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ABSTRACT

The growing trend in energy demand has led to the wide adoption of Distributed Generators
(DGs) because of their environmental advantages, renewable sources, and economic feasibil-
ity due to the recent advancements in power electronics. Generation of electricity using DGs
is in the form of either DC or a variable frequency AC. Hence, Power Electronic Converters
(PECs) are needed to integrate DGs into the grid, also known as Inverter Interfaced Dis-
tributed Generation (IIDG). A group of these DG units with a cluster of local loads together
forms a small power system called a microgrid.

Microgrids are the tiny structure of a centralized power grid containing DGs, transmission
lines, and various loads that can be self-controlled and managed. A microgrid can operate
in grid-connected mode or islanded mode. For grid-connected mode, voltage and frequency
reference is provided by the grid, but in the case of islanded mode, DG should maintain its
voltage and frequency output within a permissible range. Therefore, stability is a crucial
concern in an islanded mode of operation.

RES-based DGs have very low or no rotating mass, resulting in low or no inertia. Increas-
ing penetration of these DGs reduces the overall inertia of the power grid. Due to this, the
effect of disturbance in the power grid will result in faster and more considerable variation
in system frequency. Inertia plays a very important role in control of power system, since
it is one of the essential factors in maintaining the stability of power system. Also, it slows
down the effect of disturbance on the variation of frequency. Hence, to provide virtual inertia
to the system, an inverter control scheme is designed to emulate virtual inertia. A Virtual
Synchronous Generator (VSG) is one of the proposed solutions for the emulation of virtual
inertia. Synchronverter is one of the many different models of VSG. The idea is to implement
the synchronous generator equations in the control part of the converter.

The focus of this thesis is to analyze the stability of IIMG in island mode of operation
with synchronverter as the local controller for DGs. This is accompanied by developing a
linearized small-signal model for individual sub-modules and then combining all the sub-
modules on a common reference frame to obtain the complete model of the microgrid. This
methodology can be extended to a microgrid with n number of DGs. In a microgrid, the
network dynamics can affect the microgrid’s stability, so the network modeling is also in-
cluded in this thesis. Small-signal modeling is formulated for multiple [IDGs connected to
the transmission line network along with various passive loads. Analysis of the small-signal
state-space model is conducted using MATLAB. Further, the control scheme is simulated in

RSCAD within substep environment. To analyse the performance of the synchronverter dur-



ing various disturbances, various cases have been considered for both equal ratings as well
as unequal rating of DGs. Besides, the comparison of the performance of the synchronverter

control with the droop control scheme is presented.

il
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Chapter 1

Introduction

1.1 Background

The use of Renewable Energy Sources (RESs) is increasing rapidly in electricity generation
due to its environmental and economical reasons. Nowadays, wind energy and solar is get-
ting more and more applications in the RES. Apart from this, few concerns about the existing
conventional power system, such as greenhouse gas emission, nuclear waste production, con-
struction of new transmission lines to transfer bulk amount of power and hence transmission
losses, forced utilities and researchers to find other solutions. Due to all these reasons, power
system is moving from the centralized generation to the Distributed Generation (DG) [1H6].

As per IEEE, DG is defined as, “Generation of electricity by facilities that are sufficiently
smaller than the central generating plants so as to allow interconnection at nearly any point in
the power system” [5,16]. In the past, DGs were not required to regulate power generation as
per the grid code [7]. DGs were operated to produce as much energy as possible with certain
quality of the injected grid current. DGs used to be disconnected in case of fault condition.
These standards were reasonable as there were low penetration of RES into grid. Presently,
RES share in the power system has increased significantly and it is going to increase further
in future.

The DGs are expected to provide benefits such as, reliability of power, power quality,
reduction in pollution, environmental and economical power generation. DGs can not be

integrated directly to the main grid due to the following issues.

e Generation of electricity using DGs is in the form of either DC or a variable

frequency AC. Hence, Power Electronic Converters (PECs) are needed to integrate

1



1.2. MICROGRIDS

DGs into grid, which is also known as Inverter Interfaced Distributed Generation
(IIDG). To obtain the required voltage level at the output of IIDG, new control

strategies are required.

e Conventional power grid has centralized power generation with power flow from
transmission to distribution network. The direct integration of DG at distribution

level causes power flow problems[8]].
e RES are intermittent in nature and hence, produce fluctuating energy.

The issues in DGs are different than the conventional power system. To overcome these
issues and to differentiate the DG from conventional power grid, Micro-Grids(MGs) are

introduced [13, 9].

1.2 Microgrids

Microgrid (MG) is basically a scaled down version of centralized grid, which includes power
generation, power transmission and power consumption. [10, [11]. A microgrid consists of
low voltage DGs, storage devices and loads.

Microgrid can be operated in either grid connected mode or island mode of operation
[10L[11]. The transition between the grid connected mode to island mode of operation, or vice
verse, 1s controlled by the static switch at Point of Common Coupling (PCC). The advantages

offered by microgrid is listed below.
e Reduced losses in transmission and distribution.
e Reduction in greenhouse gases due to RESs based DG.
e Increased reliability of power due to DGs.
e Improved power quality by managing local loads.
e Ability to work in islanded mode in case of grid failure.

e Ability of transition from grid connected mode to islanded mode of operation
during faults or voltage fluctuation.

Classification of microgrid can be done based on various parameters. Based on the type

2



CHAPTER 1. INTRODUCTION

of grid voltage, MGs can be divided as, AC MicroGrids (ACMGs) [12, 13], DC MicroGrids
(DCMGs) [14,115] and Hybrid AC/DC MicroGrids (HADMGs) [[16, 17]. ACMG proposed
in [[12,13] uses the existing AC grid technologies along with protection and standards. How-
ever, most of the DGs use RESs and hence generate power in DC. This DC supply is con-
verted to AC with the help of PECs. Moreover, this AC supply is again converted to DC
to supply today’s loads such as Uninterrupted Power Supply (UPS), variable motor drives,
charging stations for electrical vehicles. Thus, PECs used at both the end (generation and
load) causes the power losses and hence, ACMG may be less efficient.

Ref. [[14}15] proposed DCMG as an alternative to the ACMG to overcome disadvantages
of ACMG mentioned earlier. But, the power generation from sources such as diesel genera-
tor, small hydro turbine etc, as well as, electrical load are mix of AC and DC power. Hence,
the HADMG s [16, [17]], which is a combination of ACMGs and DCMGs, is more beneficial
in terms of connecting various AC and DC power sources and loads.

