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Enhanced Frequency Droop Method for Decentralized
Power Sharing Control in DC Microgrids

Mohammad Jafari', Saeed Peyghami?, Member, IEEE,
Hossein Mokhtarit, Senior Member, IEEE, and Frede Blaabjerg?, Fellow, IEEE

Abstract— This paper proposes two novel approaches to
improve the superimposed frequency droop scheme for the control
of DC microgrids. Conventional voltage-based control strategies
suffer from issues such as undesirable voltage regulations, poor
power sharing among the sources, and negative effects of line
resistances on the equivalent droop characteristics. To overcome
these challenges, a superimposed frequency droop scheme has
been introduced. However, this method suffers from three major
issues which are (i) instability in terms of load variation which is
due to the location of system dominant poles, (ii) limitation in
system loading due to the limitation in the transferred reactive
power, and (iii) poor voltage quality caused by the injection of the
AC voltage. In this paper, two methods are presented to stabilize
the system and enhance its loading condition, consequently
improving its viability for control of DC microgrid. Furthermore,
system voltage quality is improved by limiting the amplitude of the
injected AC voltage. The effectiveness of the proposed schemes is
shown by different simulations and further validated by
experiments.

Index Terms—Microgrids, DC Microgrids, Superimposed
Frequency Droop Scheme, Injected AC Voltage, System Stability,
System Loading, Voltage Quality.

I. INTRODUCTION

Global paradigm shift towards decarbonization and
economization of energy sector has intensified the necessity of
electric power system modernization. Distributed generations
(DGs) in low/medium voltage grids have revolutionized the
structure of conventional power systems from centralized, top-
down paradigm to distributed, bottom-up manner. Meanwhile,
proliferation of DGs introduces more functionalities to
distribution systems in both grid-connected and islanded
modes. Moreover, microgrid (MG) and smart grid technologies
are facilitating the smarter operation of DGs in a liberalized
environment. Hence, the future power systems will be made up
of clusters of AC-DC MGs [1] as shown in Fig. 1.

Reliable and optimal operation and control of such systems
require strong communication infrastructure to share power and
energy information among the DGs and operators [2].
Hierarchically, MGs can be controlled by three levels of
primary, secondary and tertiary controllers [3]. The primary
control is in charge of local power sharing for preventing
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overstressing the units and voltage/frequency forming by the
DGs. The secondary control is responsible for the
voltage/frequency regulation/restoration in MGs. The tertiary
control is associated with optimal and economical operation of
DGs and MGs. A communication system is required to make
coordination among DGs and MGs for optimal and reliable
operation.

Employing communication among all units in clusters of
MGs in three levels of power and energy management hierarchy
can make the system vulnerable. It introduces control
complexity, high infrastructure investment and low security in
terms of cyber-attacks. Hence, decentralized approaches are
preferred in, at least, the primary and secondary levels of the
control strategy to eliminate the communication systems
consequently introducing low investment costs and high
security. Hence, this paper aims at proposing a decentralized
control approach in DC MGs as a segment of future distribution
systems.

Conventionally, DC systems are controlled using voltage-
based droop control strategies. In these methods, the changes of
each unit voltage work as a signal indicating the power balance
among the sources and loads. These methods are known with
the name of DC bus signaling (DBS) [4]-[7]. However, DBS
methods suffer from some major issues. Unlike frequency in
AC systems, the voltage is a local parameter. Therefore, using
the voltage as a base signal to control the system leads to some
levels of inaccuracy. Besides, transmission line resistances
change the equivalent current-voltage droop characteristics.
This causes poor current-sharing among the sources in a MG,
where some sources might become overloaded. High droop
gains alleviate the effects of transmission line resistances. But,
voltage regulation of the system deteriorates due to severe
voltage drops on the droop gains [3]. To enhance the system
voltage regulation, another level of controller called the
secondary controller is added to the system [8]-[11]. But, the
communication infrastructure used in the secondary controller
affects the overall reliability of the system [12], [13]. In order
to alleviate load sharing errors and voltage drops, adaptive Pl
controllers are adopted for regulating droop gains and
enhancing the performance of secondary controllers in [14]. In
[15], droop gains are adapted regarding the estimated line
resistances in order to alleviate the negative impact of line
resistances. However, both of these methods increase system
complexity and require further communication infrastructure
that affect the system reliability and stability. To increase
power sharing accuracy, a nonlinear droop strategy is presented
in [16]. However, this method increases system complexity and
nonlinearity for large systems. The adaptive droop schemes
presented in [17]-[19] enhance power sharing accuracy of the
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Fig. 1. A general structure of future power systems.

