loq -10
Vbd 340
Vbq -12
e 20
g -9
Pref 10000
Qref 5000
Vid 400
Viq 0
Ved 350
Vg 0

w 314

Here voltages are in volt and current in ampere and P,.; and Q. in watt and w in rad/sec.

Using the above values, equations are linearized as per taylor series [48]. Now we have A, B,

C, D matrices which are used for further analysis.
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4.4.2 Islanded mode
The inputs (u), outputs (y) and state variables (x) in this mode are shown in (4.18).

- AS
AP
AQ

Apq

Ap,
AY,

vy AY, log
“- [vbd] X J Ailz gRday = ["Oq] (4.18)
Ai, =
Av,,
Avoq
Diy,
| 4i, |

a) Power Controller

Equations (3.94) derived in section 3.3.3, is now converted to state space form and expressed in
(4.19) and (4.20).

As] [0 =k, 0 ]ras1 0 o O 0 0 0 [Ai’q 1
= -
AP =10 —w, 0 ||aP|4[0 0 @ba wilg ©Vea weVig |2’;ﬂd |0 |[awn,]  (419)
AQ 0 0 —W¢ AQ 0 0 wclnq —w.lyg _choq WV |Ai0q 0
od
Aiyg
-Aild—
: Af
AS A8 Aqu 120
. A o .
AP| = [Ap] AP +[Bp] Avy, +[Bpwcom] [Awref] (4.20)
AQ AQ .
Alod
Bai, |
In (4.20), variables used are defined below.
0 -k, 0 00 O 0 0 0 -1
L L B o | B 1Y
0 0 —, 0 0 wcloq _wclod _wcvoq wcvod 0

Aw,..r is frequency deviation of common reference frame, used for connecting additional

inverters. Output is also shown in (4.21) and (4.22) which is derived from (3.95).

Aw 1 To —k, 0 ]1a8
Aog |=l0 0 —k, [AP] (4.21)
Avoq 0 0 o |lAQ
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i Py | [AS
Avod* = ¢y, [AP] (4.22)
Av,, o |laQ
C,] [0 —k, 0
Where, [C, [=]0 0 -k
0 o 0 0

b) Voltage Controller

Equations (3.13) and (3.14) derived in section 3.3.3, are now converted to state space form and
expressed in (4.23)-(4.26).

Apgl _ A<Pa]+[1 O] Avod: +[—1 0][Avod] (4.23)
A, Aqoq 0 11]Av, 0 —1/[Avy,
Apal| A(Pd Avyg” Avyq 4.24
[A%]— ]+ Bond [yt + [8ual [ ] (4.24)
] [Ailq-l
Aiyg"| Wd [A%z fpog 0 1[Avoq” ol 0 0 —kp, —wC F 0]|avy,] (4.25)
A e wq A(pq | 0 kpvq Avo,” 0 0 w( _kpvq 0 F |[Avyg
Aiyg
Rigq |
Aiyg
Alld A‘/’d Avod* Avod 4.26
lAllql [ Avoq + [Dy,] Av,q (4.26)
Aiyg
Ai,g

Variables used in (4.24) and (4.26) are defined as,

A2 e s ]

kv 0 0 0 _kpv —wC F 0
D] = 2L ] BlE %% of L
0 kpvq wly —kpvq 0 F

c) Current Controller
Equations (3.76) and (3.77) derived in section 3.3.3, are now converted to state space form and

shown in (4.27)-(4.30). Here we have assumed that no feedforward loop is there and internal
resistance of filter inductance i.e. 7y is zero.
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_Aild -
Aiy,
Ayd =[ ] AYd ] Alld — 0 0 0 0 O Avod (427)
qu Allq -1 0 0 0 0ljAvy
Aiyg
[ iy |
_Al'ld -
Aiyg
AV L [AYy Aiyg” Av,yq (4.28)
lqul | [0] qu] + [Bcl] [Ailq* + [BCZ] A'qu
Aiyg
_Aioq_
R
e 0 k Ly 0 0.0 0 IAlqu
Avld* i kiCd 0 AYd pcq Aild* “Mpey —WLg Avod 49
[Avlq*] _[ 0 kiCq [AYQ:I + 0 k Ailq* + (l)Lf _kqu 0 0 0 0 iAvoqi ( . 9)
Alad
Aioq
_Al'ld i
Ay,
Avy AY, o Av,
[Avld] [c.] Ayd] [De4] [ Al_id*]+[Dcz] AVOZ (4.30)
q
Aiyg
| Aigg ]

Variables used in (4.28) and (4.30) used are stated as,

- 1 a-l 0 0 O 0 0 _ kicd 0

qu

Fefomum =10 —kpe, —wl; 0 0 0 0

[Deq] = [ 0 kpcq];[Dcz] = [ WLy —kye, 0 0 0 0]
d) LCL Filter

Equations (3.109) derived in section 3.3.3 is converted to state space form (4.31) and (4.32).

