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Abstract—This paper proposes an improved distributed sec-
ondary control scheme for dc microgrids (MGs), aiming at over-
coming the drawbacks of conventional droop control method. The
proposed secondary control scheme can remove the dc voltage
deviation and improve the current sharing accuracy by using
voltage-shifting and slope-adjusting approaches simultaneously.
Meanwhile, the average value of droop coefficients is calculated,
and then it is controlled by an additional controller included in
the distributed secondary control layer to ensure that each droop
coefficient converges at a reasonable value. Hence, by adjusting
the droop coefficient, each participating converter has equal out-
put impedance, and the accurate proportional load current shar-
ing can be achieved with different line resistances. Furthermore,
the current sharing performance in steady and transient states can
be enhanced by using the proposed method. The effectiveness of the
proposed method is verified by detailed experimental tests based
on a 3 × 1 kW prototype with three interface converters.

Index Terms—Current sharing, dc microgrid (MG), droop con-
trol, low-bandwidth communication (LBC), secondary control.

I. INTRODUCTION

W ITH the increasing penetration of renewable energy
sources into modern electric grids, the concept of micro-

grid (MG) has been proposed as an aggregated entity to integrate
distributed generators (DGs) and controllable/noncontrollable
loads [1]. Since various types of sources and loads in an MG
feature dc coupling, e.g., photovoltaic (PV), light emitting diode
lighting, etc., it is an efficient way to employ dc MG to collect
these units. Compared to ac MGs, dc MGs can shorten the energy
conversion chain by reducing the number of dc–ac or ac–dc con-
verters. Meanwhile, they also feature the advantages of higher
efficiency, enhanced reliability, lower control complexity, etc.
[2]–[5].

A generic low-voltage single-bus dc MG with various sources
and loads is depicted in Fig. 1. Among them, when the grid-
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Fig. 1. Generic architecture of low-voltage single-bus dc MGs.

connected interface inverter is activated, the dc MG can be
operated in grid-connected mode to exchange power with the
main ac grid. Once the interface inverter is deactivated, the dc
MG can be operated in islanded mode to form a local dc-coupled
energy system. In such case, the DG units and energy storage are
used to sustain the stable operation of the system. The optimal
dispatch of energy flow within the system can be achieved by
the control system of dc MG. Meanwhile, economic operation
and black start process can be realized when necessary [6], [7].

Several centralized, decentralized, distributed, and hierarchi-
cal control methods have been proposed to obtain prolonged and
reliable operation of dc MGs [8]–[15]. However, due to the fact
that the units in dc MGs are connected in parallel to the common
dc bus, current sharing among power generation units has
become a primary issue. In the earlier studies, current sharing is-
sues have been discussed for parallel-connected converter mod-
ules such as input-parallel output-parallel [16] and input-series
output-parallel [17] dc–dc converter modules, uninterrupted
power supplies [18], distributed power systems (DPSs) [19],
[20], etc. The proposed current sharing methods mainly include
master-slave control, average current method, droop control,
and so on [21].

DC droop control and its variants have been applied in dc MGs
for current sharing purpose and have been intensively studied
in the past years [2], [6], [9]–[11], [13]–[15]. Similarly to dc
DPSs, individual units in dc MGs are dispersedly connected
to the common bus. Hence, compared to the master-slave con-
trol relying on high bandwidth communication, droop control
without interconnecting high bandwidth communication links
is more suitable for dc MGs. Furthermore, the application of
droop control can also bring advantages such as high reliability
and simple expandability to dc MGs [22], [23].

Despite above advantages of droop control, its limitations
should be also noticed [24]–[26], [28], [29]. The drawback
of the conventional droop control is that the output voltage is
linearly reduced with increasing output current, which induces
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a voltage deviation at the local and common dc buses compared
to their rated values. Meanwhile, load distribution in dc MGs is
influenced by mismatched line impedances.

In order to solve the aforementioned problems, secondary
control [27]–[34] has been proposed to compensate voltage de-
viation and enhance current sharing accuracy simultaneously.
By exchanging information via communication links, secondary
control is capable of adjusting the set-points of primary con-
trol. The method like this has been also applied in the earlier
network-based control of power electronic systems [35]–[37].
A radio frequency communication-based control for interactive
power electronics networks was proposed in [36], and the ef-
fect of time delay in the system was evaluated. Considering the
distributed nature of dc MGs, low bandwidth communication
(LBC) is more suitable to be employed for the secondary con-
trol diagram, and the LBC networks can be realized by using
controllers area network, power line communication, and so on.

The existing secondary control of dc MGs can be summa-
rized into two categories: centralized secondary control and dis-
tributed secondary control [27]–[31]. A centralized secondary
control diagram is proposed in [27], which means the sec-
ondary adjustment is completed in the microgrid central con-
troller (MGCC). In particular, MGCC first samples the real-time
value of the common dc bus voltage by using LBC, and then
implements secondary control scheme and generates a voltage
compensating term to be added into the reference value of the
primary control level. As a result, the dc bus voltage is re-
stored. However, the single-point-of-failure should be noticed
for centralized secondary control diagram. A distributed sec-
ondary control diagram is proposed in [28]. In this method,
the secondary control scheme is implemented in the local con-
trollers, and the information used in the local secondary con-
trol scheme is exchanged via LBC network. This method can
avoid the impact of single-point-of-failure in the centralized sec-
ondary control. However, the effect of line resistances has not
been comprehensively considered. Moreover, the current shar-
ing accuracy enhancement is only realized by using larger droop
coefficients.