system. However, these schemes are sensitive to line
resistances. In [20] and [21], a new control strategy using the
square of the voltage-power droop characteristic is proposed to
alleviate power-sharing mismatches and ensure system stability
at the presence of constant power loads(CPL). Moreover, a
control strategy with an adaptive droop characteristic is
introduced in [22]. To compensate the voltage drops and
negative effects of line resistances, voltage reference and droop
gains are changed according to the system load level. However,
it must be noticed that all the aforementioned methods suffer
from some levels of inaccuracy in load sharing and voltage
regulation. A master-slave based decentralized approach has
been introduced in [23], where the master unit modulates its
terminal voltage as an AC ripple superimposed on the DC
voltage. While this approach eliminates the communication
systems in DC MGs, its viability in terms of loss of master unit
has not been demonstrated.

To overcome the aforementioned issues, a decentralized
frequency droop control strategy based on a superimposed AC
voltage is presented in [24]. The superimposed frequency droop
method (SFDM) is originally adopted from AC frequency
droop in conventional power systems, where the global
frequency of the system is used to share the loads power among
the plants. Therefore, unlike the voltage which is a local
parameter, using the frequency of the superimposed AC voltage
results in an acceptable control of the MGs. The frequency
droop scheme can appropriately perform the load-sharing and
voltage regulation in a DC MG without utilizing any physical
communication system. However, the performance of system at

AC/DC DC/AC
For two Grids with
different Frequencies

Industrial Facility

Electrical Vehicle

Diesel Generator
AC microgrid

high/low load levels is limited due to the stability issues. This
has been addressed in [25] where the frequency droop is merged
with the conventional droop control. In this approach, a
decentralized secondary scheme is also employed to
compensate the MG voltage drops due to the conventional
droop gains. This introduces control system difficulty in the
case of large DC MGs with several DGs. Thus, this paper
proposes two adaptive schemes in order to improve the
performance of the frequency droop scheme presented in [24]
for a wide range of load variations without any stability issues
and control complexity. In this paper, an adaptive voltage
coupling gain (AVCG) and an adaptive amplitude of the
injected AC voltage (AAIV) schemes are proposed to stabilize
the SFDM and enhance its loading condition. In the proposed
AVCG scheme, the voltage coupling gains are changed
according to the system overall load level to ensure the system
stability. In the proposed AAIV scheme, the amplitude of the
injected AC voltage is adjusted according to the system loading
to improve the system load sharing. Using the proposed
methods, much wider range of loads can be supplied by the
system. Furthermore, the proposed methods do not affect the
system voltage regulation and load-sharing accuracy.

This paper is structured as follows. In section Il, a brief
introduction of the SFDM is provided. This is followed by an
analysis on the effects of voltage coupling gains and the
amplitude of the injected AC voltage on the transferred reactive
power in section Ill. The proposed methods and their small
signal stability analysis are given in sections IV, and V,
respectively. Simulation results are provided in section VI,
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which is followed by the experimental results in section VII.
Finally, section VIII concludes the paper.

Il. THE SUPERIMPOSED FREQUENCY DROOP METHOD (SFDM)

The main idea of the SFDM is adopted from AC systems,
where the system global frequency is used for the power sharing
among the plants. In this method, a small AC voltage is injected
to the main DC system, where the frequency of this injected AC
voltage is proportional to the output DC current of the
corresponding source. The power balance among the sources is
ensured using a frequency droop characteristic [24]. At steady
state operation of the system, all the sources are synchronized,
and the frequency of the superimposed AC voltage of the
sources is calculated as:

f=f,-ml,, k=1..,N 1)
where f is the system frequency, frr is the system reference
frequency, N is the number of sources, and Ix and my are the
output DC current and frequency droop gain of the k™ source.