Derived equations (4.22), (4.24), (4.26), (4.28), (4.30), (4.32), (4.20) are used to model the

inverter and stability has been analysed in next section. Schematic diagram showing different

controller blocks and filter block is shown in figure 4.7. It can clearly be observed that 13 states

are there.
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S w —— 000
L¢ f
. I's 1
— - — —_ 0 —_—
Ang f L 0 O[Aim] [0 o] 10 I
Ay, L)oo -t g |l 8 8 L, 1| —ly
Nog| _| Avod|+| 0o |Avbd]+|8 L0f|Avm] Vog |,  (4.31)
Mogl 1o L 0 0 L || | 1 0 |Avb" 0 of el |
AL: C_ @ C. |Ai0d| _L_ 1 Iy
od f f Ai l c —L—J 0 O q
. (o} pa—
c
l"C
000 — —w ——
L c Lc_
Alld 'Aild
A1 :
_lq Allq
Av, Av Av Av
Y od ld bd 4.32
41 =[ALcrl Av T [BLcral Av [Brc2] T [Brcrz]Aw (4.32)
Avoq oq lq bq
AL Aiyg
°d Ai
A1, %
| Oq_
Where,
T -2 00 0]
f
= g S 0 1 [ Il
Lg = » (1)] A y !
1 1 Ly —| 0 0 =/,
E 0 0 w —k; 0 0 Lfl | 0 0 Voq
[ALc] = / L [Brcril =10 Oy, [Brerzl =1 0 0 |:[Brcisl = v
0y = e 0" Op—— 0 0 1 oa
cf i 0 0 " ! log
! L
obo ~ %% "@ 0 0 0 Le ~I,,]
c
0 —w =it
| 0 0 o Lo
LCL filter
Voltage Current » Biog
Controller Controller Aiy,
. Biry » i
vy, ve T |Apy iy’ & AY, av " XLeL = Av:i: daq/abc ii;“
|2;::dj x = [0] L . A[:
| 17 | .
Doy Ao, Dvoy Av,, Aly, Ay, —>au,
f—— Av,
Aw [ ——— Av,
e BT i et
e okl =t
— Aj,

Power
Controller

Figure 4. 7: Inverter model showing state vectors of each subsystem in autonomous mode
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System is linearized around an operating point and tuning parameters are shown in table 4.3
calculated through simulation. Simulink model has been developed to find steady state value or

stable operating point as shown in table 4.2.

Table 4. 2: Initial operating point

Parameters Value
Voa 310.7
Vog -4.3
I 8.87
Isg -5.32
Via 265.9
Vi -159.85
I 13.25
% -1.75

Pl tuning has been done from method described in previous chapter and tuned values are shown
in table 4.3. For simulation filter values and controller values are selected as shown in table 4.4

and 4.5 respectively.

Table 4. 3: Tuned values

Parameters Value
kp”d 0.12589
kp,,q 0.226
Kivg 199.52
Kiv,g 1369.632
kpe,, 10.698
kpe, 1.1038
Kicy 41069.77
Kic, 176.197
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Table 4. 4: LCL filter values

Parameters Value
L 1.35 mH
Rf 01Q
L, 0.35 mH
R, 0.03Q
Cr 50 uF

Table 4. 5: Controller values

Parameters Value
k, 107
kq 3.37 x107°
E 0.75
W 30 rad/sec
® 314 rad/sec
Vpc 810 volt

Here voltages are in volt and current in ampere and o in rad/sec. Using the above values,

equations are linearized as per taylor series as given in [48]. For eigen value analysis we need

A matrix which is shown in (4.33).

AS 0 —k 0 0 0 |ras
[ 0 0 0 0 wel, wl,

AP 0 =8 p 2 G 0 Oy 0 wi Izd aic‘;:’d 0Voa  WVoq|| AP

AQ 0 —o, e o R o o 0 g 0Vl AQ

Abq 0 0 —k, q Lm0 0 . 1 0 0 ||2¢a

Agq 0 0 0 0 0 0 0 0 0 K —w 0 0 | Ap,

AY, 0 0 i ki 0 ompe -1 0 Pvg 2 F 0 || ary,

Ay, 0 0 pvgta Od i, a 0 0 -1 wCp Pvg 0 F AY, 4 33

= 0 —ky ] ‘- kg0 Kpy gKpe kpey0Cr  Fhpey 0 ; ( . )
Ay, 0 pilg kqkpe kpoy  KpegKiva 0 kieca  Q T Kpe . 4 . L Flpe, Ay
— — q .
Allq 0 kpl L Ly kpegKivg  Lr Kieg 0 7, B wlcf ky ip 0 [ Allq
—k.V 0 0 7 0 Ly H Pq _ P 1
v, 0 pYoq 4 - 0 1 = 0 Av,,
Vopsind=Vpgcoss 4 | 0 0 0 0 0 ¢ 1 3 Ly c, 1
Avoq — pYoq 0 0 0 0 0 0 = 0 W 0 - A]]Dq
A e o —kyl 0 0 0 0 s —w 0 T, 4 i
log Vi COS8+V)p o sin8 plog 0 0 0 0 0 1 0 _ I wr Algd
Ao, Le kplog 0 0 0 0 0 t)c L ch _L_[c Blo,
LC

Hence we have A matrix but we classify it into more generalised and easy form as shown in
(4.35).
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AP
AQ
Apq
Agq
AYy,
AY,
Ay,
Allq
Av,,
Avoq
Aty ,

_A'G_

At
L= "0¢q ]

6X3

4],
[BU1CPV]2X3 [0]:1. [0]5x,
[BHDM va] 2x3 [0z [0 5%
Bic1aDe1D i Cp, + [B.1C,)ax [0],x,
Bicra [Tv 0 0] + [BLCLlDClcv]@(Z [BLCL1CC]6X2 [

