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The increasing presence of inverter-based distributed generation (DG) units in microgrid application
requires control methods that achieve high performance not only during normal operating conditions,
but also under unbalanced conditions. These conditions can occur permanently due to distribution of
unbalanced loads on the three phases of the microgrid. This paper proposes a robust control strategy
for a grid-connected multi-bus microgrid containing several inverter-based DG units. Each of the DG
units can supply a combination of balanced and unbalanced local loads. The proposed control strategy
employs an adaptive Lyapunov function based control scheme to directly compensate the negative-se-
quence current components caused by unbalanced loads in some part of microgrid; and a sliding mode
based control scheme to directly regulate the positive-sequence active and reactive power injected by DG
units to the microgrid. The control method proposed in this paper is shown to be robust and stable under
load disturbances and microgrid parameter uncertainties even in the presence of nonlinear and time-
variant unbalanced loads. The effectiveness of the presented controller is validated through time-domain
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simulation studies, under the MATLAB/Simulink software environment.
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Introduction

Recently, due to a general increasing demand for electrical ener-
gy and a rising interest in clean technologies, the energy sector is
moving to the era of distributed energy resources (DERs), such as
wind turbines, photovoltaic systems, fuel-cells, micro-turbines
and hydropower turbines [1,2]. Typical modern distributed gen-
eration (DG) units, which are collectively referred to DERs, do not
generate 50/60 Hz ac voltages and therefore require electronic
power converters as the interfacing medium between a prime
energy source and the network [3-5].

The application of individual DG system has some major issues
such as limited capacity and high cost per watts [4]. To solve the
common problems of individual DG units in power systems,
researchers have introduced a new concept called microgrid [6].
Microgrid is usually a part of distribution subsystem, which con-
sists of cluster of loads and multiple DG units. A microgrid can be
operated either in grid-connected mode or in islanding mode.
Normally, microgrids operate in grid-connected mode because
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main-grid can support the system frequency and bus voltages by
covering the power mismatch immediately. In the grid-connected
operation, the microgrid is connected to main-grid at the point of
common coupling (PCC), and each DG unit generates proper real
and reactive power [7,8]. The PCC voltage is dominantly determined
by main-grid, and the main role of the microgrid is to accommodate
the load demand and the real or reactive power generated by the
DG-units [9,10]. Proper operation of the microgrid requires high
performance control techniques, not only during normal operating
conditions, but also under unbalanced conditions [11].

Besides the primary purpose of the DG units, compensation of
power quality problems can also be achieved through proper con-
trol strategies [12]. Among various power quality phenomena,
voltage unbalances are very common. A major cause of voltage
unbalance in a microgrid is the connection of unbalanced loads.
In the conventional distribution systems, most of the unbalanced
loads can compensate each other because many loads are installed
[13]. Nevertheless, in the microgrid systems, unbalanced loads are
very common and result from the uneven distribution of numer-
able loads among the three phases [14]. Therefore, a microgrid
should be controlled in such a way that can operate under unbal-
anced load conditions without any performance degradations [15].

Unbalanced loads can cause the lines current and hence the
microgrid voltage suffering from significant values of negative-
sequence which can lead to increased losses, abnormal second
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Nomenclature

Variables
vi, Vs, V¢ inverter, filter, PCC voltage vectors

ir,ip,i;  filter, local load, line current vectors
Usp,iup  0f components of voltage and current
V, 1 voltage and current amplitude

R/ L,C resistance, inductance, capacitance
P.Q active and reactive powers

S sliding surface

e tracking error

w Lyapunov function

Superscripts

p,n positive-, negative-sequence components
20 double-frequency oscillating component
ref reference value

harmonic at the dc-link, and negative effects on equipment such as
induction motors, power electronic converters, and adjustable
speed drives [16,17]. Note that unbalanced loads are often con-
nected on the wye side of a delta to grounded-wye transformer.
Therefore the zero-sequence current is isolated from the delta side
[9].

Several methods have been proposed in the literature for com-
pensation of microgrid unbalances [16-22]. A vector control
approach for controlling the voltage source converter (VSC) which
is capable of mitigating the harmonics under unbalanced operating
conditions is proposed in [18]. The method in [18] is implemented
in stator-voltage-orientation synchronous reference frame, based
on proportional-integral (PI) controllers. However, the main draw-
backs for this control method are the tuning of the controller para-
meters, the necessity of synchronous coordinate transformations,
the tracking of grid voltage phase angle, and the complexity of
method. Moreover, the proposed control method is highly sensitive
to variations of system parameters, but no parametric uncertainty
is considered [23-25].

