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Abstract: This study proposes a new decentralised non-linear I–V droop control to achieve current sharing and voltage
restoration for paralleled DC nanogrids (DCNGs) in a cluster. The performance of the conventional droop methods in current
sharing among parallel converters degrades due to line impedances. The proposed method improves current sharing among
the DCNGs with parallel-connected converters by considering the effect of line impedance, which is an important issue in
practical applications. By the proposed method, desired current sharing from the light-load to heavy-load condition is achieved.
Since only local information (the output voltage and output current of the DCNGs) is used, the proposed method is fully
decentralised, and no communication infrastructure is required, which improves the reliability and stability of the overall system.
Furthermore, Lyapunov stability theory is applied to investigate the stability of the proposed method. Additionally, the plug-andplay feature is achieved as an important desired functionality in the DCNGs as well as the proposed method provides scalability
and modularity for the DCNGs in a cluster. In the end, theoretical analysis and experimental results validate the effectiveness of
the proposed control framework for different scenarios.

1

Introduction

By utilising renewable energy sources (RESs) and energy storage
systems (ESSs), the concept of the DC microgrids (DCMGs) has
been introduced for more reliability, power quality, efficiency, and
environmental concerns [1]. Recently, the DCMGs have gained
more popularity due to the benefits such as the absence of reactive
power and harmonic issues, simplicity in control, and higher
efficiency in comparison with the AC microgrids. Moreover,
intrinsic DC voltage and current output of the RESs and ESSs
enhanced the efficiency in the DCMGs due to fewer number of
power conversions, respectively. Similarly, the growth of DC loads
and end-user appliances such as computers and light-emitting
diodes caused more attention to the DCMGs [2]. However, by the
interconnection of multiple DC nanogrids (DCNGs) based on the
number of loads, low-power DCNGs clusters have been introduced
[3]. As shown in Fig. 1, in the DCNGs structure, RESs and ESSs
are connected to the load or DC bus through DC–DC power
electronic converters. To have more flexibility and stability during
several loading conditions, the parallel operation of the DCNGs in
a cluster is preferred [4].
With paralleling of several converters in a cluster, currentsharing issues are appearing. To have proper current sharing and
voltage regulation in the DCNGs cluster, several control strategies
have been proposed in the literature. On the basis of well-defined
structure control in [5], three-level hierarchical controls have been
presented known as primary, secondary, and tertiary control levels.
Primary control generally follows the set points given by the
secondary control level to perform the control of power, voltage,
and current, locally. Secondary control generates the reference
values of current and voltage on the top of the primary control.
This control level is responsible for the power quality,
synchronisation of microgrid, coordination among RESs and ESSs,
and so on. Finally, tertiary control is used for optimisation and
management in the overall system [6]. To have a proper
performance in secondary and tertiary control levels, a
communication structure has been developed for sharing data
between agents in the DCNG cluster, which lead to coordinated