In [29], a distributed secondary control scheme that is used
to restore dc output voltage and enhance the current sharing
accuracy is proposed. Two additional controllers for average
dc output voltage and average dc output current are introduced
in the secondary control diagram. The control loops are imple-
mented locally, and the voltage restoration and current sharing
accuracy enhancement can be achieved simultaneously. How-
ever, every converter needs to obtain all the other converters’
output voltage and current to calculate the average values. This
method can be regarded as static averaging, which is not flexible
enough and leads to high communication stress. Consensus
algorithm with a sparse communication network is used in [30]
and [31] to achieve a distributed secondary control diagram
with dynamic averaging, in which only the information from the
neighboring converters rather than the global information from
all the converters are needed to restore the dc output voltage
and enhance current sharing accuracy. By using the consensus
algorithm, the flexibility of the system is enhanced and the plug-
and-play capability can be provided. Since only the neighboring

information is needed, the communication stress is highly
reduced.

In [27]–[30], the approaches to compensate the dc-bus voltage
and enhance the current sharing accuracy are mainly realized
by adding a voltage-shifting value to the droop controller. This
means keeping the droop coefficients constant and shifting the
droop curves. The steady-state current sharing accuracy of paral-
lel converters can be improved by using closed-loop regulation.
However, since fixed droop coefficients are used, the equivalent
output impedances, i.e., the sum of droop coefficient and line
impedance, are not the same, which results in further regulation
of the average current controller under fast-changing load con-
dition. Instead of using voltage-shifting approach, droop coeffi-
cient adjustment, namely slope-adjusting method, is employed
in [31] to enhance the current sharing accuracy, where single
current feedback loop is applied to conduct the adjustment, and
the implementation of this control method is relatively compli-
cated. The convergence speed and stability should be further
noticed.

In this paper, an improved secondary control method with
enhanced dynamic performance under fast-changing load cur-
rent condition is proposed. In this control method, three com-
pensating controllers are employed, i.e., local average voltage
controller, local average current controller, and average droop
coefficient controller. The first controller is used to restore the lo-
cal dc voltage. Hence, the dc voltage deviation induced by droop
control can be eliminated. The second and third controllers are
employed to work together and regulate the droop coefficient
so that the equivalent output impedance of each interface con-
verter can be the same. The average of the droop coefficients
is controlled to its reference value to avoid unreasonable selec-
tions of the droop coefficients. Although the voltage and current
data is exchanged via low bandwidth network, considering the
equivalent output impedance that is adjusted to be the same,
the proposed secondary control diagram can ensure enhanced
dynamic behavior with fast-changing load current.

The system stability of the proposed method is studied by
using small-signal analysis. The current sharing performance of
the proposed secondary control method is discussed with dif-
ferent communication delays and line impedances. Meanwhile,
local and common loads are both taken into account. The exper-
imental verifications are conducted to test both of the steady and
dynamic performances of the proposed method, including volt-
age restoration, current sharing accuracy enhancement, fast load
fluctuations, and step change of load current. Furthermore, the
resiliency of the proposed algorithm is examined when encoun-
tering converter failures. It should be noted that considering the
requirement of low-cost implementation of the control systems
in the industrial converters, micro-controller units (MCUs) are
used in the prototype. Meanwhile, the LBC is used as the com-
munication system. It can be demonstrated that the proposed
secondary control diagram can be effectively implemented by
using this low-cost combination.

The rest of the paper is organized as follows. In Section II,
the centralized and distributed secondary control methods along
with droop control in the primary control level are reviewed and
discussed. Section III analyzes the current sharing accuracy with
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voltage-shifting-based secondary control under fast-changing
load current condition. Section IV introduces the principle of
the proposed secondary control scheme and discusses the sys-
tem stability by using small-signal analysis. Section V shows
the detailed experimental results and the comparison of the pro-
posed method and the existing voltage-shifting secondary con-
trol method. Finally, Section VI summarizes the paper and draws
the conclusion.

II. REVIEW OF SECONDARY CONTROL SCHEMES OF DC MGS

In dc MGs, dc voltage deviation is induced when the droop
control is used to achieve load current sharing among parallel
interface converters [38]–[40]. Meanwhile, the current sharing
accuracy is degraded with mismatched line impedances [29].
Generally, the larger droop coefficients can be used to enhance
the current sharing accuracy. However, in this case, the dc volt-
age can further deviate from its reference value. Hence, sec-
ondary control schemes should be employed to overcome these
drawbacks of the conventional droop control method.

As shown in Fig. 2(a), a basic secondary compensator is pre-
sented in [27], in which a voltage control loop adjusting dc bus
voltage is included in the MGCC. The dc bus voltage is obtained
from a remote voltage sensor, and the secondary control signals
are sent from the MGCC to the interface converters through LBC
network. Primary control loops of each converter are comprised
of inner voltage and current loops and droop control.

The droop control method with the above secondary control
scheme in [27] is shown as

v∗
dci = v∗

dc − rdiidci +
(

kp +
ki

s

)
(v∗

dc − vdcbus)
︸ ︷︷ ︸

Voltage-Shifting Term

(1)

where v∗
dc is the given voltage reference value of dc bus, v∗

dci

is the given voltage reference value of converter #i, rdi is the
droop coefficient of converter #i, idci is the output current of
converter #i, vdcbus is the voltage of common dc bus at the point-
of-common-coupling (PCC), kp and ki are the proportional and
integral terms of the secondary controller for voltage restoration.

It can be seen from (1) that the secondary control method in
[27] can be regarded as a voltage-shifting-based method.

