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L. Nomenclature
Indices u:qzi Reference switching function of DG units
i 12 V;a- Reference voltage of dc-link
k ab.c v, Maximum voltage amplitude at the PCC
z d.q i, Reference currents of filter capacitors
Variables i Reference current of dc-link
Ly DG current components in abc frame I, Average values of reference currents of DG
Vi dc-link voltage Ppgi DG active power
P Currents of filter capacitors in abc frame Opei DG reactive power
v Voltage at the PCC in abc frame i Average value of current in DG units
S i Switching functions of DG units Vs Average value of dc-link voltage
Uy Equivalent Switching function of DG units Firmax Maximum active power of DG units
i, DG current components in dq frame O Maximum reactive power of DG units
v, Voltage at the PCC in dq frame P, Reference active power of DG units
I Currents of filter capacitors in dq frame O Reference reactive power of DG units
Uy Equivalent Switching function of DG units AR Variation of active power in DG units
i Reference current components of DG units AQpg; Variation of reactive power in DG units
I @, ~qu Average values of reference currents i, Harmonic current components of Local Load
/i ’ Reference frequency of DG unit i Harmonic current component of Main Load
E Amplitude of voltages at PCC Parameters
El.* Reference amplitude of PCC voltages L, Machine Inductance
N, Frequency variation of DG units - Machine Resistance
AE, Variation of voltage amplitudes at the PCC r Rotor Radius
U, i Dynamic state switching function A Wind Turbine Rotor Swept Area
iy, Local Load currents in dq frame p Air Density
Ly Main Load current in dq frame R, Resistance of utility grid
I, g:cfggg;lent of Local Load current in main L, Inductance of utility grid

Corresponding Author: Jodo P. S. Cataldo, Email: catalao@ubi.pt
Tel: +351-275-329914; Fax: +351-275-329972.


mailto:catalao@ubi.pt

d-component of Main Load current in main R Resistance of DG unit

Loia frequency ’
m Slope of P— f curve L, Inductance of DG unit
n Slope of Q— Ecurve Cui Capacitor of DG unit
P oo Output Mechanical Power Cp Capacitor of filter
Cp Power Coefficient 0} Grid angular frequency
. . (o, )  Constant coefficients for the dynamic state
A Tip Speed Ratio switching functions
Jij Blade Angle Abbreviation
U, Wind Speed WTS Wind Turbine System
o, Mechanical Angular Velocity of Generator DG Distributed Generation
. . SVPWM  Space Vector Pulse Width Modulation
Vem Machine Voltages in d-q frame PCC Point of Common Coupling
. . S Switch
A Flux Linkage Amplitude CHP Combined Heat and Power
CC Capacity Curve
, Angular Frequency of the Stator Voltage VSI Voltage Source Inverter
V. Reference Synchrony Frame Voltages DLCM Direct Lyapunov Control Method
. Completing d-C { Ref: c ‘ LPF Low Pass Filter
by ompieting ¢-L-omponent Beference LUent  pMSG  permanent magnet synchronous generator
T Electromagnetic Torque PI Proportional-Integral

Abstract—This paper presents a control technique that enhances microgrids stability during the grid-connected and
islanded modes. The proposed technique is compared with several existing control strategies in the context of
microgrids integration into smart grids. The Lyapunov control theory is utilized in this paper to investigate the
operation stability of DG units operating along with the utility grid. As the main contribution, the proposed
technique compensates for the instantaneous variations of the reference current components of DG units in the ac-
side of the converters. The presented method also considers and properly addresses the dc-voltage variations in the
dc-side of the interfacing system. Under the proposed control strategy, DG units are able to deliver active and
reactive power to the local loads and/or the main grid in fundamental and harmonic frequencies, with a fast dynamic
response and without any interruption. Several simulation scenarios are carried out to demonstrate effectiveness of
the proposed control strategy in microgrids during the transient and steady-state operation.

Index Terms—Microgrid; distributed generation (DG); grid-connected mode; islanded mode; voltage source inverter

(VSI); Lyapunov control theory.

II.  Introduction
The renewable energy sources integration in the form of distributed generation (DG) provides several
benefits for the utility grid considering the environmental regulations and the cost of power generation
[1]. Integration of DG units into the main power grid can improve the power quality and increase the
reliability of the electricity supply by mitigating the problems associated with the peak demand loads
and the grid failure. Compared to individually operated DGs, a systematic integration of DG units, in

the form of a microgrid, can further increase the grid reliability and power quality [2-3].



