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Abstract—Hybrid micro-grids require harmony operation
of renewable energy resources based voltage source inverters
(VSIs) in grid-tied as well as islanded modes. In this paper, the
modeling, analysis, and control strategy of VSIs based
autonomous micro-grid are developed. An integrated control
system for autonomous micro-grid is carried out including two
control levels. The primary control level is comprised of the
current and voltage inner control loops, the virtual inductor
loops, and the droop control loops. This control level is
necessary to regulate voltage and frequency, and also to
achieve accurate power sharing among the paralleled
distributed generators (DGs). However, the secondary control
level is employed to eliminate the voltage magnitude and
angular frequency deviations produced by primary control
level. The parameters of secondary controllers are optimized
using particle swarm optimization technique to achieve good
dynamic and steady state performance for micro-grid voltage
and frequency. Two micro-grid structures are modeled and
simulated in MATLAB environment to accomplish this study.
The first structure consists of only one distributed generation
unit, while the second contains four DGs. Each structure is
tested with and without secondary control level under the load
variations to confirm the robustness of the control system. The
results of the traditional and optimized secondary controllers
are compared.

Keywords— autonomous micro-grids, distributed generation,
particle swarm optimization, secondary control

1. INTRODUCTION

Nowadays, the growth of micro-grids is rapidly
increasing. A micro-grid consists of distributed generation
(DG) sources based on renewable energy connected beside
the loads to facilitate the distribution of power systems [1].
Fig.1 represents the basic structure of micro-grids. Power
sharing is the major concern when various DGs work in
parallel operation. It is necessary to obtain a proper power
sharing when multiple DGs are paralleled to operate
together. One of the most common methods for power
sharing is the droop control method [2, 3]. It needs only to
the local measurements for feedback signals (voltages and
currents). This technique is employed to obtain good power
sharing among independent DGs through low-bandwidth
data communication signals between each generator [4].

Micro-grids can work in grid-tied mode and autonomous
(islanded) mode [5]. One of the widely used control
strategies for micro-grids is the hierarchical control strategy
including primary, secondary, and tertiary control levels [6].

Due to the advantages of droop control strategy mentioned
above, the primary control level depends on it, in order to
achieve accurate load sharing. Moreover, the voltage and
frequency of micro-grid are regulated for both operating
modes by primary control. The secondary control is used to
eliminate any deviations in frequency and voltage
magnitude produced by droop control [7]. Furthermore, the
micro-grid re-synchronization with the utility grid can be
achieved by secondary control. The tertiary level is
responsible for controlling the power flow among the DGs
and utility grid to optimize the micro-grid operational cost.
It is mostly incorporated when the micro-grid is in grid-tied
operation. Furthermore, the tertiary level is sometimes used
in autonomous operation for economic considerations. This
paper focuses on the autonomous micro-grid including only
primary and secondary control levels. Moreover, the
proportional-integral coefficients of secondary controllers
are determined using particle swarm optimization (PSO)
technique to enhance the dynamic and steady-state behavior
of micro-grid voltage and frequency.
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Fig. 1. Basic structure of micro-grids (MGCC: Micro-Grid Central Control
/PV: Photovoltaic /WT: Wind Turbine /PCC: Point of Common Coupling).

The structure of this paper is as follows: In Section II,
the modeling and control strategy of DG unit are
represented. Section III shows the frequency response and
stability analysis for DG unit. Section IV explains the droop
control strategy. Section V introduces the secondary control
strategy. Section VI presents PSO technique used for
optimizing the coefficients of secondary controllers. Section
VII illustrates the simulation results. Finally, Section VIII
introduces the conclusion of this article.
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II. ANALYSIS AND CONTROL STRATEGY FOR THREE-PHASE
VSI

Fig. 2 displays the power circuit of the VSI for DG unit
comprising a three-phase PWM inverter and an LC filter plus
coupling impedance. Neglecting the connected loads and the
coupling impedance, the analysis and modeling of VSI in
synchronous d — q frame can be represented as:

dipfa . .
Lf dtf = Vig — Vcd - RflLfd + (J.)Lflqu

; (1)
dai . .
Lf ;tfq = Vi - ch - Rflqu - walLfd
ave s .
Cf dtd = lLfd — loa + wach
ey . @)