A distributed secondary control framework is proposed in
[28]. It should be noted that distributed control here repre-
sents the control diagram that only relies on local controller
and no central controller is required. Compared to the central-
ized secondary control method, the secondary control scheme
implemented in the local controller can effectively avoid the
single-point-of-failure caused by the malfunction of the central
controller. The output current of each converter is exchanged
via LBC, and the average current is calculated in the local con-
trollers to be multiplied by a coefficient and sent to the droop
controller. This method is equivalent to add a linearly compen-
sating term into the reference of the conventional droop con-
troller, and it is effective to restore the dc voltage. However, the
current sharing accuracy can be only achieved by selecting large
droop coefficients. When the line impedances are highly mis-
matched, current sharing accuracy will be further degraded. The

Fig. 2. Control diagrams of the existing secondary control methods for
dc MGs. (a) Proposed in [27]. (b) Proposed in [28]. (c) Proposed in [29].
(d) Proposed in [30]. (e) Proposed in [31].
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droop expression used in this method with the voltage-shifting
term derived from the secondary controller can be shown as

v∗
dci = v∗

dc − rdi idci + kj · iavg
j · irated

j︸ ︷︷ ︸
Voltage-Shifting Term

(2)

where iavg
j in per-unit value is the average current of system, kj

and irated
j are the shift gain and rated current of converter #j,

respectively.
An average voltage controller and an average current con-

troller are added in the secondary control level to restore the
dc bus voltage and enhance the current sharing accuracy si-
multaneously in [29]. These two additional controllers are also
implemented in the local controller. As shown in Fig. 2(c), the
average values of dc voltage and current are calculated and
sent back to compare with the voltage reference value and lo-
cal output current. Two proportional-integral (PI) controllers for
average voltage and average current respectively are employed,
and their output values are added into the droop controller. The
expression of the droop control method in [29] is shown as

v∗
dci = v∗

dc − rdi idci

+
(

kpv +
kiv

s

)
(v∗

dc − v̄dci) −
(

kpc +
kic

s

)
(idci − īdci)

︸ ︷︷ ︸
Voltage-ShiftingTerm

(3)

where idci is the output current of converter #i, v̄dci and īdci

are the calculated average value of output voltages and currents
in converter #i, kpv , kiv and kpc , kic are the parameters of the
voltage and current regulators. Note that the currents depicted
in Fig. 2(c) are per-unit values, and the real output current value
of each converter depends on its power rating.

By considering the secondary control diagrams in [27]–[29],
it can be seen from (1)–(3) that they can be categorized as
voltage-shifting methods, in which the compensating terms gen-
erated by the secondary control level are added into the conven-
tional droop controller as voltage-shifting corrections.

In [30] and [31], a sparse communication network is em-
ployed to realize distributed secondary control of dc MGs. In
this method, every converter only needs to communicate with its
neighbors, and consensus algorithm is employed to achieve dy-
namic averaging. The obtained data is sent to the secondary con-
trol level to carry out voltage and current regulation. As shown
in Fig. 2(d), the secondary control used in [30] is achieved in lo-
cal controller as a distributed control method. It should be noted
that, as similar to [27]–[29], fixed droop coefficients are used
in [30]. The droop control method with the above secondary
control scheme in [30] is shown as

v∗
dci = v∗

dc − rdi idci

+
(

kpv +
kiv

s

)
(v∗

dc − v̄i) +
(

kpc +
kic

s

)
δi

︸ ︷︷ ︸
Voltage-Shifting Term

(4)

where v̄i is the average voltage of participating interface con-
verters, δi is the mismatched current.

In regard to the secondary control method proposed in [31],
as shown in Fig. 2(e), the dc voltage is restored by using voltage-
shifting compensating term. Meanwhile, the current mismatch
induced by unequal line impedances is coped with by dynami-
cally adjusting the droop coefficient. The droop control method
with the above secondary control scheme in [31] is shown as

v∗
dci = v∗

dc −
(

ri0 −
(

kpr +
kir

s

)
δi

)
︸ ︷︷ ︸

Slope-Adjusting Term

idci

+
(

kpv +
kiv

s

)
(v∗

dc − v̄i)
︸ ︷︷ ︸

Voltage−Shifting Term

(5)

where ri0 is the initial droop coefficient of converter #i, δi is
the current mismatch value, kpr and kir are the proportional and
integral terms of the secondary controller for droop coefficient
adjustment.

The average voltage of system using dynamic consensus pro-
tocol in [30] and [31] can be expressed as follows:

v̄i(t) = vi(t) +
∫ t

0

∑
j∈Ni

aij (v̄j (τ) − v̄i(τ)) dτ (6)

where vi is the sample voltage of local converter, v̄j is the
estimated average voltage of neighboring converter, and aij is
the communication weight.

Current mismatch in the system can be expressed as follows
[30], [31]:

δi =
∑
j∈Ni

baij

(
ipu
j − ipu

i

)
(7)

where ipu
i and ipu

j are per-unit currents of local converter and
neighboring converters, b is a coupling coefficient.

It should be noted that, as shown in (4), the secondary con-
trol in [30] can be also categorized as a voltage-shifting method
since it is realized by adding compensating term in the conven-
tional droop controller. For the secondary control in [31], it can
be regarded as a hybrid method with both voltage-shifting and
slope-adjusting methods. In particular, besides adding a com-
pensating term for dc voltage restoration, the slope of the droop
curve, i.e., the droop coefficient, is adjusted to enhance the cur-
rent sharing accuracy by using the dynamic average current
controller.

By using the above analysis and comparison, the existing sec-
ondary control methods in dc MG can be summarized, as shown
in Table I. In terms of control architecture, centralized control
is employed in [27], while distributed control is used in [28]–
[31]. Meanwhile, static averaging is utilized in [28] and [29],
and since consensus algorithm is adopted, dynamic averaging
is realized in [30] and [31]. In terms of compensating strategy,
voltage-shifting approach is used in all the above secondary
control schemes, while slope-adjusting method is used in [31]
to achieve adaptive droop coefficient.
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TABLE I
COMPARISON OF EXISTING SECONDARY CONTROL METHODS

Secondary control methods Control Architecture

Centralized Control Distributed Control Compensating Strategy

Static Averaging Dynamic Averaging Voltage Shifting Slope Adjusting

Guerrero et al. [27] � �
Anand et al. [28] � �
Lu et al. [29] � �
Nasirian et al. [30] � �
Nasirian et al. [31] � � �

Fig. 3. Equivalent circuit of dc MG with two terminals.