A microgrid can operate either in the grid-connected or islanded mode; for each operation mode,
several control techniques have been developed to perform active and reactive power sharing as well as
frequency and voltage regulation [4, 5], such as potential-function based method for secondary and
tertiary control of a microgrid [6], unit output power control (UPC) and feeder flow control (FFC) [7],
power management strategies [8], droop-control concepts with Li control theory [9], and other
proposed control strategies [10-12].

In [13], two distinct strategies are discussed for controlling the active power and frequency of multiple
DG units in a microgrid. Another control strategy is proposed in [14] for the integration of microgrids
into the main power grid, and a voltage-control technique is presented in [15]. In [16], a power control
and sharing technique is discussed for the electronically coupled DG units, in which the output active
and reactive power of DG units can be properly controlled in both the islanded and grid-connected
modes. A two-degree-of-freedom (DOF) controller is utilized for a DG-based system as an
uninterruptible power supply (UPS) to keep the voltage of AC bus at the desired value in presence of
the stochastic behaviour of the loads [17]; this proposed DG model demonstrates a smooth transition
from the grid-connected mode to the islanded mode. In [18-19], a control strategy is proposed based on
the spatial repetitive controller (SRC) that utilizes the Lyapunov direct method to control the power
consumption of the loads, maintaining the load voltage at the reference value. A switching pattern is
proposed in [20] that is based on the space vector pulse width modulation (SVPWM) and controls a
single stage current source boost inverter in order to achieve a desired frequency and voltage
magnitude for both the islanded and grid-connected modes. In [21], a combinatorial droop control
technique is proposed that utilizes a derivative controller in the islanded mode and an integral
controller in the grid-connected mode to maintain the microgrid desired operation; the small-signal
stability of the controller is also investigated for both scenarios. In [22], a control technique is proposed
based on the direct-voltage control and optimized dynamic power sharing to eliminate the disturbances
and minimize the switching actions in transition operating condition; it is demonstrated that this
technique enhances the performance of the active damping controller and improves the dynamic
response of the system. The integration of distributed battery energy storages into a local microgrid
system is discussed in [23] and [24]. In [25], a microgrid consisting of a hybrid combination of inertial
and converter interfaced DG units along with a nonlinear and unbalanced load is considered; it is
demonstrated that it is possible to improve the power quality for such a system by allocating a DG unit
as a power quality compensator for the load. In [26], a feed-forward current control technique is

proposed for a microgrid converter that allows the interfaced converter to change its injected active and
reactive power in the grid-connected mode by changing the voltage component and frequency.

Several other control algorithms have been proposed to address different challenges associated the

microgrids operation [27-29].



In this paper, a new control technique is proposed based on the Direct Lyapunov Control Method
(DLCM) to determine the stable operating region of DG units in a microgrid. The impact of the
instantaneous variations of the reference current components in the ac-side of the converters is
carefully considered; also, the dc-voltage variations in the dc-side of the interfaced converters are
discussed and properly addressed. Including these two problems in the proposed method is the main
contribution of this work compared to the other existing control techniques.

The rest of the paper is organized into four sections. Following the introduction, general schematic
diagram of the proposed microgrid system is introduced in Section III and its dynamic and state-space
analysis are explained. Application of DLCM for the control and stable operation of DG units in
different operating conditions is presented in Section IV. Moreover, simulation studies are carried out
to demonstrate the efficiency and applicability of the developed control strategy in Section V. Finally,

conclusion is provided in Section VL.

III.  Description of the Proposed Model
Figure 1 illustrates the single-line diagram of the proposed microgrid model that can operate in both the
grid-connected and islanded modes. The first unit (DG1) is set to inject the required active and reactive
power of the local loads and then support the utility grid by injecting some extra power to the main
grid. The second unit (DG2) is installed to be directly connected to the grid via the point of common
coupling (PCC) in order to support the grid and supply the active and reactive power of the loads
connected directly to the grid. The input power of DG units is provided by the local wind turbines. DG
units can switch from the grid-connected mode to the islanded mode and vice versa using the
corresponding switches in the proposed microgrid model. In addition, LC filters are used in the active
and reactive power control loops to properly adjust the magnitude and frequency of the output voltage
for each DG unit.