control among the DCNGs. On the basis of the structure of
communication links, centralised and distributed controls have
been presented to achieve voltage regulation, current sharing, and
power management in the DCNG cluster [7–9].
In another classification, DCNGs control strategies can be
generally categorised into two main structures known as master–
slave and droop control [10]. Master–slave scheme suffers from the
single point of failure, which means the operation of the whole of
DCNG depends on the operation of the master agent in a cluster
[11]. To overcome the above drawback, the droop control method
has been adopted in several studies in primary control level, which
improves the reliability of the DCNG cluster [12–14]. Meanwhile,
by implementing a conventional droop control method, the voltage
reference linearly increased when the output current decreases by
using a virtual resistance and it is evident that the output voltage
deviates from the nominal value. Moreover, to have a proper
current sharing in paralleled converter with a conventional droop
control method, the virtual resistance should be adopted large, but
large virtual resistance causes more deviation in the voltage [12].
To improve the accuracy of the current sharing in a DCNG
cluster, several control schemes based on adaptive droop control
have been presented [15]. In [16], a state-of-charge (SOC)-based
adaptive droop control is proposed, which adaptively changes the
droop gains to achieve current sharing between paralleled
converters. To improve the transient current sharing among the
DCNGs, Dragicevic et al. [17] suggested an adaptive droop control
based on the SOC. However, in these methods, the effect of the line
impedance is not considered.
In [18–20], droop control methods based on the communication
link are proposed. In [21], the average current sharing is proposed,
in which the average current is calculated with global measurement
in a cluster. To achieve current sharing and voltage restoration
simultaneously, master–slave, centralised [6], and distributed
controllers in secondary and tertiary control levels are proposed in
[22]. The method in [7] tries to enhance the current sharing among
the paralleled DCNGs and restore voltage in nominal value.
However, these strategies require a communication network for an
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appropriate operation, which affects the reliability of the system
and increases the cost of implementing the system.
In a new paradigm, the non-communication decentralised droop
control schemes are proposed, which are easier to implement. To
achieve current sharing in a decentralised manner in [23], an
adaptive droop control based on the superimposed frequency is
proposed. In this method, due to the superimposed small AC
voltage, the power quality of the system degrades with oscillations
in voltage and current. Moreover, in [23–25], several decentralised
droop control methods are proposed to improve the current sharing
among the DCNGs in a cluster. They also present high reliability,
plug-and-play feature, and modularity. However, in these methods,
the effect of line impedance has not been considered. Moreover, in
[26], a non-linear V–I droop control is proposed to achieve current
sharing and voltage restoration. However, Wang et al. [25], without
the consideration of the line impedance, showed that the I–V droop
control method represents faster dynamics comparing with the V–I
droop control, which is better to use in current sharing among the
DCNGs in a cluster.
Therefore, to rectify these limitations of the aforementioned
strategies, in this paper, a novel decentralised non-linear I–V droop
control is proposed, which considers the effect of the line
impedance. In the proposed method, the current sharing and
voltage restoration among the DCNGs in a cluster enhance by
adjusting the proper droop gain based on the local measuring of the
output voltage and output current of each DCNG. The major
novelties of the proposed method are: (i) accurate current sharing
among the DCNGs in light and heavy-loading conditions with
different line impedance; (ii) only local information is used and no
communication is needed due to the fully decentralised control
method; (iii) plug-and-play capability is achieved in the case of the
connection and disconnection of the DCNGs; and (iv) regulation
voltage is guaranteed in an acceptable range.
The remaining part of this paper is organised as follows: the
modelling of the DCNGs is provided in Section 2. In Section 3, the
current sharing between two DCNGs is reviewed. In Section 4, the
proposed non-linear I–V droop control is introduced. Section 5
includes the stability analysis of the system. In Section 6, the
experimental results are presented. Finally, this paper is concluded
in Section 7.

Fig. 1 Parallel DCNGs in a cluster

According to the DC bus voltage and output voltage of the PVs, the
PVs are connected to the DC bus via boost or buck converters.
2.2 Battery ESS
Utilisation of the ESSs such as lithium-ion batteries in the DCNG
can improve the reliability and efficiency of the islanded DCNG
cluster. Battery ESS can be modelled with a controllable voltage
source and internal resistance as follows:
E = E0 −

2 Modelling of the DCNGs
As illustrated in Fig. 1, in the islanded DCNG cluster, several
parallel DCNGs including the photovoltaic (PV) systems and ESSs
are connected to the DC bus, which are controlled with droop
control to achieve power sharing among DCNGs. In the following,
each of the PV systems and ESSs in the DCNG are further
investigated.
2.1 PVs systems
PV systems can convert the solar energy to electrical energy
directly. The electrical characteristic of the PVs array can be
expressed as [20]
IPV = NpIph − NpIrs exp

qV PV
−1
kT T AIFNsNc

(1)

where IPV and V PV are the current and voltage of the PV system,
respectively; Ns and Np are the number of the series-connected
modules per string and parallel string, respectively; Iph is the shortcircuit current of the one string; Irs is the diode reverse saturation
current; Nc is the number of the series cells per module; k is the
Boltzman's constant; q is the unit electric charge; T T is the P–N
junction temperature in Kelvin; and AIF is the ideality factor. The
PV temperature characteristic can be considered as a function of
the ambient temperature and the solar irradiation as follows:
dT T
V PVIPV
1
=
k
ϕ−
− kloss T c − T a
dt
CPV in, PV
APV

