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Abstract

DC-AC Converters (inverters) are frequently employed as interfaces of distributed power sources
and energy storage units to ac distribution grids. The approach of operating them as a voltage source
with droop based control loops and using locally measured quantities offers an effective way to control
the amount of active and reactive power they provide/absorb. In this way, fluctuating renewable energy
sources, such as photovoltaic (PV) and wind, can help with power balancing, while grid forming units can
better share load variations without dedicated communication channels. Besides, it can allow a smooth
transition of a micro-grid from the grid-tie to the autonomous mode in case of a grid fault. However, the
dynamic response and steady state operation of a system with droop controlled inverters depends quite
a bit on systems parameters, such as feeder impedances, as well as on the droop characteristics of the

other units, what is not usually known.

This work focuses on the analysis of the performance of droop controlled inverters operating in
various conditions. First, a 10 kVA three-phase inverter with a dq (vector) voltage control loop and active
power (P) vs. frequency (f) and reactive power (Q) vs. grid voltage magnitude (V) droop characteristics is
designed. Then, its behavior when operating connected to a stiff grid is investigated. Time domain
simulations with SIMULINK and the technique of root locus, for which a small signal model is derived,
are used to observe how the droop factors, frequency of the low pass filters used in the power
measurements and feeder impedance affect the dynamic response. Next, the operation of two grid
forming inverters in an autonomous micro-grid is considered. Again, the performance of the system is
investigated with time domain simulations and root locus. The need for a virtual impedance loop as a
means for allowing large droop factors to be used along with feeders with small inductances is observed
and the effectiveness of this technique is demonstrated. The adverse impact of the conventional virtual



impedance loop on the load voltage regulation is observed and an alternative implementation that
minimizes this problem is proposed and its effectiveness is demonstrated. Finally, an autonomous
micro-grid consisting of an inverter and a diesel engine generator set (genset) is studied. Time domain
simulations are used to show that when the speed of response, in terms of power, of two grid forming
units is very different, the smallest one can be overloaded. An approach for slowing down the fastest

unit is proposed to minimize this issue.

Keywords: Three-Phase Inverter, Voltage Regulaiton, Distributed generation, Micro-grid, Islanded

Mode, Grid-Connected Mode, Droop Control, Virtual Impedance, Genset.
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Chapter 1 - Introduction

1.1 Introduction

In our time, the electricity has become an essential commodity, and without it, daily life would
be difficult to envisage. Therefore, it is necessary to produce it efficiently and continuously. To meet the
increasing consumption of electricity, the model in place today is based on relatively few power
plants that can produce electricity in large quantities. Once produced, it must be brought up to the
consumer since means for storing large quantities of electricity are still unavailable.In a
country, the transmission and distribution systems ensure the transit of electrical energy between
points of production and consumption, which in general, are located in urban areas. One issue with this
model is that network (grid) expansion is often very expensive and not feasible in remote rural areas and
islands. In such situations, mini-grids (isolated networks) would be a realistic alternative and the most

cost-effective option to provide electricity to domestic and local businesses in those far off areas.

Conventionally, the main sources of electricity in mini-grids are diesel engine generator sets, or gensets,
which provide electricity to the loads using a local distribution network. The main issue in diesel mini-
grids is the high cost of electricity production due the high cost of diesel fuel and its transportation to
those remote areas. Adding renewable energy sources (RESs), such as solar (Photovoltaic), wind energy,
biomass or small scale hydro-generators, and battery storage units to a diesel based system gensets,
results in a diesel hybrid mini-grids as Fig. 1.1 shows. These would be a very attractive solution to
decrease the electrical energy cost in long term [1] because initial costs remain relatively high. Diesel

hybrid mini-grids offer unique diesel fuel saving and ensuring reliable and least cost power supply [1].
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Figure 1.1: AC-Coupled Diesel Hybrid Mini-Grid

However, implementing sustainable energy sources in mini-grids involves complex technical issues [1],
such as energy management, system stability, power quality and active and reactive power flow control.
It should be noted that RESs which are interfaced into the AC bus through power electronic converters,
act differently compared to conventional generation sources based on rotating machines. Because of
that, the transient responses of diverse distributed energy sources (DESs) are not evident and the safe

operation of diesel hybrid mini-grids requires in depth studies and analyses [2].

In remote rural areas, load variation is typically very high, and the peak load could reach 5 to 10 times
the average load [3]. Consequently, in conventional mini-grids (where gensets are the only source of
electricity) diesel generators might need to operate under light load conditions, where they are
inefficient [3] [4]. On the other side, in diesel hybrid mini-grids, Gensets are usually turned off during

light loads, letting the RESs or energy storage devices, such as battery inverters, feeding the loads.
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The output power of each DES, in a hybrid mini-grid, should not exceed their ratings. To ensure that,
Multi-Master droop control approach is widely used [5]. The droop control method consists on drooping
the operating frequency of the AC voltage sources when their output power increases [6]. This allows
avoiding the use of communication links between the Distributed Generators (DGs) and effectively

reducing the investment costs [5]. Moreover, mini-grids extension would be possible [5].

Mini-grids are characterized by their low-voltage buses and by short distribution lines. This means that
distribution lines’ impedances amplitudes are very small. Hence, a very small perturbation on the
operating frequency or the output voltage amplitude of those power electronic interfaced distributed
generators (PEIDGs), due to their transient response characteristics, could generate high circulating
current between them [5]. Therefore, multi-level control technique has to be used to ensure system
stability and power quality [7]. The common technique employed for this case is the “Virtual Impedance
control loop”. It consists of adding “virtually” an inductive impedance at the output of inverters, without
generating real losses, in order to put the system into the stability region [7]. However, the way this
technique is implemented causes bad voltage regulation because the voltage drop across the virtual
impedance affects the voltage references of the inverter. In other words, the conventional virtual
impedance control loop affects the output voltage amplitude of the inverters hence it affects the

reactive power sharing. This point will be taken into consideration in this thesis.

One of the major advantages of implementing RESs in parallel with a genset in a diesel hybrid mini-grid
is the decreasing of the genset size which eventually reduces the diesel fuel consumption at the low load

demands depending on RESs availability and load profile.

In case, where the load demand is high in a diesel hybrid mini-grid, genset and RESs should share loads

proportionally to their apparent power ratings. As mentioned above, the PEIDGs and gensets have
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different dynamic properties. Therefore, the parallel operation of a genset and PEIDGs should be

analysed carefully.

1.2 Droop control theory

The droop control technique is commonly used in rotating (synchronous machine based) interfaces
of power sources. The P vs. f droop loop allows parallel connected generators to operate in a safe way
sharing variations in the load/demand in a pre-determined way without any dedicated communication
means. Similarly, the Q vs. V droop loop is used to minimize the circulation currents that would appear if
the impedance between the generators and a common load were not the same. In this section,

theoretical studies of droop control have been done.

The values of the active and reactive powers flowing between two AC voltage sources, which are

connected in parallel through line impedance as shown in Fig. 1.2, are given by Eq. 1.1 and 1.2 [8]-[10].

Figure 1.2: Two AC voltage sources connected in parallel through line impedance

E\ E, E}] E\E; | .
P = cos(p1 — @3) — = cos(Hg) + sin(g; — @) sin (6y)
| Zg Zg | Zy (1.1)
[ELE EZ] E\E
Q= ; 2 cos(@; — @) — Z_Z Sin(gg) - ; 2 sin(p; — ¢;) cos (Hg)
[ 49 gl g (1.2)
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Where, Z; and 6, are the line impedance amplitude and angle respectively. £; and E; are the RMS value

of the AC voltage sources, and ¢; and ¢, are their phases respectively.

Assuming that the line impedance is highly inductive (Where, 8,=1/2 rad in high-voltage networks; see

Table 1.1). The equations 1.1 and 1.2 become;

p= E\E;
= X, sin(o; — @2) (13)
EE, E3
Q - Xg COS((pl - (pZ) - Z (1.4)

Where, X, is the inductive part of the line impedance Z,. As it is shown by Eq. 1.3 and 1.4, the active
power, flowing from voltage source 1 to 2 through a highly inductive line impedance, can be controlled
by varying the phase 6 (Where, 6=¢;-@,). Also, that the reactive power supplied by source 1 can be
controlled by controlling the magnitude of source 1 (E;). This forms the basis of the well-known P vs. f
and Q vs. V droop control. The angle & is then generated by controlling the angular frequency
dynamically (See Fig. 1.3) which makes P flow. Eq. 1.5 gives the relation between two angular

frequencies of two interconnected AC voltage sources.

5=f(w1—w2)dt (1.5)
The error between two AC voltage sources’ angular frequencies generates a phase angle between them.
Fig. 1.3 shows an example. Consider a generator (source 1) connected to an infinite bus. If a torque step
is applied in the prime mover of the generator, at t,, it will accelerate, w, becoming bigger than w,. This
causes angle & to increase, increasing the active power flow from the generator what slows it down until
it reaches the same speed as generator 2, when angle & becomes constant. Note that the active power
flow depends also on the size of the magnitude of the line impedance (X, for highly inductive line

impedance) as given by Eq. 1.3. If X; is very small which is the case in mini-grids, a small variation of 6
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could lead to very large active power flows or to system instability. A precise control of the angle 6 of an
inverter’s output voltage when X; is very small is almost impossible [11]. Therefore, selecting a larger
size of X; could solve the problem. However, the line impedances’ values in a mini-grid are
uncontrollable and mostly unknown and adding large inductive impedances in series to them could be
costly. Bad transients caused by small line impedance amplitude will be discussed in the following

chapters.

w (rad/s)

‘ 1 ] wl
i | w;
2 e
| |

3 (rad) & i i dinrad

-/
| |

0 i i >

t1 19 t (S)

Figure 1.3: Phase angle generation curve

Practically it is difficult and costly to measure instantaneous frequencies of all parallel AC voltage
sources, which form a mini-grid, in order to calculate and control their output voltage’s phase angles
using a centralized controller and communication links between the DGs [12]. Therefore, in isolated
mini-grids, located generally in remote areas, decentralized methods, such as droop control that will be
discussed shortly, should be adopted. It allows the DGs to be controlled and operated based only on
local measurements (active and reactive power). This allows the easy expansion of the mini-grid,

decreasing investments costs [13].

The conventional droop equations are given by;

Wref = Wpp, — My P (1.6)
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Vref =V — g0 (1.7)
Where, w.s and V.. are the angular frequency and voltage magnitude references respectively, w, and
V. are the no-load angular frequency and voltage respectively, m, and n, are the active and reactive
droop slopes respectively, and P and Q are the output active and reactive power. When this technique is

applied to power electronic converters, the angular frequency is usually “converted” into plain

frequency (Hz).

From Eq. 1.6 and 1.7 the droop curves suitable for operation with inverters are shown in Fig. 1.4.

\"%
A n=AV/AQ
V- :
L= AV
V- .
I
|
) —»
max  Q (KVAr)

Figure 1.4: Droop curves

Where, f, is the rated frequency which is equal to 60Hz or 50Hz. However, in some cases, the inverters’
droop controllers must be designed regarding the droop characteristics of the paralleled source. For
example, where an inverter operates in parallel with a Genset which has generally a full load frequency
of 60Hz or 50Hz as it is discussed in Chapter 5, the inverter’s droop controller must have the same

configuration in order to ensure stability and good power sharing quality.

As mentioned above, the reactive droop controller’s role is to minimize the circulating currents between
DGs when feeders’ impedances are not the same. This will limit the injection of reactive currents in
order to make the DGs’ maximum ratings available to face new load request [11]. The maximum output

reactive power (Qn.x) supplied by the generator could be capacitive (negative) or inductive (positive). In
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Eg. 1.4, the reactive power injected by G; becomes positive if its output voltage (E;) is bigger than E,,
and it becomes negative when E; is smaller than E,. This means that one could regulate the output
reactive power around zero by increasing or decreasing the output voltage amplitude when Q is

inductive or capacitive respectively.

As it is well known, DGs in a mini-grid share load and each generator should provide apparent power
depending on its maximum ratings. Therefore, from Eq. 1.6 and 1.7, neglecting the losses in the feeders,

the DGs’ droop equations should respect the following rule described by Eq. 1.8.

Sroaa = Sg1 + Sg2 + ++ + Sgi (18)

Where, S,,.q is the demanded apparent power and Sg; is the output apparent power of the ith generator.

From Eqg. 1.6 and 1.7 one can derive the followings;

Wnr1 — Wref1 N Wnr2 — Wref2 I Wnri — Wrefi

Proqa =
My My, My; (19)
And,
VnLl - Vrefl Van - Vrefz VnLi - Vrefi
Quoad = ¥ o T
Ng1 Ng2 Ngi (1.10)

The DGs operating in the same mini-grid have to operate with the same frequency and voltage droop
ranges (Af and AV) in order to ensure stability and to operate with the same frequency in steady-state
(wre). Therefore, from Eq. 1.9 and 1.10 one can conclude that the droop slopes that determine the
portion of the provided power by a DG to the mini-grid. Let’s consider the following equations as an
example (Eq. 1.11 and 1.12) which describes the total active power provided by two DGs that have

different ratings.
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Proaa = Pe1 + Pe ( |
1.11

Where,

PGl_max = 0-75PLoad_max H PGZ_max = 0-ZSPLoad_max
(1.12)

Where Pg; max and Pg; mex are the active power ratings of generator one and two respectively, and

Pioad_max is the maximum active power demanded by load.

From Eq. 1.6, 1.11 and 1.12, knowing that the steady-state frequency of the two DGs has to be the
same, Eq. 1.13 describes an important aspect that should be taken into consideration in droop controller

design in order to avoid ratings exceeding of DGs.

My Py = My Pgy
(1.13)

Hence,

my, = —F/—
P 3 (1.14)

From Eq. 1.14, one can see that m,; has to be three times smaller than m,; if the rating active power of
the generator one is three times bigger than the rating active power of the generator two as shown in

Fig.1.5. Note that the same rule applies to the reactive droop control as described by Eq. 1.15.

faL- VNL—

f, -

fr - .

>

0 PGamax PG1max P (kW) 0 QG2max QG1max Q (kVAI’)

Figure 1.5: Droop curves of G1 and G2
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Ng2
nqlzi
3
(1.15)

Unlike what was assumed in Eq. 1.3 and 1.4, in low-voltage (LV) networks or in mini-grids, line
impedances are mainly resistive where R,>>X; [8], [10], [14], [15]. Table 1.1 shows typical line

parameters for LV, MV (Medium-voltage) and HV networks [15].

Table 1.1: Line parameters for different networks

Type of network R; (Q/km) X, (Q/km) Rg/X;
LV 0.642 0.083 7.7
MV 0.161 0.190 0.85
HV 0.060 0.191 0.31

There is a very important aspect about droop control when Z; is highly resistive (8,=0; in Eq. 1.1 and 1.2)
which has to be taken into consideration. Considering a feeder where R;>>X,, Eq. 1.1 and 1.2 are

reduced to the followings;

E\E, E3
P = R cos(@1 — @2) _R_
g g (1.16)
ELE, .
Q=- R sin(@; — ¢2)
g (1.17)

From Eqg. 1.16 and 1.17, the droop control method is radically changed. In other words, the active and
reactive power is no longer controlled by the phase angle and voltage amplitude respectively. Here one
find out that P vs. V and Q vs. f droop control has to be adopted only where 6,=0. Otherwise, the P vs. f
and Q vs. V droop control could be used but the coupling between P and Q will be bigger as shown in Eq.
1.1 and 1.2. The smaller 6;is the larger the coupling between P and Q will be generated after a variation
in frequency and/or voltage amplitude. This affects the system steady state responses as it is discussed
in the following sections. The feeder impedance selected in this thesis is a resistive-inductive impedance

where 45°<6,<0. Note that the coupling issue is not discussed in this thesis.
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The implementation of the droop controllers in the inverter is discussed in chapter 3.

1.3 Thesis objectives

The main aim of this thesis is to solve some problems related to the modeling and control of a
droop controlled voltage source inverter sharing loads with different sources separately (Stiff grid,
voltage source inverter and genset). The mini-grid studied in this thesis has a three-phase three-wire
configuration. The inverter interfaces the DC voltage bus (battery banks) into the AC voltage bus where
loads are connected. For the sake of simplicity, ideal DC voltage sources have been assumed (without
any voltage variations). The feeders’ impedances which connect the DGs are resistive and have small

magnitudes.

The research methodology will be developed as follows;

» Develop the three-phase voltage source inverter model with an output LC low-pass filter
modeling using Park’s transformation (dqo coordinates). The modeling is done for balanced
linear loads.

> Design of the voltage controller for DC components (dqo values of voltage reference). This
controller regulates the Inverter’s output voltage amplitude, frequency and phase under
balanced loads conditions.

» In order to define all parameters that influence significantly the system stability, an accurate
model will be derived for a droop controlled voltage source inverter connected in parallel with a
stiff grid through a tie-line. The study is based on small-signal analysis, frequency domain
behavior and root locus diagrams. The same thing is done for a system composed with two
drooped controlled inverters, two local loads and la tie-line. Time domain simulations are done

to see the effect of some parameters on the system steady-state responses.
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> Analyze and develop the virtual impedance control loop in order to reduce the inverters’ output
impedance issues and its impact on the system stability. Based on the derived small-signal
model of the system including the virtual impedance loop, frequency domain analysis will be
done to see the effect of the virtual impedance loop on the system’s transients. Then, time
domain simulations will be done to discuss the effect of the virtual impedance loop on the
system steady-state responses and on the inverter’s voltage regulation.

» A new virtual impedance control loop will be proposed which is based on phase shift control of
the inverters’ output voltage. This new virtual impedance control loop provides more robust
transient response improvement and much better voltage regulation.

» Analyse the behavior of the genset operating in parallel with one voltage source inverter sharing
local loads through a feeder.

» Analyse and develop a new control loop permitting the control of the settling time of the
inverter’s active power in order to make it slower as the genset. This new control loop improves
the inverter’s transients since the latter has a quicker speed response and consequently it takes
all the dynamics when a load step occurs.

» The system performance is verified by means of simulations using Simulink/Matlab.

1.4 Outline of the Thesis

This thesis is organized in 6 chapters, as follows;

> Chapter 2 contains the modeling of a three-phase voltage source inverter with its output LC
filter using Park’s transformation. This allows designing of the voltage controller in order to
regulate the output voltage under balanced linear loads conditions. A Pl type-3 controller is
chosen to get zero steady-state error and to damp the transient response of the inverter

under light load condition. For system performance verification, the inverter has been put
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under various tests which could face when sharing load with parallel DGs. This has been
efficacy validated through time domain simulations.

In Chapter 3, a small-signal state-space model, based on dg components, of a system
composed of a droop controlled three-phase voltage source inverter with an output LC low-
pass filter and a local load connected in parallel to a stiff grid through line impedance is
developed. This is to define the elements affect the system stability. This model allows also
an accurate analysis of the system, in frequency domain, in order to design appropriate
parameters of power droop controllers to make the system having better dynamics. This is
verified through time domain simulations.

Based on the small-signal model derived in Chapter 3, a small-signal model of a system
composed by two three-phase voltage source inverters with their output LC low-pass filters,
two local loads and one line impedance is derived in Chapter 4. After defining the most
influencing elements to the system transient responses using root locus, the virtual
impedance loop is designed then included in the small-signal model in order to see its
effects on the system dynamics. Time domain simulations are done to verify the latter.
However, the virtual impedance loop affects also the inverters’ output voltage amplitude.
Therefore, a new virtual impedance loop is proposed which consists on controlling the
inverters’ output voltage phase angle without affecting the Ac voltage amplitude and the
system steady-states. This is verified by frequency and time domain analysis.

In Chapter 5, the parallel operation of a genset with a droop controlled voltage source
inverter through a tie-line is investigated. The analysis is done based only on simulations due
to system complexity. As discussed before, the inverter has a much quicker dynamic
response compared to the genset. Two DGs operating in parallel, and which have different

dynamic properties, tend to lead to a more oscillatory transient response. A proposed phase
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angle control loop is proposed allowing the increasing of the inverter settling time; hence
improving its dynamics when operating with the Genset. Some time domain simulations are
done to verify this technique.

> Chapter 6 presents the final conclusions of the research and some suggestions for future

work.



Chapter 2 - Three-phase voltage source inverter design

2.1 Introduction

This chapter contains the design and testing of a 10kVA, 120/208V, 60Hz three-phase voltage
source inverter (VSI), which is used as the interface of renewable energy sources and energy storage
units to a distribution grid. A conventional sinusoidal pulse-width modulation (SPWM) scheme, with a
triangular carrier of 20 kHz, has been employed. The most suitable power gates for such application are
the Insulated Gate Bipolar Transistors (IGBTs). A 2" order LC low pass filter for attenuating switching
harmonics is then designed. For regulating the voltage at the output of the LC filter, across the capacitor,
a dg (vector) control scheme employing a simple Pl-type controller is used. The performance of the

inverter is verified by mean of simulations with Simulink/Matlab.

2.2 Design of the power stage of the inverter

2.2.1 The 2" order low pass harmonic filter

The power stage of the three-phase voltage source inverter with an LC filter supplying a load is
shown in Fig. 2.1. Both the inductor and the capacitor present intrinsic equivalent series resistances
(ESR).
Considering that the inverter operates with SPWM at a switching frequency (f;,) of 20 kHz, the cut-off
frequency (f.cr) of the LC filter is selected as 2 kHz, using the rule-of-thumb of 10% of f,,. This in turns

will allow the choice of the values of L; and C; according to Eq. 2.1.
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Figure 2.1: The power stage of the three-phase voltage source inverter with the output LC filter and load

fLCF = ZkHZ =

(2.1)

By fixing the value of capacitor at 20uF, one calculates the inductor as 316.6uH.

Typical values for the ESRs of the inductor and capacitor are shown in Table 2.1.

Table 2.1: LC filter components

16

Element Size ESR
Inductor 320uH 500mQ
Capacitor 20uF 100mQ

The inverter has a rated output apparent power of 10kVA with a minimum power factor of 0.8, and its

output AC voltage is rated at a RMS value of 208 V,,. For Y-connected filter capacitors, the rated voltage

could be selected to be at least 25% bigger than the rated peak voltage at the AC side, or 212.13 V.

Hence, we can use the polycarbonate capacitor of “Venture Lighting Inc.” having a product number of

“R1008HP200P25M” and rated at 250V. Regarding the filter inductors, they should be able to conduct a

fundamental line current given by Eq. 2.2 ([1]; Eq. 8-62) plus current harmonics;

Sspn _ 10kVA

VB XVyyms V3X208

278 A
(2.2)
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Where, S;,, is the rated apparent power, and V|, ms is the RMS value of the fundamental component of
the switched voltage of the inverter. Therefore, an inductor rated at 32 A, will be selected for this

application.

2.2.2 Selection of the DC bus voltage magnitude

The value of the DC bus voltage is selected so that the magnitude of the fundamental component
of the output voltage of the inverter can be varied by * 10% while operating with linear SPWM. In this
case, the modulation index (m,), the parameter used for controlling the magnitude of the inverter

voltage, should be smaller or equal to 1.

The relationship between the dc bus voltage and the fundamental component of the line-to-line voltage

in the output of a SPWM controlled inverter (V) is given by;

v — VLL,rms
PC70.612 x m, (23)

Therefore, one shall use m, = 0.8 when to obtain V| = 228.8 V what requires Vpc to be equal to 467.3 V.
Since the switches are not ideal, presenting voltage drops of a few V, and there will also be a voltage

drop across the output filter inductor, the dc bus voltage is selected as 500 V.

2.2.3 Design of the power switches

It is very important to determine the current and voltage ratings of the inverter’s switches in
order to avoid damaging them. In this study, it is assumed that the voltage of the DC bus is constant, and
also that the output current is free of harmonics at maximum loading. The peak ratings of each switch

are (Eqg. 2.4 and 2.5 are obtained from [1]; Eq. 8-60 and Eq. 8-61 respectively);

VT = VDC = 500 V
(2.4)
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And,

It = V2l max = V2 x27.8A=3934
(2.5)

Where, Vrand |y are the maximum voltage and current of each switch respectively. The IGBT switch from
the manufacturer “FAIRCHILD SEMICONDUCTOR” having the part number of “FGAS0N100BNTD2” is
suitable for our application. The Table 2.2 gives a brief summary of the IGBT's maximum ratings It
presents an 100% safety margin in terms of the voltage ratings and 21.4% safety for the current ratings
what is desirable since parasitic inductance in the dc bus can result in over-voltages during the

commutations of the switches.

Table 2.2: The IGBT’s maximum ratings

Symbol Description Ratings Units
Vees Collector to Emitter Voltage 1000 Vv
I Collector Current @ T = 25°C 50 A
lem Pulsed Collector Current 200 A
lem Diode Maximum Forward Current 150 A
P, Mammun@:)l?rc:v;/ezrslalcsypatlon 156 W

2.3 Three-phase Voltage Source Inverter modeling in dqo coordinates for

balanced linear load

To obtain an accurate and reliable voltage regulation for a three-phase Inverter using a simple PI-
type controller, one needs to use DC, not AC, components as inputs to the controller. Therefore, the
power system model of the inverter should be transformed from ABC coordinates to dqo coordinates

(called also Park’s transformation).

From Fig. 2.1, the following equations describe the Inverter’s inductors’ currents and capacitors’

voltages behavior in ABC coordinates, assuming that the DC voltage and switches are ideal;
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d iLa] 1 [Ea_ [ ]

—ip| = — x| Ep ——>< ipp| ——x

dt iLC Lf EC_ OC ( 26 )
d I[f)a 1 _l:La] 1 I‘fm
——|Vob| ==X |lwp| — 75— X ob
dt V. Cr i), CrZioaa v, (2.7)

Where, iy, i, and i are the inductor’s currents, E,, E, and E. are the output switched voltages, V., Vs
and V,. are the capacitor voltages, and Z,,.4 is the load impedance. Note that the ESR of the capacitor

(r¢), which is usually very small, has been neglected for the sake of simplicity.

The following equation describes the Park’s transformation matrix “T,”;

21 21\
sinwt sin (wt — —) sin (a)t + —)
Xq 3 3 Xq Xq
2 21 21
[xd] == |coswt cos (a)t - —) cos (wt + —) X [xb] =T; X [xb]
3 3 3
Xo Xc Xc (2.8)
1 1 1
2 2 2

Where, w is the operating angular frequency. Before converting Eq. 2.6 and 2.7 to dqo values some

mathematical developments should be done. The derivative of Eq. 2.8 is given by;

d [*e d Xq d Xq d [*a
— % | = =Tt x [xa |t = — {171 x | Xa [+ 71 x — [xq
t)x, dt X, dt %, dt | (29)
Hence,
d Xq d{ ) [Xq } d (1) Xq d Xq
Ty X —|[Xp| =Ty X =Ty " X |Xa|¢t =Ty X —{T{ '} X |Xa |+ —|Xa
dt dt Xo dt Xo dt X, (2.10)

Where the inverse of the matrix T, is;
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[ sinf cos@ 1]
) 21 21
1= sin (9 - ?> cos (9 - ?> 1
) 21 21 (2.11)
sin (9 + —) cos (9 + —) 1
3 3
And,
d [0 —w 0]
T, x—Tit=|lw 0 0
dt 0 0 0 (2.12)

Applying Eg. 2.8, 2.10 and 2.12 into Eq. 2.6 and 2.7 one can get the followings;

[ (,()ILd
wlq
Lf E Lf ILo Lf ]/;)0 (2.13)

_t Od _Cf[IL] CfZLoad[ ]

From Eq. 2.13 and 2.14, one can draw the equivalent circuit of the three-phase voltage source Inverter

ond

onq
(2.14)

in dgo coordinates shown in Fig 2.2;

It can be seen from Fig. 2.2 that there is a coupling effect between q and d channels. However, the 0

channel is not affected by the other channels.