III. CURRENT SHARING ANALYSIS WITH FAST-CHANGING

LOAD CURRENT

As presented in Section II, by using the secondary control
method incorporating additional controllers for average dc volt-
age and average dc current, the current sharing accuracy can be
enhanced. However, since the droop coefficients are fixed, with
mismatched line impedance, the equivalent output impedance
of each interface converter, i.e., the sum of droop coefficient
and line impedance, is different from each other. When the load
current changes rapidly, in order to maintain the required cur-
rent sharing proportion, the average dc current controller needs
to further regulate the output current since the equivalent output
impedances are still unequal. Hence, the dynamic performance
with fast-changing load current is degraded. The reason for
the above drawback is analyzed below by using the equivalent
circuit model.

The equivalent circuit of voltage-shifting based secondary
control is shown in Fig. 3, rc1 , rc2 are the line impedances,
rd1 , rd2 are virtual impedances that equal to the droop coeffi-
cients, and vdc1 , vdc2 , idc1 , idc2 are the dc voltage and current
at the output sides of converters. In addition, Δv1 and Δv2 are
the voltage-shifting values of the two converters which can be
obtained by (3).

By analyzing the circuit in Fig. 3, it can be derived that:

vdcbus =
g1

g1 + g2 + gload
· v∗

dc1 +
g2

g1 + g2 + gload
· v∗

dc2

(8)
where gi = 1/(rci + rdi), gload = 1/rload , v∗

dci = v∗
dc + Δvi ,

i = 1, 2.
Hence, the output current can be achieved as

idc1 =
g1 [(g2 + gload) · v∗

dc1 − g2 · v∗
dc2 ]

g1 + g2 + gload
(9)

idc2 =
g2 [(g1 + gload) · v∗

dc2 − g1 · v∗
dc1 ]

g1 + g2 + gload
. (10)

The difference between idc1 and idc2 can be thereby calcu-
lated as

Δidc = idc1 − idc2

=
2(v∗

dc1 − v∗
dc2)rload + [(rc2 + rd2)v∗

dc1 − (rc1 + rd1)v∗
dc2 ]

(rc1 + rd1 + rc2 + rd2)rload + (rc1 + rd1)(rc2 + rd2)
.

(11)

In order to study the impact of load variation, the derivative
dΔ id c
dr l o a d

is obtained as below

dΔidc

drload
=

(rc1 + rd1 − rc2 − rd2)[(rc2 + rd2)v∗
dc1 + (rc1 + rd1)v∗

dc2 ]
[(rc1 + rd1 + rc2 + rd2)rload + (rc1 + rd1)(rc2 + rd2)]2

.

(12)

It can be concluded from (12) that, if and only if rc1 + rd1 =
rc2 + rd2 , i.e., the equivalent output impedances of the interface
converters are equal to each other, Δidc has the minimized
influence imposed by the load variation. Hence, when the current
sharing error is eliminated by the secondary control diagram,
as long as the equivalent output impedances are kept equal, the
current sharing accuracy can be ensured even though the load
current changes rapidly.

IV. PROPOSED SECONDARY CONTROL SCHEME

As analyzed in Section III, the voltage-shifting based sec-
ondary control cannot change the equivalent output impedance
of the converters. When the equivalent output impedances are
not equal to each other and the communication speed is not fast
enough, a certain period of time is needed for the average current
controller to regulate the dc output current with fast-changing
load current. Especially when the difference of line impedances
is relatively large, the dynamic current sharing effect of sec-
ondary control based on fixed droop coefficients will be further
degraded. Hence, a hybrid method with both voltage-shifting
and slope-adjusting approaches is proposed in this study. Three
additional compensating controllers are added in the distributed
secondary control diagram to restore the dc voltage and equal-
ize the equivalent output impedance so that the dynamic load
sharing performance can be enhanced. The detailed principle of
this method is shown below.
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Fig. 4. Control diagram of the proposed control scheme.

A. Principle of the Proposed Secondary Control Method

In this paper, a distributed secondary control scheme is pro-
posed by using voltage-shifting and slope-adjusting methods
simultaneously. In particular, voltage-shifting method is em-
ployed to eliminate the voltage deviation induced by droop con-
trol, and slope-adjusting method is utilized to adapt the droop
coefficient of each converter and achieve equal equivalent out-
put impedance of each interface converter. Hence, fast current
sharing can be realized. However, if only adapting the droop co-
efficients by using the average current compensating controller,
multiple combinations of droop coefficients can be achieved. In
other words, the droop coefficients can differ from the initial
value to a large extend. Therefore, a third compensating con-
troller, i.e., the average droop coefficient controller, is involved
in the proposed secondary control scheme. By using the average
droop coefficient controller, an additional constraint is employed
to avoid the uncertain droop coefficients. Particularly, the droop
coefficient is exchanged among different interface converters via
the LBC network, and the average value of the droop coefficients
is controlled to be its reference value in the local controller. In
order to avoid the unacceptable droop coefficients that are either
too large or too small, saturation units are also employed to limit
the output value of the average droop coefficient controller.