(2)

∫ i dt

KQ
+ A exp −B
Q − ∫ i dt

(3)

Moreover, the SOC of the battery can be written as
SOC = 100 1 −

1
Q

∫ i dt

(4)

where Q is the capacity of the battery. More details of the battery
modelling and definition parameters can be found in [21].
As mentioned before, the paralleled DCNGs in the stand-alone
DCNG cluster are controlled to achieve proper voltage regulation
as well as current sharing among DCNGs. In the following section,
to realise this goal, current-sharing issue in the droop-based control
methods is presented.

3

Current sharing in droop-based control

In a DCNG cluster, several parallel sources are connected to the
DC bus through cables to deliver the power to the loads. With
respect to the location of sources and common load, the cables
have different lengths in a cluster. On the basis of the current rating
of the DCNGs’ cable, various cables have different equivalent
resistance. Moreover, different length of the cable of each DCNG
in a cluster leads to unequal resistance and degrades the current
sharing among the DCNGs. To analyse this issue, two parallel
DCNGs are considered, which are connected to the common load.
The equivalent circuit is shown in Fig. 2a, where V 1 and V 2 are the
output voltages of the DCNG1 and DCNG2, respectively. R1 and R2
are the line resistances between each DCNG to load terminal,
respectively. RLOAD is the equivalent resistance of the common
load. Let, the designed droop resistances of the DCNG1 and
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DCNG2 are Rd1 and Rd2, respectively. The droop law can be written
as follows:
V i = V ∗ − Rdi Ii

(5)

where Rdi and Ii are the droop resistance and current of the ith
DCNG, respectively. V ∗ is the set point voltage and V i is the output
voltage of the ith DCNG. The droop resistance can be defined as
Rdi =

ΔV
Imax

(6)

where ΔV and Imax are the desired voltage deviation from reference
voltage and maximum output current of the DCNGs, respectively.
Furthermore, the total resistance from the DCNGs to the load
can be calculated as follows:
Rd′1 = Rd1 + R1

(7)

Rd′2 = Rd2 + R2

(8)

Applying Kirchhoff's laws to the equivalent circuit in Fig. 2a yields
I1 =

RLOAD(V 1 − V 2) + V 1 R′d2
R′d1 R′d2 + RLOAD R′d1 + RLOAD R′d2

(9)

I2 =

RLOAD(V 2 − V 1) + V 2 R′d1
R′d1 R′d2 + RLOAD R′d1 + RLOAD R′d2

(10)

ki =

ΔV
Ii, max

(15)

n

On the basis of (14), the droop resistance expression can be derived
as
Rdi =

dV i
= n ki Ii
dIi

n−1

(16)

As shown in Fig. 3, for different values of n, the droop resistance
changes from no load to full load. To have a symmetrical operation
for a bidirectional converter, the current is considered from −1 to 1.
From Fig. 3, it can be seen that when n > 1 the value of the droop
gain is close to zero under light-loading conditions; moreover, in
heavy-loading conditions, the value of the droop gain is higher than
the linear droop. For n = 1, regardless of the output current of the
converter, the droop gain is constant and it is the linear droop
method.
It is obvious that linear droop method in heavy-load condition
has undesirable performance due to small droop gain and the
current sharing is degraded. Moreover, about the non-linear droop
methods, this phenomenon is appearing for light-load conditions.
Therefore, to have a good performance through all loading
conditions, by merging the good features of these methods, a novel
non-linear I–V droop is presented in the next section of this paper.

where I1 and I2 are the output currents of the DCNG1 and DCNG2,
respectively. The difference between the currents of the two
paralleled DCNGs is given by
I1 − I2 =