In MG, based on the operation, power converters are classified as grid-feeding, grid-
supporting and grid-following converters[18, [19]. Grid-forming converters exhibit the prop-
erties of the grid such as ideal AC voltage with low output impedance and gives frequency
and voltage amplitude reference to the other DGs working in the same ACMG. However, the
grid-feeding converters are designed to supply power to the grid. They can be treated as an
ideal AC current source with high impedance in parallel. Lastly, grid-supporting convert-
ers can be represented by both AC voltage source with low series impedance or AC current

source in parallel with high impedance.

1.3 Major Challenges in Microgrid

One of the most important challenges in the MG is the stability of system. Power system
stability can be defined as “the ability of electrical power system, for a given initial operating
condition, to regain a state of operating equilibrium after being subjected to the physical
disturbance, with most system variables bounded so that practically the entire system remains
intact” [20} 211

Along with the stability, some of the major challenges in MG can be listed as follows.

e Power sharing among DGs
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e Voltage and frequency restoration

e Unbalanced and non linear loads

e Seamless transfer from islanded mode to grid connected mode and vice versa.

e Islanding detection of the microgrid

e Low inertia

When there are multiple DGs operating in MG, they should effectively share real and
reactive power [22]]. As per the IEEE standard, the voltage Total Harmonic Distortion (THD)
and the Voltage Unbalance Factor(VUF) should be maintained within 5% and 2%, respec-
tively. To supply unbalance loads, DG unit must inject negative sequence current to balance
the voltage [23]]. Islanding condition should be detected timely to ensure safety of the repair
crew and power quality [24]. Further, the transition from islanded mode to grid connected
mode and vice versa should be seamless as this transition will introduce severe transients to
the system [25]]. Moreover, low inertia due to the use of PEC causes barrier in stability of the

microgrid.

1.4 Stability and Control of IIMG

Stability of ACMG is not a critical issue when operating in grid connected mode, since the
grid would be responsible for its stable operation. But, in case of the island mode of op-
eration, stability is an important concern because of low inertia support of IIDGs. For a
given steady state condition, Islanded Inverter-based MicroGrid (IIMG) may become un-
stable when it is subjected to the large disturbance. However, for small disturbance, IIMG
should remain in stable condition and operate satisfactory. Therefore, small signal stability
analysis is widely used to analyse stability of the ACMG. This thesis also focuses on the
small signal stability analysis of ACMG. A literature survey, relevant to the research work,

is presented in the following subsections.

1.4.1 Concept of Virtual Inertia

Due to the recent developments in the power electronic technologies, energy generation using

renewable sources are increasing exponentially. These sources generate electricity in the

4



CHAPTER 1. INTRODUCTION

form of DC or fluctuating AC, hence PEC is required to integrate DG into grid. One of the
main issues with integration of large number of DGs into grid is decline in overall inertia.
More penetration of RES in the power system is vulnerable to its stability. The concept of
virtual inertia has emerged as a promising solution for this issue. The Virtual Synchronous

Generator (VSG) is based on this concept.

The idea behind VSG is to emulate the behavior of Synchronous Generators (SG) in the
control of DG, which includes inertia support and droop characteristics. Various techniques
for VSG are proposed in literature [26H30]. According to these concepts, DG can control
its active and reactive power output according to the frequency and amplitude of voltage,
respectively. The inertial characteristics of control can contribute to the inertia of the grid.

Synchronverter is one of the many different models of VSG.

1.4.2 Synchronverter

Synchronverter is a power electronic converter with mathematical model of SG embedded in
the controller. It emulates rotor characteristics of the SG and contributes inertia to the grid
[31]. Various studies have been done for the implementation of synchronverter and to ana-
lyze small signal stability of the system with synchronverter [31-41]. The whole intention of
the synchronverter is to make VSG behave like SG. Synchronverter emulates swing equation
and the excitation system of SG and manages active and reactive power output. Since syn-
chronverter is not limited by the physical constraints of SG, the inertia constant and droop

constant of synchronverter can be varied while it is operating.

The synchronverter with modified damping correction loop is given in [33]. It also gives
the small signal model to analyse small signal stability and highlights the critical modes of
system. [35]] proposes the study of dynamic stability analysis for synchronverter based on the
bifurcation theory. Furthermore, it gives analysis of the stability margin with the variation of

parameters. Small signal analysis of synchronverter with PV is addressed in [37].

Synchronverter consists of the solid-state switches, LCL filter, and control part, which
includes active and reactive power loops. Analysis of all the components are necessary to
analyze the system behavior. For robust analysis, two parallel synchronverters are considered

in [39]. It also gives the small signal analysis for LCL filter. The study of transient response

5



1.5. MOTIVATION AND OBJECTIVES OF THESIS

of synchronverter using dynamic phasor model is carried out in [41]. Moreover, it anticipates

stability margin of the system.

1.5 Motivation and Objectives of Thesis

Due to the low inertial and intermittent nature of RES based DGs, stability is a vital concern
for the operation of IIMG. Stability can be influenced by various parameters in the system
such as type of load, controller parameters and transmission line network in system.

The literature review presented in previous section shows that most of the study is car-
ried out considering synchronverter in the grid connected mode of operation. Island mode of
operation is vulnerable to the disturbances and analysis of synchronverter in the island mode
of operation is yet to be explored. Further, the analysis presented in the literature considered
only a single DG, but in [IMG there may be multiple (more than two) DGs operating simul-
taneously. Moreover, when two or more DGs are operating in the same [IMG, they may be
remotely placed and connected through the transmission line network. Conventional power
system consists of large number of SG, induction motors and synchronous motors, which
have large mass and rotating inertia. The dynamics of network is neglected in the conven-
tional power system since the time constant of SG, induction motors and their controllers
are high when compared to the time constant of the transmission network. But, in case of
MGs, most of the DGs are connected using PEC, which has very low time constant. Net-
work dynamics can influence the stability of the system. Hence, dynamics of network must
be included in the analysis.

In view of the above observations, the main objectives of this thesis are

e Analyze stability of IIMG in island mode of operation with synchronverter as the

local controller for DGs.

e To develop generalized small signal model of IIMG system, which has multi-
ple DGs working simultaneously and connected through transmission lines, and

feeding multiple loads.

e To study the behaviour of the system, when it is subjected to disturbances,

through real-time simulations.
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1.6 Organization of the Thesis

This thesis is organized into four chapters. The present chapter discuses few basic concepts
of MGs, DGs, major challenges in MG, stability and control of IIMG. Further, the concept
of virtual inertia and synchronverter is also introduced in this chapter. The survey of some
important work, related to the control and stability analysis of IIMG, has been presented
along with motivation and objectives of the work.