Figure 1

A. Mechanical Influences of Wind Turbine Systems in the proposed microgrid
The mechanical variables that contribute to generate dc-link voltage for DG units are analysed in this
subsection. As it can be seen from Fig. 2, the power generation process of a wind turbine system is
consisted of two parts, as mechanical and electrical [30]. According to this figure, three stages are
employed to extract and regulate the wind power for loads and grid. The total mechanical power

transformed by a wind turbine is expressed as,
mech —

1 3 (1)
P —EpCpAUWW

On the other hand, the curve of the power coefficient versus tip seed ratio with different values of gis

used for various wind turbine applications [31]. The tip speed ratio is defined as,
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The electromagnetic (EM) torque in the permanent magnet synchronous generator (PMSG) rotor is

given as,
3 - . €
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Assuming . = gwm , dynamic model of the PMSG can be expressed as,

d
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qm ( m qm dtj qm r~dm®dm r’“m (4)
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Vam = _[Rm +Ldm Ej Lim + erqmlqm
Where, the g-axis voltage is aligned with the terminal voltage of stator (v, =0). The power electronic

converters are used for the appropriate control of PMSG in the second stage. In the third stage, the
output voltages adaptation of PMSG is performed to reach the suitable dc or ac currents/voltages for
the loads and/or grid. In real system, the speed of wind is variable; therefore, the output voltages and

frequency of PMSG are variable. Equations (1)-(4) show that the variables
0, Cp,A, U, W, r, and ®_have negative impacts on the output voltages of PMSG in (4).

Consequently, dc-link voltage will be an unbalanced. To deal with this challenge, a controller will be
introduced in Section IV.
Figure 2
B. Dynamic model of the proposed microgrid scheme

The three phase configuration of the proposed microgrid model is depicted in Fig. 3. Each DG unit uses
a three-phase voltage source inverter (VSI) as the interfacing system between the DG source, the loads,
and/or the utility grid. Dynamic interactions between the current and voltage components of the
proposed model should be properly modelled in order to design a proper control loop; the objectives
are to achieve a proper power sharing between DG units, loads and/or grid, and current control of the
DG units, and voltage control of the utility grid. According to Fig. 3, the dynamic model of the

proposed microgrid system can be expressed as,
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The equivalent switching functions of the interfaced converters can be defined as,

1 b.c (6)
Upgri = _[Ski _EzSﬁJ
j=a

By substituting (6) into (5) and using the Park’s transformation system, the dynamic model of the
proposed control method can be achieved in the dq reference frame as,

di
cdi —
L. +Ri . —owL.i +ueqmvdd+vdi—0

ci ci”cdi ci’cqi
dt

dcz
L —*+Ri +owlLi

+ueqq’vda. +v,= 0

ci ci’cqi ci”cdi
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Figure 3
C. Active and reactive power analysis of DG units
Defining the proper relation between the active and reactive power of the DG units allows the proposed
control method to determine a suitable set-point for each interfaced VSI. According to (7), the steady-

state model of the proposed microgrid system can be expressed as,

L, dcl;;,, +R i, — oL i +u, qd,.V;a- +v,,=0 ®
dl:ql .. N

L, It +R,i lcql +oLi, + Uy Vi = 0
i.;di =0 o
oCyw,, — i;;,,- =0 .
:qd cdi -H/leq i +lda =0 (12)

Equations (10) and (11) verify that the filter capacitor (C,) generates the required reactive power to
achieve the desired voltage amplitudes at the PCC during the steady-state operation, and it does not
contribute to the active power generation (i_;di =0, l';qi WV )- Based on (8) and (9), the switching
state functions of the interfaced VSI in the steady-state operating condition can be defined as,

. LI —Ri, +oLi . —v

di d
u ‘ci” avdi cicdi ci”cqi mi (13)
eq(li V
dci
* _LLI Iavql Rcllcql a)La lcdl
W = (14)
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dci
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expresses the average values of the instantaneous variations in the reference current

components of the control loops for each DG unit during the steady-state operation; these variations are

caused by the harmonic parts of the reference current components. By substituting (13) and (14) into