Based on the above analysis, the proposed secondary con-
trol scheme for droop-controlled dc MGs can be achieved, as
shown in Fig. 4. Without the loss of generality, boost convert-
ers are employed as the dc–dc interfaces. The control scheme

Fig. 5. Equivalent circuit of the proposed secondary control method.

is comprised of inner-loop controllers, droop controller, and
secondary controller. The inner-loop controller is comprised of
voltage and current controllers, which is used to control the lo-
cal dc output voltage of each converter. The reference value of
the inner-loop dc voltage controller is generated by the droop
controller. Meanwhile, the secondary controller in the local con-
trol diagram is comprised of data transceiver modules, average
value calculation for voltage, current and droop coefficient, and
three compensating PI controllers. The average voltage con-
troller compensates the output voltage deviation, and produces
a voltage-shifting value which is added to the output value of
the droop controller. The output of average current controller
and average droop coefficient controller are used to adjust the
local droop coefficient, i.e., the slope of the droop curve. As a
result, by using the compensating controllers for average current
and droop coefficient, the equivalent output impedance of each
converter is controlled to be the same and the average value of
droop coefficients is adjusted to its reference value. Hence, the
current sharing accuracy can be enhanced.

The adjustment of droop coefficient can be expressed as fol-
lows:

rdi = r∗ +
(

kpr +
kir

s

)
(r∗ − r̄dci)

−
(

kpc +
kic

s

)
(idci − īdci) (13)

where r∗ is the given reference value of droop coefficient, r̄dci

is the calculated average value of droop coefficients in converter
#i, kpr , kir and kpc , kic are the control parameters of the average
droop coefficient and average current regulators.

The whole secondary control loops can be derived below

v∗
dci = v∗

dc−(r∗+Gpir (rref −r̄dci) − Gpic (idci − īdci)) ·︸ ︷︷ ︸
Slope-Adjusting Term

idci

+ Gpiv (s) · (v∗
dc − v̄dci)︸ ︷︷ ︸

Voltage-Shifting Term

(14)

where Gpiv (s), Gpir(s), and Gpic(s) are transfer functions of the
average voltage, average droop coefficient, and average current
regulators, respectively.

The equivalent circuit of the proposed method is depicted
in Fig. 5. Here, two converters connected in parallel with the
same capacity are selected as an example. In Fig. 5, rc1 , rc2
are the line impedances, rd1 , rd2 are virtual impedances that
are equal to the droop coefficients, and vdc1 , vdc2 , idc1 , idc2 are
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Fig. 6. Droop curves adaption with different line impedances.

the voltage and current values at the output sides of converters.
Meanwhile, Δv is the droop shifting values of two converters.

As shown in Fig. 5, the proposed method enhances current
sharing accuracy by adapting rd1 , rd2 together with voltage-
shifting method. In other words, voltage restoration and cur-
rent sharing accuracy enhancement are implemented by shifting
droop curve and adjusting the slope of the droop curve simulta-
neously in this method.

Since PI controllers are used for the average current and
average droop coefficient, the steady-state relationships of
rd1 , rd2 , rc1 , rc2 , and idc1 , idc2 can be obtained as follows:

idc1 ≈ idc2 (15)

(rd1 + rd2) /2 ≈ r∗. (16)

Considering the main power circuit in Fig. 5, it is derived

(v∗
dc + Δv) − (rd1 + rc1) idc1 = (v∗

dc + Δv)

− (rd2 + rc2) idc2 . (17)

Substituting (15) into (17), it yields

rd1 + rc1 ≈ rd2 + rc2 . (18)

It can be seen from (18) that the equivalent output impedance
of each converter reaches the same value after the secondary
control diagram with three compensating controllers is acti-
vated. Since the equivalent output impedance keeps the same
with load current variation, the current sharing accuracy in both
steady and transient state can be guaranteed.

Combining (16) and (18), it is calculated that⎧⎪⎪⎨
⎪⎪⎩

rd1 ≈ r∗ +
rc2 − rc1

2

rd2 ≈ r∗ +
rc1 − rc2

2

. (19)

It can be seen that different droop coefficients corresponding
to the different line impedances can be obtained from (19). For
example, as shown in Fig. 6, the line impedance rc1 is equal to
0.5 or 5 Ω and the reference value of droop coefficient r∗ is set
to 10 Ω. When the line impedance rc2 changes, the values of
rd1 and rd2 change accordingly.

It can be seen from Fig. 6 that when the line impedances of the
two converters are the same, droop coefficients of both convert-
ers will be equal to the setting value; when the line impedances
are different, the droop coefficients of the converters are adjusted
adaptively to make the equivalent output impedances equal to
each other. Eventually, it can be ensured that the average value
of the droop coefficients is equal to the setting value.

It should be noted that (19) is used here only to show the
corresponding changes of the droop coefficient and the line
impedance. In the control diagram, the droop coefficient con-
verges at these theoretical values by using the additional average
droop coefficient and average output current controllers in the
proposed secondary control level, as shown in (13).

B. Stability Analysis of the Proposed Secondary
Control Method

Stability analysis of the proposed control diagram in Fig. 4
is conducted in this section. Without loss of generality, a dc
MG with two terminals is selected as an example here. It can
be seen that three compensating controllers are employed in
the improved secondary control layer, i.e., local average voltage
controller, local average current controller, and average droop
coefficient controller. The outputs of these three controllers are
synthesized in the conventional droop controller to generate the
reference value of the local dc voltage, so that the additional
control objectives can be achieved. In particular, the reference
value of local dc voltage is derived as

v∗
dci = v∗

dc +
[
kpv (v∗

dc − v̄dci) + kiv

∫
(v∗

dc − v̄dci) dt

]

− idcirdi (20)

where v∗
dci is the reference value of the local dc output voltage,

v∗
dc is the rated dc voltage, kpv and kiv are the parameters of the

PI compensating controller for the local dc voltage, v̄dci is the
average value of the dc output voltage, idci is the local dc output
current, and rdi is the droop coefficient.

