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Abstract: This paper describes a control technique for enhancing the stable operation of distributed generation (DG)
units based on renewable energy sources, during islanding and grid-connected modes. The Passivity-based control
technique is considered to analyse the dynamic and steady-state behaviours of DG units during integration and
power sharing with loads and/or power grid, which is an appropriate tool to analyse and define a stable operating
condition for DG units in microgrid technology. The compensation of instantaneous variations in the reference
current components of DG units in ac-side, and dc-link voltage variations in dc-side of interfaced converters, are
considered properly in the control loop of DG units, which is the main contribution and novelty of this control
technique over other control strategies. By using the proposed control technique, DG units can provide the
continuous injection of active power from DG sources to the local loads and/or utility grid. Moreover, by setting
appropriate reference current components in the control loop of DG units, reactive power and harmonic current
components of loads can be supplied during the islanding and grid-connected modes with a fast dynamic response.
Simulation results confirm the performance of the control scheme within the microgrid during dynamic and steady-

state operating conditions.
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26 1. Nomenclature

Indices

Variables

A

Ai

avwi

1,2

34,5

d.q

dc-link voltage

Voltage at the PCC

DG current components

Currents of capacitor filters
Equivalent switching state functions

Active power of DG

Reactive power of DG

Output frequency of DG unit

Amplitude of voltages at PCC

Tota energy of microgrid system

Tota energy of DG units

Freguency deviation of DG units

Deviation of voltage amplitudes at the

PCC

deviation of DG currents

Instantaneous variations of DG currents

Initial frequency of i — f, curve

Initial voltage amplitude of iqu —E curve
Nonlinear loads currents

d-axis of nonlinear Load current in harmonic
frequency

Nonlinear Load current in main frequency
Linear load currents

Radiusof j  — i CUrve

Radiusof p, —q,curve

Centre of f —E curve

Small diameter of f —E curve
Big diameter of f —E curve
Centreof curve

Resistance of DG units
Inductance of DG units
Capacitor of dc link voltages

Capacitor of filter

Grid angular frequency

Slope of P, — f curve

Slopeof Q, - E, curve
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<t

avi

Lrepvi

A

Parameters

Rdampi i
Rdampki

Instantaneous variations of dc-link voltage

Instantaneous variations of DG reference
current components

Reference current values of DG unit
Reference values of voltages at the PCC
Reference values of dc-link voltages
Reference active power of DG units
Reference reactive power of DG units
Maximum active power of DG units

Variation of active power in DG units

Variation of reactive power in DG units

Seriesresistance for current state variables

Seriesresistance for voltage state variables

2. Introduction

Abbreviation

PCC

DG

Pl

CcC

VSC

LPF

STSs

BESS

Slopeof j_, - f,curve

Slope of i — E; CUrVe

Reference frequency of DG units

Reference amplitude of voltages at the PCC

Paint of Common Coupling
Distributed Energy Source
Proportional-Integral
Capacity Curve

Voltage Source Converter
Low Pass Filter

Static Transfer Switches

Battery Energy Storage System

Distributed Generation (DG) technology based on renewable energy sources brings many

benefits for electrical power grids regarding the environmental regulation and cost of power

generation [1-2]. A systematic structure of DG units forms a microgrid in the power network,

which has been proposed to solve the integration problems of single DG unitsin power system.

Proper control of multi DG units in a microgrid can create an independent power network for

support of utility grid with loads peak mitigation and enhancement of power quality and

reliability of main grid [3-5], regardless of control complexities of DG units in whole system.
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Microgrid is more efficient technology in comparison with a single DG unit, concerns on grid
reliability and power quality demand. Moreover, microgrid gives many options for optimizing
the power of DG units via the combined heat and power, which is one of the most useful
strategies for improving the efficiency of whole system.

Different control strategies have been proposed in microgrid to reach an accurate active and
reactive power sharing along with remaining at desired values of output voltage magnitude and
frequency, in both islanding and grid-connected modes [6-11]. A small signa dynamic model of
a microgrid which comprises DG units as synchronous machine and converter-interfaced
distributed source is presented in [12]. The model that considers the deviations of main
frequency includes. (a) electro-mechanical dynamics of the synchronous machine including
exciter and governor systems, (b) dynamics of the voltage source converter (VSC) and its
activelreactive power controllers, and (c) dynamic of whole network. A static droop
characteristics combined with an adaptive transient droop function in [13] to damp the
fluctuations of power sharing controller in DG units. The created adaptive power sharing control
technique is used to guarantee the stability of multiple paralleled DG units microgrid at different
load sharing. Optimization methods can be used to robust control of microgrid system against the
voltage and frequency deviations. In [14], the parameters of droop-control and L1 control theory
are optimized by swarm optimization agorithms such that the multiple DGs microgrid operates
properly in both grid-connected and islanding modes. A photovoltaic system can be connected
into the grid in a single phase microgrid network by using a high-voltage gain switched inductor
boost converter, cascaded with a current shaping circuit, followed by a H-bridge converter [15],
in order to obtain high boosting gain, lower switching losses, and reduce the ground leakage