2(V 1 − V 2)
(R′d1) + (R′d2) + ((R′d1) (R′d2))/RLOAD
+

V 1 (R′d2) − V 2 (R′d1)
(R′d1) (R′d2) + (R′d1) RLOAD + (R′d2) RLOAD

(11)

The load current with respect to Fig. 2a can be obtained as
V bus = V 1 − I1R′d1 = V 2 − I2R′d1
ILOAD = I1 + I2

(12)

If the set point voltage of two DCNGs is the same, the current
sharing will be as below:
I1 Rd2 + R2
=
I2 Rd1 + R1

(13)

It means that the DCNG with larger line resistance injects less
current to the load. As discussed in [26], using droop resistance can
improve the current sharing among the DCNGs. From Fig. 2b, it
can be seen that the high droop gain yields better current sharing.
However, high droop gain affects the voltage deviation [12].
Therefore, in the droop control strategy, it is a trade-off between
current sharing and voltage regulation. Moreover, the difference of
the line resistance, which is inevitable in practical application,
affects the current sharing.
To have proper current sharing and good voltage regulation in
the droop control, optimisation on the droop resistance trajectory
should be considered. For a specified voltage deviation, several
droop curves can be considered from no-load to full-load operation
of the DCNGs. The curves can be represented by the following
equation:
V i = V ∗ − ki Iin ,

n ∈ R+

Fig. 2 Equivalent circuit
(a) Equivalent circuit of two parallel DCNGs, (b) Effect of different droop gains in
conventional droop method

(14)

where
Fig. 3 Droop gains based on the output current for different values of n
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Iref , i =

V ∗ − Vi
ki n
−
I
k1
k1 i

(20)

where k1 is the linear droop gain and ki is defined in (15). As
depicted in Fig. 4, it can be seen that, based on (20), the proposed
droop method has both good features of linear and non-linear
droop methods. To put it another way, throughout all loading
conditions, the proposed method has maximum available droop
gain and satisfies the best current sharing. The compensation
current term is subtracted from reference current to adjust the best
droop gain in a non-linear manner. Meanwhile, from Fig. 5, it can
be seen that the voltage deviation from the reference value in full
load is more than the expected deviation (i.e. V H = 49.2 V and
V L = 46.8 V) [27]. To improve this deviation, a voltage
compensation method based on the amount of line resistance is
proposed. In this method, the voltage compensation term is added
to the reference voltage with respect to the line resistance. The
modified droop method equation can be written as follows:
Iref , i =
Fig. 4 Different droop gain based on the proposed method

5

Proposed I–V droop control technique

To overcome the limitation of the conventional linear and nonlinear methods, and to satisfy good performance in the current
sharing and voltage restoration, a novel non-linear I–V droop-based
control is proposed.
From (5), if the reference output from the droop characteristic is
reversed, the I–V droop control can be achieved by increasing the
current reference when the bus voltage decreases as follows:
(17)

In other words, to obtain a faster dynamic response, a single
current proportional–integral control loop is replaced with the dual
voltage and current control loops. As shown in [25], the V–I dualloop droop control exhibits slower dynamics in comparison with
the I–V droop control. By expanding (14), with consideration of the
linear droop gain (i.e. n=1), the general equation of the droop curve
can be obtained as follows:
V i = V ∗ − k1 Ii − ki Iin

(18)

The selection of n (i.e. n = 3, 5, 7, …) is depending on the amount
of voltage deviation and the maximum current value in the ith
DCNG [27]. It should be noted that to have a symmetrical
performance for the bidirectional converter, it is preferred to select
the droop curves with odd values. Therefore, (18) can be rewritten
as
k1 Ii = V ∗ − V i − ki Iin

Stability analysis of the proposed method

To analyse the effect of line impedance in the stability of the
system and to investigate the performance of the proposed method,
a detailed stability analysis is carried out based on the Lyapunov
approach.