BLCL3CpW
6X3

[45]
3x3
[B C ] [BP]3X3
v1=Pylyx3 [0]5x> [0]5x2 [B,,]
B..D..C 0 0 v212X6
3 SR W N X e 5 %
L C—11 v [BrcriDe1Coloxz  [BreriCelexz Ascr + ]
Bici2lT, 0 o]+ Brera(DeaDyz + De2)l gy
BLCLSpr |

AP
AQ

. A(pd

Ag,
AY,
AY,
Ay,
Ailq
Ave,

5.1,

[BUZ]ZX6

[BchUZ + Bc2]2X6

A, +
BLCLl(DchUZ + DCZ)

Av,
oq
Aiy,

]

6X6

_AS_

Ai
L= 0q ]

(4.34)

(4.35)

Here symbol used are initialised in previous equations.Now we have A,B,C,D matrices and

hence they can be used for further analysis as shown in[4].Now this A matrix can be converted

into s-domain and used for calculation of eigen values based on above operating points.

Poles of open loop system = |(s] — A)71|.

Through which equation formed and can be solved, another method is using matlab function

eig(A) which gives eigen values and if plotted correctly, gives location of eigen values as

shown in next chapter.
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CHAPTER -5
RESULTS AND DISCUSSION

5.1 P/Q CONTROL VALIDATION

To validate the feasibility of the P/Q control, the micro-grid with P/Q control operating in the
grid-connected mode is simulated. The active and reactive power of the load in the micro-grid
are varied. Firstly, the load is varied and variation of output power is plotted.

i) Att=0sec, P =10 KW and Q.5 = 5KVar.

i) Att=0.15 sec, P, is increased by 2KW and Q... increased by 2KVar.

i) Att=0.25sec, P, is decreased by 5SKW and Q. decreased by 5KVar.

if) “Att=0.4sec, P is increased by 3KW and Q... increased by 3KVar.

P,..ris the active power of the load in the main grid

Qresis the reactive power of load in the main grid

e Active Power variation

Pabc
= = = Rpference power
12000 I . \ s Actuial poier ||
|
10000 B : ,
S /, I \ //
g / t---.. —t:‘:':-m-"-m'/
a 6000 /
o
o
= 4000
3]
{ /
2000
0
0 01 02 03 04 05 06
Cffsgi=0 Time {seconds)

Figure 5. 1: Variation of reference and actual active power

From figure 5.1, it is observed that as the load power changes, generation of inverter also
changes in proportion to the load.
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e Reactive Power variation

From figure 5.2, it can be seen that inverter output changes as quickly as load changes. Though

there is a little delay, that’s because every element has been modelled practically.

Cabc
I
= = = Refernce power| |
TO0D : / \ A 1
_Eﬁnm I }
9 /T —
?m ] \ /"_'_
I
ool | e\ /
sl T
ﬁzﬁml . = =t
= 100 F
o
L 1 03 LEES [EE 06
Offset=0 Time (seconds)
Figure 5. 2: Variation of reference and actual reactive power
o Voltage and current variation (PCC)
PCC voltage variation
800 Vottage a phase
| B i o
600 Vottage ¢ phase
400 cd
f_é"zoo
g’ ]
San
3 N VW

03

Grid current variation
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=
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Figure 5. 3: Grid voltage and current variation

Time (seconds)

From figure 5.3, it is observed that when load changes load current changes correspondingly,

At t=0.15 sec load increase and hence load current also increase to compensate load increment

and same goes at every other point. Moreover PCC point voltage is almost sine and hence very
less fluctuation can be observed.
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° Freqguency variation

Frequency variation

Frequency

SN K :

WA
” JIVSa RN
' b \J

0 0.1 0.2 03 0.4 0.5 0.61
Time {seconds)

Frequency (Hz)

Figure 5. 4: Grid frequency variation
From figure 5.4, it can be deduced that the grid frequency is almost same, very less variations

are there and that is in proportion to load i.e. if load changes frequency changes

correspondingly.

o Grid Voltage

Vgrid
:n"‘MM-"M ALAARIARD n“nn_;nn AALARCARCANLAR A“‘M‘M“n!\f‘»!\!\ AM.’"!.‘!M‘M“'-IM AAANAARLARAAAD
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= 100
::,’ ) I | I i
>.100
oo L IR L e | 4 AR RN |
AR AtatY LRI A A A
LA AT A A A R A T e e
400 Vottage a phase| |
0 01 02 03 04 05 ‘Jﬁﬁ 2 m 06
Offset=0 Time (seconds)

Figure 5. 5: Grid voltage

We can see that the main grid bears the fluctuation of the frequency and the power in the
micro-grid system, and the output power of the DG is constant with the P/Q control. From
figure 5.5, we can see that the frequency variation is small and THD is 14%. The simulation

results validate the feasibility of the P/Q control.
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5.1.1 STABILITY ANALYSIS OF DEVELOPED MODEL
Now with developed model vary any 1 quantity and observe the eigen value and hence we can
comment on stability i.e. if eigen value goes to right side system is tending towards unstability.