current. Different control strategies such as charge/discharge control for distributed integration of
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battery energy storage system (BESS) [16], the improved universal active and reactive power
flow controllers for operation of three-phase converters in the virtual power plant environment
[17], reactive power sharing controller based on an adaptive voltage droop scheme for the
parallel operation of VSC [18], droop control method based on the proper design of a fictitious
impedance along with a new restoration control [19], are employed in microgrid to enhance the
stable operation of system against any parameter changes, with fast dynamic response. Also in
order to smooth the output power of wind turbine to decrease microgrid frequency and voltage
fluctuations during the islanding mode, a new fuzzy logic pitch angle controller is designed in
[20].

Nyquist criterion with active compensation techniques and admittance-based analysis are applied
to an ac microgrid in [21]. The proposed compensators are linear with a simple structure and the
whole power rating of interfaced-converter is only used for the compensator, regardiess of
terminated power electronic loads. A spatial repetitive controller can be used to calculate the
periodic disturbances of the system for an unbalanced grid voltages and line side inductors in a
generalized three phase microgrid, which leads to a current controller improvement technique
[22]. Considering a virtual inductor at the output of interfaced converters with online impedance
voltage drop effect estimation, potential function based method, decentralized control
techniques, and using static synchronous compensator (STATCOM), are other control schemes
to reach a stable operation for microgrid [23-26]. In [27], three different topologies, the parallel
active topology, the floating topology and the 3-level neutral point clamped (SLNPC) converter
topology are used to control a hybrid energy storage system formed by a super capacitor bank
and a vanadium redox battery in a microgrid structure. An appropriate control planis proposed in

[28] for charge and discharge of storage devices, to boost the power quality of microgrid, based
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on storage based DG units. The proposed control plan is employed for compensation of reactive
power and harmonic current components of loads.

Severa other control techniques have been proposed in concept of microgrid which in most of
the presented methods a solution for a serious problem in the power network has been proposed
and discussed. In this paper, the authors are introducing a control technique based on the
Passivity control technique for defining a stable operating region of DG units in a microgrid
system. The impacts of instantaneous variations of reference current components in ac-side, and
dc-voltage variations of capacitor in dc-side of interfaced converters in operation of DG units are
considered properly, which is the main section regarding the new contribution of this control
scheme over the other control algorithms. Contribution of this control technique in microgrid can
be introduced as a solution while compensation for the different issues is needed concurrently
during the connection of multiple DG unitsin different operating modes.

The rest of the paper is organized into four sections. Following the introduction, generad
schematic diagram of the proposed microgrid will be introduced in Section 3 and dynamic and
steady-state analysis of the proposed scheme will be elaborated properly. Application of
Passivity control technique for the control and stable operation of DG interfacing systems in
different operating conditions will be presented in section 4. Moreover, simulation results are
performed to demonstrate the efficiency and applicability of the developed control strategy in

Section 5. Finally, some conclusions are drawn in Section 6.

3. Dynamic M odel Analysisof the Proposed Microgrid Schema

Figure 1 depicts the general configuration of the proposed microgrid model, which is composed

by two DG units with local power generation sources and different loads. DG units are isolated
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and/or connected to the point of common coupling (PCC) through static transfer switches
(STSs). Utility grid is connected to the PCC via a static transformer and supplies the grid-
connected load until the DG1 change from the isolated mode to the grid-connected mode. In
addition, DG1 generates the required active and reactive power for the local load and then is
linked to the PCC through STSin a specified time. Both the DG units are regulated to inject their
maximum active power during the unexpected load increment during the grid-connected mode.

To draw an appropriate control plan for DG units in microgrid, dynamic equations of the

proposed model should be calculated as,

Lci %—'— |iiiodi _WLCiiqu +ueq(1ivd°i +Vdi =0

dig :
Lci F"' Rilcqi +WLci|cdi +ueqqivdci +ti =0

dVdi 1 —
G E_WCivqi —1s=0 @
C _tql+WC|Vd. g =0

dv, - i

Cdci d: B eQdilt:di _UGQ.IOQ' 4o =0

The capacitance C is used to generate sufficient reactive power to fix the magnitude of voltages

at PCCin adesired value.