The next Figure shows the block diagrams, which is equivalent to the equations 2.13 and 2.14;

The bode diagram of the transfer functions V,q/E,, Vos/Eq and V,/E, (obtained from Fig. 2.3 for a load
with unity power factor) is shown in Fig. 2.4. There one sees that it presents a very small damping factor

under light load condition. This could make the system response too oscillatory.
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Figure 2.3: dqo block diagrams of a three-phase voltage source inverter
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Figure 2.4: Voq/Eq Bode diagram with different load values

Note that V,4/Eq and V,./E, transfer functions have the same Bode diagram as V,,/E, because the

couplings are not included in their transfer functions. The following table shows values of the damping

ratios which correspond to different values of output load.

Table 2.3: Damping ratios with various load values

Inverter’s Output Power (kW) Load (Q) Damping ratio ‘¢’
0.01 4320 0.063
2.5 5.76 0.176
5 8.64 0.286
7.5 17.28 0.393
10 4.32 0.497

To avoid getting poor and oscillatory transient responses, the voltage controller should be designed for

the worst case, that is, when the system is under light load. Note that the O channel is not used because

only balanced loads condition has been taken into consideration in the system.

2.4 Voltage controller design

The main role of the voltage controller is to regulate the inverter’s output voltage when

perturbations occur due to load and/or voltage reference variations. A Pl-type controller has been
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chosen in order to get zero steady-state error and to provide a good, fast transient response with a good
damping.

As mentioned above, the voltage controller should be designed when the system operates under the
worst condition which is under light load condition. Fig. 2.5 shows the bode diagram of the system

under light load condition (P ,,q=0.01kW);

Bode Diagram
Gm= Inf dB (at Inf rad/sec) , Pm= 10.2 deg (at 1.76e+004 rad/sec)
20 T T — T T T T T T S S i T T

Switching

frequency -

Magnitude (dB)
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8
]

a0 Resonant frequency

A S S t | S S S S

Phase (deg)
o
8
]

-180

2 3 T . s 5

10 10 10 10 10
Frequency (rad/sec)

Figure 2.5: Bode diagram of the system under light load condition

The cross-over frequency (f,) has been selected as 6 kHz in order to get fast transient response and to
impose enough gain at the switching harmonics frequencies to suppress them. For this purpose, a PI
type-3 controller has been designed, which will allow getting enough phase-margin and large negative
slope (db/Dec) at high frequencies. Because the ESR of the capacitor (r¢) has been neglected in the
inverter’s modeling, a large phase-margin (PM) of 60° has been chosen.

The transfer function of a Pl type-3 controller is given by Eq. 2.15.

Kpi (1 + ST)Z

GC,PI3 = 2
ST (1 + STp) (2.15)
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Note that only a voltage control loop has been designed due to the high cross-over frequency, and
corresponding fast transient response that is desired. Fig. 2.6 shows the inverter’s power stage including
the voltage control loop scheme. The “Voltage Reference Generator” block computes the voltage
references in dq by converting the inputs (V. and w,ef) to a three-phase balanced signal than to dqo

signals.

3-ph Inv.

Ls re loabe Zi0ad

Vob

Voa
J v
v
R et L T B
G —

fe

[
f

|
én

SPWM

Eabe_ref

dqo/ABC 4—— 6 |

A Vres
Eqd_ref
kil Voltage Controller voitage Reference
Generator Wref
———————

Figure 2.6: Voltage control loop scheme

V.s (Peak value of the phase voltage) and w,s have been set as 169.7V and 377rad/s respectively. By
choosing the cross-over frequency as 6 kHz and the phase-margin as 60°, one gets the voltage controller
parameters shown in Table 2.4.

Table 2.4: Voltage controller parameters

Controller’s Crossover Phane
channel frequency (Hz) margin Ko t Te
(degree)
gandd 6k 60 1.1614 182.94u 3.846u

The voltage controller has been designed such a way when multiplying it with the system transfer

function shown in Fig. 2.5, the loop transfer function has to have a null gain at the cross-over frequency
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and a large negative db/Dec slope at high frequencies. Fig. 2.7 shows the bode diagram of the voltage
controller.

Note that the same voltage controller has been used for g and d channels.

Bode Diagram
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Figure 2.7: Bode diagram of the voltage controller
Fig. 2.8 shows the Bode diagram of the loop transfer function (LTF) (multiplication of the system transfer
function under light load condition with the voltage controller transfer function) under light load

condition (P ,,g=0.01kW).

As it seen shown in Fig. 2.8, f, and PM obtained in the LTF are as expected; hence the voltage controller
has been well designed. The gain that has been obtained at the switching frequency (-13.2 dB) is large
enough to suppress the dominant voltage harmonics. Fig 2.9 shows the bode diagram of the LTF under
heavy load condition (P y,q=10kW).

As one can see in Fig. 2.9, the system’s cross-over frequency did not vary significantly when the load has
been increased, which means that the speed response of the system is about the same under various

load conditions. However, the PM has increased making the system dynamics less oscillatory. Moreover,
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the gain imposed by the voltage controller at the switching frequency did not change allowing good

attenuation of the later under various load conditions.
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Figure 2.8: Bode diagram of the loop transfer function under light load condition
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Figure 2.9: Bode diagram of the loop transfer function under heavy load condition
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2.5 Performance verification

The performance of the inverter has been verified by means of simulations with Simulink/Matlab.
The system has been tested under various conditions and perturbations. Note that the ESR of the
capacitor “r.” has been included in the system to verify the inverter’s performance when r¢ has been

neglected in the inverter’s model and voltage controller design. Table 2.5 contains a summary of the

system’s parameters.

2.5.1 Performance of the inverter in steady-state

The inverter should be able to regulate its output voltage when feeding a balanced linear load. As
mentioned above the inverter’s rating apparent power is 10kVA with a minimum power factor of 0.8. In
this section, some simulation results are shown with the inverter feeding an inductive load of P,,,;=8kW

and Qqo.a=6kVAr (S3n = 10 kVA and PF=0.8 lagging).

Table 2.5: The system parameters

Parameter Value Unit
Operating frequency (fin) 60 Hz
Line-to-neutral output voltage “V, pea” 169.7 \Y
Apparent power “Ss,p” 10 kVA
Minimum power factor 0.8 W/VA
DC bus voltage “Vp¢” 500 Vv
LC filter inductor “L{” 320 uH
ESR of L; “r” 0.5 Q
LC filter capacitor “C{” 20 uF
ESR of C; “r¢” 0.1 Q
Light load power demand “P,,,” 0.01 kw
Heavy load power demand “Pyg” 10 kw

As one can see in Fig. 2.10-14, the inverter’s output voltage has a good sinusoidal shape, the steady-
state error is equal to zero, and the Total Voltage Harmonics Distortion (THDv) is very small which has

been obtained with Matlab see Fig. 2.13 and 2.14 (THDv=0.2%). This means that the gain (-13.2 dB)
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imposed by the voltage controller at the switching frequencies is enough to suppress the later. Note that

the same THDv, and a zero steady-state error have been obtained when PF=0.8 leading.

Vgrer= 169.7V

Figure 2.11: V,, and V4 when PF=0.8 (lagging) (V) vs. Time (s)
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Pinv=8kW

Qn=6kVAr

Figure 2.12: Inverter's output active and reactive power (W & VAr) vs. Time (s)

2.5.2 Transient response of the inverter

In isolated power systems, also known as mini-grids, AC voltage sources operate with variable
voltage magnitude and frequency, and load variations can be very big and frequent. Therefore, the
inverter’s voltage controller should be able to satisfy those requirements. Table 2.6 describes simulation

steps that have been done for the verification of the transient response of the inverter.

Fundamental (60Hz) = 169.%, THD= 0.20%
180

N7

Mag (% of Fundamental)

60

40

Frequency (Hz)

Figure 2.13: FFT of the inverter's output voltage when PF=0.8 (lagging) (V) vs. Frequency (Hz)
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Figure 2.14: Zoom on switching frequency harmonics (From Fig. 2.13) (V) vs. Frequency (Hz)

Table 2.6: Simulation steps for transient response verification when voltage reference and load variations occur

Condition Time (s)
Ploaa=0.01kW, V, =169.7V 0
Ploaa=0.01kW, V, =152.7V 0.05

Ploag=10kW, Vg =152.7V 0.1
Ploag=10kW, V, =186.7V 0.15

From Fig. 2.15 to Fig. 2.21, one can see that the transient response of the inverter is very good in terms

of rise time which is very short, and overshoot which is very small. The THDv under light and heavy load

conditions is very low (0.28% and 0.21% respectively). Finally, the steady-state error obtained for

various conditions is null (see Fig 2.16).

Note that in Fig 2.18 the switching harmonics amplitudes are smaller than in Fig.2.20 yet the THDv in the

later is smaller. This is due to the larger voltage reference amplitude used in Fig 2.20 (V4.=186.7 V).

Noting also that it is this large voltage reference which makes the inverter’s output current increase (see

Fig. 2.21).
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Figure 2.15: Inverter's output voltage under various conditions (V) vs. Time (s)
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Figure 2.16: V,4 and V4 under various conditions (V) vs. Time (s)
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Figure 2.17: FFT of the inverter's output voltage under light load (V) vs. Frequency (Hz)
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Figure 2.18: Zoom on switching frequency harmonics under light load (From Fig. 2.17) (V) vs. Frequency (Hz)
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Figure 2.19: FFT of the inverter's output voltage under heavy load (V) vs. Frequency (Hz)
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Figure 2.20: Zoom on switching frequency harmonics under light load (From Fig. 2.19) (V) vs. Frequency (Hz)
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Figure 2.21: Inverter's output current (A) vs. Time (s)

As mentioned before, the voltage source inverter has to be able to operate with variable frequency
when sharing loads with other paralleled AC voltage sources. To verify this, a simulation has been done

using Simulink/Matlab. Table 2.7 describes the simulation steps.

Table 2.7: Simulation steps for transient response verification when voltage reference and load variations occur

Condition Time (s)
PLoad=5kW; Ve=169.7V; f=62Hz 0
PLoad=5kW; Ve=169.7V; f=58Hz 0.5
PLoad=5kW; Ve=169.7V; f=60Hz 1
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The inverter’s operating frequency has been measured by the three-phase phase-locked loop system

(PLL). Note that the later has a variable measurement delay as it is shown in Fig. 2.22.

--- Operating frequency
— Frequency reference

Figure 2.22: Inverter's operating frequency (Hz) vs. Time (s)

In order to see the effect of varying the operating frequency on the inverter’s output voltage waveform,
Fig. 2.23 shows the latter. The same simulation steps listed in Table 2.7 have been used. However, the
time intervals are divided by ten in order to decrease the number of cycles by interval. As one can see in

Fig. 2.23, the inverter is robust enough to handle the variations in its operating frequency.

——
Ay |

LA

VYV VVV VY

f|nV:60HZ

Figure 2.23: Inverter's output voltage when the operating frequency varies (V) vs. Time (s)
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2.6 Conclusion

This chapter presented the analysis, modeling and design of a three-phase voltage source inverter
operating with dg control and linear carrier based SPWM, what is required for interfacing power sources
and energy storage units to a distribution grid. The choice of dg control was due to the possibility of
having zero output voltage error in the steady state using a simple Pl type controller. The performance
of the inverter operating at stand-alone and feeding a variable linear balanced load was verified by
means of simulation. Its output voltage presented good power quality, with low THDv for both minimum
and rated load conditions, much lower than the 5% maximum THDv recommended by the IEEE
standards [2]. It also presented good transient response for load and output voltage reference variations

(in amplitude and frequency).

In the next chapters, this inverter equipped with droop-base active and reactive power control loops will
be connected to other components commonly found in distribution power systems with renewable

power sources and energy storage units.



Chapter 3 - Parallel operation of a droop controlled
three-phase voltage source inverter with a
stiff grid

3.1 Introduction

This chapter focuses on the operation of a droop controlled inverter connected to a stiff grid, that
is, a bus where the magnitude and frequency of the voltage are essentially constant. The main blocks
required for the implementation of the droop controllers in a three-phase inverter are described in
details, including their Simulink realizations. Then a complete small-signal model of the system, including
the droop loops and the impedance of the feeder through which the inverter is connected to the stiff
grid, is presented. It is used for analyzing by means of root locus of the system to various system
parameters. Finally, time domain simulations in Simulink/Matlab are done to verify the results obtained

in frequency domain analysis.

3.2 Pvs. fand Qvs. V droop loops implementation

The implementation of the droop controllers in the inverter’s control loop is shown in Fig. 3.1. The
inverter presents an output LC filter and a local load and connected in parallel to the grid by a feeder. As
the inverter’s output voltage is regulated using dq control technique, the voltage references in dq are
obtained from the “Voltage Reference Generator” block which converts the voltage and frequency

references from droop controllers to three-phase balanced signal. Then these voltage references in dq
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are compared to the dq voltage across the filter capacitors (V,q.). Note that the low-pass filter is used to

filter the instantaneous P and Q and to slow down their variations.

From Eq. 1.6 and 1.7, the voltage and frequency references for the voltage controller (see Fig 2.6) have
been calculated from the filtered inverter’s output active and reactive power. These equations could be

written as follows;

p= Wnpp — Wref

my (3.1)
Q _ VnL - Vref

Ng (3.2)

One could get from Eq. 3.1 and 3.2 that the active and reactive power can be controlled (increased or
decreased) by varying the no-load frequency and voltage (w,. and V,.) respectively. This point could be
very beneficial and interesting for the case when a droop controlled voltage source inverter, having a DC
source as battery banks or renewable energy sources, operates in parallel with a grid. The element w,,
could be used to control the inverter’s output voltage in order to charge or discharge the battery banks,
or to make the inverter providing continuously the maximum power available from the renewable
energy sources (e.g. MPPT for a photovoltaic source). Note that in this chapter only the system dynamics

and steady-states will be investigated.

The block that calculates the instantaneous active and reactive power uses the Eqg. 3.3 and 3.4 applied to

the inverter’s output voltage and current (Voape and loape).

Py + Pinw = Voaloa + Voblon + Vocloc (3.3)

1
anv + Qv = ﬁ [(Vob - Voc)loa + (Voc - Voa)lob + (Voa - Vob)loc] (3.4)

Where, Py and gy, are the active and reactive power ripples respectively. Note that the non-linear loads

are not taken into consideration in this thesis.
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Figure 3.1: Parallel three-phase voltage source inverter and stiff grid
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The droop controller blocks in Fig. 3.1 labeled by “P vs. f droop curve” and “Q vs. V droop curve” ensure
the tracking of the requested active and reactive power when the inverter is connected in parallel to a
grid with fixed and known values of f and V by adjusting w,; and V,,. However, in isolated mini-grid the

inverter will share the demanded power with other DGs [11].

The low-pass filter (LPF) is required to filter the active and reactive power since the inverter’s control
loops (Voltage control loop and droop control loop) are implemented in parallel; hence the outer loop
which is the droop control loop has to be slower than the inner loop (Voltage control loop). Therefore, a
LPF has been used to slow down active and reactive power measurements which provide references to

the inner loop. The cut-off frequency value of the LPF is investigated in this chapter.

3.3 Small-signal model

The small signal analysis technique is used in this chapter in order to evaluate the system stability.
This technique is based on finding eigenvalues of linearized equations of the system. The frequency
domain results obtained by this technique are verified by time domain simulations using

Simulink/Matlab.

The idea behind this modeling is to see the effect of every element (LC filter, voltage controller, power
controller, LPF, line impedance, etc) on the system stability. Finding the conditions for which the line
impedance current presents good transient and steady-state responses are the main objectives of this

study.

The system shown in Fig 3.1 is modeled in dq coordinates. Assuming that the grid’s voltage and

frequency are fixed, and its phase is always at zero. Eq. 3.7 shows the grid’s parameters.
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rad
Voq =169.7V; Vgq =0V; and wy = 3777 (3.5)

Fig. 3.2 shows the block diagram of the system model in dq coordinates. The line current is calculated
from two elements; the grid and the inverter output voltage amplitudes. Where, the first one is fixed
but the second element depends on the phase angle (6) between the two reference frames as shown in
Fig. 3.3. The grid and the inverter output voltages have to be on the same reference frame to allow

generating the line currents.

Vg
Grid Ved
’ |Lineq
e
Wy > Line
Impedance
b |L\ned
Voq |Loadq
=
Inverter Vo Load od
A . -

/T

+

Figure 3.2: Bloc diagram of parallel grid and inverter in dq coordinates

derid

dIm/ ‘

Qinv

. Acrid

Figure 3.3: Reference frames of the grid and the inverter
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The “Inverter” block in Fig. 3.2 is shown in details in Fig. 3.4. The blocks “Line Impedance” and “Load” in
Fig. 3.2, and “P & Q calculator”, “1* Order LPF”, “Droop curves”’, “Voltage reference generator” and “LC
filter” in Fig 3.4 contain the appropriate equations that are derived below.

W

15t Order LPF

I
— PP Pioy Wret Vo Eq Vg

los — — — —> —>

Voltage

— P P&Q Droop & Voltage .
A, Calculator Curves Reference Controller LC Filter

" QurtGine Q Vet Generator | Vit Es J Ve
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Figure 3.4: Inverter’s bloc diagram

The inverter’s instantaneous output active and reactive powers are calculated using the following

equations;

W, 3
Py = r X E (Voqloq + Voaloa)

W, (3.6)
We
Qv = m X E (Vodqu - Voqlod) (3.7)

Where, w, is the cut-off frequency of the Low-Pass Filter used to measure the active and reactive power.

The small-signal terms of Eq. 3.6 and 3.7 are given by the following equations;

. 3
APInv = _wcAPInv + Ewc(Voquloq + quoAVoq + VodoAIod + IodoAVod) (3.8)

. 3
AQITLU = _wcAQInv + Ewc(VodoAloq + quoAVod - Voqulod - IodoAVoq) (3.9)

The terms; Vogo, Vodos logo @and logo are the initial values which are calculated using Simulink/Matlab.

The droop equations described by Eq. 1.6 and 1.7 are now reduced, using linearization process, to the

following;
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Awref = —mMpAPpy, (3.10)
AVref = _nqAQInv (3.12)

The angle & equation for this case is given by Eq. 3.13.
5= f (@i — wg) dt aas)

The operating angular frequency of the inverter (wy,) can be replaced by the angular frequency (w;.)
obtained from the droop equation since the latter is not delayed. The small signal of the angle 6 is given

by the following equation;

A6=Awref—Awg (3.14)

Since the grid’s frequency is fixed, Eq. 3.15 is reduced to Eq.15.

AS = Awref = _mpAPInv (3.15)

Based on Fig. 3.3, the voltage reference values for the inverter calculated on the grid reference frame
are given by the following matrix.

Vqrefcom] _ [COS§ —sm6] qref]
Vdrefcom sind cosé Vdref

(3.16)
Where, Vgrefcom and Vgrercom are the inverter’s voltage references projected on the grid’s reference frame
(The common reference frame). The small signal of Eq. 3.16 is given by Eq. 3.17.

[AVqrefcom]_[COS5o —sind, AVqref] —VarefoSiné,—Virero €058, ™
~ [sin, cosé, AVdref Varefo€0580—VarefoSind, (3.17)

AVdrefcom
Where, Veeto, Vareto and &, are the initial values. From Eq. 3.12, the Eq. 3.17 is now written as given by

Eq. 3.19. Note that the voltage references for the inverter on its own reference frame are V=169.7V

and Vdref=0V.
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AVqTefcom] _ [—nqcosdo] [ o —VarefoSindo—Virero €058, ™
AVdrefcom B _nqSin5o Inv VqT€f0C056O_Vd‘refOSin60 (3.19)

As mentioned in Chapter 2, the voltage controller which has been used is a Pl type-3 controller whose

transfer function is given by the following equation.

Ky (ts + 1)?
Gpra(s) = 22~ —  ~7
Pia(S) = 70 (T,s +1)° (3.20)

The voltage controller has two inputs and one output as Fig. 3.5 shows. Note that the same voltage

controller has been used for g and d channels.

Vadref Pod Voltage Cqd

Controller .

Figure 3.5: Inverter's voltage control loop

Where, @44 is the error between the voltage reference and the measured output voltage, and eyq is the

command to the inverter’s gates.
From Fig. 3.5, one can get the following equation;

Kpi (TS + 1)2

gl =—— ¢
qd 2 ¥Yqd
TS (Tps + 1) (3.21)
Developing Eq. 3.21, one gets the following;
Tsz eqd + ZTTpéqd + Téqd = KpiTz(qu + 2TKpi¢qd + Kpi(pqd (3.22)

Hence,
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L2 1, +KpiT . _I_ZKpi. +KI”'
fa¢ T T, Cad T fad Ty Pad T Pad T gy Pad (322)

Then, the small-signal model of the voltage controller is given by Eq. 3.24.

Doy = — by — o Noy + 2T 6+ ey Kty
fa = 7, B g baa ¥ g BPaa ¥ BPaa d g bPa 5

The next step is to model the LC filter by linearizing the inductor current and the capacitor voltage. The
equivalent circuit of the three-phase LC filter in dq coordinates (including the load impedance and Line

current) is illustrated in Fig. 3.6.

@ ey s gy
—O0—VW +

_— >

. Ci) I WV Icqlcf:: Vs Zious $mdq

Wolslig
[l_'l\ lod > liined >
00 N / +
_— >
|cdl€f :

Iid L
+ WoCiV,
eq C_) olfVq _ Vg Zion bmdd

Figure 3.6: dq equivalent circuit of a three-phase LC filter including local load

From Fig 3.10, the following equations of filter inductor current and filter capacitor voltage in dq
coordinates can be derived.

From voltage loops,

@— le —r—Li + woipg — v
dt — Lp 9 Lp M7 Ted Tod (3.25)
di—Ld= ie —r—Li — Wolpg — v
dt Lf d Lf Ld o'Lq od (3.26)

And from current nodes,
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dveg 1 | 1.
dt :C—fqu —C_floq +w0v0d (327)
d'l]od 1 . 1 s
cm_fll‘d _C_flgd — WoVyq (3.28)
The small-signal model of the LC filter is then given by;
. 1 43
AL, = EAEQ — EAILq + woAlLg — AVyq (3.29)
. 1 L
And,
. 1 1
A%q = C—fAILq — C_fAqu + wOAVOd (331)
. 1 1
AVyg = —AlLg ——Al,q — woAVoq (3.32)

Cr Cr

The dqg equivalent circuit of an inductive load is shown in the next figure.

WolLoadlLoadd

Lioad Rioad :
I cadq ’
Voq C}_D

Lioad Rioed Wolloadlioadg

s

ltoacd >
Vod (i)

Figure 3.7: dq equivalent circuit of an inductive load



3.3 Small-signal model 46

Where, R,.q and L.q are the resistive and inductive components of the load impedance (Z,,.q)

respectively. The inductive load current is then calculated by the following equations;

diLoadq _ 1 , Rioad
dt - I Voq + Wolroadd — I lLoadg
Load Load (3.33)
diLoadd _ 1 v . RLoadl.
- od — Wo'lLoadq — Loadd
dt Lioaa Lioaa (3.34)

Hence the small-signal model of the inductive load current is given by Eqg. 3.35 and 3.36.

. Rioad
AILoadq = mAvoq + WoAlpada — ﬁAILoadq ( :
oa oa 3.35
. Rioad
Aljpaaa = Lioad AVoq — woAILoadq - ﬁAILoadd ( :
oa oa 3.36

Finally, the line impedance dq equivalent circuit is shown in Fig. 3.8.

WolglLined

&

>

R O

Wolgliineq
S— Y G )
S

ng (+> " <+> Vod

Figure 3.8: dq equivalent circuit of the line impedance

The line impedance current is given by;
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diLineq _ 1 v+ w.i Rgl. 1 v
7 T 7 Vgq olLined — 7 lLineq — 7 Voq
dt L, Ly Ly (3.37)
diLined _ 1 v Wi Rgi 1 v
=7 VYgd — Wo'Lineq — 7 ‘Lined — 7 Vod
dt L, Ly Ly (3.38)
Then, the small-signal equations of the line impedance current are given by the following;
. Ry 1
Alpneq = WollLinea — EAILineq - ZAVOCI (3.39)
. R, 1
Alpnea = _woAILineq - EAILined - ZAVOd (3.40)

Each block of the system, shown in Fig. 3.2 and 3.4, is now modeled. Therefore, in order to study the
system stability in the frequency domain, one needs to link all the small-signal equations of the system
in one matrix. Therefore, state-space modeling is needed. From all the small-signal equations (Eq. 3.8,
3.9, 3.10, 3.19, 3.24, 3.29, 3.30, 3.31, 3.32, 3.35, 3.36, 3.39 and 3.40), the state-space matrices of the

system are given by the followings;

The state-space matrices of the droop controller’s model are as follows.

— A[/Oq -
. AV,q
A'6 AS Alyoaaq
APy | = APQ APy | + BPQ
. AILoadd (3.41)
AQ AQmy
v AILineq
-AILined -
And,
— A[/Oq -
AV,
AS od
AVqrefcom =C AP D AILoadq
AV = Cpg | Afnv | + Dpg Al
drefcom AQ Loadd (3.42)
v AILineq
—AILined -
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Where, AVyq, AV, Aligadgs Alioadds Aliineg and Aljineg are the inputs and AVgretcom and AVgrercom are the

outputs of the droop controller. The state-space matrices are defined by the followings;

0 —my, 0
APQ = 0 _(l)c 0
0 0 -, (3.43)

3 0 0 0 0 0 0
BPQ = Ewc (ILoadqo - ILineqo) (ILoaddo - ILinedo) Voqo Vodo _Voqo _Vodo
_(ILoaddo - ILinedo) (ILoadqo - ILineqo) Vodo _Voqo _Vodo Voqo (3.44)

C _VqrefOSin5o_Vdref0COS5o 0 —nqCOSSO
P@ ™ Virero€0S8,—Varefosind, 0  —ngsiné,

(3.45)
0O 0 0 0 0 O
Dpg=10 0 0 0 0 O
0O 0 0 0 O O (3.46)
From Eg. 3.24, the voltage controller’s state-space matrices are given by;
_A'q'o-q_ _Aé)q_
Aq)q A¢q [AVqrefcom]
Aq A AV,
'q.o.q = Aps3 ?.Dq + Bp3 Ar;-fwm
Apq Apg oq (3.47)
Apy Apg AVou
-A(bd- -A¢d-
And,
_A&'pq_
A¢q [AVqrefcom]
Ae AV,
A q] = Cpr3 A?q + Dp13 LX;fcom
€a Agy l oq (3.48)
Agb d AVyq
_A(Pd_

Where,
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-2/T, —1/T20 0 0 0
1 o 0 O 0 o0
P B 1 0 O 0 0
ZE R 0 0-2/T,-1/TZ 0| (3.49)
l o o0 1 o o0 '
l 0 0 0 o 1 OJ
[10—1 0]
000 O
g..—|000 0
PI3 —
i
000 O
K, t/T? 2K, /T? Kp;/tT? 0 0 0
C = pt 14 pi/°p pt p
PI3 0 0 0 Kpit/TF 2Ky /Ty Kpi/TT} (3.51)
0 000
Dpp3 =
[0 00 0] (3.52)

Note that the inverter’s output voltage V.4, is automatically on the common reference frame since the

voltage reference has been converted in the droop controller state-space matrices (Eq. 3.41 and 3.42).