Some of the plots are shown:

45 104 #  FEigenwvalue |
qd err - *J
2Zr ' iLd g
Il
Power
current
1k controller Wit |
qd iod
= i g;ﬁ;dﬂm dependent| |
; / slates
-E ar? A r__-_,/' :*: T
= Naq
M E Eilter _
dependent
4 : states
iiLf_'[ iLg
= \ |
qq er| 1?]
4 h L .
-25 =20 -15 -10 -5 o
Real part

Figure 5. 6: Eigen values of whole system
Eigen values of each sub-model is shown in figure 5.6. Location of eigen values are shown in

figure 5.7, all lying on left hand side so system is stable.

%107

3 T I # Eigenvales| | (.0.2826772)

2 eigen values

Egrep22) [ [ (-1.4,314) 0.0)
= il ] J— i

I — e —=—— % — T
(‘222>h\ | 2 aigen values €— (_1_4__314)/

4 eigen values
|

Imaginary part
=

R e — -— — : =

1y |
4 eigen values

o+ I | | .

2 eigen values {-0.28 -26772)
\ "
3 L L : i
25 -20 -15 -10 -5 L
Real part

Figure 5. 7: Location of eigen values
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g 10 Variation of eigen with Lc
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Figure 5. 8: Variation of eigen values with coupling inductance

Initially L. was small and we observe eigen value shifted to jo axis and when L. becomes more
than 2 mH we get eigen values moving to left hand side with decreased oscillation but again if
L. becomes more than 10 mH eigen value start moving right side as shown in figure 5.8. So for
analysis 2 mH is selected.

i 104 :
Eigen value variation when Cf changes #*
7| i
e
1 ¥ 7
& :
= Y
g2 or * A +
o )
o
£
T :;;: .
2F .
#*
-3 .
-1 o
Real part

Figure 5. 9: Variation of eigen values with filter capacitance
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In figure 5.9, range of values of Cf can be find out. Initially capacitance value was 1uf but

osciallation was very large, as the capacitance values exceed 30uf oscillation become less and

after 50uf oscillation slowly decrease. So Cy is taken as S0pf.

Variation of eigen value as Rd varied (Rf and Rc =500e-3)
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Figure 5. 10: Variation of eigen value with damping resistor

Variation of R is shown in figure 5.10, initially with small values shows high damping but as
R, increases then system start shifting right hand side and is stable till R; = 800e — 3 Q. So
for analysis R; = 500e — 3'Q is selected.
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Figure 5. 11: Variation of eigen value with filter inductance
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Here as Ly varies from 0.5 mH, initially very high oscillation frequency is there and as
Lrincreased beyond 1 mH damping increases and oscillation decrease but as L, approaches 30

mH again it becomes close to jo axis as shown in figure 5.11. So for analysis Ly =5 mH.

Change in root loci is analysed and is seen that some eigen values are close to imaginary axis
with decreased damping. Furthermore sensitivity analyses of each critical mode can be done
for each parameter and concluded as to which parameter is more effective on stability of grid
connected microgrid stability.In the grid-connected mode, controller parameters and filter
parameters are the key factors of microgrid stability. Generally, careful selection of the
controller, filter, and power sharing parameters maintains power quality within the regulated
range and enhance the system performance against load changes and disturbances. These

values are shown in table 5.1-5.3.

Table 5. 1: LCL filter parameters range for stable region

Parameter Range
by, 2 mH to 10 mH
Ls 1 mH to 30 mH
Ry 5 mQ to 800 mQ
Cr 30 WF to 100 uF
R¢ R, 5mQ to 800 mQ

Table 5. 2: LCL filter paramaters range for stable region

Parameter Range
i 2 mH to 10 mH
Ls 1 mH to 30 mH
Ry 5 mQ to 800 mQ
Cr 30 uF to 100 uF
Rf R, 5 mQ to 800 mQ

Values shown in table are valid only for proposed system and they vary for different systems

based on parameter values.
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Table 5. 3: Considered system parameters

Parameter Value
Vbe 800 volt
Vgria 340 volt
Ky, 180
Kip, 3200
Pps 30
Kip, 95
W, 30

Different approaches to select the controller parameters and control strategies have been

reported in the literature [18]-[20].

5.2 V/f CONTROL VALIDATION
To validate the feasibility of the V/f control, the micro-grid operating in the isolated mode is

simulated as shown in figure 5.12.The reference voltages are shown :

Vo, = 310 Volt

Vog =0 Volt

Vo, = 220 * V2sin(wt)
Vo, = 220 * V2sin(wt — 120°)
Vo, = 220 x V2sin(wt + 120°)

The output power of inverter is analysed by varying load at various intervals. It is seen that
inverter responds very quickly and accurately.
J) Att=0sec, load resistance = 50 Q/phase.

i) At t=0.1sec, additional load of 80 Q/phase is added.

iii) Att=0.2 sec, again an additional load of 100 Q/phase is added.
iv) Att=0.3sec, another load of 150 Q/phase is added.
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Figure 5. 12: Simulink model developed for validation of V/f control

e Active Power variation
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Figure 5. 13: Variation of reference and actual active power

From figure 5.13, it is observed that load power changes very quickly and in response to that

inverter power also generates which is in response to load.