(12), (15) can be obtained as,
[ R+ (L s )i |+ R+ Ll | =3V =0 (15)

ci'edi ci” avdi ci“cqi ci” avqi’ cqi

Equation (15) can be rewritten as,

% 2 * 2 * 2 * 2 & *
( * + Lci[avdi + Vi ] + ( * + Lcj[avqj ] (Lci[avdi + vmi) + (Lci[avqi ) + 4Rcildcivdci
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Equation (16) determines the regions where the current components are injected or absorbed in the

proposed microgrid model. During the steady-state operating condition, the active and reactive power

S

of DG units are equal toP,, =v i’ and O, =-v i ; therefore, the acceptable region of active and

mi”cdi mi‘cqi ?
reactive power for the DG units can be expressed as,

« 2 * 2 * 2 \? * 2 s 9 (17)
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Equation (17) is in the general form of a circle expression, which is depicted in Fig. 4. This figure is
referred to as the Capacity Curve (CC) of DG units under the steady-state operating condition, and
demonstrates the maximum power injection capacity of each DG unit. The typical levels of active and

reactive power generation for the DG units are shown in Fig. 4. As can be seen, the operating point of

(P;Gi1 , Q;Gﬂ) can be changed through the power vector in the steady-state condition as,

Ohe ] (18)

./'tng"[ S
*2 *2 DGi
N Foci + Opei -€

According to the Equation (18), the new active and reactive power can be obtained based on the CC of

each DG unit through the modification of the amplitude related to /P,;, + Q.. and the angle related

to tng™' (%j )

DGi

Figure 4
D. Frequency and voltage variation analysis
Frequency and voltage regulation can be achieved through the proper sharing of the active and reactive
power of each DG unit, both in dynamic and steady-state operating conditions. The variations of the

DG current components and the dc-link voltage oscillations can be expressed in the dq frame as,



di di (19)
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The switching state function values of the interfaced converters in the connected DG units, u,, and

u,, can be calculated from the two first terms of (7); substituting those values into the last term of (7),

the expression for the 7, —i,, curve of each DG unit can be obtained as,

(icdl_ +L“;};v 2 +(icqi + ch}icql ]2 (Lalcd, )2 +(Lcilzqi2”;4R (da Cdavda) »

cl

(20)

The active and reactive power of each DG unit is equal to P, =v,i, and Op; =-v,i,,; hence,

Equation (21) can be obtained as,

2 ~ 2 ~ 2
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According to (21), CC depends on the DG parameters, the variables R, L and C,,, the output current

and voltage components of DG units, the instantaneous variations of the reference current components,
and the dc-side voltage. The centre and radius of CC can be changed by modifying the values of these
variables and parameters.

The CC, P-f, and Q-E droop control characteristics of each DG unit are depicted in Fig. 5. The initial
condition of DG units in the proposed microgrid model with the specific operating point 1 (opl) is
depicted as CC1 in Fig. 5. As illustrated in this figure, with an increase in the values of the dispatched
active and reactive power for each DG unit, the operating point will shift to op2. In addition, DG units
track the reference frequency and voltage amplitude during the change in the power according to the
droop control characteristics. CC3 indicates the operation of DG units during the islanded mode; during

this operation mode, DG units inject active power to the load instead of the utility grid and consume

reactive power (O, <0) in order to stabilize the voltage amplitude at the PCC. In this mode, the

capacity curve of the DG unit (CC3) is around the op3.



As it can be seen from the P-f curve in Fig. 5, the active power increase in a DG unit decreases the
frequency in the islanded mode; note that the frequency should be maintained within an acceptable
range, e.g. 10.2<Af <10.4. Furthermore, the Q-E curve demonstrates that increasing the value of
negative reactive power in a DG unit increases the voltage magnitude.

Figure 5
Based on Eq. (21) and the capacity curves depicted in Fig. 5, the maximum active and reactive power

of DG units can be obtained as,

~ 2
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The active and reactive power of DG units during dynamic and steady state operating conditions can be

expressed as,

i

PD*GI' = Bpgi = AFpg; 23)
Onii = Opi —~AOpg:i
On the other hand, the equations of the droop control characteristics can be expressed as,
PDG[ — f; _f; Wlth m= fmaxi _fmini
m max i (24)
"—E, E _.—E_ .
= 1 1 Wl‘th n — maxi min?
QDGI n Qmaxi
With respect to (24), (23) can be rewritten as,
P 1T+ Af — f,
DGi —
m (25)
E +AE, - E,
Opg =————+
n
By substituting (25) into (17), (26) can be expressed as,
* 2 % * 2
f; +Af; _j; chlavdlvml +V + Ei +AE‘1‘ _E'i _ LCiI”tiv'"i —
m 2R, n 2R,
(26)
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where (26) can be rewritten as,
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Therefore, the E; — f; curve for each DG unit in the proposed microgrid model can be expressed as,
2 2 28
(fi-n) (E-n) _ (8)
2 + 2 =&
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Equation (28) is the equation of an ellipse with the centre of (n,u) and the diameters of em and &n

respectively, as illustrated in Fig. 6.a.