The LC filter’s current and voltage state-space matrices for the Inverter are given by the followings;

. Rz
AlLq [Alig] Aey
AI:Ld =A |A1Ld | +B AILoadq
AVOq Ler [A%qJ Lek AILootdd (3.53)
vy aVodl [l
—AILined -
And,
[ Aey
[AI Lq] Aey
AVOCI =C |A1Ld |_|_ D AILoaqu
AVod Lek [A%QJ Lek AILoadd (3.54)
AVod AILineq
AILined

Where,
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-1 /Ly @o  —1/L 0

A= | %o -n/Ly —1/Ls
LeE=1 1/, 0 0w,
0 1/Cf —Wg 0

0

B 0 0
F=| o9 o -1/ 0 1/¢
0 0 o —1/C o 1/C

0
0
0

Ger=lg o o 1
b=y 0 0 0 0 o

Now the load current’s state-space matrices are as the followings;

[AILo:adq] A AILoadq] + Bloud [AV:)Q
Al paaa 24 Al oaaa 4 [AVoq
And,

[AILoadq] o [AILoadq] +Dyyua [AVOCI]

AILoadd oa AILoadd o AVOd
Where,

A — [_RLoad/LLoad Wo ]

Load —w, —Ry0ad/Lroad

B — [1/LLoad 0 ]
Load 0 1/LLoad

Croad = [(1) (1)]
Dioaa = [g 8]

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)
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Finally, the state-space matrices of the line current are given by;

[AIL;neq] = A AILineq] + By, [A]/;)q]
ine ine
d

AILL‘ned Alinea AV, (3.65)
And,
AILineq] — ) [AILineq] ) AVoq]
AILined Line AILined Line AVod (3.66)
Where,
A —Ry/Lg W,
Line —Wo —Rg/Lg (3.67)
5 ~1/L;, 0
Line 0 -1/, (3.68)
_m o
CLine - [0 1] (3.69)
[0 0
DLine - [0 0] (3.70)

From the state-space equations (Eq. 3.41-70), one can see that the whole system has 17 states which

can be linked in one matrix as shown in Eq. 3.71.

Note that the matrix “A.,,” has to be an n-by-n matrix (17-by-17 in this case) unless eigenvalues could

not be calculated. These later are used to analyze the stability and dynamic behaviors of the system.
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_ A'6 -
APy A
AQ'Inv APpyy,
Aanv
Agq ]
. A¢q
Agq j
A Abq
A...q Ag,
Agd Yop
A-d Apq
Q'Dd =Amg A(pd
Alq Al
Al 4 Al
AV,q AV,q
AVOd AVOd
Al AILoadq
Loadq Al
AI ° Loadd
Lz?add AILineq
AILfneq —AILined -
-AILmed—
Where,
0 4, 0 DO 0 ] 0 0 0 0 0 0
0 4, 0 0 0 0 o 0 0 0 0 Ag
0 g 4 0 0 0 0 0 o 0 0 -4
A; p Ag Ay Ay 0 0 0 O 0 |
o 0o 0o 1 0 0 0o 0o o © 0 0
o o o 0o 1 0 0 0 o © 0 O
Ay 0 A, 0 0 0 A A, 0 O o 0
o 0o g 0 0 0 1 0o 0o O 0 O
Apg=|0 0 0 0 0 0 0 1 0 0 0 O
0 0 0 HL! Al:t HLE- 0 0 0 1'41_5 Hj_- .-‘-']13
0 0 0 0 0 0 A Ay Az —d4;; 4, 0
a 0 0 0 o 0 o 0 0 A © 0
o 0o ¢ o 0o 0 0 0 0 A —A
0 00 0o o 0 0 0 0 o 0 A,
o o 0o 0 o 0 o 0 a 0 0 0
L R g 0 o 0 0 0 0 A
o 0 0 0o o 0 0 0 0 o 0 g
Where,
Alz'mp AZZ_wc
A4:1-5wc(ILoaddo'lLinedo) A5=1.5(1)cvoqo

A7:VqrefoSin(60)'vdrefocos(60) A8='nqcos(60)

52
(3.71)
0 ] 0 0 0 7
-'44 -'45 -'45 —.-45 —-'45
Ay Ay A —A; A
0 0 0 a ]
0 0 0 a 0
00 0 0 0
-1 0 0 0 ]
] ] 0 0 0
0 0 0 a 0
0 0 0 0 0 (3.72)
Ayp 0 0 0 ]
Ay; —Ap 0 Ay 0
0 0 -4 0 Agg
0 A, Ayl 0 0
Az —A4;; Ay 0 0
0 0 0 Ay Ay
ﬂ:- 0 0 _"'ql-_' .-'q-'l_

A3:1.5wc(ILoadqo_ILiner)
As=1.5W Vo4

A9:'2/Tp
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Ap=-1/T, A11=V grero€08(80)-VareroSin(8,) As,=-ngsin(8,)
Ass=(KT)/(LeT,); Ar=(2Ky)/(LiT,) A=K/ (LiaT,)
A=-r/Ls A=W, As=-1/L¢
A15=1/C; Az0=1/L10ad A21=-Ri0ad/Lioad
Ap=-1/1, Ax=-Ry/L,

The eigenvalues of the matrix (A,4) have been calculated using Matlab. As mentioned before, the initial
values of each case have been obtained from Simulink/Matlab simulation of the average model (dq
model) of the system shown in Fig. 3.2. The results of the latter will be verified in the next section. The
.m file of Matlab which contains the small-signal state-space model of the complete system is given in

the Appendix-A.

3.4 Schematics of the simulation file

Based on Fig. 3.1 and Fig. 3.2, the schematics of Simulink/Matlab simulation file of the average
system and the average dg model are shown in Fig. 3.9 and 3.10 respectively. The purpose of the latter
is to verify the modeling that has been done in the previous section by comparing its results with the

Simulink/Matlab file simulation results.

Note that in order to make the simulations run fast, the three-phase inverter, in Fig. 3.9, is represented
by three controllable AC voltage sources. The switching harmonics in this case are neglected but this is
not a problem since the main interest is the investigation of the stability of the system and the behavior

of the active and reactive power flows, which are not influenced by the harmonics.

The dg model shown in Fig. 3.10, as described before, has three main blocks (The grid, the inverter and
the line impedance). Where, each block contains the appropriate mathematical models derived in the

previous section (Eq. 1.6, 1.7, 3.6, 3.7, 3.13, 3.16, 3.20, 3.25-3.28, 3.33, 3.34, 3.37 and 3.38).
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Setting the system parameters as listed in Table 3.1, the comparison results of the system in Fig. 3.9 and
its dq average model shown in Fig. 3.10 are shown in Fig 3.11 and 3.12. These latter shows the transient
and the steady-state responses of the inverter’s output active and reactive power respectively when a
change in the no-load frequency (f,.) occurs in the P vs. f droop controller. As discussed previously, the
active power could be controlled by varying also the no-load frequency as shown by Eq. 3.1. Note that
the reactive power controller has been disabled (n,=0) in order to see the coupling effect between P and

Q caused by the line impedance characteristics.

Table 3.1: System parameters

Parameter Value Unit
V, 120/208 Vims
f, 60 Hz
m, (Af) 2.513m (4) rad/s/W (Hz)
Ng 0 V/VAr
X 0.1 Q
Re 0.23 Q
f. (LPF cut-off frequency) 30 Hz

Note that the line impedance values (X, and R;) have been obtained from [16].

The next table describes the simulations’ steps.

Table 3.2: Simulation steps

Condition Time (s)
PLoad=5kW; f,;=62Hz 0
Ploaq=5kW; f,.=63Hz 0.25
Ploag=5kW; f,.=59Hz 0.5
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Figure 3.9: The system’s Simulink/Matlab simulation file scheme
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Figure 3.10: The system’s dq average model in Simulink/Matlab
It is shown in Fig 3.11 and 3.12, that the mathematical average model of the system derived on dq
coordinates gives the same results as the simulation file on Simulink/Matlab. There is only a difference
in the magnitude at the synchronization between the inverter and the grid. However, this does not have

any influence on the outcome of the analysis.

Note that the inverter has a local load of 5kW which is entirely supplied by the inverter. This makes the
operating frequency of the inverter settle at 60Hz and preventing the inverter to provide active power

to the grid.
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The increase in the no-load frequency in the droop controller generates a positive phase angle (6) which
makes the inverter provide active power to the grid. On the other side, decreasing f.. (below the rated
frequency 60Hz) makes the inverter absorb active power. This is suitable in case the batteries bank in

the DC bus need to be charged.

The coupling between P and Q is shown in Fig 3.11 and 3.12. The frequency range (4f) used in the P vs. f
droop controller is 4Hz. Knowing that inverter’s rated apparent power is 10kVA, an increasing of 1Hz in
the no-Load frequency generates an increasing of 2.5kW in the inverter’s output active power. However,
in case when line impedance is not purely inductive, an increasing in the reactive power occurs. The
amount of the latter depends on the ratio X./R;. As mentioned before, the P and Q coupling issue is not

discussed in this thesis.

As described in Table 3.2, when a step-up of 1Hz occurs at 0.25s in f,, the inverter provides an
additional 2.5kW to the grid as shown in Fig 3.11. However, when f,. becomes smaller (59Hz at 0.5s)

than the rating frequency 60Hz, the inverter absorbs 2.5kW.

The reactive power droop controller does not solve the coupling issue between P and Q. However, the
increasing of the reactive droop gain (n;) makes the reactive power decreases since it has an influence
on the voltage amplitude. As it is shown in the following paragraphs, the system stability is very sensitive

to the value of nq and its value depends on other slow elements of the system.
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--- dgq model
— Simulation file

fa=62Hz

Figure 3.11: Inverter and grid's output active power (W) vs. Time (s)

--- dg model
—Simulation file

fa=63Hz

Figure 3.12: Inverter and grid's output reactive power (VAr) vs. Time (s)
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3.5 Root locus of the system to various parameters

After linearizing the various blocks of the system using the small-signal approach and combining
them in one state-space matrix, the roots of the system model are shown in Fig. 3.17. The system

parameters are the same as in Table 3.1.

There are three clusters of poles, as it is seen in Fig 3.13. Clusters #2 and #3 contain high frequency
poles which are directly influenced by the voltage controller and the LC Filter. However, cluster #1
contains the low frequency poles which are directly influenced by the droop controllers, the output
impedance and the LPF. According to [12], the fast elements as the voltage regulator and the LC filter
could be neglected in the system modeling since they have a very small influence on the system
behavior. To verify this, a reduced system model needs to be derived. Neglecting the voltage controller,
the LC filter and the local load (for the sake of simplicity since the large load impedance does not
influence a lot the inverter’s output impedance), the system states are reduced now to 5 as shown by

the following equations.

[ 457 R
I AP.Im] I | APhw |
| Aanv | = Armgl Aanu |
|AILlneq | AILineq | (3.73)
AIL;nedJ AILinedJ
Where,
0 Ar, O 0 0 1

| Ay Ary Ary Arg Arg |
=|Ar, o Arg Ar, —Arg|
Ary 0 Aryg Aryy  Arp (3.74)
Ariz 0 Aryy —Ar, Argg

Ang

Where,
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Ar;=-m,

Ar=1.5%*Wc* (-liineqo™ (-Vgreto ™ SIN(60)-Vreto *€0S(80))-liinedo * (Vgreto * €OS(80)-Varero *sin(8o)))
Ars=-w,

Arg=-1.5*w*Ng™ (~lLinego * €OS(86)-lLinedo *siN(85))

Ars=-1.5*w*Vogo

Arg=-1.5*w*Voqo

Ar;=1.5*W*(linedo * (-Vgrefo ™SIN(86)-Virefo*€0S(66))-liinego * (Vgrefo * €05(86)-Vareto *sin(d,)))
Arg=-w+1.5*wW*Ng* (~linedo *€05(80)*Linego *SiN(S5))
Arg=-(-Vgreto ™ SiN(85)-Varero*c0s(50))/Lg

Arip=ng*cos(8,)/Lg

Ary=-Rg/L,

Arp=w,

Ar13=-(Vgreto * €OS(85)-Varero*sin(8o))/ L

Ary=ng*sin(8,)/L

The characteristic polynomial (known also as the characteristic equation) of the reduced system model’s

matrix (A.mg) is calculated using the following equation.

det|Aymg —xI| =0 5s)

Where, | is a 5x5 identity matrix. Using the mathematical software “MathCAD”, the characteristic

equation of the reduced system model is given by;

x> +ax*+px3+yx?+Ax+{=0
(3.76)
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Where,
a=-Arz-Arg-2Arq;
B=Ar11 +Ar ., -AriAr,+ArsArg+2ArsAr,-AreArio+ArsAr a+ 2ArgAry

y=‘Ar3Ar112'Ar3Ar12Z'ArgArl12‘ArgAr122+ArlArzArg'ArlAr4Ar7'ArlAr5Ar9+2ArlArzAr11+Ar3Ar6Ar10'Ar1Ar6Ar13'

ArsArsAris-2ArsArgAr-ArsArigAr+ArgArioAri1-ArsAr Aria-ArgArAr,

A=-Ar,ArAr 2-Ar ArAT 2 +ArsArgAry 2 +ArsArgAry, - Ar ArArgAro+Ar, ArsArgAro+Ar, ArArgAr o
AriAr,ArsAra-2 Ar AryArgArg 1 +Ar ArgArsAr s+ 2 Ar ArgArsArg -
AriArsAr;Ar o+ AriArsArgAr 1 Ar ArgAr,Ar s +AriArgArgAr3+Ar ArgArgAr,+ArsArsAroAr,-ArsArgArgAry -

AriArsAr,Arz+AriArgAr Ars+ArsArsAr Ara+ArsArgAr,Ar,

Z=Ar1Ar2ArgAr112+Ar1Ar2Ar8Ar122—Ar1Ar4Ar7Ar112—Ar1Ar4Ar7Ar122-Ar1Ar52Ar9Ar14-
AriArg’AroAr 4 +Ar Ars’AryAr s +Ar Arg Ar1oAr s-Ar Ar,ArsAroAr,+Ar Ar,ArgAroAr  -Ar ArsArgArsAr ;-
AriArgArgArgAri+AriArArsAripAro-Ar A ArgArgAry +Ar ArArsAr 1 Ar -
ArAr ArsAry Aris+Ar ArsArsAroAr A Ar ArgAr  Arg-Ar ArgArgArpAr s+ Ar  ArgArsArgAr -

ArlArsAr7Ar12Ar14+Ar1Ar_r,ArgArler13+Ar1ArsAr7Arl1Ar14'Ar1Ar6Ar8Ar11Ar13

The characteristic equation 3.76 is a 5" order function which is very complicated to calculate its roots
manually as function of A,,, components A;. Therefore, Matlab has been used to calculate and to plot

those roots as shown in Fig. 3.14.

Note that the .m file of Matlab which contains the small-signal state-space model of the reduced system
is given in the Appendix-B. The eigenvalues of the state-space matrix have been calculated using the

Matlab command “eig”.
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| A

Cluster #2

Cluster #3 Cluster #1
Lo \@
&/ \J

Figure 3.13: Roots of the complete system small-signal model

As one can see in Fig. 3.13 and 3.14 that clusters #2 and #3 disappear in the reduced system model and

only the low-frequency poles are shown.

Cluster #1

I/

Figure 3.14: Roots of the reduced system small-signal model
In order to compare the position of the roots of the detailed and the reduced system models, Fig. 3.15
shows a zoom on cluster #1 of Fig. 3.13 and 3.14. The dominant poles of the two models are similar but

the intermediate poles, which are around -800%j250, are significantly different due to the difference of
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the output impedance in the two models. In the following sections, the influence of the output
impedance on the intermediate pole is verified using the reduced system model. Therefore, only the
reduced system model is used for following studies since the latter gives accurate system behavior
which is dictated by the dominant pole. Finally, the fast elements of the system could be neglected in

the modeling because they have a negligible influence on the dominant pole.

The system is actually stable since all the poles are in the left side of the imaginary axes. As mentioned
above, the dominant poles shown in Fig 3.15 are influenced by the droop controller slopes, the line

impedance characteristic and the LPF cut-off frequency.

400

. Dominant pole )/-\

\.
200 / o

(@3
200
« \/
400 y m D (] l l 1
U Reduced model

X Detailed model

-600_
-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 0 100

Figure 3.15: Low frequency poles of the detailed and reduced system’s small-signal models

In order to see the influence of those elements on the system dynamics, a root locus has been gotten
showing the poles displacement when varying those elements’ parameters. Fig. 3.16 shows the root
locus of the reduced and the detailed system when m, is increased (Af is varied from OHz to 15Hz). The
system parameters are shown in Table 3.1.

As one can see in Fig. 3.16, the dominant roots of the reduced system behave exactly as those of the

detailed system. By increasing the active power droop gain, the dominant complex poles moves to the
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right. In other words the real part of the dominant pole increases and its imaginary part decreases. This
makes the system quicker but more oscillatory. Just for information purposes, the detailed system
becomes unstable when Af is bigger than 10.7Hz which larger than the standards. In the next section,
time domain simulations will be done for the complete system shown in Fig. 3.9 in order to verify the

frequency domain results.
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Figure 3.16: Dominant poles of the detailed and reduced system models when m, or Af is increasing

Now to verify the effect of the reactive droop gain (n,) on the system behavior, the roots of Eq. 3.76
have been obtained by fixing all the system parameters shown in Table 3.1 but n, or AV% (the
percentage of the voltage range with respect to the no-load voltage 169.7V) has been increased. In the
frequency domain simulation shown in Fig. 3.17, the AV% is increased from 0% to 3%. As one can see,
the increasing of n, leads the system towards instability. However, small values of the reactive droop
gain generate large reactive power steady-state error as it is verified in the next section. Note that the

complete system becomes unstable when AV% is above 2%.
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Figure 3.17: Roots of the reduced system model when n, or AV% is increasing

Fig. 3.18 shows the system’s root locus when the ratio X./R; is increased from 0.1 to 15 while the
resistive component of the line impedance (R,) is fixed at 0.23Q. There the system (in frequency
domain) never becomes unstable when increasing the inductive part of the line impedance. However,
when the ratio X,/R; is equal or bigger than 4, the system is dominated by two poles since they are both
close to the imaginary axes. The time domain results are shown in the next section. Note that the large
variations in the line impedance study may not correspond to actual line impedance parameters but
they help to visualize the trend of the line impedance ratio variations on the change of position of the

roots.

Fig. 3.19 shows the system root locus when decreasing X/R; from 2 to 0.125 while X, is fixed at 0.1Q.
The system becomes more stable when the ratio X,/R, decreases and it becomes unstable when R, is
smaller than 0.15 Q. From Fig. 3.18 and 3.19, the increasing of the ratio X,/R; turns the system stable
since the P vs. f and the Q vs. V droop control has been adopted. However, R; must be higher than a

certain value to make the dominant pole at the left side of the imaginary axes.
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Figure 3.19: Root locus of the reduced system model when X; is fixed and R; is increasing

The last element which is investigated in this section is the cut-off frequency of the low-pass filter (f.).
The latter is used to filter the measured inverter’s output power for the droop controllers. The Q vs. V
droop control loop is an outer control loop as shown in Fig. 3.1 since it provides the voltage reference to
the voltage control loop; hence to avoid conflicts between the two cascaded loops, the outer control
loop must be slower than the inner loop. Therefore, a LPF is needed to slow down the variation of the

reactive power supplied to the droop block. Since the droop controlled inverter is designed to share
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active and reactive power, conventionally same LPF should be used for the P vs. f droop controller.
However the LPF influences directly the system dynamics. Fig. 3.20 shows the root locus of the system

when f_ is increasing from 1Hz to 60Hz. The system parameters are the same as in Table 3.1.

f.increasing
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Figure 3.20: Root locus of the reduced system model when f_ is increasing

The way the low-frequency poles move in Fig 3.20 means that the higher f. is the more stable the
system is. This is uncommon since LPF are normally used to slow down any variations. However in this
case, the LPF is used only in the feedback loop as Fig. 3.21 shows. From the latter, the equation of the
phase angle 6 is given by Eqg. 3.77 where its dynamic response is dictated by two poles (A=0 and A=-w,).
The bigger w, is the more stable the system will be. This is the reason why the system becomes less

oscillatory when increasing f.. This is verified by time domain simulations in the next section.

Vref&from Q/V droop controller)

Voltage Controller
" Inverter p
- Inv
Voltage Reference + >
Generator LC Filter
LPF [«

Figure 3.21: P vs. f droop control loop
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_ (a)nL - wg)s + (wnL - a)g)cuc - mpcuCP,m,

)
s(s + w.) (3.77)

Note that Fig. 3.16-19 show that the intermediate poles are more influenced by the feeder impedance
than by the droop gains. This explains the difference in that pole in Fig. 3.15 and 3.16 due to the
difference in the output impedance since the voltage controller and the LC filter have been neglected in

the reduced system model.

3.6 Performance verification

3.6.1 Response of the system due to reference signal variations
In the previous section, frequency domain modeling and analysis have been done showing how
the system behaves dynamically under some specific parameters variations. In this section, the previous

modeling is verified by time domain simulations using Simulink/Matlab.
3.6.1.1 The active power droop gain (m,) varies

As it is seen in Fig. 3.16, the system is lead to instability and its transient response becomes faster
and more oscillatory when the P vs. f droop gain is increased. To verify this, time domain simulations
have been done with three different values of m,. Table 3.3 shows the system parameters used for the

simulations.

Fig. 3.22 presents simulation results when Af equal 2Hz, 4Hz and 8Hz. A step of Af/4 in the no-load
frequency signal occurs at 0.5s. There one sees that the increasing of m, reduces the damping factor,

shortens the rise time and increases the overshoot.

In the s-plane a pole is described by the following equation below where, o is the real part and w is the

imaginary part called the damped frequency of oscillation.
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s=octjw

(3.78)

Table 3.4 gives the dominant pole shown in Fig. 3.23, the damping coefficient (£) and the estimated rise

time of the system for each value of m,.

Table 3.3: system parameters for m, increasing simulations

V, 120/208 Vims

fe 60 Hz
m, 1.257m, 2.513m, 5.027m rad/s/W
Ng 0 V/VAr
Af 2,4,8 Hz

X, 0.1 o)

Re 0.23 o)

f. 30 Hz

Figure 3.22: Inverter and grid's output active power when m, varies (W) vs. Time (s)

Note that the role of the P vs. f droop slope (m,) in the inverter’s outer control loop is similar to a

proportional controller represented by a constant (K,) which is being used to damp the transient

response. In droop control, the zero steady-state of the operating frequency is already gotten without

using any integral controller. However, adding a derivative component in the droop control, as Eq. 3.79
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and 3.80 show, enhances the system’s transient response [12]. The impact of the derivative gains my

and nq on the system behavior is not investigated in this thesis.

o Af=8Hz [N
Af=4Hz [~
\‘\Ao
Af=2Hz \“OO
O
200 O
O
400 5 C
Figure 3.23: Roots of the reduced system model with different values of m,
Table 3.4: The dominant pole with different m,
Af (Hz) c w (rad/s) § t, 10% to 90%
(s)
2 -66.535 119.14 0.4874 10.91m
4 -45.418 181.05 0.2433 5.739m
8 -13.234 250.92 0.053 3.924m
Wref = W m,P, m P iy
- - — d
ref nL p!Inv dt (3.79)
dQInv
Vref =Vh — anInv —Ng dt (3.80)

3.6.1.2 The reactive power droop gain (n,) varies

In order to verify the results shown in Fig. 3.17, time domain simulations have been done. Table
3.5 shows the system parameters for these simulations. Like the active power droop controller, the

increasing of the no-load voltage (V,;) generates more reactive power at the inverter’s output and vice
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versa. Therefore, a step-up in V. of V,,,xAV%/100 occurs at 1s in order to make the inverter provide half

of its rated reactive power: 3kVAr. Fig. 3.24 shows the simulations results.

Table 3.5: System parameters for n, increasing simulations

Parameter Value Unit
V, 120/208 Vims
fq 60 Hz
m, 2.513m rad/s/W
Ng 183.8u, 282.8u, 381.8u V/VAr
Af 4 Hz

AV% 0.65,1,1.35 %
X 0.1 Q
Rq 0.23 Q
f. 30 Hz

It is shown in Fig. 3.24 that the steady-state error decreases, which is the difference to 3 kVAr, when n,
increases but the system dynamics become more oscillatory leading to instability. Fig. 3.25 shows the
root locus of system for the three different values of n,. The choice of this parameter should be done in
order to satisfy two conditions: Good system transient response and small steady-state error. Until now,
the only solution to get zero steady-state error is to increase nq. However, to get good dynamics one can
decrease the active power droop gain (m,) since the inverter is connected to a fixed frequency voltage
source. Fig. 3.26 shows the time domain simulations results for different values of Af or m, while AV% or
ng is fixed to a large value 1.35% that makes the system have the poor transient response shown in Fig.
3.24. One can see in Fig. 3.26 that indeed, decreasing m, damps the system transient response and
generates good dynamic. Fig. 3.27 shows the system’s root locations corresponding to the simulations.

The dominant poles move to the left when m, decreases.
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Figure 3.24: Inverter and grid's reactive power when n, varies (VAr) vs. Time (s)
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Figure 3.25: Roots of the reduced system model with different values of n,
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AV%=1.35%

anv

Figure 3.26: Inverter and grid's reactive power damped with m, decreasing (VAr) vs. Time (s)

AV%=1.35%
400
Nf=4Hz
% N
Af=2Hz \\\A
200
~a
0
@]
-200
OO
-400
-600
-1000 900 -800 700 -600 -500 -400 300 200 100 0 100

Figure 3.27: Root locus of the reduced system model when decreasing m, while n, is large

3.6.1.3 The Grid impedance (Z,) varies

As mentioned before, the ratio X./R, has a direct impact on the system dynamics. Moreover, it has

an impact on the steady-state response as Fig. 3.28 shows. The increasing of X, while R; is fixed to 0.23Q



3.6 Performance verification 74

leads to zero steady-state error since the coupling effect becomes negligible. Note that the simulations

used for this section have fixed Af at 4Hz and f, to 30Hz.

The resistive part of the line impedance (R,) damps the transient response when it is increased. Fig. 3.29
shows the dynamics of the system with different values of R; but with the same X./R, ratio of 10. The
value of R, influences significantly the transient response, more than X; but the latter should be
considerably bigger than R, in order to eliminate the coupling effect and to get zero steady-state error.
Fig. 3.30 shows the system’s root locus that corresponds to the time domain simulation results shown in
Fig. 3.29. There are two pairs of conjugate poles near of the imaginary axes and both influence the

dynamics of the system.

X_/R.=0.2....\
g N

r

Xo/Re=0.1 e

: ™ Xo/Re=10 \

e Wt oSSt S ea S T 4 A
${§\ Xo/R.=0.1
\\ Xo/Ro=0.2

\ Xo/Re=10

Figure 3.28: Inverter and grid's output active power when the ratio X,/R; varies while Rg is fixed (W) vs. Time (s)
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Figure 3.29: Inverter and grid's output active power when R, varies while Xg/Rg is fixed (W) vs. Time (s)
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Figure 3.30: Root locus of the reduced system model when Rg varies while Xg/Rg is fixed

The values of X, and R; are not controllable and are usually unknown, hence, enhancing the inverter’s
transient and steady-state response is impossible when conventional droop and voltage control loops
are used. In the next chapter, a well-known approach to enhance the system behavior, called virtual

impedance, is analyzed and a new one is proposed.
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3.6.1.4 The cut-off frequency of the LPF (f,) varies

The low-pass filter used to filter active and reactive power measurements has also an effect on
the system dynamics. Time domain simulations have been done to verify this statement. Fig. 3.31 shows
the system behavior for three different values of f. while the other parameters are fixed as given by
Table 3.1. As previously mentioned the LPF adds a zero to the system (Eg. 3.73) which increases its
phase margin and making its transient response having less oscillation and shorter settling time as
shown in Fig. 3.31. However, the rise time doesn’t change for the different values of f.. Note that in Fig.
3.31, a step of 1Hz occurs at 0.5s resulting in an active power flow of 2.5kW between the inverter and

the grid.

The increasing of f. could be also a solution for highly oscillatory transient responses obtained when n, is
large. Using the same simulation steps as in Fig. 3.24, Fig. 3.33 shows the system behavior in case where
a step occurs in V,, for two different values of f. when nq is large (AV%=1.35%). As one can see in Fig.
3.33, that indeed increasing the cut-off frequency of the LPF damps the system’s transient response in
time domain and in frequency domain (see Fig. 3.32 and 3.34). However, like m, and n,, the value of f. is
limited. Therefore, in purpose to obtain good transients, all the influencing parameters should be

adjusted.

Note that the simulation steps are the same as in Fig. 3.26 when Af is equal to 4Hz, X, and R, is still equal

to 0.1Q and 0.23Q respectively.

From Eq. 1.4, an increase of Z; imposes an increase of the voltage magnitude difference which means an
increase of the reactive power droop gain (n,) to get the same value of Q. This means that the increasing
of the X,/R; ratio in order to get zero steady-state error in the active power provided to or absorbed

from the grid, implies an increase of nq to get zero steady-state error in the generated or absorbed
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reactive power. However, the magnitude of AV% is limited at a certain value by the standards and

because it leads the system to instability as shown in Fig. 3.25.