> Initially power across load of 50 Q/phase, power delivered is defined as below
)
Power = 3X ~2= = 2883 watt
> At t=0.1 additional load of 80 Q/phase connected, power is delivered as shown:
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310\2
Power = 3 X % = 1801.875 watt,
Total power = 4684.875 watt
> At t=0.2 additional load of 100 Q/phase connected, power delivered as shown
310\2
Power = 3 X % = 1441.5 watt,

Total power = 6126.375 watt

> At t=0.3 additional load of 150 /phase connected, power delivered as shown
&)
Power = 3 X % = 961 waltt,

Total power = 7087.375 watt

Hence we can conclude that inverter response is fast, maintaining reliability and quality as it it

supplying power as required by load.

e Reactive Power variation
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Figure 5. 14: Variation of reference and actual reactive power

From figure 5.14 it can be seen that inverter output changes as quickly as load changes, though
there is a little delay, that’s because every element has been modelled practically. Now load
consume only active power since only resistance is considered but due to non-linear nature of
power electronic devices it has certain harmonics in current and voltage and hence reactive

power is small but negligible as seen from above figure.
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Voltage variation (PCC)
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Figure 5. 15: PCC voltage variation
From figure 5.15, it is observed that when load changes load current changes correspondingly,
At t=0.1, 0.2, 0.3 sec load increase and but PCC point voltage is almost sine and hence very

less fluctuation can be observed.
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Figure 5. 16: Variation of output d-axis voltage

In figure 5.16 we can see that d component of output voltage is giving magnitude of output
voltage in abc frame as described in previous chapter and this magnitude is nearly constant

which makes inverter control viable.
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Figure 5. 17: Variation of g-axis output voltage
Q component of output voltage should be 0 as described in previous chapter for proper working
of PLL. Figure 5.17 verifies that theory and hence we can say that PLL operation is successful

but still some deviations can be observed in frequency which makes it more practical.

o Current variation (PCC)
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Figure 5. 18: Output current variation in abc frame

As previously mentioned load increase at each interval of 0.1 sec and it can be observed that

current increase proportionally to supply load as clearly observed in figure 5.18.
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Qutput current (d-axis)
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Figure 5. 19: Output d-axis current variation

D axis component of current gives peak value of current magnitude in abc frame as shown

in figure 5.19 which can be verified by calculation also.
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Figure 5. 20: Output g-axis current variation

Q component of current is also very less and such deviations are negligible as shown in figure

5.20.
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o Frequency variation
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Figure 5. 21: Inverter frequency variation

From figure 5.21 the frequency is almost same, very less variations are there and that is in
proportion to load i.e if load increases frequency decrease and vice-verse.

We can see that the fluctuation of the frequency and the power in the micro-grid system are
very less and the output power of the DG is proportional to load with the V/f control. The

simulation results validate the feasibility of the V/f control.

5.2.1STABILITY ANALYSIS OF DEVELOPED MODEL
Now with developed model vary any 1 quantity and observe the eigen value and hence we can
comment on stability i.e if eigen value goes to right side system is tending towards unstability.

Some of the plots are shown in next 6 sections.

o Eigen value plot

Location of eigen value are required to comment on stability, since whole system is non linear
so it is difficult to calculated eigen values. So system is first linearised around operating points
which are calculated in simulation after system achieved steady state and then again linear state
space matrix is form and now matrix A is calculated as explained in previous chapter and then

using matlab function “eig()” eigen values are found out.
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Eigen Values
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Figure 5. 22: Location of eigen values

It can clearly be seen that each eigen value shown in figure 5.22, with values lie on left hand
side so system is stable. Hence parameters selected in obtaining this represent a stable system.

Hence system is stable and analysis done is for small signal.
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Figure 5. 23: Eigen values of whole system

Now these values correspond to each selected state. We have 4 subsystems, all contributing to
stability of an inverter and combining them all we get 13 eigen values which are shown in
figure. Here each component is shown along with its contributing states as shown in figure
5.23. We can see that LCL filter states are sensitive so filter needs to be properly design as

small change can lead to its unstable states which will affect stability of whole DG.
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Root locus by varying coupling inductance (L)

Effect on eigen values on varying Lc
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Figure 5. 24: Variation of eigen values with coupling inductance

Initially L, was small and we observe eigen value shifted to jo axis and when L,
becomes 0.4mHi.e at the boundary of stability, if L. increases beyond this then it moves
locus towards right hand side denoting unstability in LCL filter selection. So for
stablilty consideration L.value is selected as 0.35 mH. If value goes beyond 0.1 mH
then also system move towards unstability as shown in figure 5.24.

However it should be noted that in autonomous mode L. is not necessary as we are not
interfacing grid here so if L. = 0 is taken then also system will remain stable.

So optimal range is 0.2 mH to 0.4 mH, so we have consideredL,. = 0.35 mH.

Root locus by varying filter capacitance (Cy)
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Figure 5. 25: Variation of eigen values with filter capacitance
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In figure 5.25, range of values of Cf can be find out. Initially capacitance value was 1uf
but osciallation was very large, as the capacitance values exceed 20uf oscillation

become less and after S0uf oscillation slowly decrease. So Cy is taken as S0uf.

If value of C; goes beyond 50uf then states move slightly towards unstability.

If value of Cy is less than 20uf, then power controller eigen values become less stable
Hence range of Cr is 20uf to 50uf. But for low distortion and low resonance frequency

Cr is chosen as 50pf.

Root locus by varying filter inductance (Ly)
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Figure 5. 26: Variation of eigen value with filter inductance

Here as Ly varies from 1mH to 10 H, initially oscillations are the not there and as
Lrincreased beyond 3 mH damping decreases and oscillation increase as shown in
figure 5.26.

At Ly = 5.7 mH locus intersect jw axis i.e eigen value of LCL filter is at jw axis.