In Chapter 2, a generalized model is obtained for the IIMG consisting of ny; number
of DGs, n; no of loads and ny no of transmission lines. To obtain the complete model, the
[IMG is divided virtually into three modules, viz., generator model, network model and load
model.

In Chapter 3, simulation results are presented for the test system. Eigenvalue analysis
is performed on the system and the effect of parameter variation on eigenvalues is analyzed.
Further, the results obtained from the real time simulations with various case studies are
demonstrated.

Finally, Chapter 4 concludes the finding of thesis and suggests few possible research

avenues.



Chapter 2

Modelling of The Synchronverter in
Islanded Microgrid

2.1 Introduction

Small signal modelling is extensively used to study stability analysis in power system. This
involves development of the small signal state space model. This state space model is lin-
earized at operating or steady state point and generally it is transferred in DQ reference
frame. In this chapter , a similar approach is followed to obtain comprehensive small signal
modelling of different components present in the system. The proposed system consists of
3 phase inverter, LCL filter, Active and reactive power loops with synchronverter control

scheme, network lines and various passive loads.

2.2 Generalized Model Approach

The complete model of system has been developed in a synchronously rotating DQ reference
frame. This modeling is divided in three sub modules, viz., generator sub-module, network
sub-module and load sub-modules. The transformation used to convert ABC reference frame

to the dq reference frame is given in fig. [2.1]. Transformation is done using (2.1).

8
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Figure 2.1: Reference frame transformation from ABC frame to dq frame

f Fy(r)
Fd D [Taq] | F, (1) 2.1)
q(t) F (1)

Tag] \/E cos(wt+06) cos ((DH—G—%”) cos (wt+9+%’r) 22)
dg] = \/ 3 .
3 | =sin (wr+6) —sin(or+6— 27”) —sin (or +6 + zTn)
The dq to abc transformation is done using following formulas,
Fo (t)
Fy (1)
F, (t) = [Tabc] (2.3)
Fy (1)
Fe (1)
cos(wt+0) —sin (ot + 0)
[Tabe] = | cos (a)t +0— ZT") —sin (a)t +0— ZT”) (2.4)

cos ((x)t—k@—l—%”) —sin (a)t+ 9+2?”)
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The generalized model is developed for the system shown in fig. which contains
nys number of DGs with LCL filter and »n; number of loads and ny number of transmission
lines connecting buses. Block diagram representation of complete small signal state space

model and small signal states, which connect different sub-modules on the common reference

frame, is shown in fig.

2.3 Generator Module

The generator sub module involves modeling of each DG unit on its individual local dq
reference frame. Since there is more than one DG in the system, the first DG unit’s reference
frame is assumed as common DQ reference frame and all other DG units are transferred to

this common reference frame using transformation technique given in (2.5).

Figure 2.4 shows the relation between individual reference frame and common reference
frame. The axes (D — Q) represent the common reference frame whereas axes (d — q) repre-

sent individual reference frame.
[FDQ} = [T [qu] (2.5

cos(6;) —sin(0;
my = [©° (4) (2.6)
sin(6;)  cos(6;)
Where 6; is angle between common reference frame and individual reference frame. It is

defined as,
9,' = /((Dl' — (Dcom)dl (27)

Synchronverter scheme for one DG is shown in fig. Each DG consists of power
processing unit and local control units as shown in fig. Local control includes power cal-
culation and synchronverter. Power processing section has 3 phase voltage source converters,
an output LC filter with coupling inductor. The dc bus dynamics of VSI are neglected and
constant dc voltage is assumed as an input to the VSI. The switching dynamics of VSI is also

neglected with the realization of high switching frequency [42].

10
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Figure 2.2: Schematic diagram of system with m DGs
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Aw1
DG1 Aw1 ——P> L
state-space 2. AioDQ1—P> | Avbpor
model @—— AvbDo1 —P] >
A@1 prreeremmeeeeeme —— AvbDQ2 —pp
y State [— AVbDe3 —P
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v - AiloadDQ2 ——
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Figure 2.3: Block diagram representation of complete small signal state space model
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Figure 2.4: Reference frame transformation from local dq to common DQ
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Figure 2.5: Synchronverter scheme for one DG
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Local Control Power processing

PWM
Inverter

Load

Power

. I
calculation oda

Figure 2.6: Local control and power control section of DG

2.3.1 Power Calculation

The outer block of local controller is power calculation block, which is shown in fig.

The reference active and reactive power for synchronverter is extracted from low pass filter

as given in (2.8) and (2.9).

.
P = s+, x 1.5 Svodilf)dii‘voqiloqiz (28)
Instantaneous Active Power

0)
Qi = S—l—CCOc x 1.5 \(VOquOdi:VOdiIOQi)J (2‘9)
Instantaneous Reactive Power
qu
pi W,
P> 1.5X(Vod|od+voq|oq) P —— —P» Pj
V, abe lod S+ W,
To —>
h’
Io dq
— ai | _ @ .
Voc_i| > 1.5%(Vodlog-Voglod) - s+ wc_> Qi
Power calculation Filter

Figure 2.7: Power calculation block

Where Vi, Vogis Ioai and I,y are the output voltages and currents of i DG unit in the
individual dq reference frame, respectively, and @, is cut-off frequency of the low pass filter.
This low pass filter is used to remove unwanted harmonics in the instantaneous active and
reactive powers (p; and g;). Output of low pass filter is average active and reactive power (P;

and Q).
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By linearizing and arranging above equations, small signal state space model for the

power calculation block can be obtained as in (2.10)) and (2.11).

’ Alyggqi
AP; AP;
AQ; AQ;
AIodqi
AP AP;
=Cu| Q2.11)
AQ; AQ;

Here, A represents state matrix of the power calculation block of the " DG unit, while

By is input matrix and C,; is output matrix. Details of these DGs are given in the Appendix

Al

2.3.2 Synchronverter

The synchronverter replicates mathematical model of the synchronous generator into the
controller of the power electronic converter to emulate rotor dynamics of the synchronous
generator and inject inertia in the grid [33]. Figure shows the control implementation of
the synchronverter. Synchronverter model includes Active Power Loop (APL) and Reactive

Power Loop (RPL).