A direct power control strategy has been presented in [19,20]
for a grid-connected VSC under voltage unbalanced conditions.
The power control scheme is based on the sliding mode control
approach, which controls the instantaneous active and reactive
powers in the stationary reference frame. Three power control tar-
gets have been proposed during network unbalance to obtaining
sinusoidal and symmetrical grid current, removing reactive power
ripples, and canceling active power ripples. However in the chosen
study system, the VSC is directly connected to main-grid that
makes the system control very simple. In addition, the effective-
ness and validity of proposed methods in the presence of loads
has not been demonstrated. Furthermore, the NS power control
method has been designed based on knowledge of actual values
of the resistances and inductances of the system. Hence, the sys-
tem stability is not guaranteed with subject to system parametric
uncertainties.

A combination of the deadbeat and repetitive control has been
used in [21] to compensate the impact of load imbalance on the
performance of a single-bus microgrid. The control method of
[21] is based on the vector control approach described in [18],
and implemented in the discrete-time domain. However, the pre-
sented control method is complex and its effectiveness is not
investigated in the multi-bus microgrids.

The control method described in [22] uses a linear proportional-
resonant-based controller in combination with a Pl-based virtual
impedance controller in order to regulate the load voltage and
compensate the negative-sequence (NS) current of unbalanced
loads. In [22], two separated and independent equivalent circuits
have been used for load positive-sequence (PS) and NS current
components. One may note that in a three-phase circuit with
unbalanced loads, the PS and NS components of load voltage are
linear functions of both the PS and NS components of load current.
It means that the equivalent circuits, used in [22], are not indepen-
dent and should be electrically coupled. In addition, the stability

and robustness of proposed control system, with respect to micro-
grid parametric uncertainties, is not verified.

The main contribution of this paper is to design a control struc-
ture, based on well-known LF and SM control techniques, in order
to (1) compensate the negative-sequence current components
caused by unbalanced loads in some part of a grid-connected mul-
ti-bus microgrid containing several inverter-based DG units and a
combination of balanced and unbalanced loads; and (2) regulate
the positive-sequence active and reactive power injected by DG
units to the microgrid under both balanced and unbalanced condi-
tions. In the designed controller, the load dynamics are masked and
the DG unit dynamic performances are made independent of load
characteristics and circuit configuration. Moreover, to overcome
the computational burden associated with the tracking of grid volt-
age phase angle and frame transformations, the proposed con-
troller is performed in stationary reference frame. The control
method proposed in this paper is shown to be robust and stable
under load disturbances and microgrid parameters uncertainties
even in the presence of nonlinear loads. Some simulation results
are presented to support the validity and effectiveness of the pro-
posed control method.

Microgrid structure description

Fig. 1(a) shows a single-line diagram of the microgrid study sys-
tem. The microgrid includes two inverter-based DG units and a
cluster of loads. Each DG unit is connected to the corresponding
point of connection (PC) through a LC filter to reduce the voltage
ripple (and hence, the current ripple) caused by the switching.
The local load of each DG unit is connected to the corresponding
PC and is a combination of balanced and unbalanced loads. The
common load is connected to the PCC and is a balanced load. The
interlink-line 1 and 2 (hereafter, line 1 and 2), which connect PCs
to the PCC, are represented by series RL branches. In this paper,
it is assumed that the microgrid is connected to main-grid. The
microgrid parameters are given in Table 1.

Modeling of a three-phase DG unit

Fig. 1(b) shows the control scheme of an inverter-based DG unit
with LC-filter microgrid-interface. By using the well-known Clarke
transformation, the current and voltage dynamics in the stationary
(aB) reference frame can be derived as:

diy 1 .
@R v (M
dvpy 1 . . .
@G- @
dip 1 .
= (Vi = Rili=ve) 3)
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Fig. 1. (a) Schematic diagram of the microgrid under consideration; (b) proposed control scheme.
Table 1 of the unbalanced loads. In the following subsections, the control
System parameters. design procedure is explained in detail.
Grid voltage, Line to Line, rms Us 380V
Fundamental frequency fs 50 Hz SM Based PS power control
Grid resistance Ry 0.020 Q2
Grid inductance Lg 200 uH . . . L.
Lined resi < 00500 The instantaneous active and reactive power injected by DG
inel resistance I . . .
Linel inductance I 100 uH unit to the PC bus can be represented as [24]:
Line2 resistance Ri» 0.060 Q 3 3
Line2 inductance L 120 pH P= 5 (vg-if) = 5 (Vgaisa + Uspisp) (6)
dc bus voltage Ve 800V
Filter resistance Rp1, Rp 0.050 Q 3 3
Filter inductance Ly, Ly 800 puH Q=—-= |vf % if‘ == (yfﬁifa _ yfaifﬁ) (7)
Filter capacitance G, Cpp 200 puF 2 2
Switching frequency w 6480 Hz

It is assumed that the LC-filters and the lines have balanced three-

where “.” denotes the inner-product and “ x ” represents the cross-
product of two vectors and bold symbols represent v¢= [, vg]” and
ir= [if« igs]". Under unbalanced conditions, the instantaneous active
and reactive powers can be expressed by the PS and NS components

phase impedances and as a result, the equations (1)-(3) can be fully
decoupled into positive and negative sequences. Under unbalanced
condition, each of voltages and currents can be expressed as [26]:

v=lv, o] =[(E+vh) (K+vp] 4)

i=[i, i) =(@+1) @+ip] (5)

Since the whole controller is designed in the stationary refer-
ence frame, the sequence detection of microgrid voltages and cur-
rents is also realized based on a stationary frame notch filter in the
ap-frame [27]. As stated in [27], the applied method can tolerate a
certain range of grid frequency variations. Although according to
the allowable limits of frequency-deviation of main-grid [28], a
phase-locked loop (PLL) can be avoided in the grid-connected
mode [23,27], for adapting to wider range of grid frequency varia-
tions, a PLL or a frequency adaption loop should be added to the
applied filter [27,29]. Thus, the proposed method can be easily
adapted to fulfill the actual requirements for tolerating frequency
variations in a microgrid context, although operation with frequen-
cy variation is not the focus of this paper.

Control design

The proposed control structure consists of a SM based PS power
controller and an LF based NS current controller, as shown in
Fig. 1(b). The power controller is designed to regulate the PS active
and reactive power injected by DG unit to the microgrid. The cur-
rent controller is designed to compensate the impact of NS current

of the voltages and currents as given by (8) and (9), respectively

[24].
P=P’+P"+ P> (8)
Q=Q"+Q"+Q* 9)
with:
-Pp} _3 {”}J& vy } lﬁa] (10)
Q"] 2 v —vp ||y
rp" 3fon o i

n}—gLﬁ _%} f} a1
LQ i fa | | I
_P2(0:| :3|:Z);‘7 yFﬁ ] |:i}1“:| +3|:1j}1x y}lﬁ :| |:IF“:| (12)
_sz 2 ”}J/f —ijm_ iF/f 2|9 ij?/;

where P** and Q*” denote the double frequency oscillating compo-
nents of the respective active and reactive power, which generated
from the interaction between PS voltage and NS current and/or NS
voltage and PS current, as expressed by (12) [24]. Noting that under
balanced conditions, the NS components of voltages and currents
are zero and thus, the instantaneous powers are equal to PS power
components. It means that under both balanced and unbalanced
load conditions, the PS active and reactive powers should be con-
trolled. In the proposed control strategy, the regulation of PS active
and reactive power components has been implemented by using
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sliding mode control method due to its fast-tracking capability and
its robustness against disturbances, parametric uncertainties and
modeling approximations [30]. In the present control design prob-
lem, the following integral-based sliding surface is chosen to obtain
active and reactive power regulation.

ot
{S”}z{e”}Hg/ {ep}dr (13)
Se eq o Leq
where e, = P/ — PP and e, = Q™Y — Q” are the active and reactive
power tracking errors, and k, = diag[ksyp, ksq] is a diagonal matrix
with all positive constant diagonal entries which are the SM control
gains. Based on SM control theory, it is required to restrict the con-
trolled states onto its corresponding sliding surfaces [30]. This is
exclusively governed by:

ds
S=5 =0 (14)