Figure 3.31: Inverter and grid's output active power when f_ varies (W) vs. Time (s)
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Figure 3.32: Root locus of the reduced system model when f_ varies
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Figure 3.33: Inverter and grid's reactive power damped when f. is increased (VAr) vs. Time (s)
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Figure 3.34: Roots of the reduced system model when f is increased while n, is large
3.6.2 Response of the system during a grid disconnection
Detailed studies and analysis have been done so far for a system composed by a droop controlled
voltage source inverter connected to a stiff grid through a feeder showing all the parameters that

influence significantly the system transient and steady-state responses. However, the inverter has to be
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able to meet the demanded power by the local load during grid disconnection caused by faults or bad

power quality.

Fig. 3.35 shows the result of a simulation of the grid disconnection. Initially, the inverter shares its
maximum local load (S,=8000+j6000 VA) with the grid by 50% by selecting properly f,, and V,,, then the
grid is disconnected at 0.5s. After grid disconnection, the inverter is the only voltage source which feeds
its local load and regulates the AC bus voltage and frequency. However, the inverter’s droop controllers
are still active making the output voltage and frequency decrease. Therefore, droop controllers should
be disabled (or designing another loop that regulates the AC voltage amplitude and frequency to be
near the rated V and f) in order to get rated voltage amplitude and frequency. Therefore, active and
reactive droop gains (m, and nq respectively) become zero at 0.7s in Fig. 3.35. The latter shows also that
the grid disconnection has been done smoothly, and the inverter takes over the local load power

demand.

ve power
control.disabled

ctive pow

/

disconned

Figure 3.35: Inverter and grid's active and reactive power during grid disconnection (W & VAr) vs. Time (s)
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3.7 Conclusions

In this chapter, the implementation of the P vs. f and Q vs. V droop controllers in dgq control loops
of a three phase voltage source inverter has been shown. As the mini-grids have different characteristics
in terms of line impedance among the other networks, the line impedance amplitudes are very small
which makes the system’s dynamics oscillatory, and the ratio Xg/R, is smaller than 1 making the P and Q
control complicated. A small-signal model of the system has been developed in order to make a detailed
analysis and to identify the system elements and parameters which influences directly and significantly

the transient response.

Also, a reduced system model was derived neglecting the voltage controller and the LC filter. The roots
of this simplified model were compared to the roots of the detailed system model, showing the

similarity of their dominant poles.

It has been found out that the most influencing parameters are; the droop gains (m, and ng), the line
impedance components (R, and X;) and the LPF cut-off frequency (f.). The dominant pole of the system
moves to the instability region when m, and n, are increased but contrary to f. which damps the
system’s dynamics when it is increased. The X./R; ratio influences much the steady-state response
rather than the transient response. However, to get the latter damped, R, needs to be larger than a

certain value.

Time domain simulations have been done to support the frequency domain results. However, besides
transient responses verifications, it has been found that some parameters influence significantly the
steady-state response of the system. The ratio X,/R, has to be relatively large to get zero steady-state
error in the generated or absorbed active power. However, this requires an increase of nq to get the

same steady-state error in the generated or absorbed reactive power, but at the same time, high values
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of n, leads the system to instability. This means that the droop control method used in this chapter,
which is known as the conventional droop control method, is not reliable and not robust enough to get
accurate steady-state and damped transient responses whatever the characteristic of the feeder is.
Many new droop control methods have been designed in order to enhance the transient response and
to eliminate the coupling effect between P and Q when the line impedance amplitude and angle are
small. However, none of these new droop control approaches have taken into consideration the fact

that the line impedance is usually unknown.

It has been shown in this chapter that the inverter was capable to feed its local load after the grid
disconnection. Since the inverter shared the local inductive load with the grid which implied a changing
in the no-load frequency and voltage, the droop controllers should be disabled after the grid

disconnection in order to get rated frequency and voltage at the load after grid disconnection.

In the next chapter, the parallel operation of two droop-controlled voltage source inverters is studied.
This system called mini-grid is totally autonomous and independent on the main grid where only local
energy sources are used to power the customers’ loads. This system is more challenging since both

inverters are variable voltage and frequency sources.
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4.1 Introduction

This chapter focuses on the operation of two droop controlled voltage source inverters connected in
parallel through a feeder forming an autonomous micro-grid. In this case, the AC bus at which the
voltage source inverters are connected appear as an AC bus with variable voltage magnitude and
frequency which makes the system stability more challenging than the case in Chapter 3. The complete
small-signal model of the system is presented allowing the detailed analysis of the transient response of
the system. Then a conventional virtual impedance control technique is explained and implemented into
the inverters’ control loops showing its benefits in term of system stability and steady-state response
accuracy. A new virtual impedance control loop is proposed making the voltage regulation enhanced.
The time domain simulation results of the system, obtained with Simulink using the average model, are

presented in order to support the frequency domain analysis.

4.2 Small-signal model

The system shown in Fig 4.1 represents a simple micro-grid where two voltage source inverters
assist each other in case of power shortage. The inverter #1 is two times bigger than inverter #2 (where
the rated apparent power of inverter #1 is; S,,.x:=20kVA, so S.....=10kVA). Therefore, as mentioned in
Chapter 1, the droop gains of the inverters should be different (from Eq. 1.13, my;=m,/2) if they are to

share load variations proportionally to their power capacities. The inverters have the same voltage
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controller and LC Filter designed in Chapter 2, and both use SPWM as modulation scheme. Since the
inverters are droop controlled, the voltage amplitude and frequency across the feeder are variable
making the design of a system with good transients more challenging. Therefore, a small-signal model
needs to be derived so that one can have a better understanding of how the main system parameters

affect the system behavior.

i
]

Inwerter #2

Ea
5]

7]

]

liz
+—

3ph LC Filter

Load1

EE

3+ph LC Filter

i n Vaat
4]
r(%

L]

Figure 4.1: Micro-grid composed by two droop controlled inverters, a feeder and local loads

Inwerter #1
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In Fig. 4.1, the dc sources are assumed to be ideal and V¢ is the DC bus voltage amplitude, E ., and E pe,
are the output switched voltages of Inverter #1 and Inverter #2, I .1 and I .pe, are the filter inductors’
currents of Inverter #1 and Inverter #2 , V,.pc1 and Voape are the filter capacitors’ voltages of Inverter #1
and Inverter #2, lyane1 and loane are the output currents of Inverter #1 and Inverter #2, | oagaber aNd lioadabe
are the local loads’ currents for Inverter #1 and Inverter #2, l s are the line currents drawn from
Inverter #1 to Inverter #2, L; and r, are the filter inductor and its parasite resistance of the LC filter, C;
and r¢ are the filter capacitor and its parasite resistance of the LC filter, L, and R, are the feeder’s

inductor and resistor respectively.

The inverters are droop controlled using the approach P vs. f (active power vs. frequency) and Q vs. V
(reactive power vs. voltage amplitude), and the voltage regulation is ensured by a voltage controller
(only one voltage control loop is used). Fig. 4.2 shows the block diagram of the system in dg coordinates

using Park’s transformation.

The idea behind this modeling is to see the effect of every element (LC filter, voltage controller, power
controller, line impedance, etc) on the system dynamics and steady-state responses. Finding the
conditions for which the line impedance current presents good transient and steady-state responses are

the main objectives of this study.

In Fig. 4.2, the line impedance’s current is calculated from the output voltages of the Inverters. Where,
these latter are controlled and influenced by the power (droop) controllers and the voltage controllers.

The line current depends also on the amplitude and the angle of the line impedance.

For the analysis of the system using small-signal models Inverter #1 has been chosen as the reference
since it has the biggest ratings. This means that the operating frequency of Inverter #1 is used as an
input for Inverter #2 to calculate the phase angle “6” between the Inverters’ output voltages, then the

voltage reference generator of Inverter #2 calculates new values of voltage reference depending on that
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angle “6,” using Eqg. 3.17. This allows the output voltages of the Inverters to be on a common reference
frame as Fig. 4.3 shows. The values of the output voltage of Inverter #1 and #2 allow the calculation of

the line impedance current.

In Fig. 4.2, Vo4q1 and Voqq, are the voltage across the capacitor filters of inverter #1 and inverter #2, logq1
and lyqq are the output currents of inverter #1 and inverter #2, l5aqdq1 and lioadaq2 are the local loads’
currents of inverter #1 and inverter #2, lj,.qq are the feeder’s currents, and w; is the frequency reference

of inverter #1’s P vs. f droop controller.

The blocks “Inv#1” and “Inv#2” in Fig. 4.2 contain the power controller (P&Q droop curves), the voltage
reference generator, the voltage controller and the LC filter as Fig. 3.4 shows. Note that the wy in Fig. 3.4
becomes, in this case, w; only for inverter #2 in order to calculate &, since inverter #1 has been

considered as the reference for the system.

Where, the angle delta “8” is calculated by the following equation;

6=f(a)2—w1)dt

(4.16)

The angle “8” is actually the phase angle between the output voltages of Inverter #1 and #2. Note that
Inverter #1 has two inputs and three outputs but Inverters #2 has three inputs and only two outputs

(see Fig. 4.2).

The system modeling has been done following the same steps in Chapter 3. However, some variations

have to be taken into consideration like w, variations and inverter’s #1 output current variations.
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Figure 4.3: Reference frames of the inverters

Based on Eq. 3.8-3.40, the small-signal model of the complete system is as follows.

e Droop controller of inverter #1:



87 Chapter 4 - Parallel operation of two droop controlled
three-phase voltage source inverters

[ AVoql ]
. AVodl
APlnvl] APInvl] AILoadql
mil= 4 +B
[Aanvl Fel Aanvl Pt AILoaddl (4.17)
AILL'neq
- AILined -
[ AVpq1 7
— AP o
AVqrefl — CPQl Invl] + DPQ1 Loadql
AVdrefl AQmu1 AlLoada1 (4.18)
AILineq
- AILined -
Where,
—w 0
Apg1 = [ ¢ ]
¢ 0 —w (4.19)
B — Ew (ILoadqlo + ILineqo) (ILoaddlo + ILinedo) Voqlo Vodlo Voqlo Vodlo
Po1 2 ¢ _(ILoadlo + ILinedo) (ILoadqlo + ILineqo) Vodlo _Voqlo Vodlo _Voqlo (4.20)

—mp; 0
Cro1 = [ 0 —mh]
0 0 (4.21)
0O 0 00 0 O
D =
pPe1 [0 0 00 O 0] (4.22)
e Droop controller of inverter #2:
Awq
AVoq2
A8 AS AVoaz
APlnvz =APQZ APlnvz +BPQ2 AILoaqu
AQInvZ AQInvZ AILoadeZ (4.23)
AILineq
- AILined -
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Aw,
AVyq2
AS AVoas
AV rera o
I:AVZTEf Com] = CPQZ [APIHUZ + DPQZ AILOG,qu
ref2com Avaz AILoaddz
AILineq
- AILined -
Where,
0 —-mp, 0
0 0 —w,
—2/3w, 0 0 0 0
Bsz = ECOC 0 ([LoaquO - ILineqo) (ILoaddZO - ILinedo) V0q20 VodZo
0 _(ILoadZO - ILinedo) (ILoaquO - ILineqo) Vod20 _Voq20

o —Varef205in6,—Virer20€086, 0 —nqycosd,
PO2 ™ Viarer20€088,—Varep205ind, 0 —ng,sind,

)
oY
Q
N
|
—
oo
oo
oo
oo
oo
oo
oo
]

e Voltage controller:

0
_V0q20
_Vod20

88

(4.24)
(4.25)
0
_Vod20
Voq20 (4.26)
(4.27)
(4.28)

The same small-signal state space equations of the voltage controller presented in Chapter 3 (Eqg. 3.47-

3.52) are used in this section.

e |C filter of inverter #1:

. [ Aeq1
Al%ql [AIqu ] Aeyq
AILdl =A | AILdl +B AILoaqul
AV;)ql - oken [AVOQIJ LeF AILoadel
AV;)(“J AVoar AILL'neq

- AILined -

(4.29)
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[ Aeql
Al gq Aegq
[Avoql] |A1Ld |_|_ D AILoadql
AVodl Lert [AVoqlJ Lert AILoaddl (4.30)
AVoa1 Al ineq
- AILL'ned -
Where,
~n /Ly @ —1/L; 0
Ao | @ T/ 0 —1/L,
Lert 1/Cr 0 0 Wo (4.31)
0 /¢ —w, 0
/L, 0 0 0 0 0
g |o Ly o 0 0o 0
LCF1 o o -1/¢ 0 -1/¢; O (4.32)
o o o “YG o -1/
10 0 1 0
CLCFl - [0 0 0 1] (433)
000 0 00
DLC“_[O 00 0O o] (3.34)
e |Cfilter of inverter #2:
. [ Aeqz
AIl.,qZ AILqZ ] Aedz
Al g, A [ AL, |+ B AILovtqu
AV;)qz Lerz [AVquJ Ler2 Al oadaz (4.35)
AV;)dZJ AVoaz AILineq
- AILined -
[ Aeqz
AILqZ] Aedz
[AVOqZ =C |A1Ld2 |_|_ D AILoadqz
AVodz Ler [AVquJ Ler AILoadeZ (4.36)
AVodz AILineq
- AILL'ned -

Where,
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Arcrz = Arcrt

BLCFZ - 0 0 _1/Cf

0 0 0
0 0 0
0 1/¢c; 0

o o o —1/¢G o 1/C

Crerr = Crer2

Dicr1 = Dicr2

Local load current:

-AILo'adql- =4 ) —AILoadqi-
.AILo.addl. roadt Al oqaal
_AILoadqi_ =C ) _AILoadqi_
Aloaaaid — % | ALoaqal
Where,
A - [_RLoadi/LLoadi
Loadi — —w,

1/L ;

Broadi = [ / Soadl

1

Croaai = [0

0

Dioadi = [0

Where, “i” is for the i inverter.

+ BLoadi

+ DLoadi

Wy
_RLoadi/LLoadi

]
1/LLoadi

[AVpqi]
-AVodi-

_AVOqL'_
[AVpq;]

|

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)
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e Line impedance current:

. [AVoq1]
[AILmeq] — ) [AILineq] + B, : |AVod1|
AIL;ned Line Al inea Line [250612 (4.47)
od2
AVpq1
AILineq] [AILineq] AVodl
[AILined H1e | Al ineq Hne AVoq; (4.48)
AVodz
Where,
A [—Rg/Lg W, ]
Line —wo  —Ry/Lg (4.49)
LY V/ A
Line — 0 1/Lg 0 —l/Lg (4.50)
10
Cuine = [0 1] (4.51)
0 0 0O
Dy =
Line [O 0 0 0] ( 4.52 )

The system is completely linearized. However, one needs to do one more step to get the whole system
in one state-space matrix (A;,,). There are 14 states for Inverter #1 (including local load current), 15
states for Inverter #2 and two states for the feeder (as the following equation shows). From Eq. 4.2-4.37
and Eq. 3.47-52, one can derive the small-signal state-space matrix of the complete system. Note that
the matrix (A;,,) is always an nxn matrix (31-by-31 in this case) unless some eigenvalues could not be

calculated. These later are used to analyse the stability and dynamic behaviour of the system.
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Where,

[ APl'nvl ]
AQmn
Apgs
A(»b.ql
A(»")ql
Apas
Apas
Apas
ALy,
AlLgy
AV, g1
AVoa
A[Lo.adql
AILo:addl
AS
API'nvZ
AQ}nVZ
Apgz
A(/.)‘qz
A(/}qz
Apa;
AP
Apa;
ALy,
AlLg
AV,
AVyqz
A[Lo.adqz
AILo.addZ
AIL;neq

- AIL;ned -

= Ainv

[ APlnvl 1
Aleil
A(ﬁql
A(;bql
A(qu
Apay
Apay
Apay
Alpgq
Al g,
AVoq1
AVodl

AILoa.dql

AILoaddl
AS

APInvZ
AQInvZ
A§5q2
A(;‘.’qz
A§0q2
Apas
Apas
Apg,
Alpg,
AlLg,
AVyq2
AVodz
AILoadqz
AILoaddZ
AILineq

- AILined -

(4.53)
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The components of the matrix “A;,,” are as follows.

A1=-(J.)c

A3=1.5wc(ILoaddlo+|Linedo)

A5=(3/2)wcvodlo

A=-2/T,

A9= Kpit/TpZ/Lf

Agy=Koi/TT,/Ls

A13='1/Lf

A15=1/|-Load1

A17=1.5(1)c(||_oadq10_| Lineqo)

A19= 1. chvoqzo

A21='Vqref20Si n620'vdref20C05620

A23=VqrefZOCOSSZO'VdrefZOSi n620

A25=1/|-Load2

A27:1/Lg

Aro=w,

Az=-my,

A2=1-5wc(ILoadq10+|Lineqo)
A=1.5wVog10

Ag=-Ng1

Ag=-1/T,

A= 2K/ Ty /L
A=-Re/Ls

A1=1/C;
A16=-Rioad1/Lioad1
A15=1.5Wc(l10add10"lLinedo)
Ax0=1.5WVoq20
A,,=-nQ,€056,,
A=-nq,sin&y
A26=-Rioad2/Lioad2
Ays=-Ro/L,

Aszp=-mp;
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The eigenvalues of the matrix (A;,,) have been calculated by Matlab. As mentioned in Chapter 3, the
initial values have been gotten from Simulink/Matlab simulation of the average model (dg model) of the
system shown in Fig. 4.2. The results of the latter will be verified in the next section. The .m file of
Matlab which contains the small-signal state-space model of the complete system is given in the

Appendix-C.

As in chapter 3, the reduced system small-signal model has been derived in order to verify the
statement in [12] regarding the neglect of the high frequency poles’ elements in case of two parallel
inverters. Based on Eqg. 4.40 and 4.41, the simplified system model is given by Eq. 4.42. The
characteristic equation of the latter is a 7™ order function since A, is a 7x7 matrix, and its roots have
been calculated by Matlab and compared to the roots of the complete system mode, as shown in the

following section.

AVog1 = AVgres1 s AVoar = AVarer1

(4.55)
AVqu = AVqrefZ H AVodz = AVdrefZ
(4.56)
[ APrmon | APy ]
AQ{nvl Aanvl
AS AS
API_nvz = Ariny | APmv2 (4.57)
AQInvZ Aanvz
. Al;
AILmeq med
—AIL;ned— —AILined-
Where,
Ay Ay O 0 0 Ars Ars
0 ATS 0 0 0 AT4 _AT3
Ar6 0 0 Ar7 0 0 0
Ay =0 0 Ars An Aro Any A (4.58)
0 0 Arz 0 Apsz A —Arp
0 Ays Aris 0 Are Apy Apg
[ 0 Arig 0 Ao —Apg Apqy |
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The components of the matrix A,;,, are given by the followings;

An=-w, Ar=-1.5WllinegoNg1

A=1.5WVoq10 A=1.5wWNo410

Ars=-w-1.5WclinedoNg1 Ars=my,

Ar7=-Mp; Arg=-1.5Wc(ltineqo(-Vagrer20iN(60)-Varer20€05(8o) )+ luinedo(Varer20€05(80)-Veret205in(8o)))
Ar10=-1.5WVoq20 Aro=1.5WNg2(lLinegoCOS(80)*LinedoSiN(do))

Ar11=-1.5W V20 Ar12=1.5Wc(ltinedo (-Varef205iN(86)-Varer20€05(80))-ltineqo( Varer20€05(80)-Varer205in(8o)))
Ana=-ngi/Lg Ar13=-Wc+1.5WcNg(LLineqoSIN(86)-ILinedo€0S(86))

Ar16=Nng€05(80)/Lg Ar15=-(-Vgrer20SiN{deltao)-Varer20€05(80))/ Lg

An7=-Re/ L Ar1s=Wo

Ar20=nq25in(60)/|-g Ar19=‘(Vqref20C05(50)‘Vdref205in(50))/|-g

The .m file of Matlab which contains the small-signal state-space model of the reduced system is given

in the Appendix-D.

4.3 Schematics of the simulation file

Based on Fig. 4.1 and 4.2, the schematics of Simulink/Matlab simulation files of the complete

system and the average model are shown in Fig. 4.4 and 4.5, respectively.

Note that in order to make the simulations run fast, the three-phase inverters, in Fig. 4.4, are
represented by two three-phase controllable AC voltage sources. The switching harmonics in this case

are neglected but this is not a problem since the main interest is the investigation of the stability of the
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system and the behavior of the active and reactive power flows, which are not influenced by the

harmonics.

The dg model shown in Fig. 4.5 has three main blocks (inverter #1, inverter #2 and the line impedance).

Where, each block contains its appropriate mathematical model derived in the previous chapter.

In order to verify the mathematical model of the system, a comparison between the results (the output
active power of the two inverters) obtained after running a simulation, using the same parameters, of
the Simulink/Matlab real simulation file shown in Fig. 4.4 and the dq model shown in Fig. 4.5, which has

been also ran on Simulink/Matlab.

The curves shown in Fig 4.6 and 4.7 describe the transient and the steady-state responses of the
inverter’s output active and reactive power respectively when a step in the inverter #2’s local load of
+7.5kW occurred at 0.2s. Note that the initial local loads of Inverter #1 and inverter #2 are 5kW and
2.5kW, respectively. The system parameters in these simulations are given in Table 4.1 but f,; is equal

to 62Hz.

As one can see in Fig 4.6, the two inverters share the load variation with respect to their ratings as the
total power supplied by Inverter #1 is twice that of Inverter #2. Since the load change has occurred at
the inverter #2 side, the latter has to take over the big part of the transient. That is why P, has a
shorter rising time. The inaccuracy of the steady-state values is due to the small X;/R, ratio used in that

simulation which generates a coupling between P and Q after the load step.

Finally, the dg average system model (Fig 4.5) gives similar results as the simulation file of the system

(Fig. 4.4); hence the modeling that has been done is correct.
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Figure 4.4: The system’s Simulink/Matlab simulation file scheme
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Figure 4.5: The system’s dq model in Simulink/Matlab

--- dgq model
— Simulation file

Figure 4.6: Inverters' output active power (W) vs. Time (s)
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--- dg model
— Simulation file

.4

N

Figure 4.7: Inverters' output reactive power (VAr) vs. Time (s)

4.4 Root locus of the system to various parameters

The location of the roots of Eq. 4.38 and 4.42 are shown in Fig. 4.8 and 4.9 respectively. The system
parameters are given in Table 4.1. The only variation occurred in the no-load frequency of inverter #1 of
+3Hz in order to generate a line active power flow of 5kW, from inverter #1 to inverter #2. Note that the

local load power demand is null for both inverters.

As one can see in Fig. 4.9, only low-frequency poles are presented since the voltage controller and the
LC filter have been disregarded in the model. In Fig 4.8, all poles are shown and grouped in three
clusters. As in Chapter 3 (Fig. 3.13), the poles in cluster #2 are mainly influenced by the LC filter, the
cluster #3 contains poles which are directly influenced by the voltage controller, and in cluster #1 (as in
Fig. 4.9) there are the low-frequency poles that are mainly dictated by the droop controllers and the

output impedance including the feeder and the LC filter.
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Figure 4.8: Location of the roots of the complete system small-signal model

Cluster #1

Figure 4.9: Location of the roots of the reduced system small-signal model

In order to compare the location of the roots of the complete and the reduced system small-signal
models given by Eq. 4.38 and 4.42 respectively, Fig. 4.10 shows a zoom on cluster #1 of Fig. 4.8 and 4.9.
The dominant poles of the two models are similar but the intermediate complex poles which are around
-800+j300 are significantly different due to the difference of the output impedance in the two models.

Those intermediate poles are significantly influenced by the LC filter components, explaining the reason
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why the same poles have different values in the complete and the reduced system models. Recall that

the LC filter has been neglected in the latter.

Table 4.1: system parameters

Parameter Value Unit
V, 120/208 Vims
f, 60 Hz
Mp1 1.257m rad/s/W
Mp2 2.513m rad/s/W
Ng1 & Ng2 0 V/VAr
Af 4 Hz
fo 65 Hz
foL2 62 Hz
X, 0.1 0
Re 0.23 Q0
f. (LPF cut-off frequency) 30 Hz

Where, V, and f, are the rated voltage amplitude and the rated frequency respectively.

The roots of the reduced system model move the same way as the complete system model when some
parameters are varied (see Fig. 4.12). However, it doesn’t give accurate values of the system low-

frequency poles which make the droop controller and virtual impedance control loop design inaccurate.

Note that in Fig. 4.10, the real pole of the reduced system model represents three poles with exactly the

same values which make sense since A,;,, is a 7x7 matrix, hence seven poles must be shown.

In order to verify the effect of the LC filter's components on the system dynamics or low-frequency
poles, some variations have been done in L; and C; while the LC filter’s cut-off frequency (f,) is fixed at 2
kHz as designed in Chapter 2. In Fig. 4.11, one can see the displacement of the system low-frequency
poles while L; is increased. As deduced in Chapter 3, the intermediate complex poles in Fig. 4.11 are very

sensitive to the LCF components’ variation. However, the dominant poles are practically unchanged.
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Figure 4.10: Low frequency poles of the complete and reduced system’s small-signal models
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Figure 4.11: Low frequency poles of the complete system model when increasing L; while f, is fixed at 2kHz

The most important poles which indicate how a system behaves during transients are the dominant
poles. Since the latter are mostly unaffected by the LCF, as shown in Fig. 4.11, the reduced system
model can be used in the frequency domain studies of the system. Therefore, only Eq. 4.42 is used for

further system dynamics’ studies.

As mentioned previously, the dominant poles are mainly influenced by three elements: The droop

controllers’ gains, the line impedance and the LPF. In order to see the influence of those elements on
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the system dynamics, a root locus has been obtained showing the poles displacement when those
elements’ parameters are varied. Setting all the system’s parameters according to Table 4.1, Fig. 4.12
shows the root locus of the reduced system model when Af (of both inverters) is varied from 1Hz to
14Hz. Note that the initial values have been obtained after a step of +3Hz in f,; when Af is set to 4Hz in
order to draw 5kW from inverter #1 to inverter #2, then proper eigenvalues are obtained for different
values of Af. The root locus of the complete system model is shown also in Fig. 4.12 just for comparison.
It is shown that indeed both system models’ poles move similarly when increasing the active power
droop controller gains. However, as Fig. 4.12 shows, the reduced system becomes unstable when Af is
above 9Hz whereas the complete system becomes unstable when Af is above 6Hz. However, since the
value of Af will be kept small, either system model can be used.

As deduced in Chapter 3, the system tends to instability when increasing the active power droop

controller gains (mp; & my,).
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Figure 4.12: Roots of the reduced and the complete system models when m,, & m,,, are increased

To study the effect of the reactive power droop gains (ng: & ngy) on the system behavior, the system
parameters are set as Table 4.2 shows. By increasing AV% from 0% to 1.5% for both inverters, the

reduced system becomes unstable when AV% is above 0.9% as seen in Fig. 4.13.
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Note that the initial values have been obtained after a step of +AV occurred in V,; to draw some
reactive power from inverter #1 toward inverter #2 through the feeder, then proper eigenvalues are
obtained for different values of AV%.

The system behavior is very sensitive to the reactive droop controller gain’s variation due to the actual

Xg/Rg ratio. The bigger the latter is the bigger is the value of AV that could be implemented.

Table 4.2: system parameters when n,; & n,, are increased

Parameter Value Unit
V, 120/208 Vims
f, 60 Hz
Mp1 1.257m rad/s/W
Mp2 2.513m rad/s/W
Af 4 Hz
foi1 & o2 62 Hz
Vit 169.7+AV vV
Vi 169.7 \Vi
Xq 0.1 Q
Re 0.23 Q
f. (LPF cut-off frequency) 30 Hz

Fig. 4.14 shows the system’s root locus when increasing the X,/R, ratio from 0.1 to 15 while the resistive
component of the line impedance (R,) is fixed at 0.23Q. Like what has been obtained in chapter 3, the

system never becomes unstable when the X,/R, ratio is increased.
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Figure 4.13: Roots of the reduced system model when ny; & n,, are increased
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For large values of X /R, the system is dominated by two poles since they are both close to the

imaginary axes. The time domain results will be shown in the next section.