2.3.2.1 Active Power Loop

Active Power Loop of synchronverter implements swing equation of the synchronous gener-
ator with simplified governor droop action for frequency droop control.
dw;

Ji— = Tni = Tei = Dypi (0 — o) (2.12)

Here, J; is the inertia constant for the i DG, T,,; is mechanical input torque for the ith
DG, T,; is electromagnetic torque for the i/ DG, @ is the rotating speed of the synchronverter
for the i'" DG, o, is reference rotating speed of the synchronverter and D, is the frequency

droop coefficient for the i/ DG.
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. 1 o,
P, —> — > - —
S
Eq. (2.15)
Qe Eq.221) |_»¢
QF — Eq. (2.27)

Dq;i

Figure 2.8: Synchronverter control

Here, D,; is calculated as,

ATy,

(2.13)

Where, AT;,; is the amount of change in the input torque for the i/ DG when there is Aw,

change in the angular speed. Here, 7;,; is dependent on the rating of DG and calculated as,

T = — (2.14)

th

Where, P, is the reference input power for the i/ DG which is obtained from the power

calculation block in (2.8)) and , is rated angular speed.
Now, the electromagnetic torque for i' DG (7;) is calculated from the filtered excitation
flux of i"" DG (¥ rfi)» which is obtained from the reactive power loop of synchronverter and

inverter output current /;; [31].

T, = 1-5Wffildi (2.15)

the rotor angle or torque angle of the i/ DG (6,) is calculated as

0, = /(Di — Wpom dt (216)
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As given in [31], APL has a time constant T, which decides the speed of response for

APL . Also, time constant Ty is useful to decide the inertia constant J; of the system,

J; ZDpin (2.17)

2.3.2.2 Reactive Power Loop

Reactive Power Loop (RPL) of synchronverter implements the similar equation as APL to

regulate reactive power according to the voltage droop coefficient as given in (2.18])

% = Ki, (Qri = Qi+ Dyi (Vres — Vini)) (2.18)

Where K; is the control parameter to adjust the speed of response of RPL for /" DG, Dy
is the voltage droop coefficient for the i’ DG, V,,; is the maximum voltage of the i/ DG and
Vyer 1s reference max voltage.

Here, D; is calculated as,

AQ;

D,i= (2.19)

Where, AQ; is the amount of change in the reactive power of i'" DG when there is Av,,;
change in output voltage.

Q,i is the reference average reactive power for i/ DG and taken from power controller

block, which is obtained from (2.9). Q; is calculated as (2.20)),

Qi = — 1.5yl (2.20)

RPL has the time constant of 7,, which decides speed of response for the RPL and used

to decide control parameter K; of the i’ DG and calculated as,

K; = ‘L'Vina)i (2-21)
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2.3.2.3 Measurement Filter

Yy, Q. and T,; are the sensing parameters, which contain harmonics due to the PWM switch-
ing. In order to remove these harmonics, these signals are passed through low pass filter. Due

to this, there is signal processing communication delay and that can be modelled in the form

of time constant 7 [|33,[37].

dyyr _ 1 1
—L = - 2.22
dt 1wf+ ’cwff ( )

dQ.r 1 1
—_ = — 2.23
dt TQe+ TQef ( )

dl.; 1 1
=_T,+-T 2.24
dt T et T ef ( )

Vrr, Qer and T, y; are the filter values for sensing parameters ¢, Q; and T; respectively,

which are used as state variables in synchronverter.

2.3.2.4 Small Signal Model for Synchronverter

Small signal linearized state space model for the synchronverter can be given as

[ Aw; ] [ Aw; ] -Nldi-
Ayy; Ay Alygi

Ay i — Aci AViri +Bcii AR +Beai AVodi + BPeomi [A®com]  (2.25)
AT,;; AT, AQ; AVyyi

AQ,fi AQ,fi Alpgi

| A | | A6 | | Alogi |

Details of the above matrices, Aci, Bcii, Be2i, BPeomi»> are given in the Appendix

Inner voltage (E;) is given as,

Ei = w; Yir (2.26)
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The small signal model for output of the synchronverter is given as (2.27)

Aw;
Ay
Aw; C i
A A
AE| = ||| SV 2.27)
Ccvi ATei
AG;
ngzei
AG;

The details of matrices Cewi and Cy; are given in the Appendix

Inner voltage E; along with angle 6; is used as reference for the generation of pulses for

the PWM inverter.

2.3.3 Output LC Filter and Coupling Inductor

Most of the DGs use renewable sources such as PV solar. The output voltage of these sources
is DC. Three leg VSI converts this DC voltage into AC with the help of power electronic
switches. Typically, switching frequency used for these switches is 2kHz to 15 kHz. Due to
this switching action, harmonics are present in the output current and voltage. To attenuate
these harmonics, LC filter along with coupling inductor, referred as output LCL filter, is used
for DG as shown in fig. Coupling inductor provide reasonable impedance between output

of the inverter and bus with good bus voltage regulation. The current through inductors and

voltage across capacitor are given in (2.28)- (2.33)

Vi
dq v Lc Vb &y
Vi v S|
AVAVAY
— |
1odq
p— Cf

Figure 2.9: LC Filter and Coupling Inductor
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. 1
ligi = L_f (Viai = Voai — r¢liai) + 0l (2.28)
, 1
ligi = L_f (Vigi — Vogi — rfligi) — ©lia; (2.29)
. 1
Vodi = c. (I1di — Loai) + @Vogi (2.30)
f
) 1
Vogi = c (Ligi — Logi) — OV (2.31)
f
, 1
logi = 7 (Vodi = Viai — reloai) + 0logi (2.32)
. 1
qui = L_ (Vaqi - Vbqi - rcloqi) — Olyg; (2.33)

C
Here, ry and r. are the parasitic resistances of the inductors, Ly and L, respectively. Cy
is the filter capacitor.