Ccf o = lfg— log — WCrVeq

where w is the angular frequency of the micro-grid, ij¢q4,
iLrq» Vig and Vi, are the currents through filter inductor and
inverter side voltages in d — q frame, respectively, and V4,
Veq» loa and i, are the filter capacitor voltages and output
currents in d — q frame.
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Fig. 2. Power circuit of the VSI for DG unit operated in islanded mode.
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Equations (1) and (2) clarify that the derivative of both
d-axis and gq-axis currents, i, rq and i;r4, are related to both
d and ¢ axis variables. Furthermore, the derivative of both
d-axis and g-axis voltages, V.4 and V,, are related to both
d and ¢ axis variables. This indicates that the system control
is cross-coupled, which may cause problems in controller
design and poor dynamic performance. To solve this
concern, the decoupled terms can be added as shown in
Fig. 3. The output of the decoupled controllers shown in
Fig. 3 can be expressed as:

(iarer = Gy () (Varer = Vea) — wCrVeg

iqrer = Go(8)(Varer — Vog) + 0CrVeq

Via = Vapwm = Gi(8) (lares — irpa) + Vea — wlsirsq
Wig = Vipwm = Gi(5) (larer = insq) + Viq + 0Lslsga

3

Here, Varer, Varer> larey and igyer are the reference values
of voltage and current loops in d — q frame, while G, (s)
and G;(s) are the controllers for the d — q axis voltages and
currents, respectively. In this paper, these controllers are of
the proportional-integral type.

The primary control strategy for DG unit, shown in
Fig. 3, includes six feedback control loops: four inner voltage
and current loops for a proper control of d — g axis voltages
and currents Veq,Voq, i rq and i,¢q, respectively, and two
outer feedback loops for controlling the real and reactive
power. The outer loops are called droop control loops needed
for achieving power sharing among DG units connected in
parallel. Moreover, there are two intermediate control loops
named virtual output impedance loops, which can be
employed to adapt the output impedances of VSIs [8]. Both
the outer and virtual inductor loops will be discussed in the
next sections.
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Fig. 3. Primary control strategy for distributed generation unit.
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III. FREQUENCY RESPONSE AND STABILITY ANALYSIS FOR
VSI

The closed loop dynamics of the VSI, shown in Fig. 4,
can be analyzed using Mason’s theorem for block diagram
reduction purposes. The output voltage can be derived from
Fig. 4 as the following:

ch(s) = G(S)Vref(s) = Zo(8)1,(s) )
where
G(s) Gy(S)Gi(s)Gpwm(s) (5)

- LfoSZ+(CfS+G-U(S))Gi(S)GpWM (S)+CfRfS+1

LfS+Rf+Gi(S)GpWM (s)

ZO (S) = LfoSz+(CfS+Gy(S))Gi(S)GpWM(S)+CfRfS+1

G(s)Zy(s) (6)

Grwm(s) = 35— (7
PWMA>/ = 143Ts
Ki

Gv(s) = va + % (3
Kii

Gi(s) = Ky + % ©)

Here, G(s) is the closed loop transfer function that shows
the relationship between Vs and V,..¢, T is the sampling
time, Z,(s) is the closed loop output impedance, K;, and
K,, are the integral and proportional coefficients for
voltage controller, respectively, K;; and K,,; are the integral
and proportional coefficients for current controller,
respectively, and Z,(s) is the virtual impedance, which can
be expressed as:

Z,(s) =s.Ly (10)

where L, is the virtual impedance inductance. The virtual
inductor loops are needed to increase the inductivity of the
inverter output impedance to prevent the cross-coupling
between real and reactive powers. Therefore, the real power
is proportional to the power angle, while the reactive power
is proportional to the voltage. However, the increasing of
virtual inductor may lead the transient performance to
deteriorate. Therefore, the high-pass filter is employed with
the virtual inductor, as in [9]. Moreover, the virtual inductor
is necessary for parallel operation of VSIs [10, 11], and can
be implemented by additional physical inductors, but the
size and cost will be increased [12].