A. Control of voltage magnitude and frequency

In this section, d and g components of injected currents from DG units are employed to
predict the changes in magnitude of voltage and frequency, during the different operating modes
in the proposed microgrid model. An accurate tracking of voltage magnitude and errors in
frequency, based on injected current components from DG units and considering the maximum

capacity of ther interfaced systems should be employed for the proposed plan to perform a
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suitable active and reactive power sharing between DG units, loads, and/or utility grid as a
controllable and independent power network. According to the two first terms of Eq. (1),

switching functions of the interfaced convertersin DG units can be obtained as,

-1/, = : .
u =4—{L1 .+R14—wL1A+v)
eqy v ci avdi ci cdi ci cqi di

dci (2)
-1

i
vdci

( I +Ri +wlLi ,+v_)
ci avqi ci cqi ci cdi qi

2 di - . - -
where i = % By substituting (2) in last term of (1), limit area of injected currents from the
t

DG units can be obtained during the dynamic operating condition as,

2 _ (Lci;avdi + vdi)z + (Lc*i;c:vqi )2 + (idc’i - Cdciﬁavi ) Viei ®)
- 4R

cl

2 bl
. Lcilavqi
+i o+
“ 2R

cl

i+ Lciluvdi + vdi
o 2R

. dv, . . . _— . .
wherev . =ﬁ is the average values of instantaneous variations in dc-side voltages of

interfaced converters. Equation (3) is equation of a circle model as drawn in Fig. 2, which

clarifies the capability of DG units for generating or consuming maximum current components,

] Li .
which can be dtered through centre of (a,ﬁ)=(—L€fZavd’+vd",— ”l“”"’) and radius of

2 Rci 2Rci

~ 2 ~ 2

Li +v | +(Li )+i . -C vV |v

R= ci avdi di ci-avqi dci dci”avi | dci
4R’
ci

, that are dependent on the parameters of DG

units, dc-link voltages, variations of reference current components in the control loop of DG

units, and voltage at the PCC.
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As can be seen, the operating point on the i ,; —I,; curve can be changed through a current vector

cqi

as,

L] (4)

jing™
Vig g -€ ['d*
i
where, [i2 +i2 and tng™|-*| are the magnitude and angle of current component,
dx ax g |dx ag g p
respectively. With respect to Fig. 2, the maximum and minimum of injected current from the DG

units can be calculated as,

=R~ [sfaamin = = (IRI+a]): o =[Rl=[b]and i, = (R + 0] ©

I Icqmax cgmin

cd max

The limited capacity of each DG unit in the proposed microgrid can be determined through (5),
which should be considered as an important factor for the proposed control technique. The

equations of conventional droop control characteristics can be expressed as,

fi= fi* _m(Pci - Prefci) 6)

Ei = Ei* -0 (Qci _Qrefci) )
In the operating condition, the output active and reactive power of DG units are equal to

P, =V4iq and Q, =-v,i,, . By substituting these equations into (6) and (7) and doing the
associated mathematical caculations, characteristic equation of i, —f and i, —Ecan be
obtained as,

fo=f"—ni (8)

E =E"+gl, ®
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where £ =f +mP,,, E'=E +9Qu, M =mxv, and g’ =g, xV, . Equations (8) and (9)
verify that the voltage magnitude and frequency of DG units in the microgrid can be controlled
through current components of DG units. On the other hand, in order to operate near the steady-
steady points in dynamic operating conditions, the appropriate selection of reference current
components in the control loop of DG units lead to minimize deviation of voltage magnitude and
frequency from their desired values. The characteristic curvesiy; —iy, iy — T, and i —E are
shownin Fig. 3. Asindicated in this figure, during the islanding mode DG generates current in d-
axis and consumes current in g-axis, which is associated with the capacitor C of filter for

regulating the magnitude of voltage at a desired value. When DG moves from the islanding mode

to the grid-connected mode, i —i; curve converts to a larger circle due to the current

variations in which DG unit is responsible to generate g-axis current and its maximum capacity

of d-axis current for the grid (i, — i ). As shown in Fig. 3.b, during the grid-connected

cdimax

mode, frequency of DG unit reaches to the reference value and then for provide the maximum

amplitude of d-axis current, i, — f, curve shifts to the right-up with constant slope and the
current difference of Ai_, is compensated to approaches toi_;,. Moreover, according to Fig. 3.c,
the i, — E curve moves to the left-up with the same slope to keep its desired voltage magnitude

and generate the reactive power which is needed to supply the loads.
B. Control of voltage magnitude and frequency through P, —Q, curve

Changes in injected active and reactive power from DG units can be considered as criteria to

track the voltage magnitude and frequency errors, and subsequently construct an appropriate
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controller to decrease these errors. By multiplying v to (3), the equation of capability curve

(CC) for aDG unit can be achieved as,

(10)