This general curve is referred to as the E—f control curve of the DG units in the proposed microgrid

model. As it can be seen from the figure, the operating points on the £ — f control curves are dependent

on the vector and angle amplitudes, with the values of "{" (=4/f’+E’) and "0" (= tan”' (E, / f:)) As

it can be seen, the magnitude of the voltage vector increases when the frequency of the DG units
decreases and vice versa. Figure 6.b depicts the different areas where the voltage magnitude and
frequency are positive or negative. The regions with positive values for both E and f can be expanded
by moving the centre of the ellipse toward the indicated arrow and increasing the ellipse’s diameters.

The E—f control curves of the two different DG units are illustrated in Fig. 7. According to Fig. 7.a,

as the centre of the £— f control curve is changed, the DG2 unit cannot properly track the reference
values of the voltage magnitude and frequency ( fl*,El* ). In addition, according to Fig. 7.b, a decrease

in the diameters of the £— f control curve results in an inappropriate operation of DG2, as it cannot

reach the desired values for the voltage magnitude and frequency.

Figures 6 and 7
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IV.  Proposed Control Technique
The Lyapunov control theory is utilized in this paper to analyse the dynamic behaviour of DG units and
investigate the ability of the control loops to properly share the power in the proposed microgrid model.
This control approach can ensure the global asymptotic stability for the DG units during the
instantaneous variations of the reference current components, dc-side voltage oscillations, and any
sudden changes in the parameters of the whole model. Next sections will describe the performance of
the proposed Direct Lyapunov Control Method (DLCM) regarding the dynamic control in both the
islanded and grid-connected modes.
A. Dynamic analysis of the proposed DLCM-based model

The two DG units in the proposed model are installed to support the utility grid by injecting active and
reactive power and the harmonic current components of the nonlinear loads; this is done through the
connection of the local power generation sources such as wind and solar and depends on the maximum
capacity of the interfaced converter.

However, it should be considered that during the ideal situation the total injected power from the DG
units should be sufficient for all the harmonics, required reactive power, and a portion of the loads
active power consumption during the grid-connected mode, in a way that guarantees a unity power
factor for the utility grid. In addition, the injected power from the DG units should be equal to the
active and reactive power of the loads during the islanded mode. Based on the determined reference
values of the current components, the grid voltage amplitude of the ac-side of the interfaced system,
and the desired dc-voltage value in the dc-side of the interfaced converter, the errors in the proposed

model can be achieved as,

5

. K . . * * * 29
X T hagi T leais X2 T legi Tlgis X3 T Vai T Vair X4 T Vi ™ Vair Xs5i T Vaei T Vaei (29)

In addition, the switching functions dynamics of the interfaced converters can be defined as,

Uequ = ue‘idf - ue‘]df (3 0)
*
Ueqqi - ueqqi _ueqqi (3 1)

According to equations (7) and (29)-(31), the dynamics of the error-based model of the closed-loop
control method in the proposed microgrid can be obtained as,

dx,
ik VA
ci -R xli + a)LcixZI _x3i _ueqd, xSl Ueq i vdci
dr
dx .
2i
ci =-oL il T -R i T i_ueq Xs _Ueq”vdci
dt ’
dx, P
C,—t=0C X, +i, iy (32)
i dt .
dx,,
A — j
Comgy = O Tl g

dx,,
Si 4
Cdci dt - ueqd‘ X + ueqq,- Xoi + U + Ueq qi + Lici

K
- ldci
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Based on DLCM theory, the proposed model is stable if the total level of the saved energy in the whole

system is zero. By assuming E(X)as the total level of the saved energy in the proposed model, the