Fig. 5 Deviation of voltage from no-load to full-load condition

V ∗ − Vi
Iref , i =
Rdi

(21)

In (21), Ii and V i are the output current and output voltage of the
DCNG. The proposed method in (21) overcomes the drawback
voltage deviation from the acceptable range. Moreover, since only
the local information is used, the proposed method is fully
decentralised and no communication infrastructure is needed. The
overall proposed control scheme is shown in Fig. 6.
It should be noted that in case of the different power ratings of
the DCNGs, the values of ki can be modified based on the rating of
other DCNGs [26].

(a) For n = 1, 3, 5, (b) For n = 1, 3, 5, 7

4

V ∗ − V i + ΔV i
ki n
−
I
k1
k1 i

(19)

Moreover, finally (19) based on the I–V droop (17) can be
expressed as

5.1 Modelling of the proposed method
As shown in Fig. 6, the droop equation can be written as
Iref , i = k1−1 V ∗ − V C, i + ΔV i − ki Ion, i

(22)

To investigate the stability of the system based on the Lyapunov
approach, n-paralleled DCNG in a cluster is considered. Fig. 7
shows the model of the DCNG connected to the DCMG network.
Therefore, (22) can be rewritten in matrix form as
Iref = k1−1 V ∗ − VC + R Io − ki Ion

(23)

where
T

Io = Io1

⋯

Ion

Iref = Iref , 1

⋯

Iref , n

T

⋯ k1, n

T

k1 = diag k1, 1

V ∗ = 1n V ∗
ki = diag ki, 1

⋯

ki, n

R = diag R1

⋯

Rn

T

T

Equation (23) can be rewritten as follows:
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Fig. 6 Proposed control method diagram

Iref = k1−1 V ∗
−k1−1 VC
−1
1

−k

−R Io +

(24)
ki Ion

Here, the dynamics of the converter are modelled as a first-order
system for the simplification of the analysis [5]. Therefore, the
relationship between Iref , i and Ioi can be written as
1
Ioi =
I
τs + 1 ref , i

(25)

where τ is the equivalent control bandwidth for the converter.
Equation (25) can be presented in matrix form as
İo = Γ Iref − Io

V̇ C
İo

=

−C−1LL C−1
−1
1

+

(27)

(28)

−Γ k1−1 −R + ki Ion − 1 + In Io
Furthermore, the relationship between the output current of each
DCNG Ioi, capacitor voltage V C, i, and output current for the line ILi
can be expressed as
1
I −I
Ci oi Li

(29)

(30)

Additionally, Han et al. [28] showed that in a cluster of microgrids
with any topology, the relationship between output capacitor
voltage in each DCNG (V C, i) and the line current (ILi) can be
modelled in one matrix called LL in this work. Therefore, (30) can
be rewritten as follows:
V̇ C = C−1 Io − LL VC

(31)

Considering (27) and (30), the overall system can be described as

252

V

+ In

Io

(32)

To develop the stability analysis of the proposed method based on
the Lyapunov approach, a positive definite Lyapunov function is
defined as
1 2 1 2
I + V
2 o 2 c

(33)

where V c and Io are the voltage and current, respectively. To ensure
the system stability, the first-time derivative of the Lyapunov
function must be negative definite. Therefore, the first-time
derivative of (33) can be derived as
Ė = Io I˙o + V c V̇ c

(34)

Then, substituting (32) into (34) yields
Ė = Io −Γk1−1Vc − Γk1−1 RIo − Γki Ion − ΓIo + Γk1−1V ∗
+Vc −C−1LLVc + C−1 Io

Equation (29) in matrix form can be defined as
V̇ C = C−1 Io − IL

Γ k1−1

−R +

VC

∗

E=

İo = Γ k1−1 V ∗

V̇ C, i =

0

−Γ k

ki Ion − 1

5.2 Stability evaluation based on the Lyapunov approach

Equation (27) can be rewritten as follows:

−Γ k1−1 VC

−1
1

−Γ ⋅ k

(26)

where Γ = (1/τIn).
Substituting (24) into (26) yields
İo = Γ k1−1 V ∗ − k1−1 VC − k1−1 −R Io + ki Ion − Io