The small signal linearized state space model for the LC filter with coupling inductor is

given in (2.34)-(2.33)

Algg; Algg;

AV, AVbd
AVoaai| = ALcLi |AVeaqi | +BLcLii +BrLcrLai +BrcLii[Aw] (2.34)
q q A
Vig AVbq
AIodqi AIodqi
Algqi Algqi
AVoaqi| = CrcLi |AVoagi (2.35)
AIodqi AIodqi

Details of above matrices, Ar,cLi» BrcrLii> Brcr2i> Brcwsi, and Cycri, are given in Ap-
pendix

Assuming that VSI of the DG unit produces required voltage so that V; = V;*. Here V; is
AC side voltage of the VSI. From the output of the synchronverter, which is given in (2.27),
matrix Viqgi is obtained as (2.36)
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AVi4i AE;
= [Tm] (2.36)
AViyi AB;

Where in (2.36) matrix Ty is small signal linearized matrix and can be given as (2.37)
cos(0;) —E;sin(6;)

[Tm] = (2.37)
sin(6;)  Ejcos(6;)

2.3.4 Complete Model for Individual DG

The obtained output currents Alyag; of i'" DG are on the individual dq reference frame, which
need to be transfered to the common DQ reference frame before connecting to the rest of MG.
The small signal equivalent reference frame transformation is shown in fig. [42]. Using
transformation technique introduced in (2.5)), the small signal output current, Al,pgy; of it

DG, on common reference frame can be obtained as (2.38))

Q
q A

)
.
.
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L}
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.
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1Y
Y
)
.
Y
1Y
.
)
'
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Y ]
Y [PPt e
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<

Figure 2.10: Small signal equivalent reference frame transformation

[AIODQi] = [TS,] [Alodqi] + [TC,] [AQ,] (2.38)
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Where [TS;] and [TC;] are given as eqs. (2.39) and (2.40), respectively.

TS;] = ' (2.39)

—1,48in(0,;) — I cos( 0,

[TCI] _ od ( 01) oq ( oz) (240)
Loqcos(0,i)—1ogsin(6,;)

Similarly, bus voltages, AVppqi, are the input to the i"" DG unit, which are expressed on

common reference frame. These voltages need to be converted to the local dq frame of "

DG unit, which can be done by reverse transformation, given by eq. (2.41)).

[AViag] = TS| [AVinqi] + | TVi~!| (48] (2.41)

Where, in (2.41) TV, 1is given as (2.42)

—Vppisin(6,;) + Vppicos(6,;
Vit = (6) + Vhpicos(6o) (2.42)
—VbDiCOS(OOi)—VbQiSin(eoi)
The complete small signal linearized state space model of an individual DG unit is ob-
tained by combining the state space model of power calculation block, synchronverter and

LCL filter, given by (2.10H2.11)), (2.25H2.27)), and (2.34} [2.35) respectively, and can be given
as in (2.43}2.44). Total 14 states are obtained by combining all the sub modules.

[AXgeni] - Ageni [AXgeni} +Bgeni [AVbDQ] + BVVcommi [chom] (2.43)
Aw [Cgenw)

= | ™ [AXgen] (2.44)
AIoDQi 3x1 [Cgenc]

Here, Ageni is the state matrix of the i DG unit, Bgeni and BW comm; are the input matrices
of the /' DG unit. Cgenc and Cgepw are output matrices for the two output currents Aiyp;
and frequency A, respectively. These matrices are given in Appendix |Al In eqgs.
and w AXgeni 18 the state vector, which includes the states of the power calculation

block, synchronverter, and LCL filter, and given by 14 element vector as (2.45).

22



CHAPTER 2. MODELLING OF THE SYNCHRONVERTER IN ISLANDED
MICROGRID

(AXgen] AP, AQ; A® Ay Avypp ATy (2.45)
geni| — .
AQ.ri AB; Alagi AVodqi Alodqi)’

2.3.5 Complete Model of Generator Sub-module

In previous sections, small signal linearized model for one DG source is discussed, but in case

of microgrid, there may be several DGs acting as sources and connected to network. Now, by

combining all states of ng number of DGs (given in egs. (2.43) and (2.44))), complete small

signal linearized state space model for generator module can be given on common reference

frame as (2.46)-(2.48).

[AXGEN] = AgEN [AXGEN] +BGEN [AVhpo) (2.46)
[ALypg] = [CgEne] [AXGEN] (2.47)
[A®com| = [CoENw] [AXGEN] (2.48)

Details of matrices Agen, BgeEN. CgENe are given in Appendix [Al Here Aggn is state
matrix of the generator sub-module, Bggn is input matrix corresponding to the bus voltage
for generator sub-module, and Cggne 1S output matix to get output currents. Also, AXGgn,

AVyppg and Al pq are given as (2.49), (2.50) and (2.51)), respectively.

T

[AXGEN] = [Axgenl AXgenz -ooeo: Axgenm} (2.49)
T

[AVbDQ} = |:AVbDQ1 AVbDQZ ...... AVbDQm} (2.50)
T

[Alipg] = [AL)DQI Algpgz oo AlonQb] (2.51)
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2.4 Network Module

Microgrid can have remotely placed multiple DGs acting as sources and connected through
transmission line network. The small signal analysis of network is neglected in the small
signal modelling of conventional power system due to presence of large rotating machines
such as induction motors and synchronous generators and their controls have large time con-
stants in comparison with the time constant of the network. In case of microgrid, most of
the sources are renewable and use Power Electronic Converter (PEC) to interface with the
rest of system, and these PECs have very small time constant. Due to the small time con-
stant of VSI, the dynamics of the network can influence stability, and hence, the small signal
modelling of network is needed in case of microgrid.

Figure m shows the i*" transmission line connected between j* and k' bus. The dy-
namic equation for this line on common reference frame is given in and

j" bus k" bus
) L .
VbDQ/ linei Rlinei VbDQk I
—> N\
I LiineD QjK I

Figure 2.11: Transmission line

_Rlinei 1

Binepi = Lo IlineDi"‘—Ll. - (Vonj = Vook) + @liineoi (2.52)
mei et

linei = —Dlineip L (Vooi — V. LineDi 2.53

lineQi = -~ lineQi T Llinei( b0j — Vbok) — Oliineni (2.53)
el

Linearizing egs. (2.52) and (2.53)), the small signal state space model for i/ line con-
nected between ;' and k' bus is obtained and given on common reference frame as shown

in (2.54).