Considering (14), differentiating (13) with respect to time gives:

d [Sp d|p¥—pr Tk ee] d[P Tk ep (15)
de[Sq| —de|Qe —qr| " “leg) dt|Qr] T “leg
By considering (10), it can be obtained that

do? do?
{ddlf}_§ e yﬂ{_%{i& v }
p| p p D

w2l dv I
Substituting for 4 v}’aﬁ and £, ,, respectively from (2) and (1), into
(16), results in:

P D p D p p p p
|:ddpt} o i [(lfoc iy — i) (lfﬁ - lL/f - llﬁ) } |:lfy:|
p| = p p
W2 [ -y -y —(f, -, — 1) | | By

dif dip,

dt

(16)

f B

I—I

(17)
i|:v}]9c v}y/i :||:( io Z/;oc_Rflfa):|
2 | oy 73, (7’?/; v}’/} Rrify)
By substituting for 4 P’ and £ Q” from (17) into (15), it can be shown
that:
als)=-lal- [l -l ][] -l
dt SQ GQ HQ 2Lf Tj})ﬁ 77/}306 Ufﬁ €o
(18)
with:
3 D D D p D
Gp = 2C ((lfzy ly — llzx)lfzx + (lf/f - lL/i - ll/f)lf/?)
3 . DN 2
GQ 2C ((lf/j l{/f ll/})lfoc (lﬁx - lfoc - lfx)l}’[i)
Hp = - E ((v)’i“ + Rfijgx)y)l‘)m (U)IZ/; + Rfi}j/i) ”je/;)
3 . .
HQ: 727Lf((vjl‘Joc+Rflﬁzx)v}7/}f(”}Jﬁ+Rfl})ﬁ)y;u) (19)

T
By considering (14), the SM control effort [Z/fx zzfﬁ] can be
obtained by solving the following equation:

£[3]-

By combining (18) and (20), the control law can be obtained as:

e -1
) ] e )
Vf/} U}Jﬂ _”;sz Go Hq €q

with:

{v}’x v}’ﬁ}]_ -1 {v}k “%]_ 1 [ vﬂ
v~ @) ] v 4
(22)

According to SM control theory, the process of SM control can be
divided into two phases, that is, the reaching phase and the sliding
phase [30]. The control law given by (21) is only valid for sliding
phase of the SM control process. The control effort which guaran-
tees the SM control in both the reaching and sliding phases can
be represented by [30]:

oo oL (Y v {7[0,,} B {Hp}Jrk {ep}
- S
w7l 3wt vy~ ]l LGl LHe €
) {sgn(sm”
*[sgn(Sq)
where k, = diag[kyp, kyo] is a diagonal matrix with all positive

constant diagonal entries which are the SM control gains and, the
sign function sgn( - ) is described by:

sgn(x) = [x|/x (24)

(23)

Based on Lyapunov’s direct method of stability [30], the overall sta-
bility of the control system has been shown in the paper Appendix
A. It can be seen from (23) that the operation of the proposed power
controller is directly affected by positive sequence PC voltage
amplitude. When the PC voltage drops, the power controller, in
response to the drop, increases the current of the DG converter.
To prevent an excessive output current, the active and reactive
power references should be limited as a function of the actual grid
voltage amplitude. Based on the maximum limit of converter out-
put current I, and the active and reactive power references, the
minimum amplitude of the PC voltage Vi, Which corresponds to
the maximum output current, can be obtained as:

(Pref)2 + (Qref)2

lmax

vmin = (25)

If V}’ < Vmin, the active and reactive power delivered by the DG unit
should be limited to:

Prax = Imax Vs cos(@)
{ Qmax = Imaxvf Sl[l(([)) (26)
with:
~ Qref
¢ =tan! (P’ef> (27)

Based on (26), a dynamic limiter can be designed for P and Q"¢ to
ensure that converter output current is within the allowable limits.
Therefore, the over-current protection of converter can be easily
ensured in case of grid voltage drops, although this is not the main
focus of this paper.