Since the droop coefficient rdi in (20) is realized by using the
additional PI compensating controllers, it is calculated as

rdi =
[
r∗ + kpr (r∗ − r̄dci) + kir

∫
(r∗ − r̄dci) dt

]

−
[
kpc

(
idci

ki
− īdci

)
+ kic

∫ (
idci

ki
− īdci

)
dt

]

(21)

where r∗ is the reference value of the droop coefficient, r̄dci is
the average value of the droop coefficients, kpr and kir are the
parameters of the PI compensating controller for the droop co-
efficients, kpc and kic are the parameters of the PI compensating
controller for the local dc output current, ki is the current shar-
ing proportion, īdci is the average value of the local dc output
current.

The reference value of the local dc output voltage can be
derived by combining (20) and (21). By performing the small-
signal analysis for (20) and (21) and transferring the results into



WANG et al.: IMPROVED DISTRIBUTED SECONDARY CONTROL METHOD FOR DC MICROGRIDS WITH ENHANCED DYNAMIC CURRENT 6665

frequency domain, it yields that

v̂∗
dci = v̂∗

dc + Gpiv

(
−ˆ̄vdci

)
− Idci r̂di − Riîdci (22)

r̂di = Gpir

(
−ˆ̄rdci

)
− Gpic

(
îdci

ki
− ˆ̄idci

)
(23)

where the variables with � at the head represent the small-signal
terms, the capital letters represent the values of the variables in
the steady state, and Gpiv , Gpic , and Gpir represent the PI con-
trollers for the local dc voltage, dc current, and droop coefficient.

Since a dc MG with two terminals is selected as an example,
by substituting (22) into (23) and setting i equals 1 and 2, it is
obtained that

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

v̂∗
dc1 = v̂∗

dc − Gpiv ˆ̄vdc1 +
(

Id c 1 Gp i c

k1
− R1

)
îdc1

+ Idc1Gpir ˆ̄rdc1 − Idc1Gpic
ˆ̄idc1

v̂∗
dc2 = v̂∗

dc − Gpiv ˆ̄vdc2 +
(

Id c 2 Gp i c

k2
− R2

)
îdc2

+ Idc2Gpir ˆ̄rdc2 − Idc2Gpic
ˆ̄idc2

. (24)

The average dc voltage, dc current, and droop coefficient can
be reached as {

ˆ̄vdc1 = (v̂dc1 + Gd · v̂dc2) /2

ˆ̄vdc2 = (Gd · v̂dc1 + v̂dc2) /2
(25)

⎧⎨
⎩

ˆ̄idc1 =
(
îdc1 + Gd · îdc2

)
/2

ˆ̄idc2 =
(
Gd · îdc1 + îdc2

)
/2

(26)

{
ˆ̄rdc1 = (r̂dc1 + Gd · r̂dc2) /2

ˆ̄rdc2 = (Gd · r̂dc1 + r̂dc2) /2
(27)

where Gd models the delay of the LBC network, which is shown
as

Gd =
1

1 + τ · s (28)

where τ is the communication delay.
Considering the configuration of a dc MG with two terminals,

it can be derived [29]
{

idc1 = α1 · vdc1 − λ · vdc2

idc2 = α2 · vdc2 − λ · vdc1
(29)

where the coefficients α1 , α2 and λ are calculated as

α1 =
rc2 + rload

rc1rc2 + rc1rload + rc2rload

α2 =
rc1 + rload

rc1rc2 + rc1rload + rc2rload

λ =
rload

rc1rc2 + rc1rload + rc2rload
. (30)

In (30), rc1 and rc2 represent the line resistance for terminal
#1 and #2, and rload represents the load resistance.

Fig. 7. Dominant poles of the small signal model with different communica-
tion delays.

Meanwhile, considering the inner-loop dc voltage and current
control loops, it is reached that

v̂∗
dci ·

Gv inGc in

1 + Gv inGc in
= v̂dci , i = 1, 2 (31)

where Gv in and Gc in represent the inner-loop voltage and cur-
rent controllers, respectively.

By transferring (29) and (30) into small-signal expressions
and combining the results with (24)–(28) and (31), the following
expression can be derived:

v̂dci = gi (v̂∗
dc , r̂d1 , r̂d2) , i = 1, 2 (32)

where gi shows the relationship of v̂dci/v̂∗
dc , v̂dci/r̂d1 , and

v̂dci/r̂d2 , respectively.
By using the m-script and symbolic toolbox in MATLAB,

(32) can be automatically solved and v̂dci/v̂∗
dc is selected as an

example to test the positions of the dominant poles of the illus-
trative system. As shown in Fig. 7, when the communication
delay changes from 0 to 3 s, the dominant poles of the system
move following the traces accordingly. In particular, four domi-
nant poles coexist in the frequency domain analysis result. With
increasing communication delay, the dominant poles moves to-
ward the imaginary axis, which challenges the system stability.
However, in a wide range of communication delays, all the dom-
inant poles locate in the left half of s domain. Hence, the system
stability can be guaranteed.

C. Voltage-Shifting Equalization

As presented in Section I, comparative study about dynamic
effect between centralized and distributed secondary control is
carried out in [32]. Additionally, distributed secondary control
is verified to have better robustness than centralized method.
Hence, distributed secondary control framework is employed in
this paper, and the aforementioned secondary regulation algo-
rithms are implemented in the local controllers. However, in the
course of voltage restoration with distributed secondary control,
deviations would occur to the voltage adjustment, which may
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lead to poor dynamic effect of current sharing. Following is the
detailed analysis.

In the equivalent circuit of the proposed secondary control as
shown in Fig. 5, before secondary control is activated, voltages
v1 and v2 can be represented as follows:{

vdc1 = vdcbus + rc1 · idc1 = v∗
dc − rd1 · idc1

vdc2 = vdcbus + rc2 · idc2 = v∗
dc − rd2 · idc2

. (33)

As can be seen, under the circumstances of different line
impedances and unbalanced output currents, vdc1 and vdc2
are not equal. If the voltage restoration is implemented by
distributed secondary control on this occasion, there will be
slight deviation on voltage-shifting value of each converter due
to the different sampled voltages vdc1 and vdc2 . This differ-
ence induces the change of droop coefficients during current
sharing regulation and leads to mismatched equivalent output
impedance. The inequality is similar to the phenomenon caused
by voltage-shifting secondary control method, and ultimately
results in unsatisfied dynamic current sharing performance.