[F()j +LW/§J2+(QU_ _ Luraﬂivdi ] (Lulavd|vd| +V§) (Lu iV )2 +(idd —Cyi Ve )Vdcivgi
2R; 2R,

where,

&~ &~ 2 2 2 -

o=l — Lcilavdivdi +V§i Ldlavqivdi R = (LC|Iavd| Vo T Vai ) + ( LCI Ie;lvq| Vi ) + (Idci - CdCIVaVI )VdCI Vd|
R, R, ) 4R

The CC, P, — f.and Q, — E, droop control characteristic curves of DG are shown in Fig. 4. DG

unit with the capability curve of CCL1 is in isanding mode and provides active power and
consumes reactive power related to the load consumption and C filter. Also, up and low limits of

P, — f, and Q, — E curvesinislanding state can be determined through the CC1.

In order to supply the reactive power of loads and inject the maximum active power of DG unit

to the grid during the grid-connected mode, the capability curve of DG unit is changed to CC2
with operating point of( P.,.Q;, ) Since, in grid connected mode, the voltage magnitude and
frequency of DG unit is matched with grid ones, P, — f, and Q, — E; curves get into red curves

as indicated in Fig. 4. In addition, their maximum and minimum value changes with respect to
the capability curve of CC2. According to CC in Fig. 4, the maximum and minimum active and

reactive powers of DG unit are equal to,

‘ " cmin —

(|R’|+\V§.a\) —IR'|+\ b\and Qi =—(|R'|—‘v§ib‘) (11)
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C. Control of voltage magnitude and frequency through f, —E curve

A comprehensive recognition of operating region, associated with simultaneous changes in
voltage magnitude and frequency can be enhanced in both dynamic and steady-state operating
conditions, in order to evaluating the ability of microgrid for supplying the voltage magnitude
and frequency changes during different conditions of DG units and utility grid. In addition, the
accurate operation of active and reactive power sharing technique can be effectively improved

with synchrony trace of voltage magnitude and frequency during presence of dynamic changesin

whole system. According to (3), the i; —i; curvein steady-state can be written as,

(. . Lci;refdi Y, o 2 N (l. . Lci{rq‘qi 2 _ (La’igdi + vrefdi)z +(Lci;r€ﬁ]i)2 L0V e (12)
el 2R, " 2R, 4R’

d and g components of currents injected from DG units are equal to,

g =1 iaq + Al (13)
o = lrerg + Al (14)

With respect to (8) and (9), desired values of d and g components of injected current from the

DG unit can be obtained as,

f—1f" Af (15)
Irddi_T_R
. _E-E' AE (16)



194

195

196

197

198

199

200

201

202

203

204

205

By substituting (15) and (16) into (12), (17) can be expressed as,

# g 2 # il 2 (17)
f;' - ](, _ Aif; + Lcili‘gfdi + vrefdi + Ei - Ei _ AE,‘ Lcilreﬁ]i
_‘u l’ _‘u; 2Rci _y: _yl, 2Rci
~ 2 ~ 2
(L(’lllefdl rejdi ) + (Lci Zrefqi ) + IdEi Vreﬁici
4R’
Equation (17) can be considered equivalent as,
2 . \2
(fi_f) (Ei_J ) T2 (18)
m2 + g/2 - F
where,
2R SUH2R AL v, 2RE+2RAE 4Ly
2Rci ’ (p 2Rci ’
~ 2 ~ 2
r — (Lcilrefdi + vreﬁli ) + (Lcilr(;ﬁ/i ) + Idcivreﬁlci
4R’

Equation (18) is equation of an ellipse with centre of (f J ) and two small and big diameters of

mland gT , and caled as f. — E, curve in DG technology. Each operating point in f. — E curve
can be specified through a vector with amplitude of € =.f?+E*and angle of

o =tan™(E / f,). The dashed sections illustrate the ability of DG unit in generating different

positive voltage magnitude and frequency, which are needed for various microgrid systems. In

addition, (18) confirms that different characteristics of f, —E curve can be altered through the
parameters of DG unit, slopes of thei, — f,and i, — E curves, variations of DG unit currentsin

the steady-state, voltage magnitude, and frequency deviations.
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D. Synchrony consideration of active-reactive power and voltage magnitude-frequency

curve

DG units in microgrid system should be able to generate active and reactive power of load and
also reach to the desired voltage magnitude and frequency after an acceptable transient time. The
P, —Q and f, —E curves of each DG unit include specifications and areas, which can be used to
demonstrate whether the DG unit can supply active and reactive power that are planned in a

microgrid system and approach to the reference values of voltage magnitude and frequency.