Fig. 5 shows the closed loop bode plot of output
voltages for both DG1 and DG2. The gain margins for DG1
and DG2 are 30.5 dB at angular frequency of 28100 rad/s
and 19.1 dB at angular frequency of 10200 rad/s, and phase
margins are 83.2° at angular frequency of 4260 rad/s and
91.9° at angular frequency of 3250 rad/s, respectively. The
parameters of the DG units are listed in Table L
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Fig. 5. Closed loop bode plot of the output voltages for DG1 and DG2.

Fig. 6 illustrates the frequency response of closed loop
output impedances for DG1 and DG2 without and with
virtual inductor of 2 mH. As can be observed, the output
impedances of DGl and DG2 have a highly inductive
behavior in the area below the natural angular frequency
that is necessary to accurate operation of droop control
operation.

40 :
P —Zo1

m 20 S —=—Zo1+2Zv
= —Zo2

g 0r Zo2+2Zv [
B2

£ 0!

>

[}

= -40

-60
90

®
s 0 ]
[

8
S 90 — ————er]
£ e =

-180 L L L L
102 10° 104 105 10° 107

Frequency (rad/s)

Fig. 6. Closed loop bode plot of the output impedances for DG1 and DG2
without and with virtual inductor of 2 mH.
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Fig. 4. Closed loop system block diagram of VSI with virtual impedance.
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IV. DROOP CONTROL STRATEGY FOR POWER
SHARING AMONG PARALLELED VSIS

The droop control technique has been proposed for
islanded micro-grids to obtain a proper power sharing
between paralleled DGs with only low-bandwidth
communications. There are many types of droop control
depend on the type of DG output impedance, whether it is
pure inductor, resistor, capacitor, or other types [13]. In this
paper, the inductive type only is discussed because the
network is assumed to have high X/R ratio. The equivalent
circuit diagram of the VSI connected to a micro-grid bus
(V,20), displayed in Fig. 7, is used to explain and simplify
the principle of the droop techniques. The model of the VSI
can be represented by AC voltage source, V; 26, with series
output impedance, Z,48,, as shown in (4).

Z,28, | %
—=>—1
46 s=P4Q  v,c0

Fig. 7. Equivalent circuit of a VSI connected to the micro-gird.

The apparent power of a VSI supplied to the micro-grid bus
can be expressed as:

_ o _ V1V2280-8  Vis8,
S = VIt =Rt 1 (11)
P= V1V2 cos(H -8 — —cos 0,
(12)

V1 V2

Q= sm(0 -8 ——sm@
In this paper, the output impedance of VSIs, Z,280,, is

tended to be more inductive (6, = 90°), as shown in Fig. 6,
consequently (12) is reduced to

A
P ="22siné
%o 13)
Q __ W1Vpcos 8—V22 (
=t

If the power angle, &, has very small value, then, sind = §
and cos§ = 1.

p=llzg

Zo

A (14)

O

Q ~
and, approximately

Pxé , Qu«xl; (15)

Thus, the droop control method for the inductive output
impedance can be formed in the following equation:

—ng;Q;

o=
—mp;P;

a)iza)*

(16)

where V™" is the peak value of the VSI output voltage at no
load condition, w* is the no load angular frequency, and n,;
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and mg; are the droop coefficients for reactive and real
power, respectively. In order to obtain a proper power
sharing between the paralleled independent DGs, the
following constraints must be satisfied:

= mpiPi = A(’-)max

AVmax

Ng10Q1 = Ny Q; - =ng0; =

where AV, and Aw,,,, are the permissible limits for
voltage magnitude and angular frequency deviations,
respectively.