600
- o o o - . i /'
O o o
- D))
(7
o/
|l X¢/Rgincreasing = =
While R, is fixed s
O
-200 OO \
”@DJ
O
O
-400 O O O C - O%
/
] —
|
0

600,

-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 100

Figure 4.14: Roots of the reduced system model when X,/R, is increased while R, is fixed at 0.23Q

Fig. 4.15 shows the system root locus when decreasing the X,/R, from 1 to 0.14 while X, is fixed at 0.1Q.
The system becomes more stable when the ratio X,/R; is decreasing and it becomes unstable when R, is

smaller than 0.15Q.

From Fig. 4.14 and 4.15, the increasing of the ratio X,/R, turns the system stable since the P vs. f and Q
vs. V droop control has been adopted. However, R, must be higher than a certain value to make the

dominant pole at the left side of the imaginary axis.

The effect of the LPF on the system dynamics is the same as in the previous chapter. The increasing of f.
leads the system to become more stable as Fig. 4.16 shows. The system parameter of this frequency

domain simulations are given in Table 4.2. However, f. has been varied from 1Hz to 60Hz.

The LPF is a very important element which can solve many dynamics issues as demonstrated in chapter
3. For example, it can be used to damp the system’s transients when a large value of AV is required.

However, the f. values range is very limited.
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Figure 4.15: Root locus of the reduced system model when Xg/Rg is decreased while Xg is fixed at 0.1Q
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Figure 4.16: Root locus of the reduced system model when f, is increased

In the next section, time domain simulations are done in order to verify the frequency domain analysis.

4.5 Performance verification

In the previous section, a frequency domain modeling and analysis have been done showing how
the system behaves dynamically under some specific parameter variations. In this section, the previous
modeling is verified by time domain simulations using Simulink/Matlab. Note that since the inverters

share their local loads, the system should be tested under worst cases of load variations. Because the
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local loads have been neglected in the reduced system modeling, the complete system model, given by
Eq. 4.38, is used in this section for root locus verifications. Then, variations in no-load frequency are

done to verify the system performance while controlling the state-of-charge of the batteries in the DC

buses of the inverters.

4.5.1 Response of the system to load variations

Setting the system parameters as given by Table 4.3, Fig. 4.17 shows the inverters’ output active

power. The simulation steps are given by Table 4.4.

Table 4.3: system parameters for load variation condition

Parameter Value Unit
A 120/208 Vims
f, 60 Hz
Mp1 1.257m rad/s/W
Mp2 2.513m rad/s/W
Ng1 & Ny, 0 V/VAr
Af 4 Hz
for & foi 62 Hz
Vo1 & Vi 169.7 Vv
Xg 0.1 Q
Re 0.23 Q
f. (LPF cut-off frequency) 30 Hz
Table 4.4: Simulation steps for load variation test
Time (S) PLoadl (W) PLoadZ (W)
0 20 10
0.1 20 10k

Where, P .4 is the local load power demand of the i inverter.
The purpose for this simulation is to verify how the system behaves dynamically under a large load step
condition. Fig. 4.18 shows the low-frequency poles of the complete system model under the same

condition. The system is actually stable but its transient response could be more damped. This could be

done theoretically by one or all of the following points;
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e Decreasing the active power droop gain (my)
e Increasing the resistive part of the line impedance (R,)

e Increasing the LPF’s cut-off frequency (f,)

Fig. 4.19 shows a simulation result when the system’s parameters are as in Table 4.3 but with a smaller
value of the active droop gains (m,; and mp,) by setting Af at 2Hz. The decreasing of the active droop
gains makes the system’s transient response less oscillatory. This is confirmed by the root locus of the
system shown in Fig. 4.20 for two values of Af (4Hz and 2Hz). The dominant poles move to the left when

decreasing Af.

Figure 4.17: Inverters' output active power when large load step occurred (W) vs. Time (s)

After getting the system’s parameters to default (Table 4.3), a time domain simulation has been done
with the same steps described in Table 4.4 but with larger value of R,. Setting the latter at 0.3Q, instead
of 0.23Q, the system dynamic has been more damped as Fig. 4.21 shows. This is verified by the
frequency domain results shown in Fig. 4.22. The dominant poles move to the left when the resistive

part of the feeder is increased.
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Figure 4.18: Dominant pole of the complete system model for large load variation condition

Figure 4.19: Inverters' output active power when large load step occurred when Af=2Hz (W) vs. Time (s)

By increasing R, and keeping the same value of X,, the ratio X,/R, has been decreased generating a
larger steady-state error (see Fig. 4.21) with respect to results obtained in Fig. 4.17 or 4.19, where R,
was set at 0.23Q. This confirms that the ratio X,/R;is the most important element for the accuracy of the

steady-state value. Fig. 4.23 shows simulation results with zero steady-state error after setting X, five
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times bigger than R,. Unfortunately, the line impedance components are not controllable and usually
unknown. Hence another approach should be considered in order to enhance simultaneously the

system’s transient and steady-state responses.
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Figure 4.20: Dominant pole of the complete system model when Af is decreased (W) vs. time (s)

Figure 4.21: Inverters' output active power when large load step occurred when R;=0.3Q (W) vs. Time (s)
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Now setting the system parameters as in Table 4.3 but with larger LPF’s cut-off frequency (f.=60Hz), Fig.
4.24 and 4.25 show the time domain and frequency domain results respectively. The increasing of f.

makes the system’s transient less oscillatory.
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Figure 4.22: Dominant pole of the complete system model when R, is increased (W) vs. time (s)

After doing the previous simulations, one can conclude that in such a system, three parameters
influence significantly the transient responses (Af, R, and f.), and only one parameter (X,/R, ratio)
influence the steady state response. However, two of those parameters are controllable (Af and f.) but

limited by some constraints, and the others are non-controllable (R, and X,/R, ratio).
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Figure 4.23: Inverters' output active power when large load step occurred while X,/R,=5 and R,=0.3Q (W) vs. Time (s)

Figure 4.24: Inverters’ output active power when large load step occurred when f.=60Hz (W) vs. Time (s)
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Figure 4.25: Dominant pole of the complete system model when f. is increased (W) vs. time (s)

4.5.2 Response of the system due to reference (power) signal variations

In a mini-grid, DGs share loads depending on their ratings and energy availability in their DC sides.
Therefore, controlling the state-of-charge of the batteries bank is necessary in such application. This
could be achieved by controlling the output power by varying the no-load frequency (f,.). In this section,
time domain simulations have been done in order to verify the system behavior when f,_is varied.
Setting the system’s parameters as in Table 4.3, Table 4.5 gives the simulation steps when the no-load
frequency of the inverter #2 (f,,) has been decreased assuming that its battery bank has been
discharged and it is time to be charged.

The f,, variation is given by Eq. 4.44, where Poz* is the inverter #2 output active power reference.

Afprz = 5 Mp2 (P;;*va — Praw2)

2 (4.59)

In case where inverter #2’s battery bank needs 5kW to be charged, f,., should be decreased by 4.5Hz.

Table 4.5: Simulation steps for f,, variation condition

Time (s) Proad (kW) Proad2 (kW) foi (Hz) fa2 (Hz)
0 2.5 5 62 62
0.5 2.5 5 62 57.5
1 2.5 5 62 62
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Fig. 4.26 shows the simulation results. Again the system parameters in Table 4.3 do not allow getting
good transient and steady-state responses when the conventional droop control has been implemented.
The same effects of the influencing parameters on the system behavior have been gotten when f, is
varied. Fig. 4.27 shows a simulation result when the ratio X,/R; has been increased to 5 and R; to 0.3Q.

Accordingly, the system’s transient and steady-state responses have been enhanced.

In hybrid mini-grids where PEIDGs could operate in parallel with gensets, the latter are usually
considered as the main source of energy and their droop characteristics are generally fixed. Therefore,
PEIDGs should adopt the same droop characteristics in order to share loads with parallel gensets. In
other words, P vs. f and Q vs. V droop control approaches have to be implemented in the inverters.
Moreover, each DG in the mini-grid should provide energy with respect to its ratings, and since gensets
are characterized by fixed P vs. f droop slopes other DGs have to respect this constraint. In that case, Af

could not be varied in order to damp the system’s transients.

Figure 4.26: output active power when f,,; is varied (W) vs. Time (s)
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Figure 4.27: Inverters' output active power when f,; is varied while X,/R.=5 and R;=0.3Q (W) vs. Time (s)
As mentioned in chapter 3 regarding the value of the LPF cut-off frequency (f,) that should be selected,
the latter has to be small in order to avoid conflicts between the outer loop (Droop controllers) and the
inner loop (Voltage controller). Moreover, the LPF in this case suppresses harmonics caused by voltage

distortions in the AC bus; hence f. should be small enough allowing good operation of droop controllers.

Finally, using conventional droop controllers in LV networks does not provide an efficient and reliable
solution to share loads as expected among DGs. However, many papers have come up with some
solutions regarding the enhancement of the transient response by modifying the conventional droop
controllers (e.g. Eq. 3.79 and 3.80) since the latter do not provide any degrees of freedom. In other
words, the system’s dominant poles could not be moved to the left when conventional droop control is
used. The most common technique for mitigating this problem is the “virtual impedance” loop which is

studied in the next section.
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4.6 Virtual impedance loop

4.6.1 Virtual impedance loop implementation

In Mini-grids where line impedances’ amplitudes and angles are usually small, voltage source
Inverters which are droop controlled using P vs. f approach may not behave properly as concluded
previously. Therefore, the virtual impedance loop consists on adding virtually an impedance in series
with the real line impedance as Fig. 4.28 shows. The virtual impedance creates a “voltage drop” without
generating real active and/or reactive power losses. According to many papers (e.g. [17] and [18]), Fig.
4.29 shows how the virtual impedance control loop should be implemented in the case where local
loads are directly connected to the Inverters. The virtual voltage drop is calculated using the inverters’
output current. Hence, in this case, the virtual impedance is expected to be added between the LC filter

and the local load. This allows varying the inverters’ output impedance virtually.

F z
T a—— R L R,
e mmmm—me i

ILine
Visin(wit) @ @ Vzsin(wat+delta)

Figure 4.28: virtual impedance in series with the real line impedance

Where, Z, is the virtual impedance, R, is the resistive part of the virtual impedance, L, is the inductive

part of the virtual impedance.
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Figure 4.29: Virtual impedance loop

Where, Vqanewrer IS the new voltage reference, Vgyqrer is the voltage reference obtained from the droop

curves, Vyq is the voltage drop across the virtual impedance and |yqq is the output current.

From Fig. 4.29, the new voltage reference is calculated by the following equation;

quNewref = quref_ quv (4.60)

Developing Eq. 4.45, one can get the followings;

quNewref = quref‘ Zvlodq (4.61)

Then,

Vquwref +deNewref = Vqref +deref_ [(Rv +jwoLv) X (qu +jlod)]

(4.62)
Hence, one can get;
Vanewrer = Vares= (RUIOQ — WoLyloq) (4.63)
And,
VdNewref = Vdref_ (woLvloq + vaod) (4.64)

Finally, from Eq. 4.48 and 4.49, the virtual voltage drop across the virtual impedance is given by;
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V;]v = vaoq — WoLylog (4.65)

And,

Vay = WoLylog + Rylog (4.66)

From Eqg. 4.50 and 4.51, the implementation of the virtual impedance loop is shown in Fig. 4.30.

V
Varef o~ VaNewref il Inverter og
_v +
Controller LC Filter
qu |0q
A"
+ R ¢
- lod
Wolwv ‘_
Vref VNewref Inverter Vod
A Voltage '. A
' Controller LC Filter
Vav lod
¥ -
€
T R ¢

Woly k qu

Figure 4.30: Virtual impedance loop implementation

After implementing the virtual impedance in the dqg model shown in Fig. 4.2, the blocks “Inv#1” and

“Inv#2” contain what Fig. 4.31 illustrates.
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Figure 4.31: Bloc diagram of the dq model of the inverters including the virtual impedance loop

Note that the virtual impedance block contains the Eq. 4.50 and 4.51. Since the Inverter #1 has been
considered as the reference, wem in Fig. 4.31 represents the operating frequency of inverter #1 and

used to calculate the angle delta for inverter #2.

4.6.2 The system small-signal model including the virtual impedance loop

Based on the small-signal model of the complete system derived previously, the only modification
that should be done is at the voltage reference equations (Eq. 4.3 and 4.9). After including the virtual
impedance components, the small-signal model of the new voltage references for inverter #1 and

inverter #2 are given by Eq. 4.52 and 4.55 respectively.

[ AVOql T
AV,
Aw od1l
AV 1 APIm;l AILoadql
qNewref1l| = Cprl A +DPQ1;1
AV Qrnv1 Alppaaar (4.67)
dNewref1 '
AILineq
- AILined -
Where,
—mp; 0
Crov1 = [ 0 _n‘h]
0 0 (4.68)
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D :[0 0 —Ry1  wolyy —Ry1 Wo Ly
POV1 =10 0 —woly; —Ryy —woly; —Ryy (4.69)
- Awl -
AVoq2
AVquwrechorn A AVOdZ
[AV ]ZCvaz APz + Dpgv2 Alpoadqz
dNewref2com Aanvz AILoaddZ (4.70)
AILinqu
—AILinedZ—
Where,
c ='—Vqreﬁosin&,—Vdreﬂocos&, 0 —ng,cosé,]
PQv2 | Varer20€0560—Varef205iné, 0  —ng,sind, | (4.71)
D _[0 0 0 =Rz wolyz  Ryz  —wolyy]
Pevz2= 10 0 0 —woly, —Ryz wolyy Ry, (4.72)

Where, R,; and L,; are the virtual impedance components for the i"™ inverter.

Therefore, four lines in Eq. 4.39 have to be updated to include the virtual voltage drops. The matrix
“Ai,,” components (for Inverter #1); Az 13, As,14, As30, As31, As 13, Asr1a, As30 and Ags (in Eg. 4.39) which
are null become -R,;, Wolyi, -Ry1, Wely1, -Wolyy, -Ryi, -Wwoly: and -Ry; respectively. The matrix “A;,”
components (for Inverter #2); Ao 28, A20,29, A2030, A20,31, A23,28, A23s20, A2z 30 and Ays 3y (in Eq. 4.39) become
-Rv2, Wolyz, Rya, -Welya, -Welyy, -Rya, Woly, and Ry, respectively. The .m file of Matlab containing the small-
signal model of the complete system including the virtual impedance loop is given in the Appendix-E.
The small-signal model of the reduced system model could be derived starting from the following

equations;

AVoql = AVquwrefl ; AVpar = AVdNewrefl
(4.73)

And,
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(4.74)
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Then, after including the virtual impedance loop, the matrix given by Eq. 4.43 becomes as the following.

_Arvl ATVZ
0 ArvS
Arv8 0
Aryiny =| 0 0
0 0
0 Arv18
| O 0
Where,
Ani=An
Arv3=Ar3
Arv5=Ar5

- * * * * *
Arv7_1-5 We ('ILineqo Rvl"'ILinedo Wo I—vl'Vqlo)

Arv9=Ar7

Arv11=Ar9

— *,0 % E *
Arv13_1-5 We (ILineqo Wo I-v2'|Linedo RVZ'VdZO)

Anis=Ans

Arv17:1-5*wc* ('lLineqo* sz'lLinedo*wo* Lv2+Vq20)

An19=Ars

Arv21:'( Rg+ Rv1+ RVZ)/Lg

An23=Ans

0 Arv3 Arv4 |
0 0 Arpe  Arpz
0 0 0
Arvll Arvlz Arv13
0 AT1715 Arvie  Arviy (4.75)
0 AWZO Arv21 Arv22
0 Amzs —Apazz Arpzy
An=An
Ana=A,

Arv6=1-5*wc* ('ILineqo* wo* Lvl'ILinedo* Rv1+Vd10)

Arv8=Ar6

Arv10=Ar8

- * * * * %
Arv12_1-5 We ('ILineqo RVZ'ILinedo Wo LVZ'VqZO)

An1a=An,

— *,.0 % *, 0 % * .
Arv16_1-5 We ('ILineqo Wo I-VZ'HLinedo RVZ'VdZO);

Ani1s=Ana

An20=Ars

Arv22:(Wo* I—g+wo* I—v1+wo* LVZ)/Lg

An2a=An0
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Where, R,; and R, are the resistive components of the virtual impedance of inverter #1 and inverter #2
respectively, and L,; and L,, are the inductive components of the virtual impedance of inverter #1 and
inverter #2 respectively. Note the .m file of Matlab containing the small-signal model of the reduced

system including the virtual impedance loop is given in the Appendix-F.

In order to compare the small-signal model of the complete and reduced system, the dominant poles
have been shown in Fig. 4.32 of both system models. Setting the system’s parameters as in Table 4.3,
the frequency domain results are gotten when the virtual impedance components have been increased

proportionally (R,=K, and X,;=K,, where K, varies from 0 to 1).

As one can see in Fig. 4.32, the dominant poles of the reduced and the complete model move similarly
when the virtual impedance (V/) is increased. The latter makes the system’s transient less oscillatory
since the dominant pole moves to the left and been damped. This is verified by time domain simulations

in the next section.

VI increasing

x
(@8
&
RERR- - QB

200 =

5 O Reduced model

X Complete model

-600_
-1000 -900 -800 700 -600 -500 -400 -300 -200 -100 0 100

Figure 4.32: Dominant poles of the reduced and the complete system models when the virtual impedance is increased

The matrix (A,,,) components’ A.,; and A, in Eq. 4.60 which are used to calculate the line impedance

current reveal a very important aspect of the VI. Since the local loads have been neglected in the
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reduced system model, the virtual impedance has been considered to be in series with the real line
impedance. That is why one can see the VI resistive and inductive components of both inverters are
added to the real line impedance resistive and inductive components in A,,, and A, respectively.
Therefore, in order to see the effect of the VI on the system with respect to the effect of the real
impedance, R, and L, have been varied the same way as in Fig. 4.14 and 4.15. In other words, R; and X,
are fixed but R, and L, are varied such a way to get the same X,/R, ratios in Fig. 4.14 and 4.15. The total

Xg/Rg ratio including the VI is given by Eq. 4.61.

Xgr _ Xy +Xo1 + X are)
Ry Ry +Ry1 + Ry '

Fig. 4.33 shows the position of the dominant poles of the reduced system model when the ratio Xg/Rg
and the ratio XgT/RgT are increased from 0.1 to 15 while Rg is fixed to 0.23Q. Note that the ratio
XgT/RgT is increased only by increasing Xv1 and Xv2 while Rv1l and Rv2 are null, and Xg and Rg are fixed

at 0.1Q and 0.23Q respectively.

The dominant poles of the reduced system model in both cases move similarly. However, the virtual
impedance has a different effect on the intermediate pole as the real impedance has. This is a good
thing because the increasing of Xv does not generate oscillations caused by the movement of the

intermediate pole toward the instability region.

For the frequency domain results shown in Fig 4.15 when the ratio X,/R, is decreased while X; is fixed to
0.1Q, in Fig. 4.34, the same variations have been done in the ratio X,1/R,r by increasing R,; and R,, while
X,1 and X,, are null. Fig. 4.34 shows that the dominant poles move exactly the same way as in Fig. 4.15

when the ratio Xg1/Rgr is decreased by increasing R,.



125 Chapter 4 - Parallel operation of two droop controlled
three-phase voltage source inverters

600
T —
X X « « T — /V
400 )Q%
X « X
" S0 e
g x
O Xg1/Rgr increasing é
o : : e )
X X¢/Rg increasing 3
X
\ %x
-200
-
X
X
e
-300 -200 -100 0 100

-600.
-1000 -900 -800 -700 -600 -500 -400

Figure 4.33: The dominant pole of the reduced system model when the X,;/R;; is increased by increasing L,
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Figure 4.34: The dominant pole of the reduced system model when the X;1/R;; is decreased by increasing R,

The results shown in Fig. 4.33 and 4.34 confirm that the VI is a very good solution to the oscillatory
system’s transients that could be generated due to the line impedance characteristic. However, the
virtual impedance loop implementation shown in Fig 4.30 generates a voltage drop in the voltage
references which makes the inverters’ output voltage decreases. In other words, the actual VI

implementation affects the inverters’ voltage regulation. This is verified in the next section.
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4.6.3 Performance verification of the system including the virtual impedance loop

4.6.3.1 Load variation

Time domain simulations have been done in order to verify the impact of the VI on the system
dynamics and steady-state values. The simulations steps in this section are given by Table 4.6. Note that
the systems’ parameters are given by Table 4.3. However, the VI components of both inverters have
been varied. In order to get the same voltage drop, the VI of inverter #2 should be twice larger than the
VI of inverter #1 since the latter provides twice as large output current as inverter #2 provides.
Otherwise, reactive power will be drawn through the feeder due to different values of inverters’ local

loads.

Table 4.6: Simulation steps when VI loop is included

Time (S) PLoadl (kW) PLoadZ (kW)
0 5 2.5
0.5 5 10

Fig. 4.35 and 4.36 show the inverters’ output active and coupling reactive power respectively with
different values of R, while X, is null to see the effect of a purely resistive virtual impedance on the
system behavior. As one can see in Fig. 4.35, the system dynamic has been damped by the resistive VI as
confirmed in Fig. 4.38. However, the voltage drop caused by the latter affects the steady-state response

even when there is no power drawn through the feeder as it is seen in Fig. 4.35 and 4.37.

The impact of the purely inductive VI is verified by time domain and frequency domain simulations as
shown in Fig. 4.39 and 4.42 respectively. From Fig. 4.39 and 4.41, one sees that the purely inductive VI
enhances the system’s transient response but it affects also the inverters’ voltage regulation. (See Fig.
4.41). However, the purely inductive VI affects the system’s steady-state response less than the purely

resistive VI (See Fig 4.35 and 4.39).
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From Fig. 4.36 and 4.40, one sees that the implementation of purely resistive or purely inductive VI
makes the reactive power, generated due to the line impedance characteristics, decrease. This means
that the VI does not influence the system’s steady-state as the real line impedance does when the latter
has to be highly inductive to get accurate steady-state values due to the elimination of the coupling

effects between P and Q.

Without Vimp ~
RV1=0.OSQ,' RV2=O.1Q \ / Plnvl
Ru=0.10;R=020 K ML oes
= = LY
R\1=0.2Q); R\,=0.4Q

Plnv2

Figure 4.35: Inverters' output active power when R, is increased while X, is null (W) vs. Time (s)
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Figure 4.36: Inverters' output reactive power when R, is increased while X, is null (VAr) vs. Time (s)

Without VI

R1=0.05Q; R\,=0.1Q

RV1=0.1Q,' RV2=0.ZQ

RV]_:O.ZQ,' RV2:0.4Q

Figure 4.37: Inverters’ output peak voltage amplitudes when R, is increased while X, is null (V) vs. Time (s)
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Figure 4.38: Dominant pole of the reduced system model when purely resistive VI is increased
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Figure 4.39: Inverters' output active power when X, is increased while R, is null (W) vs. Time (s)
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Figure 4.41: Inverters’ output peak voltage amplitudes when X,, is increased while R, is null (V) vs. Time (s)
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Figure 4.42: Dominant pole of the reduced system model when purely inductive VI is increased

Finally, one can conclude that both resistive and inductive VIs can generate good system transient and
steady-state responses if designed properly. However, this could not be done if the line impedance is

unknown [17].

There is another important aspect about the VI; the increasing of the VI makes the system more
accurate in terms of reactive power sharing [7] [19]. This is because larger VI allows implementing larger
reactive power droop gain ng hence the Q sharing is improved [19]. However P sharing will be

deteriorated due to the large voltage drop generated by the large VI.

4.6.3.2 Power signal variation

As studied previously, the increasing of the n, leads the system to instability. As shown in Fig.
4.13, the reduced system becomes unstable when AV% is above 0.9% (above 0.4% for the detailed
system). This small value of AV% generates inaccurate Q sharing. In order to verify that, some time
domain simulations have been done to see the effect of the VI on the value of n, that could be
implemented, and of the latter on the steady-state value. During the simulations, the local loads have

been removed, and a step in the V,; of 2.5AV occurs at 0.1s in order to generate a reactive power of
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6kVAr drawn from the inverter #1 to the inverter #2. Setting the system’s parameters as given by Table
4.3, Fig. 4.43 shows the inverters’ output reactive power with different values of n, or AV%. Note that a
resistive VI has been used with R,;=0.1Q and R,,=0.2Q since these are the best values for a resistive VI as

Fig. 4.35 shows.

From the results shown in Fig. 4.43, the VI allows implementing larger values of n, while making the
system stable. Moreover, the increasing of n; makes the system’s steady-state response more accurate
but the transient response becomes more oscillatory. This reinforces the hypothesis that the virtual

impedance has to be large and designed depending on the feeder characteristics [7] [19].

AV%=1.4%

AV%=1.2%

AV%=1%

AV%=0.8%

Figure 4.43: Inverters' output reactive power including VI and when n, is increased (VAr) vs. Time (s)

In the next section, a VI loop implementation that allows the system’s transients enhancement, large
values of n, implementation, keeping good voltage regulation and no need of line impedance knowledge

is proposed.
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4.7 Proposed virtual impedance loop

It is well known that the idea behind the conventional “Virtual Impedance loop,” analysed in the
previous section, is to add virtually in series an impedance to the real line impedance (see Fig. 4.28),
without generating real power losses, to improve the system dynamics in case where feeders’
characteristics generates oscillatory responses. Therefore, the conventional VI is implemented in such a
way to generate a voltage drop in the inverters’ output voltage in order to mimic the internal impedance
influence to the system. From Eq. 4.48 and 4.49 and Fig. 4.30, the new voltage references (Vgnewret and
Vanewref) NOt only make the inverters’ output voltage magnitudes decrease but also change their phase
angles. This “virtual angle” which is added by the Vimp is what exactly one needs to get from the VI loop

to lead the system into stability regions.

In other words, the voltage reference’s d and q components are calculated by the “voltage reference
generator” block using w and V from the droop curves. However, when the conventional virtual
impedance is implemented, it generates an additional angle to the voltage reference in order to modify

the phase angle of the output voltage as illustrated in Fig. 4.44.

In order to verify that, Fig. 4.45 shows different phase angles between the inverters’ output voltages
obtained when R, is increased. Note that the angle in Fig. 4.45 has been calculated using Eq. 4.1. The

system parameters are listed in Table 4.3.

As one can see in Fig. 4.45, the phase angle between the inverters’ output voltage increases with R,.

Therefore, the VI influences the voltage magnitude and phase angle.

From Fig 4.44, one can calculate the virtual angle (6,) added by the VI and which is between Vggnewrer and

Vagrer. EQ. 4.62 describes the relation between Vygnewrer and Vigrer.
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Figure 4.45: Phase angles between the inverters' output voltages when R, is increased (Degree) vs. Time (s)

I:Vquwref] _ [ cos(6,) sin(@,,)] [Vqref
V4 —sin(8,) cos(0,)]" Warer (4.77)

Newref

After developing Eq. 4.62, B, can be calculated using the following equation.

Vdref - VdNewref )

0, = asin
v < Vqref + Vdref

(4.78)
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Where, Vgef is @ constant 169.7V, Vgeer is Null and Vyrer-Vanewrer i the voltage drop across the VI in d
channel. Hence, Eq. 4.63 becomes as follows. From Eq. 4.51, the angle 6, is function of the output

current and the VI components.

[7) =asin( Vay )
v 169.7 (4.79)

4.7.1 Proposed virtual impedance implementation
From Eq. 4.51 and 4.64, the proposed VI is implemented in the system’s dq model as Fig. 4.46
shows. The “voltage reference generator” block calculates the voltage references in dg using the angle

5-6,.