Fig. 7 Model of DCNG for stability analysis

(35)

Finally, recalling (31) as the first derivation of the Lyapunov
function can be represented as
Ė = − Γki Ion + 1 − ΓIo2 − C−1LLVc2
+

ILi Io −1
V ∗ − Vc + RI
C + Γk1−1
LL
Vc

≤0

(36)

It should be noted that the last term in (36) is negative since V c is
large enough to compensate the drop voltage due to the line
impedance. Moreover, Io and ILi are in the same direction.
Therefore, from (36), it can be seen that for all odd values of n, the
first-time derivation of the Lyapunov function is negative definite
and the proposed control method guarantees the stability of the
DCNG's cluster.
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Fig. 8 Hardware setup for experimental measurements

Table 1 Experimental parameters
Parameters
Electrical parameters
DC bus voltage
input voltage
converter inductance
DC bus capacitance
line resistance for DCNG1
line resistance for DCNG2
line resistance for DCNG3
line resistance for DCNG4

Value
48 V
24 V
1800 μH
8800 μF
0.4 Ω
0.7 Ω
1.3 Ω
1Ω

Droop control parameters

3

kp

15

ki

0.2

k1

6

Experimental results

To validate the performance of the proposed method, a DCNG
cluster consisting of four sources is implemented. As shown in
Fig. 8, for experimental tests, a DCMG setup consists of four
bidirectional converters, line impedances, resistive and constant
power loads, monitoring system, and dSPACE emulator is
developed. The nominal voltage for the DCNG cluster is 48 V. The
electrical and control parameters are listed in Table 1. The
experimental results are shown in Figs. 9–12 for different
scenarios.
6.1 Heavy-loading condition
Fig. 9 shows the experimental results for a heavy-loading condition
in the DCNG cluster. At t = 1.8 s, a common load of 1.5 kW is
applied due to which the voltage in the DC bus drops from 48 to
47 V and the DCNGs starts contributing for the common load.
Fig. 9a shows the DC bus voltage in this case study. It can be seen
that the DC bus voltage remains within an acceptable range (i.e.
V H = 49.2 V and V L = 46.8 V) with the proposed control scheme.
From Fig. 9b, it can be seen that the current sharing among the
DCMGs is realised accurately with the different line resistances. In
this case, the current of each DCNG reaches about 8 A to
contribute for common load on the DC bus. Moreover, Fig. 9c
shows the power of the common load on the DC bus. It can be seen
that the proposed I–V droop control has a faster transient response
as well as it has a desired current sharing among the DCNGs.

Fig. 9 Experimental results in heavy-loading condition
(a) DC bus voltage, (b) Current sharing among DCNGs, (c) Power of the common
load in DC bus

6.2 Light-loading condition
This section illustrates the performance of the proposed method
under light-loading condition. To realise the performance of the
proposed control method in this condition, at t = 1.8 s a common
load of 400 W is considered in the DC bus. From Fig. 10a, it can
be observed that on the application of the common load, the DC
bus voltage has the desired profile when the light load is connected
to the DCNGs, which drops from 48 to 47.8 V. From Fig. 10c, it
can be observed that in this situation, the proposed method
guaranteed the accurate current sharing among the DCNGs in a
cluster with the different line resistance. It can be concluded from
Sections 6.1 and 6.2 that the proposed control method has the
desired performance during all loading conditions from light to
heavy load and has the maximum available droop gain in all
situations to guarantee the best current sharing among the DCNGs.
6.3 Step change in load (dynamic condition)
Studies in this section illustrate the performance of the proposed
method in a dynamic condition. Fig. 11 shows the experimental
results during step changes in the common load for two step-up
changes from 0 to 1.1 and 1.1 to 1.5 kW; moreover, a step-down
changes from 1.5 to 750 W in the DC bus. It can be observed that
during step load changes, the proposed method has a good transient
response (Fig. 11a) and the whole system is stable. Moreover, in
this condition, the currents of the DCNG follow the reference
current properly and the accurate current sharing can be achieved
with different line resistances in the DCNGs.
6.4 Connection and disconnection of the DCNGs
In this case, the performance of the system under the proposed
method during connection and disconnection (i.e. plug-and-play
capability) of the DCNGs to the cluster is illustrated. Here, two
DCNGs (i.e. DCNG1 and DCNG2) are injected power to the
common load for all the time. As shown in Fig. 12, at the
beginning of the test, a common load is connected to the bus and
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Fig. 12 Experimental results for Plug_in and Plug_out of the DCNGs
(a) DC bus voltage, (b) Current sharing among DCNGs, (c) Step change in the
common load