In SFDM, the transferred reactive power works as a coupling
power among the sources, and is used to regulate the DC
voltage of the sources [24]. Source voltages are calculated as
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Fig. 5. Effect of voltage coupling gains and the amplitude of the injected AC
voltage on the system maximum loading (15 < Rgag < 250 Q, m; = m, = 0.15)
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o

o

(2) in the SFDM. Fig. 2 shows a typical DC MG with two
sources and local loads. The control block diagram of the
SFDM is depicted in Fig. 3, where the superimposed AC
voltage Vack With a constant amplitude of A is given to the input
of the convertor controllers.

Vi Voo —4,Q, , k=1..,N 2
where Vpc ref is the MG reference voltage and V is the voltage
of the k™ source. Qx and dy are the injected reactive power and
the voltage coupling gain of the k" convertor.

The applied LPF in Fig. 3 is for damping and filtering out
power oscillations and does not have any impact on the steady
state operation of the system [25]. The schematic of the applied
frequency droop characteristic is depicted in Fig. 4(a). As
shown in this figure, the frequency of the injected AC voltage
is proportional to the current of the corresponding source and
will decrease as the load increases. The DC voltage of a typical
source and its variation in terms of the injected reactive power
is depicted in Fig. 4(c). As shown in this figure, DC voltage of
the buses are regulated using the transferred reactive power
[25]. In other words, the transferred reactive power changes the
DC voltages in such a way to synchronize the frequency of the
injected AC voltage of all the sources. As shown in Fig. 3 and
Fig. 4(c), the transferred reactive power affects the DC voltage
of the sources. The DC voltage of the sources have a direct
impact on DC current of the loads and, therefore according to
(1), they will affect the frequency of the injected AC voltage.
As shown in Fig. 3 and Fig. 4(b), the frequency of the injected
AC voltage has a direct impact on the angle of the injected AC
voltage i.e. 0. The angle of the injected AC voltage directly
affects the transferred reactive power, which will be further
discussed in section Ill. This loop shows how the transferred
reactive power, the DC voltage of the sources, and the
frequency of the injected AC voltage change in order to achieve
an accurate control of the system [25].



I1l. TRANSFERRED REACTIVE POWER AND THE EFFECTIVE
PARAMETERS

For simplicity, the test system in Fig. 2 with two DGs is
considered. According to [24] and noting that the load does not
consume any reactive power, the required transferred reactive
power among the two sources at steady state operation of the
system is calculated as:

VDC,ref (mer B m2r1)

@ R g e m) rrdm, +rgm,
where r1 and r, are the transmission line resistances and Ryoad iS
the load resistance.

For the system in Fig. 2, the voltage of the buses and the load
current can be calculated as:
{Vk =Vpee +1 1, , k=12
Vpcc =

low =141, . (5)

By putting the value of Q from (3) into (2), the value of the

sources voltages can be calculated. Therefore, using the

calculated bus voltages, (4) and (5), the value of lioad IS
calculated as (6).

4)

RLoad I Load

VDC,ref (dl +d2)(m1 + mz)

RLoad (dl +d2)(m1 + mz) + rlemZ + rZdlml
By finding Rioad according to li0aq from (6) and placing it into
(3), the value of the transferred reactive power in terms of the

load current is calculated as (7).
= x m,r, —m,h 7
© e )m, +m) Y
Using (7) for the system in Fig. 2, variations of the
transferred reactive power in terms of load variations is
depicted in Fig. 5. As shown in this figure, the transferred
reactive power increases as the system load increases.
However, with a constant amplitude of the injected AC voltage,
the maximum transferrable reactive power is limited. The
injected reactive power of the two sources, and the maximum
transferrable reactive power at the steady state operation of the

system are calculated as [24]:

(6)

ILoa;d =

A2

Q; = ——sind
2(T1+TZ) ' (8)
QZ =T 2(r1+7132) sing
A2
= 9
O 2 v ) ©

where § = d1 - d2, and d; and J- are the angle of the injected AC
voltage of the sources one and two.

As shown in Fig. 5, the maximum loading of the system
depends on both the voltage coupling gains and the amplitude
of the injected AC voltage. The higher the amplitude of the
injected AC voltage, the higher the maximum loading of the
system. This is also true for the voltage coupling gains.
Variations of the transferred reactive power in terms of the
variation of the voltage coupling gains at a constant load is
shown in Fig. 6.