Asdiscussed in section C, with changes in the centre and diameters of f, — E curve, DG unit can

be matched with magnitude of desired voltage and frequency, which leads to increment in the

covered area through P, —Q curve. The proposed microgrid model can be operate in a stable

condition, if both the P-Q and E-f curves of loads located inside the P-Q and E-f curves of DG

unit/units.

4. Proposed Control Technique

The proposed control strategy in this paper is based on Passivity Control theory [29]. The
proposed control technique present a proper procedure for tracing of reference current
components in the control loop of DG units in whole microgrid system, in order to regulate the
output frequency and voltage magnitude deviations of DG units and keep a zero value for the
harmonic components and reactive power injected through the utility grid during presence of

nonlinear |oads.
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A. Passivity-based control description

A passive system is defined as a network, which consumes energy and is not able to generate its
own energy in different conditions. If P, (t)is considered as the power of passive system, energy

of whole system can be calculated as,

W, (t)=[" R(t)dt=]" P (t)dt+[ P (t)dt=0 (19)

The first term in last part of (19) demonstrates the initial value of energy, which is equal to zero
value in a passive system. In order to do the Passivity analysisin proposed microgrid model, Eqg.

(2) should be described as below matrix,

-0 (20

mcdqilcdqi + rcdqilcdqi + chqilcdqi + ucdqilcdqi + [cdqi -

where, m_..r..w_..u_ .and |

i oo * Weaigi Uoci «qg e given in Appendix I. The error state variables of close

control loop in the proposed model are defined as,

. . T

€dgi = leagi ~ Vretcaq = [eu & & €& e5i] = (21)
. . . . T

[chi “hetdi Vo Thetg Vo TViedi Vo T Vet Voo _Vrefdci}

The state-space model of the proposed microgrid based on the error and reference state variables

can be achieved according to (20) and (21) as,

(22)

mcdqiécdqi + Vdqi€cdgi + Wedqi€cdgi + Ugi€edgi = -1 cdgi (mcdqil:rqfcdqi + rcdqiirefcdqi + chqiirefcdqi + ucdqiirqfcdqi)
Thefirst step in the Passivity-based control model is injecting suitable series damping resistances
to each variable of DG units, in order to make the total saved energy of microgrid equa to the
zero vaue, or reach to a finite value in the various routes of state variables in the microgrid

model. The damping resistance matrix = Rumilss 1S added in two sides of (22);

rdampi



242

243

244

245

246

247

248

249

250

251

252

253

consequently, the close loop dynamic model of system errors based on Passivity method can be

obtained as,

- (23)

mca’qiécdqi + (’qui + Rdampil 5%5 ) ecdqi + chqi ecdqi + ucdqi ecdqi -
-1 cdgi (mcdqil:refbdz]i + rcdqiireﬂ'dqi + chqiirefbdqi + ucdqiirefcdqi - Rdampi[ 5%5 ’ecdqi)

In addition, the Passivity-based control strategy should force the variables of proposed model to
follow their desired values. To reach this goal, the right side of (23) should be equal to zero value

as,

=0 (24)

mcdqiécdqi + (r;'dqi + Ra’ampiISXS)ecdqi + chqiecdqi + ucdqiecdqi -
In order to verify the precision of (24), total reserved energy of each DG unit should be defined

as,

W (t)_ch'q-' t5 I_Clezl +5 Ce&l 5 Ce4| + 1CdC|e5l (25)

Cl

Then, the direct Lyapunov control theory can be used to demonstrate the capability of Passivity
control technique for minimizing the total saved energy of the whole proposed model, which is

called as energy shaping in final step of this strategy. Derivative of (25) can be calculated as,

W()Lee+Lee+Cee+Cee+Cee =e' m ¢ (26)

ci ci 1i1i dei 5151 cdgi’” “cdqi cdqi

With respect to (24), the matrix term of (26) can be rewritten as,

7 T -1
VVci (t) - _ecdqimcdqi [mcdqi ((rcdqi + Rdampi ]5x5 ) ecdqi + chqi ecdqi + ucdqiecdqi )]
) (27)

7 T T T
VVci (t) =T (ecdqi (rcdqi + Rtlumpi ISxS ) ecdqi + ecdqiwcdqi ecdqi + ecdqi ucdqiecdqi
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By adding the suitable damping resistances, the underlined part of (27) can be much larger than

other terms, consequently (27) can be rewritten as,

Wu (t) Cqul (’ldql + Ra'ampi] 5%5 ) € dgi (28)