Fig. 10 Experimental results in light-loading condition
(a) Voltage of DC bus, (b) Transient response of currents, (c) Current sharing among
DCNGs, (d) Power of the common load in DC bus

Fig. 13 Comparison of the current-sharing error

Fig. 11 Experimental measurements in dynamic condition
(a) Transient response of DCNG's current, (b) Current sharing among DCNGs, (c)
Step changes in the common load

DCNG1 and DCNG2 share the total current equally. At t = 0.6 s,
the DCNG3 is connected (plug-in) to the cluster and starts the
injection power to the common load. As shown in Fig. 12b, the
total load is shared between DCNGs properly. Moreover, at
254

t = 1.9 s, the DCNG4 is connected to the system and all DCNGs
participate in power injection to the load. It can be seen from
Fig. 12b that the accurate current sharing among DCNGs can be
guaranteed with the proposed method. To show the performance of
the proposed method clearly, a step load change is applied from
t = 2.5 to 3.75 s when all DCNGs are connected to the DC bus.
From Fig. 12b, it can be observed that all agents share the total
load current equally. Moreover, to validate the stability of the
system under the proposed control method, it is assumed that the
DCNG3 plugged out at t = 4.9 s. Consequently, due to this
disconnection, the current sharing among the DCNGs is affected
and three DCNGs (i.e. DCNG1, DCNG2, and DCNG4) are
contributed in the common load. From Fig. 12b, it can be seen that
the proposed control method presents proper performance during
connection and disconnection of the DCNGs. As shown in
Fig. 12a, in all transient conditions, the stability of the DC bus
voltage can be guaranteed as well as the voltage regulation in
steady state.
Fig. 13 shows the current-sharing performance comparison of
the conventional methods and the proposed method. Fig. 13 also
shows the difference of the proposed method over other controllers.
From Fig. 13, it can be concluded that linear droop method offers
good current sharing in the light-load condition. It is also seen that
the conventional non-linear droop control methods offer good
current-sharing performance in the heavy-load condition. However,
its current-sharing accuracy is not as good as the linear droop
technique at the light-load conditions. Fig. 13 shows the proposed
method provides the best current sharing among all the methods
IET Power Electron., 2020, Vol. 13 Iss. 2, pp. 248-255
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from the light-load to full-load condition. Therefore, the currentsharing performance is better than the other two techniques. In
summary, it is observed that the proposed method enhances the
current-sharing accuracy for a given voltage deviation.

7

Conclusion

In this paper, a non-linear I–V droop control was presented. The
current sharing and voltage regulation of the DCNGs in a cluster
with consideration of the effect of line impedance were analysed. It
was presented that with the fully decentralised proposed control
method, the current sharing among the DCNGs was enhanced and
the voltage regulation was achieved as well as the plug-and-play
capability was implemented, which provides scalability and
modularity for the DCNGs in a cluster. The stability analysis was
carried out to investigate the performance of the proposed method.
The effectiveness of the proposed method was presented with
experimental tests in several conditions (i.e. light- and heavyloading conditions, step load change, and connection/disconnection
of DCNGs). It can be concluded that the proposed method has a
faster response during transient and enhanced current sharing
among DCNGs. For the future works, the researchers can
investigate on the high-performance energy management methods
for the DCNGs.
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