Weon (Only for Inv#2)

1 Qrder LPF

Wref Varef Eq

LC Filter
Generator Varef E4

e gy > >

log =
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M
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L PP

» virtual Angle
> (Eq. 4.64)

Figure 4.46: Proposed virtual impedance implementation

The “Voltage Reference Generator” block contains what the next figure shows. Note that the angle & in
Eqg. 3.31 is replaced by 6-6, in Fig. 4.47. Remember that in the dqg model of the system, 6 is null for the

inverter #1 hence its Vgqnewrer are calculated using -6,.
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Figure 4.47: Voltage reference generator bloc
4.7.2 Small-signal model including the proposed virtual impedance
The small-signal modeling of the system including the new VI implementation which is based on
phase shifts starts by linearizing the Eq. 4.64. This allows the calculation of the small-signal of the new

voltage reference in dq coordinates. The small-signal of 6, is given by Eq. 4.65.

1
AHV = AVdv

169.7 /169.72 —VZz, (4.80)

From Eq. 4.51, the small signal of the voltage drop across the VI in the d channel is given by the

following;
AVgy = woLyAlyg + Ry AL (4.81)

Hence, Eq. 4.65 becomes as follows.

w,L R
A, = il Ay + i Al

169.7 [169.72 — V2, 169.7 [169.7% = V2, (4.82)

Based on Eq. 3.19, the new voltage reference in dq for the inverters is given by;

_VqrefloSin(_gvlo)_Vdreflocos(_gvlo)

AVqreflv]_ _nqlcos(_evlo) [AH ]
- Vqrefocos(_gvlo)_VdrefoSin(_evlo) vt

AVdreflv nqlsin(_gvlo)

[AQ.] - [

(4.83)

And,
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[AVqreva] _ [—anCOS((SO - 91;20) [AQZ]

AVdreva _anSin(5o - 01720)
(4.84)

+

[_VqrefloSin(do - 9v20)_Vd1’€f10005(80 ~ Ov20) [AS — AB,,,]

Vqrefocos(éo - 91;20)_Vdref05in(5o - 91;20)
Where, AVyqren1y is the voltage reference based on the phase shift 8,; of the inverter #1, and AVygefay IS

the voltage reference based on 6 (Eq. 4.1) and 8,, of the inverter #2.

Finally from Eq. 4.67, 4.68 and 4.69 and following the same modeling steps in section 4.2, the system’s
small-signal model can be derived. Setting the system’s parameters as listed in Table 4.3, Fig. 4.48 and
4.49 show the position of the dominant poles of the detailed system with the proposed VI compared
with that of the detailed system with the conventional VI when purely resistive and purely inductive VI
in increased respectively. Note that R,, and L,, chosen for this frequency domain comparison are still
twice bigger than R,; and L,; respectively. The R,; has been varied from 0.02Q to 0.3Q and from 1Q to
100Q for the system with the conventional VI and for the system with the proposed VI respectively. For
the purely inductive VI, X,; has been varied from 0.1Q to 2Q and from 1Q to 100Q for the system with
the conventional VI and for the system with the proposed VI respectively. Unlike the system with the

proposed VI, the one with the conventional VIl is very sensitive to the VI variations.

As one can see in Fig. 4.48 and 4.49, the proposed VI influences the system dynamics similarly as the
conventional VI does. In other words, both systems with the conventional and with the proposed VI

loops make the dominant poles move to the left side.

In the next section, time domain simulations are done to verify the impact of the proposed VI on the

system’s dynamic and steady-state responses.

Note that the .m file of Matlab which contains the small-signal state-space model of the detailed system

including the proposed VI loop is given in the Appendix-G.
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Figure 4.48: Dominant poles of the systems detailed model with conventional and proposed VI when R, is increased
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Figure 4.49: Dominant poles of the systems detailed model with conventional and proposed VI when L, is increased
4.7.3 Performance verification of the system including the proposed virtual impedance
loop

4.7.3.1 Load variation test

Using the same simulation steps and system parameters as in section 4.6.3.1, Fig. 4.50 and 4.51

show the inverters’ output active power and coupling reactive power respectively when purely resistive

VI (R,) is increased.
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From Fig. 4.50 and 4.51, the proposed VI loop damps the system transients (See Fig. 4.52) while using
large values of R,. Moreover, it does not influence the steady-state value since it does not affect the

voltage regulation (see Fig. 4.53).

Regarding the purely inductive VI, Fig. 4.54 and 4.55 show the inverters’ output active power and
coupling reactive power respectively when L, is increased. As one can see in those figures, the proposed
VI when using only L, also damps the system’s transient response (See Fig. 4.56) and does not affect the

voltage regulation (See fig. 4.57).

Without VI

R\1=1Q; R,=20Q Pinvin

Rv1=2Q); R\,=4Q

Rv1=5Q; R\,=10Q

PInv#Z

Figure 4.50: Inverters' output active power when R, in the proposed VI is increasing (W) vs. Time (s)
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Figure 4.51: Inverters' output reactive power when R, in the proposed VIl is increasing (VAr) vs. Time (s)
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Figure 4.52: Dominant pole of the detailed system including the proposed VI for different values of R,
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A0 e

Without VI

X1=1Q; X»=2Q

Xv1=20Q); X,,=4Q

10000 |

XV1=SQ; X\,2= 10Q

Figure 4.54: Inverters' output active power when Lv in the proposed VI is increasing (W) vs. Time (s)
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Figure 4.55: Inverters' output reactive power when L, in the proposed VI is increasing (VAr) vs. Time (s)
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Figure 4.56: Dominant pole of the detailed system including the proposed VI for different values of L,
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Figure 4.57: Inverters' output peak voltage magnitudes for different values of L, (V) vs. Time (s)

Comparing the results obtained in this section, the resistive proposed VI generates better dynamics than

the inductive proposed VI.

4.7.3.2 Power signal variation test

It has been proven previously that the conventional VI allows implementing larger values of n,
and consequently enhancing the reactive power sharing. In this section, the same verification is done for

the proposed VI.

Setting the system’s parameters as listed in Table 4.3, Fig. 4.58 shows the inverters’ output reactive
power, with different values of n,, generated after a step in V,,;; which occurs at 0.1s. The amount of the

step is +2.5AV in order to drawn 6kVAr from inverter #1 to inverter #2.

As mentioned before, the increasing of n, generates better Q sharing. However, large values of n, make
the system response more oscillatory. From the results obtained in Fig. 4.58, the proposed VI allows

implementing larger values of n, generating accurate Q sharing.
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AV%=1.4%

AV%=1.2%

AV%=1%

AV%=0.8%

Figure 4.58: Inverters' output reactive power including proposed VI and when n, is increased (VAr) vs. Time (s)

For f._variation, same simulation as in section 4.5.2 has been done. Fig. 4.59 shows the inverters’ output
active power when the proposed VI is used. f,, is decreased by 4.5Hz at 0.5s, in order to charge the
inverter #2’s battery bank (in the DC bus) with a power of 5kW, then it is returned to its initial value

(62Hz) at 1s.

The steady-state responses when using the proposed VI are still inaccurate due to the real line
impedance characteristics. The proposed virtual impedance has no influence on the steady-state values
but it has a very good impact on the system’s transients. The proposed VI allows implementing larger

values of R, and L, generating smoother and well damped transients.

There is another important characteristic of the proposed virtual impedance. From Fig. 4.48 and 4.49,
the proposed VI components could be very large yet the system never becomes unstable. By increasing
VI, the dominant poles for large value of VI become real (e.g. when Ry, is above 35Q) hence the system’s
settling time becomes fixed when it reaches its maximum values. This characteristic of the proposed VI;

allowing the implementation of very large values of R, and L,, makes this technique less dependent on
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the real line impedance characteristics than the conventional VI technique. To verify this, Fig. 4.60

shows simulations’ results when using very large values of R,.

RV1=O.SQ; RV2=1Q

RV1=1Q; RV2=ZQ

RV1=ZQ; RV2=4Q

Figure 4.59: Inverters' output active power while using purely resistive proposed VI when a step occurred in f,, (W) vs. Time

(s)

The system’s parameters are listed in Table 4.3, and the simulations’ steps are described in Table 4.6.

The very large range of R, that could be implemented in the proposed VI makes the system’s transients
less sensitive by the real line impedance characteristics or at least the proposed VI ensures good
transients for a large range of line impedance amplitudes and angles. To verify this, some simulations
have been done using different values of R; and X; when implementing a large purely resistive proposed

VI (R,1=5Q and R,,=5Q).

Fig. 4.61 and 4.62, shows the simulations’ results when the ratio X,/R; is fixed and variable respectively.
The simulation steps are listed in Table 4.7 where a very large step occurs in the inverter #2’s local load.
Note that the values of R, and X; in these tests have been chosen arbitrarily but the line impedance is
still resistive. As one can see from Fig. 4.61 and 4.62, the proposed VI is robust to the line impedance

components variations. This allows the enhancement of the system’s transients for a wide range of



4.7 Proposed virtual impedance loop 146

feeders’ characteristics. Moreover, the VI components of the inverter #2 do not have to be twice as
large as the VI components of the inverter #1 since the AC voltage amplitude is not affected, unlike in
the case when conventional VI is used, making the implementation of the VI less complicated where

many DGs are connected in parallel.

| 1
i H

RV1=SOQ,' RV2=1OOQ

Ry1=100Q); R\,=200Q

Rv1=200Q); R,,=400Q

Rv1=5000Q); R,,=1000Q

Figure 4.60: Inverters' output active power when R, in the proposed VI is very large (W) vs. Time (s)

In Fig. 4.61, the values of R; and X, have been varied from 4 times smaller than the Ry and X, in Table 4.3
to 1.5 times larger. As one can see, the system still has good dynamics when the proposed VI is used.
However, in Fig. 4.62, only R, is varied from 5 times smaller than the R, in Table 4.3 to 0.23Q. This is
because, as discussed above, R, is the most influencing element of the line impedance on the system’s
dynamics. From the results shown in fig. 4.62, the proposed VI ensures good dynamics even for very
small values of R;. In the other hand, the conventional VI needs to be designed for each value of the
feeder’s components. Moreover, the conventional VI design depends also on the inverters’ ratings since

the voltage drop caused is a function of the inverters’ output currents.
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Therefore, the proposed VI is more robust than the conventional virtual impedance in terms of systems’

transients’ enhancement and could be considered as a technique that allows the inverters plug-and-play
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into a mini-grid for at least a wide range of feeders.

Note, the different values of steady-state responses in fig. 4.61 and 4.62 are caused by the different

values of R; and L. Therefore, the P & Q coupling needs to be eliminated or reduced by another control

technique when the proposed VI is used.

—I—I—l
R¢=0.3450; X,=0.150

e o s R

e o e

R¢=0.230; X;=0.1Q

R¢=0.1150); X;=0.050

-

v i = 1 o b g e e B = 7 i i e

Figure 4.61: Inverters' output active power when R, in the proposed VI is very large and X,/R, is fixed (W) vs. Time (s)

Table 4.7: Simulations' steps when R, is large

0.2

0.1

0.2

0.2

10
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Rg=0.15Q; X;=0.1Q

Rg=46mQ); X;=0.1Q

Rv1=5Q
R\2=5Q

Xg/Rg is variable

Figure 4.62: Inverters' output active power when R, in the proposed VI is very large and X,/R, is variable (W) vs. Time (s)

4.8 Conclusions

In this chapter, an in-depth analysis have been done about a simple mini-grid, composed by of two
three-phase voltage source inverters, two local loads and a resistive feeder. After deriving the small-
signal model of the system, the most influencing parameters have been identified. As found out in
Chapter 3, the parameters that affect directly the system’s dynamics are still the same. Therefore, the

dominant poles of the system move to the left due to the following actions;

A decrease in the P vs. f droop gain (m,)

e Adecrease in the Q vs. V droop gain (ng)

¢ Anincrease in the inductive component of the line impedance (X;)
e Anincrease in the resistive component of the line impedance (Ry)

e Anincrease in the LPF’s cut-off frequency (f,)
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To verify the points above, time domain simulations have been done by Simulink/Matlab showing the
same results obtained in the frequency domain. Moreover, it has been shown that the X,/R, ratio also
affects the system’s steady-state responses. The increasing of X,/R; ratio generates smaller coupling
between P and Q. However, in LV networks the feeders are usually resistive which generates very bad P

and Q sharing when using the conventional droop control.

Due to some constraints, some of the influencing parameters could not be varied, to enhance the
system’s behavior, and others are uncontrollable. Therefore, the conventional droop control needs to
be improved in order to get a good system’s transient and steady-state responses. Note that only the

enhancement of the dynamic responses has been discussed in this chapter.

Because the line impedance is uncontrollable, the virtual impedance loop is the most common approach
used to enhance the system’s dynamics. The idea behind this technique consists on adding virtually an
inductive impedance in series to the line impedance, mimicking the influence of an internal impedance
to enhance the system’s dynamics. However, the conventional virtual impedance implementation
affects the AC voltage amplitude causing bad voltage regulation. Moreover, the conventional VI
components need to be designed depending on some parameters: The real line impedance, the
inverter’s ratings (because the voltage drop across the VI is a function of the inverter’s output current)
and the Q vs. V droop gain (n,) (because the VI has to be large when n, is large in order to maintain

acceptable dynamics).

After studying and analyzing the conventional VI loop, a proposed VI loop has been presented showing
its benefits to the system behavior. The idea behind the new VI loop is based on damping the system’s
transients by adding a phase angle to the inverters’ output voltage. After deriving small-signal models of
the same system, but with the different VI loop, it has been found that the new VI loop influences the

system’s dynamics similarly as the conventional VI loop. However, by time domain simulations, the
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proposed VI has shown better robustness to the line impedance variations and better voltage regulation

to the output active power variations.



Chapter 5 - Parallel operation of three-phase voltage
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5.1 Introduction

This chapter focuses on the operation of one droop controlled voltage source inverter in parallel
with a diesel engine generator set (Genset) in an autonomous micro-grid. As show in Fig. 5.1, the
inverter and the Genset present a local load at their terminals and they are connected by means of a tie-
line. The main issue to be studied in this chapter is the transient response of the system at load and
power signals variations. The system verifications are done only by means of time domain simulations

on Matlab/Simulink.
5.2 Problematic description

As mentioned previously, the inverter's droop controller should be designed depending on the
characteristics of the Genset in order to get a stable system and the expected power sharing. The diesel
generators are equipped by an element called the speed governor which controls the torque applied to
the generator shaft [20]. Consequently, the speed governor controls the rotational speed (RPM) of the
synchronous generator, hence the output voltage frequency. In general, Genset controls use the
principle of droop to maintain stability otherwise the Genset’s speed regulation in multi-Genset systems
would be unstable [21]. Therefore, a parallel inverter to a Genset should be controlled similarly in order
to ensure good transients and good power sharing. In other words, the P vs. f droop approach should be
implemented in the inverter using the same droop percentage as in the Genset (See Fig 5.2) in order to

share load variations proportionally to their capacities or rated values.
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Note that the same inverter including the voltage controller and the LC filter designed in Chapter 2 are

used in this system.

3-ph Inv.

Li t loabe ineabe Xe Rg Igsabe
B Voa g LIS Vgsa
. + 2 = M J Voo ] DA J Von
o - T TN Genset
j— _E_l‘ai)\_wv\ ] J Vor j J KGD\_,VW\ j ] Vase \
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Figure 5.1: Three-phase Voltage Source Inverter connected in parallel with a Genset via a feeder
The following table lists the system ratings.
Table 5.1: Genset and Inverter ratings
Output Voltage Full-load Maximum Power
AC voltage source P B Droop (%)
(Vrms) Frequency (Hz) kVA
Genset 230/400 50 30 3
Inverter 230/400 50 10 3

Fig. 5.2 illustrates the droop governor speed curve and the inverter frequency droop curve. The

governor decreases the rotor speed by 3% of the reference speed over the full range of the governor

output. Therefore, the inverter needs to get the same droop controller, in %, in order to share load

proportionally to its ratings. Since the Genset is three times powerful as the inverter, the frequency

droop gains of the inverter (m,,,) has to be three times bigger than the frequency droop gain of the

Genset (Mpgs).

The main characteristic difference between the inverter and the Genset is that the latter is very slow in

terms of frequency response with respect to the inverter. Fig. 5.3 shows the frequency response of the

two sources under heavy load variations when operating separately. A full load step occurs at t=5s

generating a frequency deviation from 51.5Hz (no-load frequency) to 50Hz, then at t=10s the full-loads

are disconnected making the operating frequencies settle at 51.5Hz.
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Figure 5.2: P vs. f droop curves

As one can see in Fig. 5.3, the frequency response of the inverter is almost instantaneous as compared
to the frequency response of the Genset which has a settling time of 2s. In case where the two sources
are connected in parallel through a feeder as shown in Fig. 5.1, that big difference in frequency response
speed could generate a large overshoot in the inverter’s output power even if a load step occurs at the
Genset’s side. Letting the inverter taking most of the dynamics could be harmful. Fig. 5.4 shows the
output active power of the inverter and the Genset when a full load step occurs at the Genset’s side. As
one can see there, from the average value of the output power of the two elements, the inverter takes
most of the load variation since it reacts much quicker than the Genset. The bigger the difference in
power ratings between the Genset and the inverter, the bigger the overshoot that appears in the
inverters output power could be. Moreover, if there were two inverters of the same size and speed,
they would be sharing equally the load variations in either side only if the tie-lines which connect them
to the Genset are the same. Otherwise, the inverter with smaller tie-line would take bigger load
variations. Note that the overshoot percentage in Fig 5.4 appearing in the inverter’s active power is

equal to 135% of the steady-state value.
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1 1 1 1
--- Genset operating frequency
— Inverter operating frequency

Figure 5.4: Inverter and Genset's output active power (W) vs. Time (s)

Note that the results shown in Fig. 5.3 and 5.4 have been obtained from simulations ran on
Matlab/Simulink of the system. The simulation file is described in the following sections. In the next
section a proposed solution that allows decreasing the overshoot of the inverter’s transients is

presented.
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5.3 Proposed solution: Settling time variation

The proposed solution to the discussed problem in the previous section consists in slowing down
the inverter’s speed response by adding a new control loop. The purpose of the latter is to add,
proportionally to the inverter’s output power, a negative angle to the output voltage phase angle of the
inverter in order to force the angle (8), generated physically between the two sources, to increase
slowly. For better understanding, one can assume two ideal drooped AC voltage sources connected in
parallel through a purely inductive feeder as shown in Fig. 5.5. Note that only the active power dynamics

is studied in this chapter.

Essin(w t+@1) @ @ Easin(wt+@2)

Figure 5.5: Parallel AC voltage sources via a purely inductive feeder

For quick reference, the equations obtained in Chapter 3 concerning this case are rewritten below.

E\E, |
P = X Slﬂ((pl - ‘Pz) (5.1)
g
B B2
Q= X, cos(gpq — @3) — X_g (5.2)

Where, X, is the reactance of the feeder (wL,). The phase angle (6) generated due to drooping the

operating frequency of AC source #1, which is based on its output active power, is given as follows.

5=¢1—¢2=f(w1—w2)dt (53)

And, the P vs. w droop curve is given by;
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Wref = Wpp, — my,P (5.4)

From Eq. 5.1-5.4, the closed loop block diagram of the large-signal model showing the output active

power of the AC source #1 (P;) using the conventional droop control is shown in Fig. 5.6 [22].

+ »{1/s P Sin p  (EiE2)/Xq

Mp1 (g

Figure 5.6: The closed loop bloc diagram of the large-signal of P, when conventional droop control is used

In order to study the dynamic response of P, a small-signal model should be derived. After linearizing

Eq. 5.1-5.4, the closed loop block diagram of the small-signal model of P, is shown in Fig 5.7.

AW,

AG
i S W PP > Hi > AP,

A(*)nL +

Figure 5.7: The closed loop bloc diagram of the small-signal of P, when conventional droop control is used
Where, H; is given by the following equation.
_EioEy

Hy = ——cos(8,) (5.5)

Xg

E.o, Eso and 8, are the initial values. From Fig. 5.7, one can derive the closed loop transfer function of the

small-signal of P, as shown in Eq. 5.6.
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H
Aw,; (s) — Farp—s L Awy(s) (5.6)

Hy
APi(s) = +my H
p1ii1

s+ my, Hy

From Eq. 5.6, the only pole that dictates the dynamics is given by the following equation.

p = —mpit (5.7)

Since the frequency droop gains (m,) have been already fixed by the Genset droop characteristic and the
Inverter’s ratings, it is impossible to improve the system’s dynamic by changing the operating frequency
range; hence one needs to add another parameter to achieve that goal without affecting the steady-

state response.

In [22], the author has came up with a solution of controlling the speed response of a drooped AC
voltage source by using P vs. 6 instead of P vs. f droop control approach. The modified droop control of
[22] consists in measuring the angular frequency at the point of common coupling (PCC), then using it as
a feedback signal to compute the output voltage angle of AC source 1. Then, this angle is multiplied by a
constant (Kj;) allowing the variation of the speed of response of its active power. This approach provides
one degree of freedom in terms of improving the dynamic response of the system as Eq. 5.8 shows.
Note that the small-signal representation of the active power was obtained from Eq. 24 in [22].

AP(s) = —pfl o Kefh
! s+ Kyymy Hy o s + Kpymy  Hy

Aw,(s) (5.8)
From Eq. 5.8, the dominant pole of the system, given by Eq. 5.9, now is dictated by the multiplication

term Ky xmy;.

p = —Ky my Hy (5.9)

The approach of [22] provides good results in terms of controlling the system speed response. However,

the measurement of the angular frequency at the common coupling point is not practical. Therefore, a
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new control loop has been designed in this Chapter allowing the variation of the system speed response

using only a local measurement.

From Eq. 5.1, the phase angle between the two AC voltage sources is given by the following.

5 . PX,
= asin (E1Ez)

(5.10)

The proposed control loop is shown in Fig. 5.8. The idea behind this control approach is to increase the
rise time and the settling time of the physically generated phase angle (8) by adding to the latter a
negative angle (-84). The constant (Ky) serves to increase 84 in order to decrease the system’s speed of

response, as shown later on.

The large-signal representation of P, including the proposed control loop could be simplified as Fig. 5.9
shows. Then, the small-signal representation of P, is illustrated in Fig. 5.10. Therefore, from that figure,
the closed loop small-signal transfer function of P, including the proposed control loop is given by Eq.

5.12. Note that the element G; in Fig. 5.10 and Eqg. 5.12 is given by Eqg. 5.11.

The dominant pole of Eq. 5.12 is given by Eqg. 5.13. As one can see, the system’s transient response
including the proposed control loop can be damped by increasing constant Kq. In other words, the larger
K4, the farther the dominant pole will be from the instability region. To verify this, time domain
simulations have been done of the system shown in Fig. 5.5. The two ideal AC voltage sources have been
assumed to be equal in ratings (10kVA). The system parameters for the simulations are listed in Table
5.2. Note that the new control loop implementation is described in detail in the next section. The
simulation results of the system using different values of K4 are shown in Fig. 5.11. The latter shows the
output active power of the two ideal sources when a step of +1.5Hz occurs in the no-load frequency

signal at t=0.2s, in order to produce an active power of 5kW flowing through the feeder.
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Figure 5.8: Large-signal representation of P, including the proposed control loop
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Figure 5.9: Large-signal representation of P, including the simplified proposed control loop

G, = E10E20 50
1= X, cos K + 1 (5.11)
AW,
AW ew
8w, —(F)2Y w175 |20l 1/(Ker1) —L0new_pf G, » AP,

Mp1 g

Figure 5.10: Small-signal representation of P, including the simplified proposed control loop



5.3 Proposed solution: Settling time variation 160
(Kq +1)Gy (Kq + 1)Gy
AP;(s) = Awy,(s) — Aw,(s
1) =57 My (Kq + 16y () =3 My (Kq + 1)G, 2(5) (5.12)
p=-—my (Kg+1)G; (5.13)
Table 5.2: System parameters in Fig. 5.5
Parameter Value Unit
V" 230 Vrms
f; 50 Hz
mp 0.9425m rad/s/W
Ng 0 V/VAr
Af 1.5 Hz
foL 51.5 Hz
Xq 3 Q

As one can see in Fig. 5.11, the increasing of K4 of the proposed control loop makes the system speed

response slower, yet the steady-state response is not affected. Using Matlab, the system information

given by table 5.3 confirms the previous statement. Therefore, the settling time and the rise time

increase with Ky. Note that the settling time and the rising time given in Table 5.3 have been calculated

within £2% error band and 10-90% of the steady-state value respectively.

In the next section, the proposed control loop is implemented in the three-phase voltage source

inverter. Then, simulations are done to see the benefits of the new control loop on the overall system

behavior when operating in parallel with the Genset.
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Figure 5.11: Line active power when K, is increased (W) vs. Time (s)

Table 5.3: Step-info of the system when Kj is increased

0 0.0520 0.0919
3 0.3587 0.773

6 0.6051 1.1746
9 0.8283 1.5456

5.4 The proposed settling time control loop implementation in the three-phase

inverter

As in the previous Chapter, the proposed settling time control loop implementation in the three-
phase voltage source inverter using dq control technique is similar to the one used for the proposed
virtual impedance loop. In order to vary the inverter’s output voltage phase angle, the voltage reference
of dq channels needs to be computed using the phase angle (64). Note that, the inverter’s operating
frequency is still provided by the P vs. f droop controller. Fig. 5.12 shows the whole system simulation

file in Matlab/Simulink.
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Figure 5.12: Matlab/Simulink simulation file of the inverter, Genset, local loads and the feeder
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The “voltage reference generator” block contains what Fig. 5.13 illustrates. The LPF is used to slow down
the variation of &4 because the new control loop is in parallel to the conventional droop control loop,
hence the latter should be quicker than the newly added control loop. The bandwidth of that LPF (f.y) is

set to 1Hz.

The purpose for which the proposed virtual impedance loop is included is discussed in the next section.

Vref

1ph / 3ph + abc / dqo

+Vdref
0
’ PLL J

Po Xg/ VinVgs l—.l asin

log
_b Virtual Vay -
loase —Jgml 3ph/dao | | Impedance P 1/326.6 —bl asin |

Figure 5.13: Voltage reference generator including the proposed control loop and the proposed VI loop

The diesel engine model, the speed governor, and the terminal voltage exciter are grouped in one block
as shown in Fig. 5.12. Their details are illustrated in Fig. 5.14 ad 5.15. The speed governor and the
terminal voltage controllers are of the PID and PI types, respectively [23]. Since the PID based speed
governor model does not allow frequency droop, the angular frequency reference is calculated using

droop equation which is a function of the filtered electrical output power.
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Figure 5.14: The Diesel Engine and the Terminal Voltage Exciter models of the Genset [23]

The “Diesel Engine” block in Fig. 5.14 is shown in detail in Fig. 5.15.
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Figure 5.15: Diesel Engine Model

Diesel Engine

5.5 Performance verification of the system including the proposed control loop

Time domain simulations have been done of the system shown in Fig. 5.12 for different values of

Kg. The system parameters are listed in Table 5.4.
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Table 5.4: System parameters

Parameter Value Unit
V, 230/400 Vims
fe, 50 Hz

Mpiny 0.9245m rad/s/W
Nginy 0 V/VAr
Af 1.5 Hz
fnL_inv& fnL_gs 51.5 Hz
Xg 0.1 Q
Rq 0.23 Q
fe 30 Hz
fcd 1 Hz

Where, fq is the full-load frequency, my,, and ngn, are the inverter’s frequency and voltage droop gains,
fa_invand f, g are the no-load frequency of the inverter and the genset, and f is the cut-off frequency
of the LPF used in the new control loop. Note that, the same line impedance used in the previous

chapters is used in this study.

5.5.1 Load variation test

Before connecting the Genset to the inverter, the latter needs to be synchronized with the Genset
in order to avoid large transient currents. In these simulations, the synchronization has been done in a
very basic manner. The inverter’s output voltage phase angle has been varied manually until it equals
the one of the Genset, then a switch is closed to connect the two sources. Table 5.5 describes the

simulations steps.