As L increase beyond instability increase and at L, = 0.315 H we get eigen values of
current and voltage controllers at jw axis.

So optimum value of L selected is 1.35 mH.
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o Root locus by varying active power-frequency droop coefficient (k)
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Figure 5. 27: Variation of eigen values if active power frequency droop coefficient is varied

kyis varied from 10~7to 10 and the root locus is plotted as shown in figure. Now with

increased value of k, it is observed that LCL filter parameter values are moving towards

unstability as shown in figure 5.27.

» When k,, is 90 X 10~ locus cut jw axis and we can say verge of unstability is achieved,
now if k,, is further increased root locus move towards right hand side and system leads
to unstability.

>  Sorange of k, is 1077to 90 X 107>, and value of k,, selected is 10~°.

o Root locus by varying reactive power-voltage droop coefficient (k)

> k,is varied from 10~>to 10 and the root locus is plotted as shown in figure. Now with
increased value of k, it is observed that LCL filter parameter values are moving
towards unstability as shown in figure 5.28.

> When k, is 3.76 X 10™* locus cuts jw axis and we can say verge of unstability is
achieved, now if k, is further increased root locus move towards right hand side and
system leads to unstability.

>  Sorange of k, is 1 X 1073to 3.7 X 10~*, and value of k, selected is 3.37 X 10™*.
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Eigen value by varying Kq
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Figure 5. 28: Variation of eigen values if reactive power voltage droop coefficient is varied

Change in root loci is analysed and is seen that some eigen values are close to imaginary axis
with decreased damping. Furthermore, sensitivity analyses of each critical mode can be done
for each parameter and concluded as to which parameter is more effective on stability of grid
connected microgrid stability. In the autonomous mode, controller parameters and filter
parameters are the key factors of microgrid stability. Generally, careful selection of the
controller, filter, and power sharing parameters maintains power quality within the regulated
range and enhance the system performance against load changes and disturbances. These

values are shown in table 5.4-5.6.

Table 5. 4: LCL filter paramaters range for stable region

Parameter Range
L. 0.2 mH to 0.4 mH
Ls 1 mHto3mH
Cy 20 puF to 100 pF
ky 1077t0 90X 1075
kg 10721t03.7X 107
R¢ R, 30 mQ to 100 mQ
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Table 5. 5: LCL filter paramaters value for stable region

Parameter Selected value

L. 0.35 mH

Ly 1.35 mH

Cr 50 uF

ky 107°

kq 3.37X107*
Ry 100 mQ

R, 30 mQ

These values are valid for the proposed system values which are shown in table 5.6.

Table 5. 6: Considered system parameters

Parameter Value
Ve 800 volt
e 340 volt
K9 180
Kipyy 3200
Ky, 30
Kip, 95
W, 30

Different approaches to select the controller parameters and control strategies have been
reported in the literature [14], [25] and [20].
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CHAPTER -6

MULTIPLE PARALLEL CONNECTED INVERTERS IN
ISLANDED MODE

Since microgrid comprises of large no of power electronic devices, hence their dynamic
stability is more prominent. Through small signal analysis we can know the response of system
to a large no of variations. Small signal analysis is done at an operating point and often
investigate the interactions among several converters and also done for stability issues of whole
system[16].Small signal analysis also allows us to select control and system parameters through
frequency domain analysis by knowing eigen values. In this report small signal model of VSI
has been done, control loop is designed and stability of system is studied. Such system is

shown in figure 6.1.
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Figure 6. 1: Two 3¢ inverter with difference DC sources

6.1 CONTROL BLOCK OF MULTIPLE PARALLEL CONNECTED
INVERTERS

We have formed state space equation and model of single inverter in previous chapter and now
lets extend our concept to multiple inverters. The state space equation of single inverter was
shown in previous chapter, now same concept is carry forwarded in finding state space

equation of multiple inverters. The A matrix derived previously can be called as A;,,,;1as it
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contain only 1 inverter, but here we refer it as A4;,,, as shown in (6.1).Hence state space
equation of 2 inverter are formed as shown below:
Avvi + BiwcomCinvwa 0
Ay = [ 6.1
INV 0 AINVZ + BchomCINVWZ ( )
The outer loop (Voltage controller block) is used for voltage regulation purposes and gives
current reference as output which serve as input for inner loop (Current controller block), here

output and input are in d-g form and this hence is termed as voltage control mode.

In autonomous mode, inner loop (Current controller block) also regulate d-q axis current
references and outer loop (Power controller block) maintain P and Q at given setpoint and
generate d-g axis reference current as input for inner loop for power sharing control among

microsources. These are explain in detail in [16]and shown in figure 6.2.
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Figure 6. 2: Control strategy of two inverters connected from PCC point
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6.2 Simulating 2 sources in autonomous mode
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- Figure 6. 3: Simulation system considered for load sharing
° In figure 6.3, 2 DGs are there each one with same local load of 30€Q/phase and both DG
areactivated at t=0 and allowed to achieve steady state.
° At t=0.05 sec, line connecting both DGs is activated and hence both DGs are now

connected through one point and this point is PCC.
° At t=0.07 sec, load of 150€/phase near DGL1 is switched on.
. At t=0.085 sec, load of 30Q/phase near DG2 is switched on.