conditions listed below should be governed as,

E(0)=0
E(f) >0Vx=0
(33)
b{s) = s |-
E(f) <0Vx=0
With respect to (33), E(x) is defined as,
1, 1. 5, 1 , 1 , 1 )
E(xll.,le.,x3i,x4i,x5i) = ELa.x“ +5La.x2,. +§ o +§ o +§Cda.x5i (34)
The time derivative of (34) with respect to the error variables can be obtained as,
E(xli’x2i’x3i’x4i’x5i) = Lcixlixli + Laxzixzi + Cﬁx3ix3i + Cﬁx4ix4i + Cdcixﬁxsl' (35)
According to (32), (34) can be expressed as,
L.x . x, = —Ra.xlzi +wL x,x, =X, X — Uy, X5 = U «, V;axu
L x,x, =-0L x x, - Rm.xi. —X,X, = u% X%, U a, v;cix%
C k%, =0C x, x, + (i =l )xSi (36)

Cﬁx4ix4i = _wcﬁx3ix4i + (lﬁp - lﬁ;i)x4i

C . U K U Jk . Jk
dcix5i'x5f - ueqd‘xlixﬁ + ueqql 'x2i'x5i + eq, ldix5i + eqqilinSi + ldci _ldci xSi

By substituting (36) into (35), the derivative of the total saved energy in the proposed microgrid model

can be achieved as,

. 2 2 * Sk * Sk
E(xli’x2i’x3i’x4i’x5i) - _Rcixli - Rcix2i - Ueqm. (vdctxli - ld'XSi) - Ueqqx. (vdcix2i - lqixsi) (3 7)

. . K *

=Xy T XXy (lfdi i ) ut (lfqi - lfqi)x4i + (ldci - ldci)'xSi

By assuming & :(ifdi —iy ) and KZ(ifq,- —l;,-) , the underlined terms in (33) can be rewritten as,

(vdi _V;' )(5 _xli)+(vqi _v;i )(K_x2i)+(vdci _v:fci )(idci _i;ci) (38)
As it can be seen from (38), given that the dc-link voltage is properly regulated around the set-point

and the voltage amplitude at PCC is kept near the amplitude of the grid voltage, i.e., v, - v;, v, >V,
and v, —Vv,., (37) satisfies the Lyapunov stability conditions if the steady-state values of the
switching functions are considered as,

Uey = (v:lcixli - cdix5i) (39)

€44
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(]eqq,- = ﬁz (Vda'xzi - 'cinSi) (40)
where ¢, and £ are the constant and positive coefficient values.

As it can be seen from (39) and (40), if the d and g current components of DG units and the dc-link
voltage are deviated from their desired values, the switching functions dynamics of the interfaced
converters will be activated, and subsequently, the VSI follows the reference current and voltage
components with a fast dynamic response in order to compensate for the generated errors.

B. Calculation of reference current components in DG control loop
The accurate operation of DG units for the active and reactive power sharing in a microgrid system is
highly dependent on the proper calculation of the reference values of the current components in the

control loop of the DG units. Given that the output active and reactive power of the DG units are

P

o = Vit a0d Opg ==V, the injected power from DG units can be independently controlled by
regulating the DG currents. In the proposed microgrid model, it is expected that the reactive power of
the local and main loads should be supplied by DG1 and DG2 respectively. Thus,

ot = (41)
P
On the other hand, the harmonic components of the active power of the local and main loads should be
compensated by DG1 and DG2 respectively. Also, the fundamental component of the total active
power of the local load and a fraction of the active power of the main load will be generated by DG1. If
we consider the d-component of the local and main loads as,

i/ld

=iy + 1y, 42)
btd = i ¥ L

then, the reference currents of the d-axis in the DG1 and DG2 units can be expressed as,
Ly = by Ly + XL
Ly =L * (1 - X)]mldl

Figure 8 demonstrates the general block diagram for the reference current calculation of each DG unit

(43)

in the proposed microgrid model. As it can be seen, a low pass filter (LPF) is utilized to extract the
loads current harmonics in d-axis. Also, a proportional-integral (PI) linear controller is used to
minimize the error between the injected currents from the DG units and reference currents values; not
that the regulation of the PI gains can impact the dynamic and steady-state responses.
Figure 8
C. Stability analysis of dc-link voltage

By considering u,. =C, . D in the last term of (7), (44) can be given as [32],
y g dci dci dt
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udci = ueq,ﬁ lcdi + ueqq[lcqi + ldci (44)

In order to regulate the dc-link voltage at a fixed value, the error Av,, =v, . —v,,is passed through a PI-
type compensator.