The synchronization is done at t=4s due to the low speed response of the Genset. Then, a large load step
of +29.85kW occurs at the Genset’s side at t=4.5s. The increasing of K4 decreases the overshoot but it
seems that it makes the system dominated by two poles which generate oscillations with higher
frequency as shown in Fig. 5.16. Therefore, the proposed virtual impedance loop, discussed in Section

4.7, has been used to suppress those oscillations.
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Table 5.5: Simulations steps for load variation test

0 No 0.05 0.15
4 Yes 0.05 0.15
4.5 Yes 0.05 30

Figure 5.16: Inverter and Genset's output active power for different Ky without the proposed VI (W) vs. Time (s)

As one can see in Fig. 5.17, the proposed VI loop improves the system dynamic by eliminating the high
frequency oscillations caused by the new control loop. Fig. 5.18 shows the simulation results when using
different values of Ky while the resistive virtual impedance (R,) is fixed at 2Q. The system transient

response is well improved by the two proposed control loops.

One can conclude that by decreasing the inverter’s speed response and making it as close as possible to
the speed response of the Genset, the whole system dynamics is improved reducing the large overshoot
and the oscillations. The overshoot percentage is equal to 83% when K=100, 62% when K4=200 and 36%

when K4=400.

Note that the system become unstable when Ky is larger than 500.
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o T

K4=100 & R,=2Q

Ks=200 & R,=2Q)

Figure 5.18: Inverter and Genset's output active power when Ky is increased and R,=2Q, (W) vs. Time (s)
5.5.2 Power signal variation test

In this section, the effect of the no-load frequency variation on the system performance is verified

when the new control loop is implemented. Setting the system parameters as listed in Table 5.4, Fig.
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5.19 shows the inverter and the Genset output active power for different values of Ky. Note that the

proposed virtual impedance is still activated. The simulation steps are given in Table 5.6.

Table 5.6: Simulations steps for power signal variation test

0 No 51.5 0.05 0.15

4 Yes 51.5 0.05 0.15
4.5 Yes 51.5 0.05 20

6 Yes 49.5 0.05 20

The simulation results shown in Fig. 5.19 prove that the system behaves properly under various
perturbations. However, the system becomes unstable after the variation of f, ., when Ky is equal to
400. This can be resolved by decreasing the cut-off frequency (f.4) of the LPF to 0.05Hz. Therefore, it is
well recommended to derive the small-signal model of the system in order to study the latter in

frequency domain and to see the influence of all the slow elements on the system dynamics.

K4=100 & R,=2Q

K4=200 & R,=20Q)

K4=400 & R,=20Q)

Time

Figure 5.19: and Genset's output active power when Kj is increased and R,=2Q (W) vs. Time (s)

5.6 Conclusion
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In this chapter, the parallel operation of a three-phase voltage source inverter with a Genset has
been studied. It has been shown that since both AC voltage sources have different frequency speed
response, the system dynamics after load variations could contain large oscillations and large
overshoots. In this case since the inverter is much quicker than the Genset, it takes most of the sudden
load variations even if these occur in the Genset’s side of the tie-line. This could generate an overload

and possible result in the shut down of the inverter.

A proposed solution has been presented which consists on slowing down the inverter’s speed response
by controlling its output voltage phase angle. Unlike in [22], the implementation of the proposed control

loop allows the elimination of the communication links.

The system performance including the new control loop has been verified by mean of time domain
simulations on Matlab/Simulink. It has been shown that the system’s transient response is improved.
The overshoot decreases when the new added phase angle is increased. The proposed virtual
impedance loop has been activated in the system allowing the elimination of the high frequency

oscillations generated due the increasing of Ky.

Finally, the system dynamics improvement of such applications using the parallel loop which is based on
phase shifts is very promising. However, the system used in this chapter needs additional studies based
on frequency domain in order to extract the most influencing parameters on its dynamics. This should

allow a more robust control design.
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6.1 Conclusions

In this thesis, detailed studies have been done on the dynamic response of a three-phase voltage

source inverter (VSI) when operating in parallel with various ac voltage sources (Stiff grid, Inverter and

Genset). The main contributions and conclusions of this thesis are as follows:

A three-phase VSI with an output LC filter, for attenuating the switching harmonics, and a closed
loop voltage control scheme, for regulating the output voltage magnitude and frequency, has
been designed. A simple Pl type-3 controller using the dqg (vector) control approach has been
used. It has been shown by means of time domain simulations in Simulink that the inverter
performs very well under various conditions including: Heavy balanced and linear load variations
and voltage and frequency references variations.

Small-signal models of two systems, based on their average dq model, have been developed.
The first system consists of a droop controlled three-phase VSI, with a local load, connected in
parallel to a stiff grid through a tie-line. The second system consists of two parallel droop
controlled VSls, with their local loads, connected through a tie-line. It has been shown for both
systems that the fast elements (Voltage controller and LC filter) can be neglected in the
modeling and analysis since they have negligible influence on the system’s dominant poles.
Therefore, reduced small-signal models have been derived confirming the previous statement.
After varying the most influencing elements of the systems’ behavior, which are the droop
controllers’ gains, the line impedance and the LPF of the active and reactive power calculator, it

has been shown that both systems tend toward stability when decreasing m, and n,, (droop
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factors) and when increasing X, and R, (components of the tie line) and f. (of the power
calculator). This has been verified by means of time domain simulations in Simulink. Regarding
the systems’ steady-state response, the main element which affects the accuracy of the power
sharing between inverters is the ratio X,/R,. The larger the latter is, the smaller the steady-state
error will be.

The conventional virtual impedance (VI) control loop has been designed and implemented in the
system, which is composed of two droop controlled VSI, since the line impedance characteristics
of the system generates high oscillatory dynamic responses for both inverters. It has been
shown in the thesis that the conventional VI provides a good solution to the dynamic issue.
However, its design is difficult because it depends on the inverter’s ratings and the line
impedance. Moreover, it affects the inverters’ output voltage amplitudes because of the way it
is implemented. Therefore, a new VI control loop has been proposed, which is based on the
variation of the inverters’ output voltage phase angle. It has been shown, by means of frequency
domain analysis (root locus) and time domain simulations that the new VI loop is more
performing than the conventional one, it allows better voltage regulation, and it ensures good
transients for a large range of line impedance values.

Regarding the system where the droop controlled VSI shares local loads with a Genset through a
tie-line, no frequency domain analysis (root locus) has been conducted. It has been investigated
only by means of simulations in Simulink. In this system, the studies focused on the dynamic
response issue since both ac voltage sources behave differently in terms of speed response.
Because the inverter is much quicker than the Genset, large overshoot can be generated in the
inverter’s output active power even if the load variations occur at the Genset side of the tie-line.
In order to avoid overloading the inverter, a new control loop has been conceived. This latter

allows varying the inverter’s settling time by a factor of “Ky” to make its speed response as close
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as possible to the one of the Genset. This technique consists of adding a negative angle to the
inverter’s output voltage phase angle in order to curb the angle 6 generated physically between
the two sources. Moreover, this settling time variation technique uses only local measurement,
unlike previous attempts, making its implementation simple. It has been shown, using a
simplified small-signal model of two ideal ac voltage sources, that this new control loop creates
an additional degree of freedom to the system dynamics improvement. The system
performance verification has been done by means of time domain simulations in Simulink,
which showed that the overshoot appearing in the inverter output active power decreases by
increasing Ky. Although this generated at first high frequency oscillations in inverter’s dynamics,
the use of the new (proposed) VI loop allowed the mitigation of the oscillations, resulting in an

overall well damped and smooth response for the entire system.

6.2 Future work

The following topics are suggested for a future work.

e The three-phase three-leg VSI should be capable to regulate its output voltage under
unbalanced and no-linear loads conditions when the Genset is off. For this, a new voltage
control loop should be designed.

e The small-signal model of the system in chapter 5 needs to be developed for a better
understanding of the parameters influencing its dynamic behavior under variable perturbations.
This will lead to a better analysis of the new control loop benefits and limits on the system.

e Modeling and analysing bigger systems which regroup the three ac voltage sources (the two

inverters and the Genset) for additional studies.
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The small-signal state-space modulation of a system composed

by one droop-controlled three-phase voltage source inverter with LC
filter, a local load and one feeder operatng in parallel with a stiff Grid
The initial values have been calculated for a local load of the inverter
5kW, then a no-load frequency step of deltaf/4 occured in the power droop
controller of the inverter generating a line power of 2.5kW

Voltage Controller coefficients
t=1.8294e-4;
Tp=3.8460e-6;
Kpi=1.1508;

LC Filter components:
Rf=0.5;
Lf=0.32e-3;
Cf=20e-6;

lst Order Low-Pass Filter cut-off frequency:
wc=2*pi*30;

Inverters caractristics:
Pinv _max=10e3;
Qinv_max=5e3;

(PI type-3):

$rating active power
$rating reactive power

Pload=5e3; %$intial local load powe demand
Pg=2.5e3; %intial active power drawn

hrough the feeder
Acive Power Droop Controller:
w_Range=2*pi*4;
w r=2*pi*60;
w_step=w_Range/4;
w nl=w r+(w Range/2)+w step;
w_fl=w r-(w_Range/2)+w step;
mp=(w_nl-w_ fl)/Pinv _max;
Reactive Power Droop Controller:

o\°

frequency range

rating frequency
no-load frequency step
no-load frequency
full-load frequency

P vs. f droop gain

o° o o o

o\°

V_pCent=0; %deltaV in percent
V_r=169.7; $rating voltage amplitude

V_range=V_r*V pCent/100;

ng=V_range/Qinv_max;
Operating frequency:

wo=w_nl-mp* (Pload+Pg) ;
Line Impedance components:

Rg=0.23;

Lg=0.1/wo;

%deltaV in V
%Q vs. V droop gain

Initial value of the angle delta for Pg=2.5kW:

deltao=0.03547;

Local Inductive Load for the Inverter

Rload=8.64;
Lload=1e-10;

(Pload=5kW, Qload=0Var) :

Initial Values of output current and voltage of the Inverter

Po=Pload+Pg=7.5kW) :
Vogo=169.596;
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Vodo=5.939;
Vgrefo=169.7;
Vdrefo=0;
ILoadgo=19.6291;
ILoaddo=0.6874;

% Initial values of line current (Pg=2.5kW):
Iggo=-9.0655;
Igdo=-21.886;

% Amg matrix components:
Al=1.5*wc* (ILoadgo-Iggo) ;
A2=1.5*wc* (ILoaddo-Igdo) ;
A3=1.5*wc*Voqgo;
Ad4=1.5*wc*Vodo;

A5=-A3;
Ab=-A74;
A7=-L72;
A8=Al;
A9=A4;
A10=-A3;
All=-A9;
Al2=-A10;

Al3=-Vgrefo*sin(deltao)-Vdrefo*cos (deltao);
Ald=-ng*cos (deltao) ;

Al5=Vgrefo*cos (deltao)-Vdrefo*sin (deltao);
Al6=-ng*sin(deltao);

Al7=(Kpi*t)/(Tp"2)/LEf;

Al18=(2*Kpi)/ (Tp"2)/LEf;

Al9=Kpi/ (t*Tp”~2) /Lf;

o)

% The Matrix Amg:

Amg=[ 0 -mp O 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 -wc O 0 0 0 0 0 0 0
0 Al A2 A3 A4 A5 A6
0 0 -wc 0 0 0 0 0 0 0
0 A7 A8 A9 AlO0 All Al2
Al13 0 Al4 -2/Tp -1/Tp"2 0 0 0 0 0
0 -1 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0
215 0 Als 0 0 0 -2/Tp  -1/Tp"2 0 0
0 0 -1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0
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0 0 0 Al7 AlS8 Al9 0 0 0 -Rf/Lf
WO -1/Lf 0 0 0 0 0

0 0 0 0 0 0 Al7 Al8 Al9 -wo
-Rf/Lf 0 -1/Lf 0 0 0 0

0 0 0 0 0 0 0 0 0 1/Ccft
0 0 wo -1/Ccft 0 1/Cf 0

0 0 0 0 0 0 0 0 0 0
1/Cf -wWo 0 0 -1/Ccft 0 1/Ccft

0 0 0 0 0 0 0 0 0 0
0 1/Lload 0 -Rload/Lload WO 0 0

0 0 0 0 0 0 0 0 0 0
0 0 1/Lload -WOo -Rload/Lload 0 0

0 0 0 0 0 0 0 0 0 0
0 -1/Lg 0 0 0 -Rg/Lg WO

0 0 0 0 0 0 0 0 0 0
0 0 -1/Lg 0 0 -Wo -

Rg/Lg 1;
% Eigen vectors calculation:

d=eig (Amg) ;

plot(d, 'x', 'MarkerSize',12); grid; xLim([-2e3, 0.1le3]); yLim([-0.5e3,
0.5e3]); %xLim([-15e4, 5e3]); yLim([-30e3, 30e3]); %xLim([-0.5e3, 0.3e3]);
yLim([-0.4e3, 0.4e3]);
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% The small-signal state-space modulation of the reduced system composed

% by one droop-controlled three-phase voltage source inverter (without the
% voltage controller, LC filter and local load) operating in parallel with
% a stiff Grid through a feeder.

% The initial values have been calculated for a local load of the inverter
% 5kW, then a no-load frequency step of deltaf/4 occured in the power droop
% controller of the inverter generating a line power of 2.5kW

% 1st Order Low-Pass Filter cut-off frequency:
wc=2*pi*30;

Inverters caractristics:
Pinv _max=10e3;
Qinv_max=5e3;

Acive Power Droop Controller:
w_Range=2*pi*4;

oe

oe

o©

frequency range

mp=w_Range/Pinv max; % inverter's active power droop
slope
% Reactive Power Droop Controller:

V_pCent=0;

V_r=169.7;

V_range=V_r*V pCent/100;
ng=V_range/Qinv_max;
Operating frequency:
wo=2*pi*60;
Line Impedance components:
Rg=0.23;
Lg=0.1/wo;
Initial value of the angle delta for Pg=2.5kW:
deltao=0.03547;
% Initial Values of output current and voltage of the Inverter where
Po=Pload+Pg:
Vogo=169.596;
Vodo=5.939;
Vgrefo=169.7;
Vdrefo=0;
% Initial values of line current (Pg=2.5kW):
Iggo=-9.0655;
Igdo=-21.886;
% Amg matrix components:
Arl=-mp;
Ar2=1.5*wc* (-Iggo* (-Vgrefo*sin (deltao)-Vdrefo*cos (deltao)) -
Igdo* (Vgrefo*cos (deltao) -Vdrefo*sin (deltao)));
Ar3=-wc;
Ar4=-1.5*wc*ng* (-Iggo*cos (deltao) -Igdo*sin(deltao));
Ar5=-1.5*wc*Voqgo;
Ar6=-1.5*wc*Vodo;
Ar7=1.5*wc* (Igdo* (-Vgrefo*sin(deltao)-Vdrefo*cos (deltao)) -
Iggo* (Vgrefo*cos (deltao) -Vdrefo*sin (deltao)));
Ar8=-wc+l.5*wc*ng* (-Igdo*cos (deltao)+Iggo*sin (deltao));

o\°

oe

o\°
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Ar9=- (-Vgrefo*sin (deltao)-Vdrefo*cos (deltao)) /Lg;
Arl0=ng*cos (deltao) /Lg;

Arll=-Rg/Lg;

Arl2=wo;

Arl3=- (Vgrefo*cos (deltao)-Vdrefo*sin (deltao)) /Lg;
Arld=ng*sin (deltao) /Lg;

[

% The Matrix "Armg" of the reduced system:

Armg=[ O Arl 0 0 0 ;
Ar2 Ar3 Ar4 Ar5 Ar6 ;
Ar’ 0 ArS8 Aro6 -Ar5 ;
Ar9 0 Arl0 Arll Arl2 ;
Arl3 0 Arld -Arl2 Arll 71;

% Coefficients of the characteristic eugation of Amg

(s”"5+alpha*s”4+beta*s”3+gamma*s”2+omega*s+zeta=0) :
alpha=-Ar3-Ar8-2*Arll;
beta=Arl11"2+Arl12"2-Ar1*Ar2+Ar3*Ar8+2*Ar3*Arll-

Ar6*Arl10+Ar5*Ar14+2*Ar8*Arll;

Appendix B

gamma=-Ar3*Arll1"2-Ar3*Arl2°2-Ar8*Arll1"2-Ar8*Arl12"2+Arl1*Ar2*Ar8-
Ar1*Ard*Ar7-Ar1*Ar5*Ar9+2*Ar1*Ar2*Ar11+Ar3*Ar6*Arl10-Ar1*Ar6*Arl13-
Ar3*Ar5*Arl14-2*Ar3*Ar8*Arll1-Ar5*Ar10*Arl2+Ar6*Ar10*Arl1l1-Ar5*Arl1l1*Arld-

Aro6*Arl2*Arl4;

lambda=-Arl1*Ar2*Arl11"2-Arl1*Ar2*Arl2°2+Ar3*Ar8*Arl11"2+Ar3*Ar8*Arl2"2-
Arl*Ard4*Aro6*Ar9+Arl1*Ar5*Ar8*Ar9+Arl1*Ar2*Ar6*Arl10-Ar1*Ar2*Ar5*Arld-

2*Arl1*Ar2*Ar8*Arll1+Ar1*Ard*ArS5*Ar13+2*Arl1*Ard*ArT7*Arll-
Arl1*Ar5*Ar7*Arl10+Arl1*Ar5*Ar9*Arll-

Arl*Ar6*Ar7*Arl4+Arl1*Ar6*Ar8*Arl13+Arl1*Ar6*Ar9*Arl12+Ar3*Ar5*Arl10*Arl2—-

Ar3*Ar6*Arl10*Arll-

Ar1*Ar5*Arl12*Ar13+Arl1*Ar6*Ar11*Arl13+Ar3*Ar5*Arl11*Arl14+Ar3*Ar6*Arl12*Arl4;
zeta=Arl*Ar2*Ar8*Arl1l1"2+Ar1*Ar2*Ar8*Arl12"2-Arl1*Ard*ArT7*Arll1"2-

Ar1*Ard*Ar7*Ar12"2-Ar1*Ar5"2*Ar9*Arld-

Arl*Ar6"2*Ar9*Arl14+Ar1*Ar572*Ar10*Arl13+Arl1*Ar6"2*Ar10*Arl13-
Arl*Ar4*Ar5*Ar9*Arl12+Arl1*Ard*Ar6*Ar9*Arl11-Arl*Ar5*Ar8*Ar9*Arll-

Arl*Ar6*Ar8*Ar9*Arl2+Arl1*Ar2*Ar5*Ar10*Arl2-
Arl1*Ar2*Ar6*Arl10*Arll1+Arl1*Ar2*Ar5*Arl1l1*Arld-

Ar1*Ard*Ar5*Ar11*Arl13+Ar1*Ar5*Ar7*Arl10*Arl1l1+Arl1*Ar2*Ar6*Ar12*Arld-

Arl*Ar4*Aro6*Arl12*Ar13+Arl*Ar6*Ar7*Ar10*Arl2-

Arl*Ar5*Ar7*Arl12*Ar14+Arl1*Ar5*Ar8*Arl12*Ar13+Arl*Ar6*Ar7*Arll1*Arld-

Arl*Ar6*Ar8*Arl1l1*Arl3;

% Roots of the characteristic equation of Amg:
dreg=roots ([l alpha beta gamma lambda zetal):;

% Eigen vectors calculation:
dr=eig (Armg) ;

plot (dreq, 'or', 'MarkerSize',12); grid; =xLim([-1e3,

0.1e31); yLim([-

0.6e3, 0.6e3]); %xLim([-0.5e3, 0.3e3]); yLim([-0.4e3, 0.4e3]); %hold;

plot(drnlcg, 'o");
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The small-signal state-space model of a small mini-grid composed

by two droop-controlled three-phase voltage source inverters with LC
filters, two local loads and one feeder. The initial values have been
calculated for local loads of inverter #1 and #2 of 5kW and 2.5kW
respectively, then a load step of +7.5kW occured on the side of
inverter #2. Hence, the line power is equal to 5kW.

Voltage Controller coefficients (PI type-3):
t=1.8294e-4;
Tp=3.8460e-6;
Kpi=1.1508;

LC Filter components:
rL=0.5;
Lf=0.32e-3;
Cf=20e-6;

lst Order Filter cut-off frequency:
wc=2*pi*30;

Inverters caractristics:
Pmax1=20e3;
Omaxl=12e3;
Pmax2=10e3;
Ploadlo=5e3;

1 local load
PLineo=5e3;

o

Active power rating of inverter #1
Reactive power rating of inverter #1
Active power rating of inverter #2
Initial active power demand of inverter

o oo

oe

o

Initial active power passing through

the feeder

o

°

oe

oe

o\°

o\°

Acive Power Droop Slopes:
w_Range=2*pi*4;
w r=2*pi*60;
w_nl=w r+(w_Range/2);
mpl=w Range/Pmaxl;

oe

Angular frequency range

Rating angular fregeuncy

no-Load angular fregeuncy

Inverter #1 active power droop slope

o° oo

o

mp2=2*mpl; % Inverter #2 active power droop slope
Reactive Power Droop Slopes:

V_pCent=0; % deltaVv in %

ngl=(V_pCent/100)*169.7/0maxl; % Inverter #1 reactive power droop slope

ng2=2*nql; % Inverter #2 reactive power droop slope

Initial Operating frequency:
wo=w_nl-mpl* (Ploadlo+PLineo) ;

Line Impedance components:
Rg=0.23;
Lg=0.1/wo;

Initial value of the angle delta Plineo=5kW:
deltao=-0.074717545;

Local Inductive Loads for the Inverters (Plo=5kW, P20=10kW & Q1=02=0Var) :
Rloadl=8.64;
Lloadl=1le-10; the reactive power demand is equal to zero
Rload2=17.28-12.96; % a load step of +7.5kW has occured at Inv#2 side
Lload2=Lloadl;

Initial Values of output current and voltage of Inverter #1:

oe

Initial operating angular fregeuncy

o\°
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Vglo=169.7;
vVdlo=0;
ILoadglo=19.6409;
ILoaddlo=0;

o\

Vg20=169.2;
Vd20=-12.73;
Vgref20=169.7;
Vdref20=0;
ILoadg20=39.1727;
ILoadd20=-2.93;

Initial values of line current (PLineo=5kW) :
ILinego=22;
ILinedo=45.8;

Ainv matrix components:
Al=-wc;
A2=1.5*wc* (ILoadglo+ILineqgo) ;
A3=1.5*wc* (ILoaddlo+ILinedo) ;
Ad4=1.5*wc*Vqglo;
A5=1.5*wc*Vdlo;
A6=-nqgl;
A7=-2/Tp;
A8=-1/(Tp"2);
A9= (Kpi*t)/ (Tp"2) /Lf;
A10=(2*Kpi) / (Tp"2)/LEf;
All=Kpi/ (t*Tp"2) /Lf;
Al2=-rL/Lf;
Al13=-1/Lf;
Al4=1/Cft;
Al5=1/Lloadl;
Al6=-Rloadl/Lloadl;
Al17=1.5*wc* (ILoadglo-ILineqgo) ;
Al8=1.5*wc* (ILoaddlo-ILinedo) ;
Al19=1.5*wc*Vqg20;
A20=1.5*wc*Vd2o0;
A21=-Vgref2o*sin(deltao)-Vdref2o0*cos (deltao) ;
A22=-ng2*cos (deltao);
A23=Vqgref2o*cos(deltao)-Vdref20*sin (deltao) ;
A24=-ng2*sin(deltao);
A25=1/Lload2;
A26=-Rload2/Lload2;
A27=1/Lg;
A28=-Rg/Lg;
A29=wo;
A30=-mpl;
A3l=-mp2;

o\°

o\

[

Ainv=[ A1 O O O 0 0 O 0 0 0 A2
0 0 0 O 0 0 O 0 0 0 0 0 0
A5 N
0 Al 0 O 0 0 O 0 0 0 -A3
0 0 0 O 0 0 O 0 0 0 0 0 0
-A4 R
0 A6 A7 A8 0 0 O 0 0 0 -1
0 0 0 O 0 0 O 0 0 0 0 0 0

% The Mini-Grid Matrix "Ainv" of the complete system:

A3

A2

Initial Values of output current and voltage of Inveter #2:

A4

A5

A5
A4

-A4
A5

Appendix C
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0 0O 1 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O r

0 0O 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 .

0 0O 0 O 0 A7 A8 O 0 0 0o -1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O r

0 0O 0 O 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 ;

0 0O 0 O 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 .

0 0 A9 A10 Al11 O O 0 Al2 A29 Al13 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 N

0 0O 0 O 0 A9 A10 All -A29 Al2 O Al3 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 N

0 0O 0 O 0 0 0 0 Al4 O 0 A29 -Al4 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -Al4
0 N

0 0O 0 O 0 0 0 0 0 Al4 -A29 O 0 -Al4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-Al4 ; ..

0 0O 0 O 0 0 0 0 0 0 Al5 0 Alo A29 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 N

0 0O 0 O 0 0 0 0 0 0 0 Al5 -A29 Alo6 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 N

-A30 0 0 O 0 0 0 0 0 0 0 0 0 0 0

A31 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 N

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
Al O 0 0 0 0 0 0 0 0 Al7 A1l8 Al9 A20 -Al19
-A20 ; ..

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 Al 0 O 0 0 0 0 0 0 -A18 A1l7 A20 -Al19 -A20
Al9 ;

0 0O 0 O 0 0 0 0 0 0 0 0 0 0
A21 0 A22 A7 A8 O 0 0 0 0 0 -1 0 0 0 0
0 ;

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 ;

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
O ’

0 0O 0 O 0 0 0 0 0 0 0 0 0 0
A23 0 A24 0 O 0 A7 A8 O 0 0 0o -1 0 0 0
0 ;

0 0O 0 O 0 0 O 0 0 0 0 0 0 0 0
0 0 0 O 0 1 0 0 0 0 0 0 0 0 0



181 Appendix C

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
O r

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 A9 A10 A11 O O 0 Al2 A29 Al13 0 0 0 0
0 .

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 O 0 A9 A10 All -A29 Al12 O Al3 0 0 0
0

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Al4 O 0 A29 -Al4 0 Al4
0 .

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Al4 -A29 0 0 -Al4 0
Al4 N

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 A25 0 A26 A29 0
0 N

0 0O 0 O 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 A25 -A29 A26 0
0 N

0 0O 0 O 0 0 0 0 0 0 A27 0 0 0 0
0 0 0 0 0 0 0 0 0 0 -A27 0 0 0 A28
A29 ;

0 0O 0 O 0 0 0 0 0 0 0 A27 0 0 0
0 0 0 0 0 0 0 0 0 0 0 -A27 O 0 -A29
A28 1,

[

% Eigen vectors calculation:

d=eig (Ainv) ;

plot(d, 'x', 'MarkerSize',12); grid; xLim([-1e3, 0.1e3]); yLim([-0.6e3,
0.6e3]); %xLim([-0.5e3, 0.3e3]); yLim([-0.4e3, 0.4e3]);
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% The small-signal state-space model of a small mini-grid composed

% by two droop-controlled three-phase voltage source inverters (without

% voltage controllers, LC filters and local loads) and one feeder.