W, () ==(R, + Ry )€ = (R, + Ry ) €5, - R, R e -R' <0

ci damp2i damp3i 31 - damp4i ™~ 4i damp5i Sz

Equation (28) verifies the energy shaping process of Passivity-based control technique for DG
units. In addition, (28) confirms that the state variables of close control loop are able to trace
their reference values with a fast dynamic response, and an asymptotical global stability will be
achieved for the whole system. Since the proposed microgrid model is consisted of two DG

units; then,

W, (1) =W, (1) + W, (¢) (29)

mg
According to (29), the proposed microgrid model will be passive if two DG units are passive.
Total saved energy of microgrid is sum of the total energies of each DG unit, which leads to a
passive microgrid model with a stable behaviour according to the passive and stability criteriain

DG technology.

dc-link voltage regulation of DG units is an important issue in the proposed control plan, to force
the variables of microgrid to reach their reference values with fast dynamic response and
minimum errors. The Passivity-based model in the proposed scheme should be able to make a
stable zero dynamic for input voltage in the close control loop. According to (23) and (24), a set

of Passivity-based state equation can be obtained through a matrix description as,

€yt 1 =0 (30)

mcdqilrefcdqi + ’/;:dqilre_fbdqi + chqilrefcdqi + ucdqilrgfbdqi Rdampz]5><5 cdq cd



By substituting the defined parameters from Appendix | in (30), (31) can be expressed as,

271
dlrefdl H H
ci + R:I refdi WLC|Irefq| +Vrefd| + ueqd Vrefdu Rdampli (chi - Irefdi ): O
dlrefqi : .
I‘ci dt + Rilrefqi +WLci|refd| +Vrefq| + U Vre‘da Rdar’r‘p2| ( cq refq| ) = o
dvr i :
C d—:fd_WCi Vieti — Rdalm3l (Vd| Vietd ) —1ig=0
AV i i
C:I difq +WCVrefd| Riarrpm ( g refql) Ifqi = O (31)
dvr ci H
dci difd ueq Irefdl ueqq, refai R:JampSl (Vdu ~ Viefdai )_ log = 0
272 According to (31), switching state functions of DG units can be obtained as,
1, . _ (32)
ueqd, :V—(Lcilrefdi + R:ilrefdl WLC||refq| T Veeta Rjan’pll ( adi ~retai ))
refdci
-1 - . . (33
ueqq, :V—(Lcilrefqi + R:ilrefqi +WLci|refdi refql Rdan'p2| ( i refq| ))
refdci
273 By substituting (32) and (33) in the last term of (31), zero dynamic equation of dc-link voltage

274  for each DG unit can be obtained as,

Vrf;ﬁlci _ _lr(;/‘di

dci dt v ( cilre/di + Rcilreﬁii - a)Lcilreﬁ]i + vreﬂﬁ + _Rdampli (lcdi - lrefdi) )
refci (34)

i ..
refqi _ :_ -1 _ .
- (L i + R i + chzl/e/dz + vreﬁ/[ RdampZi (lcqi lreﬁ;i )) + RdampSi (vdci vrefdci ) + ldci

v ci refqi ci refqi
refdci

275  Since the steady-state variables of DG units should be able to reach their reference values in the

276  proposed controller procedure (e — O(i =L...,5)), (34) can be rewritten as,

- 2 . 2 -
dvra‘dci _ _Rcilrefdi - IKilre\‘qi _( LC||refd| * Vigai ) refdi (Lulrefql refq| )Irefqi + Viedail i (35)

dt Cdci Vrefdci
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By imposing zero into (35),

dvrsffdci _ 0 =y .2 .2

d t refdcildci - Rciqu/di + Rcilrefqi + (Lcilrefdi + Vrefdi ) lrefdi + (Lcilreﬁ]i + vrefqi ) lrefqi (36)

Equation (36) demonstrates, the input power is equal to sum of dissipated power in output
resistances and inductances in DG units, and also emerged output power as three phase PCC

voltages. Therefore, the zero dynamic of input voltage can be obtained through (36) as,

.2 .2 : . s .
cilre_/di + cilre_/'qi + (Lcilre/di + Vre_/di ) lre_/di + (Lcilrcfﬂ]i + vre_/qi )lrcffqi

(37)

vrefdci - i
dci

Equation (37) demonstrates a zero dynamic value for dc-link voltage in each DG unit, and

confirms that they can trace the reference values, precisaly.
B. Reference currents determination

Proper injection of current components from the DG units to the loads and/or grid during the
grid-connected or islanding modes decreases the magnitude of output voltage and frequency
deviations in a suitable level, regardless of achieving to accurate active and reactive power
sharing. DG units are employed to compensate all the harmonic current components and reactive
power of nonlinear loads, along with injection of maximum available active power at the
fundamental frequency. To reach these goals, reference current components in the control loop

of DG units should be defined as,

Luar = Voian + lﬁldl (39)