With a constant value of the injected AC voltage amplitude
and the voltage coupling gains, the maximum loading of the
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Fig. 7. Proposed adaptive schemes (a) adaptive voltage coupling gain (AVCG)
(b) adaptive amplitude of the injected AC voltage (AAIV).
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system is limited. High values of the voltage coupling gains and
the injected AC voltage amplitude enhance the system loading
condition. However, the system stability is another concern at
low loads. This is due to the location of the system dominant
poles. In these cases, the imaginary parts of the system poles
are high, and the system damping ratio is low. This leads to
system instability at low loads. This matter is further explained
and simulated in section V and VI. Moreover, high amplitude
of the injected AC voltage deteriorates the voltage quality of the
system. Then, the system stability, loading condition and
voltage quality are the main challenges in choosing the voltage
coupling gains and the amplitude of the injected AC voltage. In
fact, it is not possible to accomplish all these challenges with
constant values of the voltage coupling gains and the injected
AC voltage amplitude.

IVV. PROPOSED ADAPTIVE CONTROL METHODS

As mentioned in section I, it is only possible to supply a
limited range of system loading with a constant value of the
injected AC voltage and the voltage coupling gains. Therefore,
an adaptive voltage coupling gain and an adaptive amplitude of
the injected AC voltage can be applied to solve the stability
issue and enhance the system loading condition. The two
methods presented have the same effect on system overall
stability, and they can be used to ensure system stability at
different loadings.

A. Adaptive Voltage Coupling Gain (AVCG)

As shown in Fig. 6, voltage coupling gains have a major
effect on the transferred reactive power. High voltage coupling
gains decrease the transferred reactive power at a constant load,
and the transferred reactive power reaches its maximum at
higher loads. Therefore, higher loads can be supplied with high
coupling gains. However, the system stability is affected at low
loads due to the low damping ratio of the system. This is further
explained in section V. Therefore, high droop gains at high



loads, and low droop gains at low loads are required for stable
operation of the MG. This is the basic concept of the proposed
AVCG scheme. In the proposed scheme, the coupling gains are
adjusted regarding the system overall load level.

The coupling gains must be set according to the system
loading level. Therefore, a criterion is required to determine the
overall loading of the system. The system frequency is one of
the best choices for this purpose. In the SFDM, the system
frequency drops as the load increases, and therefore, it is
proportional to the overall loading level of the MG. Besides, it
is a global parameter, and is available in the whole MG. The
proposed AVCG scheme for the SFDM is presented in Fig.
7(a). The sources voltage coupling gains are determined as:

di :dmin +ay (fref —f ) (10)
where aq is the change ratio of the voltage coupling gains
according to the system frequency, dmin is the voltage coupling
gain at no-load condition, and di; is the voltage coupling gain of
the i source.

The accepted trend in controlling DC grids for voltage
regulation is to regulate the average voltage of the voltage-
controlled buses and to make sure that it is equal to the system
reference voltage. Therefore, due to the voltage regulation
considerations, dmin and aq of all the sources must be equal. This
leads to the equality of all the sources voltage coupling gains at
steady state operation of the system. Hence, using the proposed
AVCG scheme, the average voltage of the voltage controlled
buses is equal to the system reference voltage. With refer to
[24], the average voltage of the voltage controlled buses at the
steady state operation of the system is as:

1

N 1 N
Vaverage :Wé\/k :W;(\/Dc,ref _dek):VDC,nef - N

d

(11)
At the steady state operation of the MG, the sources output
currents are related as [24]:

L_m (12)

Therefore, the output DC currents of the sources can also be
used for determining the voltage coupling gains. substituting (1)
into (10) yields:

d, =d_, +o,ml, .
d, —d, d._—d
fo—f m; 1,

ref min i"i,max

oq is calculated as (14), where fmin and dmax are the system
frequency and the sources voltage coupling gains at the system
maximum loading. limax is the rated current of the i source. It
must be noted that dmax/ dmin must be chosen in such a way that

(13)
(14)

max min _ min

C(d=

7ZQk =V DC ref *

Voltage Current

Ctrl Ctrl

the system has an acceptable and stable performance at the
maximum /minimum loading of the system.