In order to realize voltage restoration by distributed sec-
ondary control and ensure equivalent voltage-shifting amounts
at the same time, an equalization method is adopted in this
secondary control scheme. Specifically, the average value of
voltage-shifting amounts of converters is calculated in every
communication cycle. Then the value is sent to the average
voltage regulator of the converters as a new voltage-shifting
value. According to Fig. 5, the average value of the dc bus volt-
age calculated by controllers after equalization can be expressed
as follows:

v̄dc =
vdc1 + vdc2

2
. (34)

After secondary control adjustment implemented and with
equalization voltage-shifting amount Δv, combining (33) and
(34), vavg can be yielded as

v̄dc =
v∗

dc + Δv − rd1 · idc1 + v∗
dc + Δv − rd2 · idc2

2

= v∗
dc + Δv − rd1 · idc1 + rd2 · idc2

2
. (35)

When the system reaches steady state and the output currents
of two converters are equal, the reference value of the droop
coefficient can be obtained as

r∗ ≈ r̄dc =
rd1 + rd2

2
. (36)

Combining (35) and (36), v̄dci can be expressed as

v̄dci = v∗
dc + Δv − rref · idci . (37)

The above equation indicates that under the equalization of
voltage-shifting regulation, the average bus voltage could even-
tually reach the setting value with voltage-shifting adjustment
value equal to rref · idci . It should be noted that as the output
terminal voltages vdc1 , vdc2 are selected as the sample targets,
when their average value is equal to the setting bus voltage,
the actual value of dc bus voltage will be slightly less than the
setting value because of the line impedances.

Fig. 8. Equivalent circuit of the proposed secondary control method consid-
ering both local loads and common load.

D. Analysis and Discussion of the Equivalent Circuit With
Local Loads

Besides the common load connected at the PCC, local loads
also usually exist in dc MGs, where the local loads, common
loads, and line impedances form an impedance network. As
shown in Fig. 8(a), the equivalent circuit model of the dc MG
with two terminals can be derived, where rlo1 and rlo2 represent
the two local loads connected at the output terminals of converter
#1 and #2, and the impact of both local and common loads is
taken into account.

It can be seen that a π-type impedance model comprised
of rlo1 , rcl and rload is formed in Fig. 8(a). By using Δ-Y
transformation, the equivalent circuit model in Fig. 8(a) can be
changed to Fig. 8(b). Here, rl1 , rl2 and rl3 in Fig. 8(b) can be
derived as ⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

r11 =
rc1rlo1

rc1 + rlo1 + rload

r12 =
rc1rload

rc1 + rlo1 + rload

r13 =
rlo1rload

rc1 + rlo1 + rload

. (38)

Meanwhile, by using Δ-Y transformation for the π-type
impedance model comprised of r13 , r12 , rc2 , rlo2 , Fig. 8(b) can
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Fig. 9. Configuration of the prototype with three interface converters.

TABLE II
SYSTEM PARAMETERS

Parameters Symbol Value

Input voltage v i n 100 V
Reference value of output voltage v r e f 200 V
Power rating P r a t e 1 kW
Switching frequency fsw 20 kHz
Filter inductor Lf 2 mH
Filter capacitor Cf 470 uF
Droop coefficient rd 10 Ω

Fig. 10. Picture of the prototype.

be further changed to Fig. 8(c), where r21 , r22 and r23 can be
derived as ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

r21 =
(rl2 + rc2)r13

r13 + rl2 + rc2 + rlo2

r22 =
(rl2 + rc2)rlo2

r13 + rl2 + rc2 + rlo2

r23 =
r13rlo2

r13 + rl2 + rc2 + rlo2

. (39)

By combining the impedances in Fig. 8(c), a modified model
considering both local and common loads can be obtained,

Fig. 11. Experimental results of the proposed method with different commu-
nication delays and line impedances (Rload = 80 Ω): (a) communication delay:
300 ms, line impedances: 7.6 Ω, 0.4 Ω; (b) communication delay: 300 ms, line
impedances: 15.3 Ω, 0.4 Ω; (c) communication delay: 600 ms, line impedances:
8.2 Ω, 0.4 Ω; (d) communication delay: 600 ms, line impedances: 12.7 Ω,
0.4 Ω.

where the equivalent line impedances and the equivalent com-
mon load are shown as

⎧⎪⎪⎨
⎪⎪⎩

r′c1 = r11 + r21

r′c2 = r22

r′load = r23

. (40)



6668 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

Fig. 12. Dynamic performance of the proposed method and voltage-shifting method (communication delay: 300 ms; line impedances: 8.2 Ω, 0.4 Ω): (a) proposed
method with load fluctuations; (b) voltage-shifting method with load fluctuations.

Substituting (38) and (39) into (40) and assuming Req =
rc1 + rlo1 + rload , it yields

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

r′c1 =
rc1rlo1

Req
+

(rc1rload + Reqrc2)rlo1rload

rlo1rload + rc1rload + Req (rc2 + rlo2)

r′c2 =
(rc1rload + Reqrc2)rlo2

rlo1rload + rc1rload + Req (rc2 + rlo2)

r′load =
rlo1rloadrlo2

rlo1rload + rc1rload + Req (rc2 + rlo2)

.