[AllinleDQi] = ANETi [Aliinengi| +Bineti [AVbpoi| +Baneri [A®] (2.54)

Details of matrices ANgTi> BineTi, B2nETi are given in Appendix |A. The small signal
state space model for the network with n lines is obtained and given in common reference

frame and shown in eqgs. (2.55)) to (2.58))
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[AIlir;eDQ] = ANET [AliinepQ| +BineT [AVbDQ| +BangT [A0)] (2.55)

[ALiinenq| = CNET [Aljinen] (2.56)

Where in eqs. (2.55) and (2.56)

T
[AIlineDQ} = [AllineDQl AIlineDQ2 ------ AIlineDQn] (2.57)

T
[AVing] = [AVingr AVipgz .- Ao 2.58)

Here, ANgrT is the state matrix for network sub-module with n lines, Byngr and BangT
are the input matrices of network submodule for voltage input and frequency respectively.

Details of these matrices are given in Appendix

2.5 Load Module

Microgrid can have different types of loads, such as combination of static passive loads like
resistive (R) load, inductive (RL) load, Constant Power Load (CPL), and dynamic loads like
induction motor. In this thesis, only static passive loads are assumed to be connected simul-
taneously to the system. The small signal state space linearized model is formed individualy
for these loads and then combined on common reference frame to obtain complete small

signal state space model for load sub module.

a) Resistive (R) and Inductive (RL) load

R and RL loads are the most common loads in power systems. Electrical motors, coils,
toroid and solenoids can be modeled as RL load. Incandescent lamps and electrical heaters
are some examples of the R loads. R load can also be modeled as RL load, with assumption

of very small inductance connected in series with the resistance, to obtain the eigenvalues.

a) Constant Power Load (CPL) load
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CPL draws constant power from the source. The instantaneous impedance of CPL is always
positive but the incremental impedance of CPL is always negative which can be seen from
fig. [43,44]. Due to this, there is a decrease in current when the voltage increases and
vice vesa. This incremental negative impedance may lead the system to instability. CPL is

modelled by giving negative sign to the impedance [45]].

Vi

Large Signal Model
--------- Small Signal Model
P = V.I = Constant
- AV
ah ar<?
<> >|
Al

Figure 2.12: Characteristics of CPL

Figure [2.13| shows i passive load connected at b'" bus whose dynamic equations on

common reference frame are given in (2.59) and (2.60)

b™ bus

I VbDQn LRIoadi/LRth)adi/LCPLi RRloudi/RRLloadi/RCPLi
> A"

I IRloadi/IRLloadi/ICPLi

Figure 2.13: Passive loads configuration

_RLoad i

I oaapi + Vipj + Ol oaapi (2.59)

LLoad i LLoad i
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—R;pudi 1
—— 2 L oad i + I Veoj~ ©l1 0440 (2.60)
Loadi Loadi

jLoain =

Here, subscript Load will change according to the type of the load such as Rload, RLload
and CPL for R load, RL load and CPL load, respectively. Rcpr, = —rcprcos(@) and Xepp =
—reprsin(a), where « is the firing angle of the converter and repp = % [45]. For i*h
passive load connected at 5 bus shown in fig. 2.13L the small signal state space model can

be given as

[AlLoadDQi] = AvLoadi [AlLoadnQi] + BiLoadi [AVbDQ] + BaLoadi [A®)] (2.61)

where, for i"" passive load connected at b " bus, Ay eadi 1S a state matrix, and By gaqi and
B1.0agi are the input matrix corresponding to the input voltage and frequency. Details of
these matrices are given in the Appendix [A] The complete small signal state space model for

[ passive loads on common reference frame can be written as given in eqs. (2.62) and (2.63))

[AILo;ldDQ] = ALoad [AlLoadnQ| + BiLoad [AVbDQ] -+ BaLoad [A®)] (2.62)

[AloadpQ]| = ClLoad [AlLoadDQ) (2.63)

Where, Apgaq is a state matrix for load module and Byygaq and Bjpgaq are the input
matrices. The details of these matrices are given in Appendix [A] In egs. (2.62) and (2.63)),
A} adpq 1 defined as given in (2.64)

[AILoadDQ} = [AILoadDQl AILoadDQZ ..... AILoadDQl] (2.64)

2.6 Complete Model of Microgrid

The complete model of microgrid is obtained by combining all sub modules. Mapping matri-

ces are obtained by mapping the sub- modules, which connect the output currents to a node
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[42]]. In power system, each element either acts as source or load i.e it either gives power or
current to the node or takes power or current from node. For the mapping, it is assumed that
plus sign represents current flowing towards the node and minus represents current is flowing

away from the load.

For all sub modules, mapping matrices are obtained for D and Q components. Miny
maps the connection of m generator modules to the b bus nodes. The size of Myny can be

given as 2b x 2m and elements of matrix can be written as

. 1 if j” DG unit is connected at the i bus node,
M (i,) =
0 if j* DG unit is not connected at the i’ bus node.

Mapping matrix of the network module maps » transmission lines on to the b bus nodes.
Order of mapping matrix is 2b x 2n and represented by Mgt whose elements can be defined

as

1 if j transmission line is connected at the i/ bus node and
. current is flowing towards the i bus node,

Mngr(i,j) =
—1 if j'" transmission line is connected at the i bus node and

current is flowing away from the i bus node.

Similarly, Mapping matrix of the load module maps / loads on to the b bus nodes. Size

of mapping matrix is 2b x 2/ and represented by My gaqg Whose elements can be defined as

. 1 if j' passive load is connected at the i’ bus node,
Myoad(i,j) =
0 if j' passive load is not connected at the i’ bus node.

From eqs. (2.47), (2.56) and (2.63)), it can be observed that, the currents are taken as
output of the modules but in eqgs. (2.46), (2.55) and (2.62) bus voltage AVypq is treated as

input to each module. To obtain well defined bus voltage, a virtual resistance ry is considered
to be connected between bus and ground (shown in fig. [2.14)). To minimize the effect of ry

on dynamic stability, the value of ry is chosen sufficiently large [42]. The voltage at i"”* bus,
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oth
i" bus
:F 4.:
I, oDQi 1, loadDQi
I:F e et — e —— e —
lineDQi
Iy
VbDQl

Figure 2.14: Virtual resistance at i’ bus
shown in fig.[2.14] can be obtained as
VipQi = 7N (IobQi — ILoadDQi + Liinenq i) (2.65)

The small signal state space representation for this bus voltage corresponding to the map-

ping matrices can be given as
[AVipo| = RN (Minv [Alypg] +Mroad [A Inoadn] +Mnet [AlneTno) ) (2.66)

Disturbance is needed to analyze the small signal stability and observe behavior of control
scheme of microgrid. The most common disturbance in any power system is load change, so
the load change is considered as a disturbance in the system. And hence, the load at i'" bus
needs to be modelled as current as shown in fig. Therefore, bus voltage given in (2.66)
is modified as including the load disturbance.