For the system in Fig. 2, the transferred reactive power with a
constant coupling gain and the proposed AVCG scheme is
depicted in Fig. 8. Having used the proposed AVCG scheme,
the transferred reactive power stays within an acceptable range.
Therefore, it is possible to supply higher loads with lower
amplitude of the injected AC voltage. Hence, the voltage
quality of the system is also enhanced.

The control block diagram of the proposed AVCG scheme is
shown in Fig. 9(a). As shown in this figure, the frequency of the
injected AC voltage is determined by its corresponding
frequency droop characteristic, and the DC voltage of the
source is regulated using the transferred reactive power and the
proposed AVCG.

B. Adaptive Amplitude of the Injected AC Voltage (AAIV)

As mentioned, with a constant value of the injected AC
voltage and the voltage coupling gains, it is only possible to
supply a limited range of loads. Using a high amplitude of the
injected AC voltage, higher loads can be supplied by the MG.
However, system instability at low loads and poor voltage
quality are the main concerns in this case. With low amplitude
of the injected AC voltage, the system voltage quality and
stability are desirable at low loads. However, due to limitation
in the transferred reactive power, the system maximum loading
is limited.

In the proposed AAIV scheme, the amplitude of the injected
AC voltage is determined according to the system load level. In
the SFDM, the system frequency and the DC current of each
source can be used to determine the overall load of the MG. For
AALV, variation of the amplitude of the injected AC voltage in
terms of the system load is depicted in Fig. 7(b), and the
amplitude of the injected AC voltage is determined as:

A= Amin +ay (f ref —f ) (15)
A=A, ta,ml, (16)
a, = Amax _Amin — Arnax _Amin (17)

m. .

where Amax and Amin are the amplitude of the injected AC
voltage at full-load and no-load conditions. aa is the change
ratio of the injected AC voltage amplitude according to the
system frequency. It is crucial to design Amax/Amin Such that the
system has a stable performance at the maximum /minimum
loading of the system.

Using the proposed AAIV, the system stability is ensured and
its loading condition is enhanced. Besides, the amplitude of the
injected AC voltage is restricted at low load levels. Therefore,

fref _fmin

|

|
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Fig. 9. Control block diagram of the proposed adaptive schemes for the k™ source (a) adaptive voltage coupling gain (AVCG) (b) adaptive amplitude of the

injected voltage (AAIV).
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the voltage quality of the system is improved at low loads. For
the system in Fig. 2, variations of the maximum transferred
reactive power in terms of the system load current is depicted
in Fig. 10. As this figure shows, the maximum transferrable
reactive power is regulated according to the system loading, and
the transferred reactive power is always below the limited
value. The control block diagram of the proposed AAIV
scheme is depicted in Fig. 9(b). As shown in this figure, the
frequency and amplitude of the injected AC voltage is
determined by the output DC current of the corresponding
source.

V. SMALL SIGNAL STABILITY ANALYSIS

In this section, the stability of the proposed schemes is
analyzed using the small signal stability analysis. According to
[25], in the SFDM, the converter and its inner controllers are
designed in such a way to have much higher bandwidth as
compared to the frequency of the injected AC voltage.
Therefore, due to the fast dynamics of the inner voltage and
current controllers, the performance of the system associated
with the power-sharing loop is only investigated.

A. AVCG scheme

At the steady state operation of the system in Fig. 2, source
voltages, the PCC voltage, and ¢ are as [24]:

V, =V 411, (18)
Vice =R (1:+15) (19)
5=Zs—ﬂ(mzlz—mlll) (20)

where Vpcc is the voltage of PCC, and S is the Laplace operator.
Substituting (13) into the linear form of (2) yields:

Avl = _dloG(s)AQl _QlOG(s)Adl
sz =~ _dzoG(s)AQz _QZUG(S)AdZ

where dio and dyo are the voltage coupling gains, and Qi and
Q2o are the injected reactive power of the sources one and two,
respectively. G(s) is the low-pass filter with the cutoff
frequency of w¢ (G(S) = we/(S+we)).