Luaz = Vaniaz F Vuaa
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DG unit | is responsible to generate the harmonic current components of nonlinear load | and
injects its maximum active power based on the capacity of interfaced converter. Also, DG unit |

and P

1l max

is installed to provide both active and reactive power for the linear loads. If P, are

| Imax

the maximum active power for nonlinear load | and linear load respectively, the d component of

current for unit | should be equal to,

S B 39
lnldl + llld JI)CImaX - ljnllmax + ])llmax ( )
=1 P p Up P P <P 4p
nld1 v clmax nllmax Il max clmax nllmax I/l max
m
The same scenario is assumed for DG unit 11; then,
. B 40
lnld2 lf ])chax - Panmax ( )

= P
cd2 ; c2max ;
lnld2 + v lf‘Pchax > })1112max Orl)chax < nl2max

On the other hand, the whole reactive power, which is drawn through linear and nonlinear loads
should be compensated via DG units. Moreover, the reactive power of each DG units can be

adjusted by employing its current at g-axis. Therefore,

icql = Inlql-i_illq (41)

ioq2 = g2
Equation (41) demonstrates that reactive power of loads are supplied through the DG units. The
overal scheme of reference current generation is shown in Fig. 5. As can be seen, the harmonic
contents of nonlinear load currents are extracted by use of low pass filter (LPF). Also,
proportional integral (Pl) controllers are used to minimize the errors between the actual and

reference values.
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5. Results and Discussions

Figure 6 illustrates the general schematic diagram of the proposed model included by Passivity-
based control strategy for microgrids. The proposed scheme is simulated through the
MATLAB/Simulink and will be evaluated in both the dynamic and steady-state operating
conditions. The following scenarios are planned to assess the dynamic and steady-state
operations of the proposed control technique in microgrid, with the aim of proper power sharing
and also suitable voltage and frequency regulation. First, nonlinear load | is connected to the
utility grid and drawn nonlinear currents from the utility source. This process is continued until
t=0.1 sec, while DG unit | is connected to the grid. During this period, DG unit Il supplies the
nonlinear load Il in isolated mode. At t=0.2 sec, DG unit 1l and linear load are synchronously
linked to the utility grid. Both DG units are employed to inject their maximum active power in
grid-connected mode and compensate al the reactive power requested from the loads. Also,
STSs are employed to change DG unit conditions and load connection. The parameter values of

grid, loads, and DG units are given in Appendix I1.

A. Active and Reactive Power Sharing Assessment

The active power sharing of DG units during presence of linear and nonlinear loads in the
microgrid is depicted in Fig. 7. Fig. 7.aindicates the active power of DG unit I, nonlinear load I,
and utility grid. As can be seen from Fig. 7.a, before connection of DG unit | to the grid, power
of nonlinear load | is entirely provided through utility grid. But, after connection of DG unit | to
the grid (t=0.1 sec), the maximum active power of DG unit | isinjected to the utility grid, which

isin both fundamental and harmonic frequencies.
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In addition, Fig. 7.a illustrates that the rest of available active power in the fundamental
frequency (around 9kW), isinjected from DG unit | to the grid in time interval 0.1s<t<0.2s. Fig.
7.b indicates the active power of DG unit 11, nonlinear load I1, and linear load. As depicted in this
figure, DG unit 1l generates the only required active power of nonlinear load Il during the
islanding mode. After the connection of DG unit 1 and linear load to the grid at t=0.2 sec, DG
unit 11 is adjusted to generates its maximum active power in the main frequency, which supply
all active power of nonlinear load I1. The rest of active power isinjected to the utility grid; then,
linear load draws the active power from the grid. As depicted in Fig. 7.a, the value of injected

active power to the grid reaches around 18 kW in the time interval 0.2s<t<0.3s.

Reactive power sharing of the proposed microgrid model are shown in Fig. 7.c and Fig. 7.d
during dynamic and steady-state operating conditions. Fig. 7.c demonstrates the reactive power
of DG unit I, nonlinear load I, and grid for the defined plan. Asindicated in this figure, before
connection of DG unit | to the grid, all the reactive power in both main and harmonic frequencies
are supplied by utility grid. But, after connection of DG unit | to the grid at t=0.1 sec, al the
reactive power components are injected through DG unit I; then, utility grid is free of any
harmonic frequencies and reactive power components. Moreover, during connection of linear
load at the PCC in t=0.2 sec, DG unit | is ready to compensate the additional reactive power;

thus, generated reactive power through the grid remains in zero value.

Fig. 7.d illustrates the reactive power sharing between the DG unit 1l, nonlinear load 1I, and
linear load. As indicated in this figure, before connection of DG unit 11, this unit consumes the
reactive power generated through the capacitance of filter (C) in order to keep a constant and

balanced sinusoidal voltage at the PCC. Consequently, reactive power of nonlinear load Il is
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generated through the capacitor filter. The exact reactive power of nonlinear load Il is provided

after connection of DG unit 11 to the grid.