[AVppo] = Rn(Miny [ALypg| +Mioad [A Inoadno)

(2.67)
+Mnet [Alnerpo| +Mbpist [Algistng)

In (2.67), Mpst is mapping matrix which maps the load distrubance on i*” bus node and

whose size is 2b x 2. The elements of the MpjsT is given as
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YZiinenoi-1

oth
i" bus
I, loadDQi
> oa' Qi
> >
1,p 0i I distDQ
. e
Fn
1, lineDQi

VbDQi

Figure 2.15: Disturbance at i’ bus

—1 if i = j and load disturbance is connected at i'" bus node,

0 ifi#].

Mpist(i,j) =

Now, by combining individual small signal models given in (2.46)) - (2.48)), (2.55)) - (2.56)
and (2.62)) - (2.63)), the complete small signal linearized state space mode for microgrid is
obtained as defined in (2.68))

[AX.MG} = Ame [AXMc,} +Bumc [Algistng | (2.68)

In (2.68), Apmg is the state matrix for microgrid and By is the input matrix. Details of

these matrices are given in Appendix |A. Matrix [AXMG} can be given as

T
|AXnc| = [AXGEN AlLinde  Alioao) (2.69)

Here, AXGEN, AlLinen@ and Al oaanq are the state vectors corresponding to the generator

module, network module and load module, respectively, which are previously obtained in

egs. (2.49), (2.57) and (2.64).
Hence, size of the [AXMG] can be given as (14m+2n+ 2l) x 1 where m is number

of DGs present in the system, n is number of transmission lines in the system and / is the
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number of passive loads connected to the system. Also, size of Ay is (14m+2n+21) X

(14m+2n+21) and size of Byjg can be obtained as (14m+2n+21) x (2m).

2.7 Conclusion

In this chapter, a generalized small signal state space model for microgrid with synchron-
verter as local controller is developed on synchronized rotating DQ reference frame. To
obtain the complete state space model of the microgrid, the system is essentially divided in
modules such as generator module, network module and load module. Generator module is
further divided for obtaining state space model of power calculation block, synchronverter
and LCL filter. All modules are modeled on individual dq reference frame and all are trans-
ferred to the common DQ reference frame to obtain the combined model. The obtained

model is utilized for obtaining the eigenvalues and hence analyze stability of the system.
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Chapter 3

Simulation Results

3.1 Introduction

For any technical system, stability is an essential aspect. The system should operate effec-
tively under various disturbances. The most common disturbance in the microgrid is load
change. Hence, system should maintain its stability and meet all the load demand under
disturbance. Further, if power quality is taken into consideration, system should have good
transient response with less number of oscillations.

To analyse stability of the non linear system, linear model has to be developed. This
linear model is developed by linearizing system equations at steady state operating points.
The procedure to obtain small signal linearized model is given in [chapter 2. This chapter
studies the stability analysis using the linearized model for DGs, as obtained in [chapter 2,
with synchronverter as their local controller. Further, this chapter also includes the real-time

simulation results for various load disturbance cases.

3.2 Eigenvalues and their Properties

The concept of eigenvalue analysis from control system is widely used to analyse stability
of conventional power system. Eigenvalues, also called as modes, are solution of the system
characteristic equation. Eigenvalues obtained from state matrix, Ay (2.69), can be given by

scalar parameter A for which there exists a non-trivial solution ( i.e., ¢ # 0) to the equation
(3.1)
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ApmGd =1¢ (3.1)

Here, Ay is a square matrix with size n x n and @ is n x 1 vector termed as eigenvector.

To find eigenvalue, equation (3.1)) is written as (3.2))

(Amg — A1) $ =0 (3.2)

Here, I is identity matrix of order n x n. For a non-trivial solution,

det (AMG — ll) =0 3.3)

Characteristic equation is obtained from the expansion of the determinant. The n solu-
tions of A = A1, 42,3, -+, A, are the eigenvalues of state matrix Ayg. Eigenvalues may be

real or complex but complex eigenvalue always exists in conjugate pair.

The imaginary part of the eigenvalues are related to the frequency of the oscillation of
the mode, whereas real part is connected to the stability coefficient of the mode. A decaying
mode is represented by the negative real eigenvalue. More away the eigenvalue is from the
imaginary axis, faster is the decay. The positive eigenvalue results in an aperiodic monotonic
instability. Each conjugate pair corresponds to the oscillatory behavior. Damping is provided
by the real part of the complex eigenvalue, while frequency of oscillation is given by the
imaginary part. The frequency of oscillation in (Hz) and the damping ratio ({) is given by
(3.5)) and (3.7)), respectively. A positive real part of the complex mode indicates the increasing

amplitude of the oscillations, while negative part shows damped oscillations.

A=0c=+jo (3.4)
w

f= o (3.5)

¢ — — 0 (3.6)

Vo2 4 w?

Here, A is described as a neper frequency (neper/s) whereas o is frequency in rad/s. The

damping coefficient § defines the rate of decay of the oscillations. ﬁ gives time constant of
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the amplitude decay.

3.3 Sensitivity Analysis and Participation Factors

The frequency and the damping of the mode can be obtained from a given eigenvalue but
more information about the origin of the mode can be obtained by observing the participation
of the different state variables in a particular mode, and hence making it possible to find the
reason behind the excitation of the mode [20]. This can be done by sensitivity analysis on
the state matrix. Participation factor is a measure of the relation between the modes and the
state variables. (3.7) gives participation of the j' state variable in i’ mode, which is the

sensitivity of the eigenvalue, A;, to the diagonal element, a jj» of the state matrix, Ayc.

oA _ 9iVii
aajj lel—lj

Pi= (3.7)

Here, ¢j; is j'" entry of right eigenvector ¢; and Yij; 18 j entry of left eigenvector ;,

respectively and (])jl//j is a scalar, which is used to normalize the eigenvector.

3.4 Stability Analysis and Dynamic Performance

Small signal state space model for the test system, shown in fig. has been developed in
the MATLAB environment using the procedure given in To investigate the stability

of the system, eigenvalues analysis is performed on the state matrix of the system.