Substituting (21) and the linear model of (8) into the linear
models of (18) and (19), the linear models of I, and I, are
calculated. Substituting 471 and 41, into the linear model of
(20), the characteristic equation of the system using AVCG is
found as:

(21)

b
9

where 1 and g are calculated as:
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Fig. 11. Variation of the system dominant poles location (m; = m, = 0.15) (a)
effect of increasing the load in SFDM (15.3 < Rjead < 100 Q) (b) effect of
increasing the voltage coupling gains in the SFDM (0.6 < d < 6) (c) effect of
increasing the amplitude of the injected AC voltage in SFDM (5.4 < A< 15V)
(d) effect of increasing the load in the proposed AVCG (15 < Ripad < 250 Q)
(e) effect of increasing the load in the proposed AAIV (15 < Rjpag< 250 Q).

9, =nhh +Riy (rl + |’2) (23)
dm[mz +m, (r2 * Rlan:; _QloamZ)J

B = 270K ;R o o (24)

+d zo(ml +m, (1, + Rigag +Qmam1)]

RIoeud
where K; in (20) is calculated by linearizing (2) as:
2

5 0SS, - (25)

T2+ )

Using the SFDM for the system in Fig. 2, and with d; =d, =
2.5 and A =10V, variations of the system poles in terms of load
variation is depicted in Fig. 11(a). With constant coupling gains
and constant amplitude of the injected AC voltage, the variation
of the system poles location in terms of load variation is very
high. Therefore, the system stability is the main concern in the
SFDM. As shown in Fig. 11(a), the imaginary parts of the
system poles are very large at low loads, and the system
damping ratio is low. This results in an unstable operation of
the system at low loads. At high loads, the system poles move
toward the imaginary axis, which results in system instability.

The effect of the voltage coupling gains on the location of the
system poles at constant load and A = 10V is depicted in Fig.
11(b). As shown in this figure, increasing the voltage coupling
gains alleviates the effect of increasing the load on the system
poles location. Using (18) for the proposed AVCG, and with
A=8V, dmin=1.3, and aq = 1.65, the location of the system poles
at different load levels is depicted in Fig. 11(d). Using the
proposed AVCG, the system damping ratio is high at low loads.
As the load increases, the system poles move away from the
imaginary axis. Therefore, the proposed ADVG guarantees the
stable operation of the MG at all load levels, and a much wider
range of the loads can be supplied by the system.



TABLE |
PARAMETERS OF THE APPLIED BOOST CONVERTOR FOR SIMULATIONS [24]

Symbol Definition Value
Vin, Vout Input, Output voltage 540V, 700 V
Lge, Cac DC inductor, capacitor 2 mH, 500 pF
fow Switching frequency 20 kHz
Kov+kKiv/S Voltage controller 1.5+ 20/S
Kpit+kiilS Current controller 0.05 + 1/S
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Fig. 12. Simulation results for the SFDM (m;=m,=0.15,A=8V,d;=d,=
5) (a) source currents (b) frequency of the injected AC voltage of the sources.

B. AAIV scheme

For the system in Fig. 2, substituting the linear model of (16)
into (8) yields:

AQ, =—k,m,Al, —k,AS (26)
AQ, =k,m,Al, +k,Ad
where ki and k; are calculated as:
k, = 2% gin 5,
M+,
) (27)
AO
» =————C0SJ, .
2(r,+1,)

Using (26) and the linear models of (2), (18)- (20), the
characteristic equation of the system using AAIV is calculated
as:

sz+wcs+&:0 (28)
92
where 5, and g are calculated as:
9, =nrL+Ry (|’1+I’2)+k1d2m2(Rload +1,) (29)

7k1d1m1(Rload +r2)7k12d1d2m1m2
ml{dlx (Rload + rZ + k1d2mz) +d2J
load

. 0
(Rload +r1_k1d1m1)] ( )

load

B, =27R 5K 0,
+m2[d1+d2x

At constant load and di =d, = 2.5, the effect of increasing
the amplitude of the injected AC voltage on the location of the

system poles is depicted in Fig. 11(c). As shown in this figure,
increasing the amplitude of the injected AC voltage mitigates
the effect of the load increase. For the MG using the proposed
AAIV, and parameters of di =d2 = 5, Amin = 4V, and aa
=1.7V/Hz the root locus is depicted in Fig. 11(e). At low loads,
the imaginary part of the system poles is very low which yields
a high damping ratio, and a desirable operation of the system at
low loads. At high loads, the system poles move away from the
imaginary axis. Having used the proposed AAIV, the poles of
the system are located within an acceptable area, and a much
wider range of the loads can be supplied by the MG.