6.3 Theory for interconnection of 2 DGs

In previous chapters, power controller equations are derived considering frequency deviation in
reference inverter should affect in others and therefore the term Aw should be added to other
inverters. Here we have assumed DGL1 as reference inverter and hence its frequency deviations
should reflect in other DGs. Droop equation is shown below in which ® isoperating
frequencyand w,..¢ is reference frequency or nominal frequency or frequency set point, k,, is

droop coefficient and P is max power delivered by DG.

W = Wrer — ky * P (6.2)
W1 = Wref — kplpl (6.3)
W2 = Wref — kp2P2 (6.4)

Individual droop equation for each inverter is shown in (6.3) and (6.4) where w, and w, are

operating frequency of individual inverter, k,; and k,, are droop coefficient of individual
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inverter and finally P; and P, are max power outputs of inverters. For inverter connected
together, operating frequency should be same so w; = w, and w,.r is same 314 rad/sec, so

(6.5) can be observed.
kp1P1 = kpZPZ (6-5)

Now in this case it has been assumed that max power DG1 can supply is 6500 watt, and
remaining power is supplied by DG2. If we consider load then local load of DG1 consume
4805 watt and same with DG2. Additional load near DG1 consume 961 watt and that of DG2

consume 4805 watt which gives total load of 15376 watt.

6.3.1 Load sharing in multiple DG

Aw
Droop coefficient (k) = i (6.6)

Awis deviation in frequency in rad/sec and P is max power supplied by unit in watt and droop

coefficient can be given by (6.6).

6.3.1.1 When droop coefficients are equal
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Figure 6. 4: Simulation of 2 DGs in autonomous mode with equal droop gain

We have assumed that both DG are of capacity 10KVA but resistive load is considered only as
sown in figure 6.4. As given in theory above and verified with root locus we have considered
kp1 = kpy = 107° Now since operating frequency (o) is same as both are operating in same

system and reference frequency (w.,.r) is same for both so it can be deduced from equation

thatk,; P, = kp,P,. Using these relations, (6.7) can be deduced.
kp1=kp2,SOP1=P2 (67)
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Total load = 4805+4805+7207+7207=24025 watt

At steady state each DG should supply load equally at 12012.5 watt.

o Active power of both DGs

Active Power of DGs =

——— Aciive power of DG-1
——— Aciive power of DG2

Power (walt)
\

0 002 004 206 008 01 012 014
Time (seconds)

Figure 6. 5: Active power variation of 2 DGs operating in autonomous mode

» It can be seen in figure 6.5, that initially both DG were supplying their local load of
4805 watt.

> At t=0.07sec load near to DG1 is on and hence it quickly respond to load change,
however DG2 take some time and respond but since DG1 supplied the load it reduces
its output.

> At t=0.085 sec load near to DG2 is on and this time it supply load quickly and quickly

they share load in proportion to their coefficient.

o Reactive power of both DGs

» In figure 6.6, initially reactive power is very less but as load switched on at t=0.07 sec
some fluctuations occur as now current change instantly even though voltage remains
same so now current is not in phase with voltage and hence reactive power comes into
picture.

» System even though quickly start returning to stablility but again at t=0.085 sec load
changed instantly and hence fluctuations appear. But after moment system start coming
back to stability.
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Figure 6. 6: Reactive power of 2 DGs in autonomous mode

e Voltage at PCC
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Figure 6. 7: Output voltage (PCC) variation

Output voltage is in sync with required value even though-load change instantly.
Few disturbance can be observed when load are changed instantly but these quickly
settle down and almost no deviation can be seen in voltage at PCC point as shown in

figure 6.8.

Frequency deviation

Deviations in both the DGs are increased with the increase in load on both DGs. Their
frequency decreases as per droop equation which can easily be observed in figure 6.7.
Now frequency of both DG decrease at instant load increases but still the deviation in

frequency is within permissible limits.
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Figure 6. 8: Frequency under equal droop gain
(a) Frequency deviation in DG1, (b)Frequency of DG1
(c) Frequency deviation in DG1, (d) Frequency of DG2
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Current at PCC
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Figure 6. 9: Output current variation of DG1 and DG2

Current depends on output voltage and load which change at 2 instants.

Current initially take very less time to settle down and again when both DG connect
through same point their frequency matched and now at t=0.07 sec load near DGL1 is

switched and increase in current is in proportion to load. Since DGL1 is near to load so it

supply more as compared to DG2.

At t=0.085 sec load near DG2 is switched and hence its current increase to supply load

which in proportion to total load.

Finally both load shared depending on droop coefficient and current also shared

depending on coefficient which is equal so both share equal current which clearly by

observed in figure 6.9.
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Figure 6. 10: Line voltage and current variation connected between both DGs
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Line current and voltage at PCC side is shown and it can be observed that when load
switched on shared power is such that required power flows through line and at both the
times this power is transferred from line.

Later on after sharing is done current through line is decided to maintain shared power
and that can be observed in figure 6.10.

Load voltage and current

It can be seen from figure 6.11 as when load near DG1 switched at t=0.07 sec its
voltage and current changes as depicted in figure. This current is in proportion to load
when voltage is decided.