B. Voltage magnitude and frequency regulation

The frequency variations of DG units and utility grid during whole simulation time are shown in
Fig. 8.a. As can be seen from this figure, the grid frequency remains constant at f=50 Hz.
However, the output frequency of DG unit | swings in an acceptable ranges with maximum

deviation about Af =0.004 Hz and the output frequency of DG unit |1 reaches to its steady-state

values around f=50.022 after t=0.22 sec. Genera evaluation of Fig. 8.a shows that the proposed
control method keeps the frequency of the proposed microgrid at the main frequency. The
voltage magnitude of DG units and grid are illustrated in Fig. 8.b. According to Fig. 8.b, after
connection of DG unit | to the grid, the output voltage magnitude of DG reaches to its desired
value after a short transient time. Also DG unit |1 keeps its output voltage magnitude in a desired
value by using the reactive properties of capacitor filter, and after connection of DG unit I, this

voltage traces the grid voltage magnitude after short fluctuations.

C. Harmonic Compensation Analysis

The DG units’ current regulation ability of the proposed control strategy with the purposes of harmonic
compensation and maximum current injection is investigated in this section. The DG units, grid, nonlinear
and linear loads currents in phase “a” are illustrated in fig.9. As it can be seen in this figure, after DG |
connection to the grid at t=0.1 sec, the grid current becomes sinusoidal and has the phase difference of
180 degrees with the voltage grid. Thus, the obtained grid current proves that the DG | unit performs
completely its three responsibilities toward the grid and nonlinear load | as 1) complete reactive power
compensation 2) the different harmonic components compensation of nonlinear load | 3) the injection of

the rest of active power of DG | at fundamental frequency to grid. With the synchronous connection of
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DG Il and linear load to the grid at t=0.2, the grid current reaches the higher amplitude with the
same former phase difference toward its respective grid voltage. It shows that the DG Il isable to
inject its remaining active power at the fundamental frequency to the grid. In addition to this, the
harmonic and reactive power compensation duties with the presence of the nonlinear 1l and

linear loads are completely accomplished by the DG 1.

The harmonic spectrum of the nonlinear loads and grid currents are depicted in fig.10. According to this
figure, before DG | connection, the THD and harmonic spectrum of the grid current is equal to the one for
nonlinear load I. After DG | connection, the THD of the grid current is noticeably decreased to 1% with
the harmonic components shown in fig.10.b. On the other hand, after DG 11 connection, the grid current
THD remains at the same value of 1% with a significant larger magnitude, which is due to receiving more

active power at main freguency.

6. Conclusion

A Passivity-based control technique has been presented in this paper for the stable operation of
DG units during grid-connected and islanding modes in microgrid technology. The compensation
of instantaneous variations in the reference current components of each DG unit in ac-side and
dc-voltage variations in dc-side of the interfaced converters have been considered properly, as
the main contribution and novelty of the proposed control strategy in microgrid technology.
Simulation results confirmed that, by the utilization of the proposed control technique, DG units
can provide the continuous injection of active power from DG sources to the loads and utility
grid. Furthermore, the proposed control method has a small transient state and fast dynamic
response to provide the reactive power and harmonic current components of nonlinear loads;
then, fast tracking of reference voltage magnitude and frequency. The proposed control method

can be used for the integration of different types of DG units based on renewable energy sources
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to supply the loca loads and as a power quality enhancement device in a custom power

distribution grid.

Appendix 1:
L, 0 0 0 O] 'R, 0 0 0 O] [0 ]
0L, 0O 0 O 0 R, 00O 0
Mg=[0 0 C; 0 0 |rg=[0 0 00 O0fly=|-g
0 0 0 C, O 0O 0 00O i
|0 0 0 0 Cu] 0 0 0 0 0] |l |
0 —wL, 1 0 O] -0 0 0 0 Uy|
wL, O 0 1 0 0 0 0 0 uy,
W= 0 0 0 -wC; Olugz=| 0 0 00 0
0 0O wC, 0 0 0 0O 00 O
| 0 0 0 0 0 | Ugs “Ugy O O O
Appendix 2:

Vs =1400v0lt, R, =R, =0.10Q, L, = L, =45mH , f, =10kHz, v, =380volt, L, =0.1mH , R =0.10

Riarrpll = Rjanplz = 8(2’ Rjarrle = RjarmZZ = 20(2
Nonlinear load I: 3-phase diode rectifier with aresistance-inductance output load of 25+ j3.14Q

Nonlinear load I1: 3-phase diode rectifier with a resistance-inductance output load of 35+ j4.71Q

Linear load P, = 25KW,Q, =4.5KVAR
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