3.4.1 System Under Study

Figure[3.1]shows the schematic diagram of the system under study operating at 50 Hz and 230
V (per phase Root Mean Square (RMS)). Each IIDG consist of the DG source, an inverter,
and a local controller, which is synchronverter in this case . The DG source may be wind

turbine generator, photovoltaic or fuel cell generator, etc. The microgrid is operating in
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isolated mode i.e islanded mode which can be realized by opening the isolation switch, shown

in fig. which disconnects the microgrid from the utility grid.

_>_/
Isolation Transformer .
. Grid
switch
______________ bus1
r A
: local PwMm | ! R Load1
| L_controller Inverter | | : <
I | | Iodql
| I
| DG I
. 1IDG1 | _
| Source | | H Line 1
e e e ]
______________ bus2
r A
: local PWM : . Load2
| [_controller Inverter || iodq2
I I
I I|DG I
I
| 1IDG2 . |
| ource | Line 2
L ___ _
bus3
r————"—"~>""~>~>~>~~777~ I .
| local PWM || lodg3 Load3
| |_controller Inverter |I -
| |
| L
| DG |
: IIDG3 Source :

Figure 3.1: Schematic diagram of the test system

In the island mode of operation, the DG units are responsible to maintain system fre-
quency and voltage within permissible limit while supplying the load demand. The system
parameters used for analysis is given in table The inverter parameters such as filter

parameters are referred from [42, 46].
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Table 3.1: System Parameters of the Test System

Equal Power Ratings Unequal Power Ratings

DG Unit Ratings

DG = (5+j3) kVA;
DG, = DG, = DG = (20+j12) kVA. DG, = (15+j15) kVA;
DG; = (20+j12) kVA.

Frequency Droop Coefficients

Dp; =10.1321 N.m/rad/sec;
DG | = DGy = DG3 =40.5284 N.m/rad/sec. Dpr =30.3963 N.m/rad/sec;
Dp3 = 40.5284 N.m/rad/sec.

Inertia Constants

Ji=0.101321 N.m/rad/sec?;
Ji= Jh=J3 = 0.405284 N.m/rad/sec?. Jr=0.303963 N.m/rad/sec?;
J3 = 0.405284 N.m/rad/sec?.

Static Reactive Power Droop Gains

D41 =92.2313 VAR/V;
Dy =Dy = Dy3 = 368.9252 VAR/V. D, =276.6939 VAR/V;
D,z =368.9252 VAR/V.

Control Parameter for Adjustment of RPL Response Speed

K1 =289.7529 VAR.rad/V;
K1 =K; =K3=1159.0116 VAR .rad/V. K> =869.2587 VAR .rad/V;
K3 =1159.0116 VAR .rad/V.

Inverter parameters

fsw=10kHz, @, = 31.41 rad/s.

Filter and Coupling Inductor Parameters

Ly=135mH,Cr=50pF, ry=0.1Q,r.=03€,L.=0.35mH, 7=10 ms.

Line Parameters

Riine1 = 0.23 Q3 Lyjney = 0.318 mH,
RlineZ =0.35Q; LlineZ = 1.84 mH.

Load Parameters

R load = 13.5 kW; Rjpuq = 11.75 Q,
CPL 12 kVA; RCPL =15.87 .Q., LCPL: 70.16 rnH,
RL Load 12 kVA; Rgr=17.63 Q, Lg; = 63.68 mH.
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3.4.2 Calculation of the Synchronverter Parameters

As discussed in [subsection 2.3.2] synchronverter has two control loop APL and RPL, and

parameters of these loops are calculated as given below.

3.4.2.1 Active Power Loop Design

APL has the two main parameters; frequency droop coefficient D), and inertia constant J. To
share active power, droop gains D1, D2, D3 are considered. (3.8) shows calculation of

D, and similarly, D and D3 are calculated.

. AT
A,

D, (3.8)

Where, AT,,; is the amount of change in the input torque for the 1% DG when there is
change in the angular speed of Aw,. Here, 100% change in the input torque is considered for
the 0.5% change in the reference frequency. Also, AT}, can be given as 100% change in the

rated active power divided by natural frequency ®,, as given in (3.9).

AP

n

AT, = 3.9
Active power rating of 1 DG is taken as SkW and Aw, = 0.5% of(2 x @ x 50)

5% 103
AT, = T A 50" 15.915

and, from (3.8)), D, can be calculated as,

15915
©0.005x2x 1% 50

Dp; =10.1321 Nm/rad /sec

Now, considering APL time constant Ty = 10 ms, the inertia constant for 1*! DG can be
calculated as

Jq :Dpl’?:f (3.10)
Ji =10.1321 x (10 x 1073) = 0.101321 Nm/rad /sec*

Similarly, parameters of APL are calculated for other DGs.
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3.4.2.2 Reactive Power Loop Design

RPL also has the two main design parameters; voltage droop coefficient D, and RPL speed

control parameter K.

_ Ao

D=
a7 Ay

(3.11)

Here, AQ; is a amount of change in the input reactive power and AV,, is net change in
nominal voltage magnitude.

In this thesis, 100% change in the reactive power is considered for 10% change in the
nominal voltage. The reactive power capacity of the first DG is taken as 3 kVAR. Hence,

from (3.11) Dy, is calulated as,

3000

— 2 922313 VAR/V
17 0.1 x 230v2 /

RPL speed constant is dependent on D, @, and the RPL time constant 7,. Here, 7, is taken
same as Ty, Hence, considering RPL time constant 7, = 10 ms, K for 1" DG can be given

as,

K| = Dqlrva)n (3.12)
K1 =92.2313 x 0.01 x 314.159 = 289.7529 VAR.rad |V

Similarly, parameters of RPL of other DGs are obtained.

3.4.3 Small Signal Model Development

Small signal linearized state space model for the test system, shown in fig. is obtained
by using the generalized model approach described in [chapter 2.

[AXMG] = [AmGls2x52 [AXMG} + Buclsoxs [Alaistpg] g, ¢ (3.13)

52x1 52x1

Where, Ay is a state matrix and Byg is input matrix.
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3.4.4 Steady-State Initial Conditions

Steady state operating points are required to linearize all non linear equations. These operat-
ing points can be found by means of load flow solution. In this work, steady state operating
conditions are obtained by performing simulation in RSCAD within substep environment,
the results for which are shown in The system parameters used to obtain the
steady state parameters are given in Table The steady state conditions are obtained by
considering equal as well as unequal ratings of DGs and given in Table and Table

respectively.

Table 3.2: Steady State Initial Conditions For DGs with equal ratings

Parameters DG units
[ DG, DG, D