V. SECONDARY CONTROL FOR COMPENSATING
ANY DEVIATIONS IN VOLTAGE AND FREQUENCY

The main function of secondary control is to eliminate
any deviations in voltage amplitude and angular frequency
produced by the primary control. The correction of these
deviations must be within limits accepted by grid code
requirements. Fig. 8 displays the main structure of
secondary control. The compensation parts needed to
restore the desired values of angular frequency and voltage
magnitude are derived as [14, 15]:

W = Ky (whre — lE™) + Ky, [ (wprd — wpié®)dt
(18)
_::;np pE(Ere(;f meas) + K J‘(Ereaf meas)dt
(19)

meas

where a)MG and wy¢™ are the reference and measured

values of micro-grid angular frequency, and E,‘r,,i;f and Eff§*
are the reference and measured values of micro-grid voltage
amplitude, respectively, while K,,, Ki,, Kpg, and k;z are
the PI coefficients of secondary controllers. In this paper,
these coefficients are tuned by both the traditional method
and PSO technique.
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Fig. 8. The main structure of secondary control.

VI. PATICLE SWARM OPTIMIZATION TECHNIQUE

The PSO technique has been suggested as a
metaheuristic algorithm since 23 years ago. The main steps
and flow chart of this algorithm are described in [16]. PSO
has been recently used in many engineering problems,
especially in a micro-grid control system to adjust the droop
coefficients, as in [17]. In this paper, the PSO algorithm is
employed for a proper selection of secondary controller
parameters. The objective function has been selected to
minimize the integration of time multiplied by the

squared error of voltage amplitude and angular frequency.



VII. SIMULATION AND RESULTS

Two autonomous micro-grid systems are modeled and
simulated using MATLAB environment. The first system is
discussed in case (1) for a micro-grid containing only one
DG unit, as displayed in Fig. 9. The second system is
explained in case (2) for a micro-grid consisting of four
DGs, as shown in Fig. 15. In two cases, the micro-grid is
tested with and without secondary control under the load
variations. The performance of traditional and optimized
controllers for secondary level is evaluated and compared
under the load variations to confirm the robustness of the
proposed secondary controllers.

A. Case (1)
PCC
R. L —
DG \N\/‘—mcf%\—q:: Loads
—>
Bus -1

Fig.9. Structure of tested micro-grid for case (1).

Fig. 10 depicts the variations of load connected to
micro-grid system shown in Fig (9). The frequency and
voltage magnitude under load variations are shown in
Figures 11 and 12, respectively. It can be observed that
without secondary control, there are many deviations from
the set-points of frequency and voltage magnitude. These
deviations depend on the loads connected at the point of
common coupling (PCC) of the micro-grid. The frequency
and voltage magnitude are restored to set-points (i.e. 50 Hz
and 311.13 V) by using the secondary control. In the case of
the optimized secondary controller, the transient oscillations
in voltage magnitude and frequency are highly damped
compared to the traditional controller. Moreover, the steady-
state time is reduced for the voltage and frequency response
compared to the traditional controller. Figures 13 and 14
illustrate the output real and reactive powers of the
distributed generator displayed in Fig. 9. These real and
reactive powers are measured at PCC without and with
secondary control under the load variations. In the case of
applying the secondary control, the output real and reactive
powers are significantly high compared to the case of
without secondary control. However, the responses of real
and reactive powers for both traditional and optimized
secondary controllers are almost the same.

=S
o

w

o
T

1

Variations of connected load

201 1
10 I:,Load (KW)
——Q,q (Kvar)
0 | - | 1 1 | 1
0 1 2 3 4 5 6 7 8
Time (sec)

Fig.10. Variations of connected load for case (1).
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Fig.12. Voltage magnitude at PCC of tested micro-grid without and with
secondary control under load variations.
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Fig.14. Reactive power at PCC of tested micro-grid without and with
secondary contro under load variations.
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Fig.15. Structure of tested microgrid for case (2).

Fig. 16 shows the powers of the loads connected to the
micro-grid displayed in Fig. 15. This micro-grid consists of
four DG units and four local loads. Fig. 17 illustrates the
frequencies of DG units with and without activating the
traditional secondary control under the load variation. It can
be observed that the frequencies of DG units are increased
from 49.78 Hz to 50 Hz by activating the traditional
secondary control at the time of 1 sec. This value (50 Hz)
remains constant under the load variation at the time of 3
sec. However, there are many transient oscillations, which
can be significantly damped by optimizing the secondary
controllers as shown in Fig. 20. Moreover, the steady-state
time of frequencies response is reduced by using the
optimized secondary controllers.