NS current control based on LF

Referring to Fig. 1(b), a combination of balanced and unbal-
anced loads is assumed to be connected to each PC bus. To com-
pensate the NS currents of the unbalanced loads, two comparable
control objectives are presented in this paper. The first is to obtain
symmetrical and sinusoidal DG output current that lead to com-
pensate the NS currents of unbalanced loads by main-grid. In this
case, the NS components of DG output current should be removed.
The second is to obtain symmetrical and sinusoidal line current
that lead to supply the NS currents of each unbalanced load by
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the corresponding DG unit. So, the system outputs are NS compo-
T
nents of DG output current ij'f = [l}; i;ﬁ] . Our purpose is to make

the output i}’ track the desired trajectory, that under first control
objective is zero, and under second control objective is:

in.ref l.n
anref | fa _ | e
lf/? Lp
In the proposed control structure, the NS current controller has
been implemented by using adaptive Lyapunov function method.
This method can achieve the goals of stabilization, tracking and
parameter estimation [30,31]. The design procedure of the men-
tioned current controller is explained as follows. Considering the
parameters in the nominal condition, equation (1) can be rewritten
as:
o1
dy _
dt

where a :L17 and b =Ry are the nominal parameter values. If the

a(vi — bi; —v}) (29)

parameters of the system deviate from their nominal values, the
dynamic equation (29) can be modified as:

n
diy _
dt
where ¢ =[¢, é,g}r is the lumped-sum uncertainty which can be
written as:

a(vi —bif —vj) +¢ (30)

& = Aa(v] — bif —v}) + Ab(a + Aa)i; (31)
where “A” denotes deviation from nominal value. Letting
er =" —if (32)

be the tracking error, and

e.=&-¢ (33)
be the error between lump-sum uncertainties & and its estimated
value & = [, &,JT, a Lyapunov function can be defined as follows

[31]:

1 1
W, = jdel + iegye: (34)

where y = diag[y,, y,] is a diagonal matrix with all positive constant
diagonal entries which are the adaptation law gains.
Differentiating W, with respect to time gives:

d _rd r.d

awl =€ & +eiyaeg (35)
Considering (30), (32) and (33), it can be shown that:

d d nref n , " d .

A <azf‘” —a(v} — bif —v}) - §> + 6237(&5) (36)

If the adaptation law is chosen as:
d

a._

dtf Yy e (37)
then £ W, becomes

d d nref non oom s

aW1 :e{(ﬁlf —a(v} — bif —v}) f§>. (38)

To stabilize ey, % W should be negative definite. Now, if the control
input v! is selected as:

VI = bi} + V] +% <% i & km) (39)

where k; = diag[ki, k1] is a positive constant diagonal matrix, then,
LW, can be given by:

£W1 = —k1 €T€1 (40)
dt 1

Since the time-derivative of Lyapunov function W, is definitely
negative, the proposed current control system is asymptotically
stable.

Implementation of the proposed control scheme

As shown in Fig. 1(b), the positive- and negative-sequence com-
ponents of the control signals, generated by PS power controller
and NS current controller, are finally summed up to generate the
converter voltage references, as an input to space vector modula-
tion (SVM) module. It should be noted that, in order to avoid unex-
pected chattering near the sliding surface, the sign function in PS
and NS control efforts expressed in (23) is changed into a satura-
tion function, which is described by:

~ [sgn(x) |x] >4
sat(x),{ e (41)

where / is a positive constant.
Simulation results

In order to evaluate the effectiveness of the presented control
strategy, the microgrid study system shown in Fig. 1(a) has been
simulated in the MATLAB/Simulink software environment. All DG
units are equipped with the proposed controller. Several detailed
load switching are carried out to demonstrate the steady-state
and dynamic performances of the proposed control strategy. In
the simulation studies, while the system is initially operating
under balanced condition, an unbalanced load is connected to
PC1 at t=2s. The unbalanced load consists of a series RL circuit
between phase-b and phase-c; the load resistance and inductance
are 25 Q and 60 mH.

The impact of nonlinear and time-variant unbalanced loads on
the performance of proposed controller is investigated by applying
a 4-pole, 1 hp, 110V and 50 Hz single-phase induction motor [32].
The motor is connected to PC2, between phase-b and phase-c, via a
380/110 V single-phase transformer. The used motor is a capacitor-
start-capacitor-run single-phase induction motor with parameters
given in the paper Appendix B. The motor is energized from t=3 s
and the start-capacitor is tripped when the motor is speeded up to
75% of the rated speed. Subsequently, at t=4 s, the balanced load
of PC1 is disconnected and later at t =5 s, the single-phase motor
is switched off. Moreover, to evaluate the robust performance of
proposed controller subject to parametric uncertainties, a 20%
step-mismatch is assumed for filter resistances from t=2.5s.