% The initial values have been calculated after step of +3Hz in the

% no-load frequency signal of inverter #2. Hence, the line power is equal to

% 1st Order Filter cut-off frequency:
wc=2*pi*30;

% Inverters caractristics:
Pmax1=20e3;
Pmax2=10e3;
PLineo=5e3;

the feeder

% Acive Power Droop Slopes:

w_Range=2*pi*4;

w_r=2*pi*60;

W _step=2*pi*3;

w_nl=w r+(w_Range/2)+w step;

mpl=w Range/Pmaxl;

o

Active power rating of inverter #1
Active power rating of inverter #2
Initial active power passing through

o

o

o

Angular frequency range

Rating angular freqgeuncy

no-Load angular fregeuncy step
no-Load angular fregeuncy

Inverter #1 active power droop slope

o° oo oe

o

mp2=2*mpl; % Inverter #2 active power droop slope

% Reactive Power Droop Slopes:
V_pCent=0; % deltaV in %
ngl=(V_pCent/100)*169.7/0maxl; % Inverter #1 reactive power droop slope
ng2=2*nql; % Inverter #2 reactive power droop slope

oe

Initial Operating frequency:
wo=w_nl-mpl*PLineo;
Line Impedance components:
Rg=0.23;
Lg=0.1/wo;
Initial value of the angle delta Plineo=5kW:
deltao=-0.075;
Initial Values of output current and voltage of Inverter #1 where Po=5.5kW:
Vglo=169.7;
vdlo=0;
% Initial Values of output current and voltage of Inveter #2 where Po=5.5kW:
Vg20=169.2;
Vd2o=-12.73;
Vgref20=169.7;
Vdref20=0;
Initial values of line current (PLineo=500W) :
ILineqo=22;
ILinedo=45.8;
Amg matrix components:
Arl=-wc;
Ar2=-1.5*wc*ILineqgo*nqgl;
Ar3=1.5*wc*Vqlo;
Ar4=1.5*wc*Vdlo;

oe

Initial operating angular fregeuncy

oe

oe

oe

oe

o\°
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Ar5=-wc-1.5*wc*ILinedo*nqgl;

Aro6=mpl;

ArT7=-mp2;
Ar8=-1.5*wc* (ILineqgo* (-Vgref2o0*sin (deltao) -

Vdref2o*cos (deltao))+ILinedo* (Vgref2o*cos (deltao) -Vdref2o0*sin(deltao)));
Ar9=1.5*wc*ng2* (ILineqo*cos (deltao)+ILinedo*sin (deltao)) ;
Arl10=-1.5*wc*Vqg2o0;

Arll=-1.5*wc*Vd2o0;
Arl2=1.5*wc* (ILinedo* (-Vgref2o*sin(deltao) -Vdref2o*cos (deltao)) -

ILinego* (Vgref2o*cos (deltao)-Vdref2o0*sin (deltao)));
Arl3=-wc+1l.5*wc*ng2* (ILinego*sin (deltao)-ILinedo*cos (deltao));
Arld4=-nql/Lg;
Arl5=-(-Vgref2o*sin(deltao)-Vdref2o*cos (deltao)) /Lg;
Arl6=ng2*cos (deltao) /Lg;

Arl7=-Rg/Lg;

Arl8=wo;

Arl19=- (Vgref2o*cos (deltao)-Vdref2o0*sin (deltao)) /Lg;
Ar20=ng2*sin (deltao) /Lg;

o)

% The Mini-Grid Matrix "Arinv" of the reduced system:

Arinv=[ Arl Ar2 0 0 0 Ar3 Ar4 FEP
0 Ar5 0 0 0 Ar4 -Ar3 I
Are O 0 Ar7 0 0 0 FEN
0 0 ArS8 Arl Ar9 Arl0 Arll ;...
0 0 Arl2 0 Arl3 Arll -Arl0 ;...
0 Arli4 Arlb5 0 Arlo Arl7 Arl8 ;...
0 0 Arl9 0 Ar20 -ArlS8 Arl7 1;

[

% Eigen vectors calculation:
dr=eig (Arinv) ;
plot(dr, 'ro', 'MarkerSize',12); grid; xLim([-2e3, 0.1e3]); yLim([-0.6e3,

0.6e3]1); %xLim([-15e4, 5e3]); yLim([-3e4, 3e4d]); % %xLim([-0.5e3, 0.3e3]);
yLim ([-0.4e3, 0.4e3]);
plot(d, 'x', 'MarkerSize',12); grid; xLim([-2e3, 0.1e3]); yLim([-0.5e3,

0.5e3]1); hold; plot(dr, 'or', 'MarkerSize',12);
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% The small-signal state-space model of a small mini-grid composed

% by two droop-controlled three-phase voltage source inverters with LC

% filters, two local loads and one feeder. The initial wvalues have been

% calculated for local loads of inverter #1 and #2 of 5kW and 2.5kW

% respectively, then a load step of +7.5kW occurred on the side of

% inverter #2. Hence, the line power is equal to 5kW. Note the conventional
% virtual impedance is implemented with Rv1=0.lohm and Xv1=0.lohm.

o

Voltage Controller coefficients (PI type-3):
t=1.8294e-4;
Tp=3.8460e-6;
Kpi=1.1508;

% LC Filter components:
rL=0.5;
Lf=0.32e-3;
Cf=20e-6;

lst Order Filter cut-off frequency:
wc=2*pi*30;

Inverters caractristics:
Pmax1=20e3;
Qmaxl=12e3;
Pmax2=10e3;
Ploadlo=5e3;

#1 local load

PLineo=5e3;

the feeder

% Acive Power Droop Slopes:

w_Range=2*pi*4;

w_r=2*pi*60;

w_nl=w r+(w_Range/2);

mpl=w Range/Pmaxl;

oe

o

o

Active power rating of inverter #1
Reactive power rating of inverter #1
Active power rating of inverter #2
Initial active power demand of inverter

o oP

oe

o

Initial active power passing through

oe

Angular frequency range

Rating angular fregeuncy

no-Load angular fregeuncy

Inverter #1 active power droop slope

o° oo

oe

mp2=2*mpl; % Inverter #2 active power droop slope

% Reactive Power Droop Slopes:
V_pCent=0; % deltaV in %
ngl=(V_pCent/100)*169.7/0maxl; % Inverter #1 reactive power droop slope
ng2=2*nql; % Inverter #2 reactive power droop slope

oe

Initial Operating frequency:
wo=w_nl-mpl* (Ploadlo+PLineo) ;
Line Impedance components:
Rg=0.23;
Lg=0.1/wo;
Virtual Impedance Components of inverter #1:
Kv=0.1;
Rv1=Kv*1;
Lvl=Kv*1/wo;
Virtual Impedance Components of inverter #2:
Rv2=Rv1*2;
Lv2=Lv1*2;

Initial operating angular fregeuncy

o\°

o\°

oe

oe
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% Initial value of the angle delta Plineo=5kW:
deltao=-0.074717545;
% Local Inductive Loads for the Inverters (Plo=5kW, P20=10kW & Ql=0Q2=0Var) :
Rloadl=8.64;
Lloadl=1e-10; the reactive power demand is equal to zero
Rload2=17.28-12.96; % a load step of +7.5kW has occured at Inv#2 side
Lload2=Lloadl;
Initial Values of output current and voltage of Inverter #1:
Vglo=169.7;
vVdlo=0;
ILoadglo=19.6409;
ILoaddlo=0;
Initial Values of output current and voltage of Inveter #2:
Vg20=169.2;
Vd20=-12.73;
Vagref20=169.7;
Vdref20=0;
ILoadg20=39.1727;
ILoadd20=-2.93;
% Initial values of line current (PLineo=5kW) :
ILineqo=22;
ILinedo=45.8;
Acvinv matrix components:
Al=-wc;
A2=1.5*wc* (ILoadglo+ILineqgo) ;
A3=1.5*wc* (ILoaddlo+ILinedo) ;
A4=1.5*wc*Vqglo;
A5=1.5*wc*Vdlo;
A6=-nql;
AT7==-2/Tp;
A8=-1/(Tp"2);
A9= (Kpi*t)/(Tp"2) /Lf;
A10=(2*Kpi)/ (Tp"2) /LE;
All=Kpi/ (t*Tp~2) /Lf;
Al2=-rL/Lf;
Al13=-1/Lf;
Al4=1/Cft;
Al5=1/Lloadl;
Al6=-Rloadl/Lloadl;
Al17=1.5*wc* (ILoadglo-ILineqgo) ;
Al18=1.5*wc* (ILoaddlo-ILinedo) ;
Al9=1.5*wc*VQg2o0;
A20=1.5*wc*Vd20;
A21=-Vqgrefl2o0*sin(deltao)-Vdref2o0*cos (deltao) ;
A22=-ng2*cos (deltao);
A23=Vgref2o*cos (deltao)-Vdref2o0*sin(deltao);
A24=-ng2*sin(deltao);
A25=1/Lload?2;
A26=-Rload2/Lload2;
A27=1/Lg;
A28=-Rg/Lg;
A29=wo;
A30=-mpl;
A31l=-mp2;

o

o

o

o

o)

% The Mini-Grid Matrix "Acvinv" of the complete system including the
conventional virtual impedance loop:
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Acvinv=[ Al O
0 0 0 0 O
A5 ;

0 0 0 0 O
-A4 ;

0 0 0 0 0
wo*Lvl ;

0 0
0 0 Al 0 O
Al9 ; .

0 0
A21 0 A22 A7 A8
-wo*Lv2 ;

0 0

0 O
0 0
0 O
0 0
A7 A8
0 0
1 0
0 0
0 1
0 0
0 O
0 0
0 O
0 0
0 O
0 0
A9 AlO
0 0
0 0
0 0
0 O
0 0
0 0
0 0
0 O
0 0
0 O
0 0
0 0
0 0
0 O
0 0
0 0
0 0
0 O
0 0
0 0
0 0

All

0 0 A2 A3 A4
0 0 0 0
0 0 -A3 A2 A5
0 0 0 0
0 0 -1 0 -Rv1l
0 0 0 0
0 0 0 0 0
0 0 0 0
0 0 0 0 0
0 0 0 0
0 0 0o -1 -wo*Lv1l
0 0 0 0
0 0 0 0 0
0 0 0 0
0 0 0 0 0
0 0 0 0
Al2 A29 Al13 O 0
0 0 0 0
-A29 Al2 O Al3 O
0 0 0 0
Al4 O 0 A29 -Al4
0 0 0 0
0 Al4 -A29 O 0
0 0 0 0
0 0 Al5 0 Al6
0 0 0 0
0 0 0 Al5 -A29
0 0 0 0
0 0 0 0 0
0 0 0 0
0 0 0 0 0
Al7 Al18 Al9 A20
0 0 0 0 0
-A18 Al7 A20 -Al19
0 0 0 0 0
-1 0 -Rv2 wo*Lv2
0 0 0 0 0
0 0 0 0

186

A5

A4

-A4
A5

wo*Lvl
-Rvl

-Rvl
-wo*Lvl

-Al4

-Al4

A29

Ale6

-Al9

-A20

Rv2
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0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
O r
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
A23 0 A24 0 O 0 A7 A8 O 0 0 o -1 -wo*Lv2 -Rv2 WOo*Lv2
Rv2 ;
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
O r
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 ;
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 A9 A10 A11 O O 0 Al2 A29 Al13 O 0 0 0
0 ; .
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 A9 A10 All -A29 Al2 O Al3 O 0 0
0 ;
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Al4 O 0 A29 -Al4 0 Al4
0 ; .
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 Ald4d -A29 O 0 -Al4 0
Al4d ; .
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 A25 0 A26 A29 0
0 ; .
0 0O 0 O 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 A25 -A29 A26 0
0 ; .
0 0O 0 O 0 0 0 0 0 0 A27 0 0 0
0 0 0 0 0 0 0 0 0 0 0 -A27 0 0 0 A28
A29 ; .
0 0O 0 O 0 0 0 0 0 0 0 A27 0 0
0 0 0 0 0 0 0 0 0 0 0 0 -A27 O 0 -A29
A28 1;

[

% Eigen vectors calculation:

dcv=eig (Acvinv) ;

plot(dcv, 'x', 'MarkerSize',12); grid; xLim([-1e3, 0.1e3]); yLim([-
0.6e3, 0.6e3]); %$xLim([-0.5e3, 0.3e3]); yLim([-0.4e3, 0.4e3]);
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% The small-signal state-space model of a small mini-grid composed

% by two droop-controlled three-phase voltage source inverters (without

% voltage controllers, LC filters and local loads) and one feeder.

% The initial values have been calculated after step of +3Hz in the

% no-load frequency signal of inverter #2. Hence, the line power is equal to
SkW.

%Note the conventional virtual impedance is implemented with Rv1=0.lohm and
Xv1=0.lohm.

% 1lst Order Filter cut-off frequency:
wc=2*pi*30;
% Inverters caractristics:
Pmax1=20e3;
Pmax2=10e3;
PLineo=5e3;
the feeder
% Acive Power Droop Slopes:
w_Range=2*pi*4;
w_r=2*pi*60;
w_step=2*pi*3;
w_nl=w r+(w_Range/2)+w_step;
mpl=w Range/Pmaxl;

o

Active power rating of inverter #1
Active power rating of inverter #2
Initial active power passing through

o

o

o

Angular frequency range

Rating angular fregeuncy

no-Load angular fregeuncy step
no-Load angular fregeuncy

Inverter #1 active power droop slope

o 0o oe

oe

mp2=2*mpl; % Inverter #2 active power droop slope

% Reactive Power Droop Slopes:
V_pCent=0; % deltaV in %
ngl=(V_pCent/100)*169.7/Qmaxl; % Inverter #l reactive power droop slope
ng2=2*nql; % Inverter #2 reactive power droop slope

oe

Initial Operating frequency:
wo=w_nl-mpl*PLineo;
% Line Impedance components:
Rg=0.23;
Lg=0.1/wo;
Virtual Impedance Components of inverter #1:
Kv=0.1;
Rv1=Kv*1;
Lvl=Kv*1/wo;
Virtual Impedance Components of inverter #2:
Rv2=Rv1*2;
Lv2=Lv1*2;
Initial value of the angle delta Plineo=5kW:
deltao=-0.075;
Initial Values of output current and voltage of Inverter #1 where Po=5.5kW:
Vglo=169.7;
vdlo=0;
Initial Values of output current and voltage of Inveter #2 where Po=5.5kW:
Vg20=169.2;
Vd20=-12.73;
Vgref20=169.7;

o

Initial operating angular fregeuncy

oe

oe

o\°

oe

o\°
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Vdref20=0;

% Initial values of line current (PLineo=500W) :
ILinego=22;
ILinedo=45.8;

% Arcvinv matrix components:
Arvl=-wc;
Arv2=-1.5*wc*ILinego*nql;
Arv3=1.5*wc* (-ILinego*Rvl-ILinedo*wo*Lv1+Vqglo) ;
Arv4=1.5*wc* (ILineqo*wo*Lvl-ILinedo*Rv1+Vdlo) ;
Arvb5=-wc-1.5*wc*ILinedo*nqgl;
Arvoe=1.5*wc* (-ILinego*wo*Lvl-ILinedo*Rv1+Vdlo) ;
Arv7=1.5*wc* (-ILinego*Rvl+ILinedo*wo*Lv1l-Vqglo) ;
Arv8=mpl;
Arv9=-mp2;
Arv10=-1.5*wc* (ILineqo* (-Vgref2o0*sin(deltao) -

Vdref2o*cos (deltao))+ILinedo* (Vgref2o0*cos (deltao) -Vdref2o0*sin(deltao)));
Arv1l=1.5*wc*ng2* (ILineqgo*cos (deltao)+ILinedo*sin (deltao));
Arv12=1.5*wc* (-ILineqo*Rv2-ILinedo*wo*Lv2-Vg20) ;

Arv13=1.5*wc* (ILineqo*wo*Lv2-ILinedo*Rv2-Vd20) ;
Arv14=1.5*wc* (ILinedo* (-Vgref2o0*sin (deltao)-Vdref2o*cos (deltao)) -

ILinego* (Vgref2o0*cos (deltao) -Vdref2o*sin (deltao)));
Arv15=-wc+l.5*wc*ng2* (ILineqo*sin (deltao)-ILinedo*cos (deltao));
Arv16=1.5*wc* (-ILineqo*wo*Lv2+ILinedo*Rv2-Vd20) ;

Arv17=1.5*wc* (-ILineqo*Rv2-ILinedo*wo*Lv2+Vg20) ;
Arvl18=-nqgl/Lg;
Arv19=-(-Vgref2o*sin(deltao)-Vdref2o*cos (deltao)) /Lg;
Arv20=ng2*cos (deltao) /Lg;

Arv21=- (Rg+Rv1+Rv2) /Lg;

Arv22=wo* (Lg+Lv1+Lv2) /Lg;

Arv23=-(Vgref2o*cos (deltao)-Vdref2o*sin(deltao)) /Lg;
Arv24=ng2*sin (deltao) /Lg;

% The Mini-Grid Matrix "Arcvinv" of the reduced system including the wvirtual

impedance loop:

Arcvinv=[ Arvl Arv2 0 0 0 Arv3 Arv4d ;...
0 Arv5 0 0 0 Arvo Arv7 PR
Arv8 0 0 Arv9 0 0 0 I
0 0 Arv10 Arvl Arvl1l Arvl12 Arv13 ;...
0 0 Arvl14d 0 Arvl15 Arvl1o Arv1l7 ;...
0 Arvl1s8 Arvl19 0 Arv20 Arv21l Arv22 ;...
0 0 Arv23 0 Arv24 -Arv22 Arv21 1;

[

% Eigen vectors calculation:

drcv=eig (Arcvinv) ;

plot (drcv, 'ro', 'MarkerSize',12); grid; xLim([-1e3, 0.1e3]); yLim([-
0.6e3, 0.6e3]);
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o

o

oe

o

#

The small-signal state-space model of a small mini-grid composed

by two droop-controlled three-phase voltage source inverters with LC
filters, two local loads and one feeder. The initial values have been
calculated for local loads of inverter #1 and #2 of 200W and 100W
respectively, then a load step of +9.9kW occurred on the side of
inverter #2. Hence, the line power is equal to 6.6kW. Note the proposed
virtual impedance is implemented with Rv1=Rv2=5o0hm and Xv1=Xv2=0ohm.

Voltage Controller coefficients
t=1.8294e-4;
Tp=3.8460e-6;
Kpi=1.1508;
LC Filter components:
rL=0.5;
Lf=0.32e-3;
Cf=20e-6;

(PI

lst Order Filter cut-off frequency:

wc=2*pi*30;

Inverters caractristics:
Pmax1=20e3;
Qmaxl=12e3;
Pmax2=10e3;
PLoadlo=0.2e3;

1 local load
PLineo=6.6e3;

the feeder

o

°

oe

oe

o\°

oe

oe

Acive Power Droop Slopes:
w_Range=2*pi*4;
w_r=2*pi*60;
w_nl=w r+(w_Range/2);
mpl=w Range/Pmaxl;
mp2=2*mpl;

Reactive Power Droop Slopes:
V_pCent=0;
ngl=(V_pCent/100)*169.7/0maxl;
ng2=2*nql;

Initial Operating frequency:
wo=w_nl-mpl* (Ploadlo+PLineo) ;

Line Impedance components:
Rg=0.23;

Lg=0.1/wo;

o o oe

oe

o

o P o oe

o° oe o

oe

o\°

type-3) :

Active power rating of inverter #1
Reactive power rating of inverter #1
Active power rating of inverter #2
Initial active power demand of inverter

Initial active power passing through

Angular frequency range

Rating angular fregeuncy

no-Load angular fregeuncy

Inverter #1 active power droop slope
Inverter #2 active power droop slope

deltaV in %
Inverter #1 reactive power droop slope

Inverter #2 reactive power droop slope

Initial operating angular fregeuncy

Virtual Impedance Components of inverter #1:

Kv=5;
Rv1l=Kv*1;
Lv1l=Kv*0/wo;

Virtual Impedance Components of inverter #2:

Rv2=Rvl;
Lv2=Lvl;
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% Initial value of the angle delta Plineo=5kW:
deltao=-1.761;
tetavlo=0.7525;
tetav20=-0.9089;
% Local Inductive Loads for the Inverters (PLoadlo=5kW; PLoad2o0=2.5kW) :
Rloadl=216;
Lloadl=1e-10; the reactive power demand is equal to zero
Rload2=432-427.68; % a load step of 9.9kW has occured at Inv#2 side
Lload2=Lloadl;
% Initial Values of output current and voltage of Inverter #1:
Vglo=123.9;
Vdlo=-116;
Vgreflo=169.7;
Vdreflo=0;
ILoadglo=0.5735;
ILoaddlo=-0.5369;
Vdvlo=116; % d-channel voltage drop accross the virtual
impedance of inverter #1
% Initial Values of output current and voltage of Inveter #2:
Vg20=111.7;
Vd20=-127.8;
Vgref20=169.7;
Vdref20=0;
ILoadg20=25.85;
ILoadd20=-29.58;
Vdv20=-133.9; % d-channel voltage drop accross the virtual
impedance of inverter #2
% Initial values of line current:
ILinego=63.41;
ILinedo=23.73;
% Apvinv matrix components:
Apvl=-wc;
Apv2=1.5*wc* (ILoadglo+ILineqgo) ;
Apv3=1.5*wc* (ILoaddlo+ILinedo) ;
Apv4=1.5*wc*Vqglo;
Apvb=1.5*wc*Vdlo;
Apvée=-ngl*cos (-tetavlo);
ApvT7=-2/Tp;
Apv8=-1/(Tp"2);
Apv9=-wo*Lvl* (-Vgreflo*sin (-tetavlo)-Vdreflo*cos (-
tetavlo) )/ (Vgreflo*sqgrt (Vgreflo®2-vVdvlo"2)) ;
Apv10=-Rv1l* (-Vgreflo*sin (-tetavlo)-Vdreflo*cos (-
tetavlo) )/ (Vgreflo*sqgrt (Vgreflo®2-vVdvlo"2)) ;
Apvll=-ngl*sin(-tetavlo);
Apvl12=-wo*Lvl* (Vgreflo*cos (-tetavlo)-Vdreflo*sin (-
tetavlo) )/ (Vgreflo*sqgrt (Vgreflo®2-vVdvlo"2));
Apv13=-Rvl* (Vgreflo*cos (-tetavlo)-Vdreflo*sin (-
tetavlo))/ (Vgreflo*sqgrt (Vgreflo®2-vVdvlo"2));
Apvld= (Kpi*t)/ (Tp"2)/Lf;
Apv15=(2*Kpi)/ (Tp~2) /LE;
Apvle=Kpi/ (t*Tp"2) /Lf;
Apvl7=-rL/Lf;
Apvl18=wo;
Apv19=-1/Lf;
Apv20=1/Cft;
Apv21=1/Lloadl;
Apv22=-Rloadl/Lloadl;

o
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Apv23=mpl;

Apv24=-mp2;

Apv25=1.5*wc* (ILoadglo-ILineqgo) ;

Apv26=1.5*wc* (ILoaddlo-ILinedo) ;

Apv27=1.5*wc*Vg20;

Apv28=1.5*wc*Vd20;

Apv29=-Vqref2o*sin (deltao-tetav2o)-Vdref2o*cos (deltao-tetav2o);

Apv30=-ng2*cos (deltao-tetav2o);

Apv3l=wo*Lv2* (-Vgref2o*sin(deltao-tetav2o)-Vdref2o*cos (deltao-
tetav2o))/ (Vgref2o*sqgrt (Vgref2072-vVdv20"2)) ;

Apv32=Rv2* (-Vgref2o0*sin (deltao-tetav2o)-Vdref2o0*cos (deltao-
tetav2o))/ (Vgref2o*sqgrt (Vgref20°2-vVdv20"2)) ;

Apv33=Vqgref2o0*cos (deltao-tetav2o)-Vdref2o0*sin(deltao-tetav2o);

Apv34=-ng2*sin (deltao-tetav2o);

Apv35=wo*Lv2* (Vgref2o0*cos (deltao-tetav2o)-Vdref2o0*sin (deltao-
tetav2o0))/ (Vgref2o*sqgrt (Vgref2072-vVdv20"2)) ;

Apv36=Rv2* (Vgref2o0*cos (deltao-tetav2o)-Vdref2o*sin (deltao-
tetav2o))/ (Vgref2o*sqgrt (Vgref2072-vVdv20"2)) ;

Apv37=1/Lload2;

Apv38=-Rload2/Lload?2;

Apv39=1/Lg;

Apv40=-Rg/Lg;
% The Mini-Grid Matrix "Apvinv" of the complete system including the proposed
virtual impedance loop:

Apvinv=[ Apvl 0 0 0 0 0 0 0 0

0 Apv?2 Apv3 Apv4 Apv5 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Apvi4
Apv5 ; .

0 Apvl 0 0 0 0 0 0 0
0 -Apv5 Apv?2 Apv5 -Apv4 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Apv5 -
Apvi ; .

0 Apvb Apv7 Apv8 0 0 0 0 0
0 -1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Apv9
Apv10 ;

0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
O I

0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
O I

0 Apvll O 0 0 Apv’7 Apv8 0 0
0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Apvl12
Apv1l3

0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 ;

0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
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0 0
Apv1l7 Apvl1s Apv19
0 0 0
0 ;

0 0
Apvl18 Apv1l7 0
0 0 0
0 ;

0 0
Apv20 0 0
0 0 0
Apv20 0 N

0 0
Apv20 -Apv18 O
0 0 0
Apv20 ;

0 0
0 Apv2l O
0 0 0
0 ;

0 0
0 0 Apv2l
0 0 0
O ’

Apv23 O
0 0 0
0 0 0
O 4

0 0
0 0 0
0 0 0
Apv28

0 0
0 0 0
0 0 0
Apv2T7

0 0
0 0 0
0 0 0
Apv32

0 0
0 0 0
0 0 0
O I

0 0
0 0 0
0 0 0
0 ;

0 0
0 0 0
Apv7 Apv8 0
Apv36 ;

0 0
0 0 0
1 0 0

0 ;

Apvld Apv1l5 Apvl1o 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 Apvld Apv1l5
Apvl19 0 0 0 0
0 0 0 0 0
0 0 0 0 0
Apvl18 -Apv20 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 -Apv20 O 0 0 0
0 0 0 0 0 0
0 0 0 0 0
Apv22 Apvl18 O 0 0 0
0 0 0 0 0 0
0 0 0 0 0
-Apvl18 Apv22 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
0 0 Apv24 0 0
0 0 0 0 0 0
0 0 0 0 0
0 0 Apvl 0 0
0 0 Apv25 Apv26 Apv27
0 0 0 0 0
0 0 0 Apvl 0
0 0 -Apv26 Apv25 Apv28
0 0 0 0 0
0 Apv29 0 Apv30
0 0 -1 0 0 0
0 0 0 0 0
0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
0 Apv33 0 Apv34 O
0 0 0 -1 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 0

Apv28

—-Apv27

Apv7
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0
0 0
0 0
Apvle -
0 0
0 0
0
0 0
O —
0 0
0 0
O —
0 0
0 0
0
0 0
0 0
0
0 0
0 0
0
0 0
0 0
-Apv27 -
0 0
0 0
-Apv28
0 0
Apv8 0
Apv3l
0 0
0 0
0
0 0
1 0
0
0 0
0 0
Apv35
0 0
0 0
0
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0 0 0
0 0 0 0
0 1 0 0
0 ;

0 0 0
0 0 0 0
Apvle O 0 0
0 ;

0 0 0
0 0 0 0
Apvl4d Apvl5 Apvle -Apvl8
0 ;

0 0 0
0 0 0 0
0 0 0 Apv20
0 ;

0 0 0
0 0 0 0
0 0 0 0
Apv20

0 0 0
0 0 0 0
0 0 0 0
O ’

0 0 0
0 0 0 0
0 0 0 0
O 14

0 0 0
0 Apv39 O 0
0 0 0 0
Apvl1l8 ;

0 0 0
0 0 Apv39 0
0 0 0 0
Apv40 1;

[

% Eigen vectors calculation:
dpv=eig (Apvinv) ;
plot (dpv, 'x',
0.6e3, 0.6e31);

0
0
0
0
0
Apvl17
0
0
Apvl17
0
0
0
0
0
Apv20
0
0
0
0
0
0
0
0
0
0
0
0

'MarkerSize',12)

0
Apvl1s

grid;

0
Apv19

Apv19

0
Apvl18

0
Apv37

xLim([-1e3,
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0 0 0
0 0 0 0
0 0 0
0 0 0
0 Apvl4d Apvl5
0 0 0 0
0 0 0
0 0 0 0
0 0 0
0 0 0
0 0 0 0
-Apv20 0 Apv20
0 0 0
0 0 0 0
0 -Apv20 0
0 0 0
0 0 0 0
Apv38 Apv18 0
0 0 0
0 0 0 0
-Apvl18 Apv38 0
0 0 0
0 0 0 0
0 0 Apv40
0 0 0
0 0 0 0
0 0 -Apvl18
0.1e31); yLim([-
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