The voltages magnitudes of DG units with and without
activating the traditional secondary control under the load
variation are depicted in Fig. 18. It can be observed that the
voltage magnitude is increased from 298.8 V to 311.2 V for
DGI1, from 294.6 V to 306.8 V for DG2, from 297.3 V to
309.6 V for DG3, and from 295.8 V to 308 V for DG4, that
by activating the traditional secondary control at the time of
1 sec. Furthermore, the voltage magnitude under the load
variation at the time of 3 sec is remained constant at
311.2 V for DG, increased from 306.8 V to 309.5 V for

DG2, increased from 309.6 V to 311.2 V for DG3, and
increased from 308 V to 310 V for DG4. The transient
oscillations caused by the traditional controllers can be
minimized by using the optimized secondary controllers, as
illustrated in Fig. 21. Moreover, the steady-state time for the
responses of voltages is reduced.

Fig. 19 shows the output real powers for DG units with
and without activating the traditional secondary control
under the load variation. It can be observed that the real
output power is increased from 14.9 KW to 16.1 KW for
both DG1 and DG3, and from 11.2 KW to 12.2 KW for
both DG2 and DG4. Moreover, this output power under the
load variation at the time of 3 sec is increased from
16.1 KW to 18.3 KW for both DG1 and DG3, and from
12.2 KW to 13.7 KW for both DG2 and DG4. Fig. 22 has
almost the same characteristics as Fig. 19.

Fig. 23 represents the real power sharing among DG
units under the load variation with and without activating
the optimized secondary control. It can be observed that
each DG unit shares with the same percentage value of its
rated power as other units, that as the desired settings. The
real power sharing of each DG unit is increased from 41.2%
to 45.9% by activating the secondary control at the time
of 1 sec. Then, it is increased from 45.9% to 50.8% by
increasing the load at the time of 3 sec.

Thanks to the droop control, a proper power sharing
among the independent paralleled DGs has been achieved.
Moreover, the desired values of frequency and voltage
magnitude have been restored without any deviations under
load wvariation, that by activating the secondary control.
Additionally, an accurate selection of secondary controller
parameters has been obtained using PSO technique. Finally,
it can be concluded that the responses of voltages and
frequencies for all DGs are improved by using the
optimized secondary controllers.
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Fig.16. Powers of connected loads for case (2).
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[10]

[11]

[12]

TABLE L PARAMETERS OF TESTED MICRO-GRID.
DGs DG1& DG3 DG2 & DG4
Pliated 36 KW | 27 KW
Qlues | 27 KVAR Q2uated 20 KVAR
mp 9.4x10° mp2 12.533x10°
nql 1.3x10° ng2 1.755%1073
Rcel 30mQ Rc2 30mQ
Lel 0.35 mH Lc2 0.35 mH
Rfl 100 m Q Rf2 100 m Q
Lfl 1350 pH L2 1350 uH
Cfl 0.05 mF Cf2 0.05 mF
XLvl 600 m Q XLv2 600 m Q
Vdcl 750 V Vdc2 750 V
Vrefl 3 Elieﬁ()v Vref2 3 l(;élsk)v
Frefl 50 Hz Fref2 50 Hz
Ts 5x10°° Sec. Ts 5x10°° Sec.
T.L1 T.L2 T.L3
Traani‘;léZSi"n RLI | 230mQ [RL2 | 350mQ [RL3 | 230mQ
LIl |0318mH |LI2 |1.847mH |LI3 0.318 mH

[13]

microgrid test system. The primary control level has been

VIII. CONCLUSION

In this paper, the modeling, analysis, and control
strategy have been performed for VSIs based autonomous
microgrid. Two levels of control have been applied to the

[14]

[13]

utilized for frequency and voltage regulation in addition to
achieving accurate power sharing between paralleled DG [16]
units. While, the secondary control level has been applied
and optimized using PSO technique to compensate any

deviations in frequency and voltage caused by primary
level. Tests have been done on both a microgrid including

[17]

only one DG unit and a microgrid consisting of four DG
units. The optimized secondary controller gives good
performance for both dynamics and steady state.
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