It can be seen from figure 6.12 that as load near DG2 switched at t=0.085 sec voltage

and current changes in proportion to load.
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Figure 6. 12: Voltage and current variation of load switched at t=0.085 sec
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6.3.1.2 When droop coefficients are different
Observing frequency deviation we get,

Aw; = Aw, = 0.45rad/sec
P; = 6500 W
P, = 8800 W
P, + P, = 15300 W
Now for load sharing we select droop coefficient:

0.45

! _ -5

kp1 = 255 = 6:875X 10
kps = 22 _ 488X 105
P27 8800

As previously described, these values lie in stability range of value selection as given in table
so system should be stable. Using these values, previous mentioned model is simulated and

results obtained as shown:

. Simulation
a) Frequency deviation
> Deviations in both the DGs are to be increased as load is increasing on both DG so

their frequency should decrease as per droop equation which can easily be observed in
figure 6.13.
> Now frequency of both DG decreases at instant load increases but the deviation in

frequency is within permissible limits.
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Figure 6. 13: Frequency under unequal droop gain

(a) Frequency deviation in DG1, (b) Frequency of DG1
(c) Frequency deviation in DG1, (d) Frequency of DG2
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b)
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Figure 6. 14: Active power variation of DG1 and DG2

It is derived by calculation that DG1 is delivering power of 6383W and it can be

observed in graph that it is delivering power of 6370W. Such difference is negligible

and is due to certain assumptions which are not exact in practical circuit like operating

frequency of both DG is not exactly same, also frequency deviation is not exactly

same. There are differences in decimal values and moreover line impedance also plays

part in consuming certain power.

For DG2 it is derived that power of 8992 should be supplied but in simulation it can be

observed supplying 8950W and such difference is negligible and reason is explained

above. These inferences can be observed in figure 6.14.
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Figure 6. 15: Reactive power variation of DG1 and DG2
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d)

Initially reactive power is very less but as load switched on at t=0.07 sec some
fluctuations occur as now current change instantly even though voltage remains same so
now current is not in phase with voltage and hence reactive power comes into picture.

System even though quickly start returning to stability but again at t=0.085 sec load
changed instantly and hence fluctuations appear. But after moment system start coming

back to stability which clearly can be observed in figure 6.15.
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Figure 6. 16: Output voltage variation of DG1 and DG2

Output voltage is in sync with required value even though load change instantly.
Few disturbance can be seen in figure 6.16 when load are changed instantly but these

quickly settle down and almost no deviation can be seen in voltage at PCC point.

Output Current
Current depends on output voltage and load which change at 2 instants.
Current initially take very less time to settle down and again when both DG connect
through same point their frequency matched and now at t=0.07 sec load near DG1 is
switched and increase in current is in proportion to load. Since DG1 is near to load so it
supply more as compared to DG2.
At t=0.085 sec load near DG2 is switched and hence its current increase to supply load

which in proportion to total load.
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»  Finally both load shared depending on droop coefficient and current also shared
depending on coefficient which is equal so both share equal current as seen from figure

6.17.
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Figure 6. 18: Voltage and current of load switched at t=0.07 sec

» It can be seen as when load near DG1 switched at t=0.07 sec its voltage and current
changes and this current is in proportion to load when voltage is decided which can be

seen from figure 6.18.
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Figure 6. 19: Voltage and current of load switched at t=0.085 sec

»  When load near DG2 switched at t=0.085 sec voltage and current changes and this

current is in proportion to load when voltage is decided as seen from figure 6.19.
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Figure 6. 20: Voltage and current of line connected between DGs

Line current and voltage at PCC side is shown and it can be observed that when load

switched on shared power is such that required power flows through line and at both the

times this power is transferred from line.

Later on after sharing is done current through line is decided to maintain shared power

and that can be observed in figure 6.20.
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Calculation
We have already established that k,,, P; = k,,,P,, so following can be deduced.

Py ky, 488 0708
P, ky 6875

P _ 1.4088
P,

P, + P, = 15376
Solving them we get,
P; = 6383 watt
P, = 8992 watt
Ao = ky1 Py = ky,,P, = 0.438 rad/sec

Hence we can see that simulation verifies mathematical calculations as there is negligible
error in frequency and power output. Hence this concept can be used in load sharing
among multiple DGs.
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CHAPTER -7
CONCLUSION

The mathematical process and structure for the development of micro-grid model are presented
in a general form and can be expanded to include additional DG units, loads and controllers as
desired. The developed model includes the PLL model to dynamically synchronise the
electronically interfaced DG unit with the network frequency. Frequency restoration in isolated
mode is carried out by the droop equation which makes it behave as the governor of the
synchronous machine. Applications of the model to

(i)  Investigate dynamics of the micro-grid
(i) Design/optimise controllers of the electronically interfaced DG unit during grid-

connected and isolated modes of operation are presented here.

Simulation results show that the fast control action of the electronically interfaced DG unit can
be exploited to meet changes in power demand, maintain voltage and frequency stability and
quality during the autonomous mode. The proposed strategy is validated both by fast response

and by concluding that PLL works perfectly fine i.e. V,,=0.

Then state space equation form of overall system in both modes are linearized around operating
point mentioned in table 4.1 and eigen values are plotted as shown in figure 5.6 and 5.7.
Further analysis is done on finding optimum value for filter parameter for stable system
through eigen value plot as shown in figure 5.8-figure 5.11. Hence we can say that it captures
the important dynamics of the passive output filter, the current controllers and the filter in the

power reference to current reference conversion.

Lastly it is shown how load is shared in isolated mode among DGs based on droop coefficient,
which provides the base for connecting multiple DGs of different ratings to microgrid. This has

also been verified mathematically.
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