Uge; = KAV s + J. Av,dt (45)

The closed loop control of dc-link voltage regulator is shown in Fig.9. The closed loop transfer

function of dc-link voltage regulation can be achieved as,

s+—=
G, (5) = () _pr g 2, k,=20,0,Cpr ky = 02C,

’ ‘ (46)
Vier () S22l o5t o) e

ci

Where @, is natural un-damped angular frequency and depends on the specific time response.

According to (44), i, can be achieved as,
. udci _ueqqi lcqi _ldci udcivdc[ _ueqqi lcq[vdci _ldcivdci
iy = = (47)

ueqdi ueqdi Viei

Figure 9
On the other hand, assuming the supply voltages are given by,

v, =v, cos(ar)

Vv, =V, COS [a)t —2?”) (48)

[+-5)
v, =V, COS wt—?

The transformation to the synchronous reference frame yields,

{Vd}:ﬁ cos(@—%j sin(6) {v} o)

V
_Sin(Q —%j cos(@) Vs

q

as a result,
3
ueqq‘ vdci = V:] = 0’ ueqd, vdci = Vd = Evm (5 O)
The control effort can be approximated as,
* 2u, v, —1,.V, .
lhli. E\/: dci ” dci dci ” dci (51)
“ 3 %

m

The reference current in (51) is added to the reference current of the control loop of iis to guarantee a

zero error value for dc-link voltage of each DG unit.
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V.  Results and Discussions
The performance of the proposed control strategy in the microgrid model is evaluated in transient and
steady-state operating conditions using the Matlab/Simulink “SimPowerSystems” toolbox. The general
schematic diagram of the whole model including the grid, load, and control parts is illustrated in Fig.
10. All parameters of the proposed model are given in the Appendix.
Two three-phase diode rectifiers with the R-L loads of 10+ jz €2 and 40+ jz Q) are considered as the

main and local nonlinear loads, respectively. Simulation sequences are based on the on/off modes of
the switches as depicted in the single-line multi DGs microgrid model in Fig. 11. This assessment
consists of three states:
Operating Mode 1: Main load is supplied by the utility grid and the local load is supplied by DGI
(S1=on, S2=S3=off, refer to Fig. 11.a). This state is referred to as isolated mode in which DG units are
not connected to each other and operate separately and independently.
Operating Mode 2: Both the DG units are connected to the utility grid (S1=S2=S3=on, refer to Fig.
11.b).
Operating Mode 3: Loads are supplied by the DG units (S1=off, S2=S3=on, refer to Fig. 11.c). This
state is referred to as islanded mode in which DG units are connected to each other.
Figures 10 and 11
A. Evaluation of process 1 (Operating Mode 1 to Operating Mode 2)
As illustrated in Fig. 11.a, the main and local loads are supplied by the utility grid and DGI,
respectively. In order to compensate for the reactive power of the loads and the injection of the
maximum active power from the DG units into the utility grid in the grid-connected mode, S2 and S3
are turned on at t=0.14 s, as depicted in Fig. 11.b.
Figures 12 to 14 demonstrate the active and reactive power sharing between the main and local loads,
grid and DG units based on the loads power consumption; it also demonstrates the frequency and
voltage variations of the grid and DG units during the transition of the proposed model from the
isolated mode to the grid-connected mode at t= 0.14 s.
Figure 12 shows that prior to entering the grid-connected mode, the total active power of the main load
is supplied by the utility grid; however, after the connection of DG units to the utility grid, the injected
active power from the grid to the load decreases to SkW due to the fast dynamic response of the
proposed control technique. In addition, DG2 injects the maximum active power of the fundamental
frequency; this power is determined by the reference active power in the current control loop of the DG
units. DG?2 also injects all the harmonic current components. As it can be seen, the total active power of
the local load for both the main and harmonic frequencies are supplied by DG1; however, after the
transition from the islanded mode to the grid-connected mode, DG1 supplies the total active power of
the local load, and remained active power is injected to the main load. Consequently, the active power
injected by the grid is significantly decreased.
Figure 12
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Figure 13 shows the reactive power sharing between the main and the local loads, grid, and DG units
during the transition of the microgrid model from the isolated mode to the grid-connected mode at t=
0.14 s. As it can be seen, DG2 provides the total reactive power of the main load. Such behaviour from

D@2 indicates a unity power factor for the utility grid. In addition, when DG1 is in the isolated mode,

the total reactive power generated by the filter capacitance C,, is consumed by DGI to create a

balanced and sinusoidal voltage at the PCC. Furthermore, under the appropriate dynamic operation of
the controller, DG1 generates the total reactive power of the local load both in the isolated and grid-
connected modes.