In the simulation studies, both the proposed control objectives
including (1) PS power regulation and NS current elimination of
the DG unit; and (2) PS power regulation of the DG unit and NS
current elimination of the interlink-line; are evaluated. The power
reference values are given in the paper Appendix B. Some simula-
tion results obtained for this case study are shown in Figs. 2-10. In
the graphs, the real powers, reactive powers, voltages and currents
are expressed in kilowatts, kilo-volt-amperes-reactive, volts and
amperes, respectively.

Figs. 2 and 3 show the amplitude of detected NS current of local
loads, DG units and lines, respectively, under first and second con-
trol objectives. All these quantities are calculated by:

I=1/ (i) + (ip) (42)
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Fig. 2. Amplitude of (a) NS current of local loads, (b) NS current of DG1 and linel,
and (c) NS current of DG2 and line2, all under first control objective.

As indicated in Figs. 2(a) and 3(a), since the load of PC1 and PC2
become unbalanced, the NS component of loads currents is
increased. As shown in Fig. 2(b) and (c), under first control objec-
tive, the NS currents of DG units are removed, while the NS cur-
rents of local loads are supplied by main-grid, which flow in the
lines. Under second control objective, the NS components of con-
verter reference voltages are adaptively changed to supply the
NS current components of local loads. Therefore, the NS compo-
nent of the lines current is removed, as indicated in Fig. 3(b) and
(c). Figs. 2 and 3 show that despite the mismatched filter resis-
tances and the time-varying disturbance due to the motor startup,
both the proposed NS current control schemes exhibit a desirable
performance.

Figs. 4 and 5 illustrate a zoomed view of NS current amplitude
of DG1 and line1, and the waveforms of v _gpc, if1-abc @and i _qpc Pri-
or and subsequent to the connection of the unbalanced load of PC1
at t = 2 s, respectively, under first and second control objectives. It
can be seen that under first control objective (Fig. 4), the DG cur-
rent is not imposed by unbalanced load current and remained bal-
anced and transient-free. Under these conditions the load current
imbalance is compensated by main-grid. Fig. 5 shows that under
second control objective, the load current imbalance is
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Fig. 3. Amplitude of (a) NS current of local loads, (b) NS current of DG1 and linel,
and (c) NS current of DG2 and line2, all under second control objective.
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compensated by DG unit and the line current reaches its sinusoidal
and symmetrical steady-state with a reasonable transient
performance.

Fig. 6 indicates the voltage-unbalance-factor (VUF) of PCC volt-
age (i.e. the ratio of the NS to PS components of the PCC voltage).
Under first control objective, the NS components of load currents
are compensated by main grid. Therefore, the unbalanced loads
can cause the line currents suffering from high values of nega-
tive-sequence which can lead to microgrid voltage imbalance
(Fig. 6(a)). Under second control objective (Fig. 6(b)), the NS com-
ponents of load currents are supplied by DG units. Therefore, the
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Fig. 6. Voltage-unbalance-factor of PCC, (a) under first and (b) under second control
objective.
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Fig. 7. Instantaneous active and reactive power of DG units, under both control
objectives.

line currents and busbar voltages are not affected by unbalanced
loads and remained balanced.

Fig. 7 shows the instantaneous active and reactive power of DG
units, under both the first and second control objective.
Considering these plots, it can be seen that the average values of
active and reactive power of DG units very well track their corre-
sponding references, even under load switching and unbalanced
load conditions. However, under the second control objective, the
instantaneous active and reactive power components of DG units
are imposed by double frequency oscillations (DFOs). The DFOs
appeared in the power of each DG unit is proportional to its NS
currents.

Fig. 8 shows the instantaneous active and reactive power of the
lines, under both the first and second control objectives. The step
changes seen in the average value of active and reactive powers
are due to described step changing of loads demand. The DFOs seen
in Fig. 9 are due to unbalanced lines currents under first control
objective.