Comparing the root locus of the two proposed strategies in
Fig. 11(d) and Fig. 11(e) shows that the two methods proposed
in the paper have almost similar effects on the overall
performance of the system and both can be used to solve the
instability problem of the SFDM.

VI. SIMULATION RESULTS

In this section, three simulation cases are provided to study
the performance of the proposed adaptive control strategies. In
case |, the instability of the system using the SFDM is
investigated at low and high loads. The performance of the
proposed AVCG and AAIV schemes are simulated in the cases
I1 and 11, respectively. The simulated system is shown in the
Fig. 2, which includes two boost convertors as the power
sources that are connected to PCC. The boost convertor
parameters and its inner controllers are given in Table I.

A. Case |: SFDM

In this case, the performance of the SFDM is investigated
through the simulations and the results are shown in Fig. 12. As
mentioned earlier, with the SFDM, only can a limited range of
the loads be supplied by the system. This is shown in Fig. 12,
where the system reaches instability at high loads due to the
limitation in the transferred reactive power. The system
performance is acceptable at 10,0 =20 A. However, as shown in
Fig. 12, the system performance is not desirable at low loads
due to the low damping ratio. Increasing/decreasing the voltage
coupling gains or the amplitude of the injected AC voltage
enhances the system performance at high/low loads. However,
this will deteriorate the system performance at wide range of
load variation.

B. Case Il: proposed AVCG scheme

In this case, the performance of the proposed AVCG is
simulated at different load levels, and the simulation results are
depicted in Fig. 13. The load current varies from high levels
down to the low levels, and the system works perfectly at all
load levels. The system frequency profile is depicted in Fig.
13(b). In fact, the stability of the system frequency attests the
perfect performance of the system at all load levels using the
proposed AVCG scheme. The source voltages and the average
voltage of the voltage-controlled buses are depicted in Fig.
13(c). As shown in this figure, the system presents a perfect
voltage regulation, and the average voltage of the voltage-
controlled buses is equal to the MG reference voltage. The
injected reactive power profile of the two sources is depicted in
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Fig. 13(d). As shown in this figure, using the proposed AVCG
scheme, the transferred reactive power stays in an acceptable
range.

For further validation of the proposed AVCG scheme,
another power source with a line resistance of 3 Q is connected
to PCC, and the new system is simulated under low and high
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loadings. Parameters of the third source are like the other two
sources. Results are provided in Fig. 16. At low load i.e. Rioad
=60 Q, the system is stable and all the frequencies of the three
sources are synchronized, and the load is equally supplied by
the sources. As depicted in Fig. 14, the load is increased to 34A



att = 2.5 Sec. As shown in Fig. 14(b), the frequencies of the
injected AC voltages synchronize to a new value, and system is
stable at high loading of the system. The profile of the DC
voltages and the average voltage of the buses are depicted in
Fig. 14(c). As shown in this figure, the average voltage of the
voltage controlled buses is equal to the system reference voltage
which attests the desirable voltage regulation of the system
using the proposed AVCG scheme.

C. Case IlI: proposed AAIV scheme

The performance of the proposed AAIV is investigated
through the simulation results for the system in Fig. 2. As
shown in Fig. 15(a), the load is equally supplied by the two
sources at different load levels, and the power-sharing accuracy
is desirable. The sources injected frequencies are shown in Fig.
15(b). As shown in this figure, the injected frequencies
converge to a constant value, which shows the system stability.
The DC voltage of the sources are depicted in Fig. 15(c). Due
to the equality of the voltage coupling gains, the average
voltage of the sources is equal to the MG reference voltage, and
the system voltage regulation is acceptable. The maximum
transferrable reactive power and the profile of the transferred
reactive power for the system using the proposed AAIV is
depicted in Fig. 15(d). As shown in this figure, the maximum
trnasferrable reactive power is adapted regarding the loading of
the system in a way to ensure the propper performance of the
system.

The performance of the proposed AAIV is further validated
by connecting another power source with the line resistance of
3 Q to PCC of the system in Fig. 2. The system performance is
simulated at high and low loadings and the results are presented
in Fig. 16. Fig. 16(a) shows the sources currents which shows
that the sources equally supply the load current at different
loadings of the system. As depicted in Fig. 16(b), the frequency
of the injected AC voltage of the three sources are synchronized
at both high and low loadings of the system which shows the
system desirable and stable performance. The profile of the
source DC voltages and their average value is depicted in Fig.
16(d). As shown in this figure, the average value of the source
voltages is equal to the system reference voltage which attests
the desirable voltage regulation of the system.