Figure 13
Figure 14 illustrates the comparison between the frequencies of the utility grid and DG units and
changes in the voltage magnitudes of each DG unit during the transition to the grid-connected mode.
As it can be seen, there are some small oscillations in the frequency of DG units during the transition to
the grid-connected operating mode; on the other hand, the voltage magnitudes of DG units successfully
reach the grid voltage magnitude during a short transient time.

Figure 14

B. Evaluation of process 2 (Operating Mode 2 to Operating Mode 3)

The proposed microgrid model shifts from the grid-connected mode to the islanded mode at t=0.28 s; in
the islanded operating mode, DG1 and DG2 should properly share their maximum active power
between the local and the main loads.
Figures 15 and 16 show the active and reactive power sharing between the main and the local loads,
grid, and DG units, respectively. As it can be seen from Fig. 15, after t=0.28 s, the active power of the
utility grid becomes zero as DG2 starts to inject active power comprised with all the harmonic current
components of the main load in the d-axis.

In order to reach the desired voltage magnitude at the PCC, DG2 consumes the reactive power

generated by the filter capacitor C; as shown in Fig. 16.
Figures 15 and 16

As it can be seen in Fig. 15, during the islanded mode the active power of DG is abruptly increased to
compensate for the active power of the grid. Furthermore, generated reactive power from the filter
capacitor is absorbed by DG1 with a slow dynamic response to fix the voltage magnitude at the PCC,
as depicted in Fig. 16. The variations in the frequency of DG units and the voltage amplitude at the
PCC are illustrated in Fig. 17. As it can be seen from this figure, the frequency of the DG units reaches
the grid frequency after the system fully transit to the islanded mode. In addition, the steady-state value
of the voltage amplitude at the PCC is close to the amplitude of the grid voltage.
Figure 17
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C. Harmonic current compensation
Figure 18 illustrates the main and local loads, DG units and utility grid currents in both the isolated and
grid-connected modes. As it can be seen, both units completely compensate for the harmonic current
components of the local and main loads, respectively. Therefore, the grid current is sinusoidal and in
phase with the grid voltage. To evaluate the capabilities of the proposed control method to compensate
for the harmonic current components of the nonlinear loads, the spectra of the grid and load currents
are shown in Fig. 19 during the grid-connected mode. Figures 19(a) and 19(b) demonstrate that THD of
the main and local loads are 19.1% and 18.9%, respectively. But, Fig. 19(c) shows that THD of the grid
current reaches 1.4% after connection of the DG units into the grid, confirming the capabilities of the
proposed control method to compensate for the harmonic current components of the nonlinear loads.
Figures 18 and 19
VI.  Conclusion

A control technique was presented based on the Lyapunov theory for the stable operation of DG units
during the grid-connected and islanded modes in a microgrid. As the main contribution, the proposed
technique compensates for the instantaneous variations of the reference current components of DG
units in the ac-side. The presented method also considers and properly addresses the dc-voltage
variations in the dc-side of the interfacing system. Simulation results confirmed that by implementation
of the proposed control technique, DG units can provide a continuous active power for the loads and
the utility grid. Furthermore, the proposed control method has a fast dynamic response to provide the
reactive power and harmonic current components of the nonlinear loads; the active power of the
fundamental frequency will be supplied by the utility grid, and hence, the grid will have a unity power
factor. The proposed control method can be used for the integration of different types of DG sources,
especially those that are based on the renewable energy resources to supply the local loads. It can also
be utilized to enhance the power quality in a custom power distribution grid. Future work can include
the robust performance of the control technique in presence of variations in the system parameters and

unbalanced grid voltages.
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Appendix

a=0.01,4=0.1,v, =380volt,v,, =1200volt, R, = 0.1Q, L, = 45mH R, = 0.1Q,L, =0.1mH , P, = 6.5kW
Py, =10kW,Q,,, = 6kVA, O, =8kVA, f, = 10kHz
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Fig. 1. Single-line diagram of the proposed Microgrid model.
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Fig. 10. General schematic diagram of the proposed model and control technique.
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