Fig. 9(a) and (b) provide a zoomed view of Figs. 7(a) and 8(a),
respectively, over a period around t =2 s subsequent to the ener-
gization of the unbalanced load of PC1. As shown, while the second

20 T T T T T T T T

Linel

Objective] ==== Objective2

QLinel

10 ; ; ; ; | Objective] ==== Objective2

20
15
10

Line2

IS

Objectivel ==== Objective2

(d)

20 :
15
L[] SO NORUS SRR SRR Gomonss M B —— ;

QLine2

Objective] ==== Objective2

0 i i
1t 15 2 25 3 35 4 45 5 55 6

Time (s)

Fig. 8. Instantaneous active and reactive power of lines, under both control
objectives.
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Fig. 9. Zoomed view of (a) Pp¢; and (b) Pyine; under both control objective.
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Fig. 10. Instantaneous active and reactive power injected to main grid under both
control objective.

control objective has a reasonable transient response, the first con-
trol objective exhibits no observable transient since the NS current
controllers rapidly track the zero references and remove the NS
component of DGs output current.
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Fig. 10 shows the instantaneous active and reactive power
injected by microgrid to main-grid, under both the first and second
control objectives. The DFOs seen in Fig. 10 are due to lines current
imbalance, under first control objective. Under second control
objective, the instantaneous active and reactive power absorbed
by main-grid exhibit no observable DFO because the NS current
of unbalanced loads has been compensated by DG units. It should
be noted that under second control objective, although the NS cur-
rent of unbalanced loads has been compensated independently
from main-grid, in islanded mode of operation, in order to regulate
the voltage and frequency of the microgrid about rated values and,
at the same time, properly share the active and reactive power
between DG units, a proper control strategy (such us centralized-
control, master/slave, or droop-based control methods) should be
employed which is out of scope of this paper and can be addressed
in future works.

Conclusion

This paper presents a robust controller for a grid-connected
multi-bus microgrid containing several inverter-based DG units
and unbalanced loads. The proposed control structure has two con-
trol modules consisting of a sliding mode based PS power con-
troller and an adaptive NS current controller based on Lyapunov
function method. The power controller ensures that the PS active
and reactive power, generated by each DG unit, track its respective
reference commands under both balanced and unbalanced condi-
tions. The current controller compensates the NS current of unbal-
anced local loads in some part of the microgrid. Two comparable
control objectives are presented in this paper including: (1) PS
power regulation and elimination of the NS components of DG cur-
rent; and (2) PS power regulation and elimination of the line NS
current components. The effectiveness of the proposed control
structure is demonstrated through time-domain simulation stud-
ies, under the MATLAB/Simulink environment. Simulation results
confirm that under second control objective, the NS current of lines
is removed, the double frequency oscillations of the active and
reactive power injected to main-grid are eliminated and, the power
quality of the overall microgrid system is improved. However,
under first control objective, the DGs current imbalance is sig-
nificantly less than that obtained by second objective. Moreover,
while the second control objective has a reasonable transient
response, the first control objective exhibits no observable tran-
sients. Simulation results conclude that the proposed control strat-
egy is robust and stable subject to load disturbances and microgrid
parameters uncertainties even in the presence of nonlinear and
time-variant unbalanced loads.

Appendix A

Consider the following positive definite Lyapunov function:

S
WZ:%[SP SQ}{SZ} (43)

Differentiating W, with respect to time gives:
d d[Sp
awz_[sp SQ](a{SQD (44)
Substituting (18) into (44) yields:
G H
Dy, —15p Sl —{ ”} - { "} 3

dt Gol [Hol 2Ls| 0%

P P
v, v ][0 +k5|:eP:|
8

*7)})@ vlij/f €q
(45)
By substituting (23) into (45), it can be obtained that:

=15 5ok s 0

The time-derivative of Lyapunov function £ W5 is then definite-
ly negative so that the power control system becomes asymp-
totically stable.

Appendix B

The power references and the parameters of the single-phase
induction motor are given as follows: Power references:
Prert = 10kW, Qo1 = OKVAr, Prepp = 12kW, Q. = OkVAr; Single-
phase induction motor: main winding stator resistance and induc-
tance: 2.02Q and 7.4 mH, main winding rotor resistance and
inductance: 4.12 Q and 5.6 mH, main winding mutual inductance:
177.2 mH, auxiliary winding resistance and inductance: 7.14 Q
and 8.5mH, capacitor start: 254.7 pF, capacitor run: 21.1 pF;
Balanced loads: PCC-, PC1-, and PC2-connected balanced load’s
resistance and inductance: 10Q and 24 mH, 25 Q and 60 mH,
and 35 Q and 90 mH, respectively.
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