VII. EXPERIMENTAL RESULTS

In order to validate the proposed adaptive control strategies,
a laboratory prototype is implemented. The utilized prototype
contains two boost convertors controlled by their digital signal
processors (DSP) as shown in Fig. 17. The two convertors are
connected to the load through the line resistances. Parameters
of the applied microgrid and its control systems are summarized
in Table Il. The test results for the two proposed methods
(AVCG and AAIV) are provided and compared with those the
SFDM in the following.

A. Casel: SFDM

In this case, the performance of the SFDM is validated. For
the system shown in Fig. 17 with the parameters given in Table
Il, the test results are presented in Fig. 18(a). The load is

TABLE I
PARAMETERS OF THE IMPLEMENTED PROTOTYPE AND ITS CONTROL SYSTEM
Symbols Parameter Casel | Case2 | Case3

o £
=] - -
g’ 2 r,n line resistances 2.1,5Q
o g Vet reference voltage 205V
S ©

= f reference frequency of 50 Hz

injected AC voltage

o Lac DC inductor 1.8 mH
e Cuc DC capacitor 560 uF

[
% E fw switching frequency 20 kHz
§ g Vin Input voltage 160 V
§ S| kptkifS Voltage controller 0.2+0.3/S
@ Kpit+kiilS Current controller 0.0001 + 0.001/S

Line 1 \
& WA

\.\.\\\\\\ -
Line 2 %\\\/
W

i 1 b '__'Tﬂli lﬁ_
Line1 /

(b)

Fig. 17. Implemented test setup; (a) photograph of the applied prototype, (b)
schematic of the test system with two boost converters.

increased from 3 A to 7.6 A during the test. As shown in Fig.
18, the system performance and current sharing accuracy is not
desirable as the load increases.

B. Case2: AVCG scheme

The performance of the proposed AVCG scheme is verified
in this case. Fig. 18(b) shows the stable operation of the system
for two load levels. Furthermore, the performance of the
proposed AVCG scheme is tested for different load currents as
shown in Fig. 19. Based on this figure, the system is stable at
all load levels and the system current sharing accuracy and
performance are desirable. Therefore, as compared to the
conventional method, the proposed AVCG scheme guarantees
the system stable performance at all load levels.
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C. Case3: AAIV scheme

The test results for the system using the proposed AAIV is
provided in Fig. 20. The load is changed several times during
the test. As shown in Fig. 18, the system is stable at all load
levels, and the load is equally supplied by the two sources.
Therefore, as compared to the conventional method, the system
stability in terms of load variations is ensured using the
proposed AAIV scheme.

The effectiveness of the proposed AAIV scheme is further
investigated under unequal convertor ratings (m: = 0.3, my =
0.15) through the tests and the results are provided in Fig. 21.
As shown in this figure, the system is stable at all load levels
and its performance is acceptable. Also, the load current is
shared among the two sources proportional to their ratings at
different system loadings.

VIII. CONCLUSIONS

This paper has proposed two new approaches to enhance the
performance of the SFDM for the control of DC-MGs.
Considering the limited transferable reactive power in the
SFDM, only can a limited range of the loads be supplied by the
system. Furthermore, the SFDM suffers from some levels of
instability and voltage quality issues. Using the two proposed
methods, the system maximum loading is increased, and the
system stability is ensured. Furthermore, the system voltage
quality is enhanced. In the proposed AVCG, an adaptive
coupling gain is used, and the equivalent coupling gains are
regulated regarding the overall load of the MG. This keeps the
transferred reactive power within the acceptable area, and
makes it possible to supply higher loads with a lower amplitude
of the injected AC voltage. Therefore, this method enhances the
system voltage quality. In the AAIV, the amplitude of the
injected AC voltage is regulated according to the MG loading
condition. This enhances the system voltage quality and loading
condition. The proposed schemes locally control the sources
and do not require any communication infrastructure. The
performance of the proposed methods has been tested by
different simulations and further validated by experiments.
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