(41)
It can be seen from Fig. 8 and (38)–(41) that the dc MG

with both local loads and common load can be equivalently
changed to an impedance model with only common load and
line impedances by using Δ-Y transformation. Hence, it can
be concluded that even though local loads exist in dc MG, the
equivalent system model in Fig. 5 can be also used. When the
common or local load changes, the proposed secondary con-
trol diagram with average output current controller and average
droop coefficient controller can dynamically adjust the droop co-
efficients and finally equalize the equivalent output impedances
so that the desired load current sharing can be thereby achieved.
By using the Thevenin equivalent circuit, the similar conclusion
can be drawn with more than two parallel converters working
together.

It should be noted that the values of local loads, common
load, and line impedances are not used in the proposed sec-
ondary control diagram. The proposed method is realized by
using the compensating controllers. The above circuit analysis
is only used to theoretically study the effectiveness of the pro-
posed method. Meanwhile, when the local loads change, the
variations of the equivalent line impedances can be observed in

(41). In some extreme cases, e.g., the practical line impedance
is very large and the local load changes dramatically, the dy-
namic current sharing accuracy may be influenced due to the
mismatched equivalent output impedances of the converters.

V. EXPERIMENTAL VERIFICATIONS AND DISCUSSIONS

In order to validate the feasibility of the proposed secondary
control method, a dc MG prototype is set up, as shown in Fig. 9.
The dc MG setup is comprised of three boost converters, three
dc power sources and dc loads to form an islanded dc MG.
The dc loads consist of a common load and local loads. In
particular, rload is the common load connected at the PCC, and
the local loads rlo1 , rlo3 are connected at the output terminals of
converter #1 and #3, respectively. The controllers of converters
can communicate with each other via RS232 as an LBC network,
and the converter parameters are listed in Table II.

A picture of the laboratory prototype is shown in Fig. 10. Mul-
timeters (Fluke 115C) are used to observe the output currents
of three converters; adjustable winding resistances are used as
the line impedances; communication terminals are isolated by
optocouplers; a programmable dc electronic load is used as the
common load in the system; two slide resistances are used as
local loads. The programmable dc electronic load is set at the
resistance mode and its value can be altered in the host com-
puter or directly regulated by using its control panel. Therefore,
the fast-changing load condition can be emulated by regulating
the resistance of the dc electronic load. The voltage and cur-
rent inner control loops and secondary control algorithms are
implemented by using STM32F103 MCU, which is a low-cost
digital controller. The human–machine interface allows easy
observation of the internal parameters of the system.
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Fig. 13. Dynamic performance of the proposed method and voltage-shifting
method (communication delay: 300 ms; line impedances: 8.2 Ω, 0.4 Ω):
(a) proposed method with the sudden rise of load; (b) proposed method with the
sudden drawdown of load; (c) voltage-shifting method with the sudden rise of
load; (d) voltage-shifting method with the sudden drawdown of load.

Experiments are tested in following cases: Case A verifies
the basic performance of proposed secondary control; Case
B compares the dynamic performance of the proposed sec-
ondary control under load fluctuations and step load changes
with voltage-shifting-based secondary control. Case C investi-
gates the effectiveness of the proposed secondary control when

Fig. 14. Experimental results of the proposed method with different
line impedances (Rload = 80 Ω): (a) communication delay: 300 ms, line
impedances: 8.3 Ω, 9.1 Ω, 1.7 Ω; (b) communication delay: 300 ms, line
impedances: 8.3 Ω, 4.2 Ω, 1.7 Ω.

the three converters operate at the same time, and examines the
validity of the proposed approach under the case when one of
the converters fails and recovers from the failure after a period
of time. Case D investigates the effectiveness of the proposed
secondary control method when local loads are connected at the
output terminals.

A. Case A. Basic Performance of the Proposed Secondary
Control Method

In this section, two converters working in parallel are se-
lected to test the proposed control method. The performance of
the proposed secondary control with different communication
delays and line impedances is investigated. As shown in Fig. 11,
before the secondary control is activated, the output currents of
two converters are not the same, and the error becomes larger
when the difference between line impedances increases. When
the secondary control is activated, the voltage deviations are
eliminated, and the current sharing accuracy is significantly en-
hanced. The experimental results demonstrate the validity of the
proposed LBC-based secondary control method, which can be
used to maintain the current sharing accuracy with mismatched
line impedances. It can be also seen from Fig. 11 that with
larger communication delay, although secondary control works
successfully, the regulating time becomes larger and the slight
oscillation appears.

B. Case B. Dynamic Performance of the Proposed & Voltage-
Shifting-Based Secondary Control Methods

Dynamic performance of the proposed secondary con-
trol compared to the conventional voltage-shifting method is
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Fig. 15. Dynamic performance of the proposed method (communication delay: 300 ms; line impedances: 8.3 Ω, 4.2 Ω, 1.7 Ω).

Fig. 16. Converter failure and recovery results of the proposed secondary control.

investigated under the condition of load fluctuations and load
step. During the comparison, all the electrical and control pa-
rameters of converters are the same. As seen in Fig. 12(a) and
(b), the proposed approach can still maintain a high current
sharing accuracy under load fluctuations, whereas the dynamic
performance of voltage-shifting method becomes poor.

In the conditions of load steps, the results of the proposed
control approach are shown in Fig. 13(a) and (b). Compared
to the results of voltage-shifting method shown in Fig. 13(c)
and (d), the proposed approach features better current sharing
transient response. This is because that the transient response
of current sharing needs more time to adjust when load changes
suddenly in voltage-shifting method since the equivalent output
impedances are not the same.

C. Case C. Resilient Operation of Interface Converters With
the Proposal Secondary Control Method

Furthermore, in order to validate the proposed secondary con-
trol in larger scale system and investigate the fault tolerant ca-
pability, three converters working in parallel are studied in this
case. When three converters operate at the same time before the
secondary control activated, as it can be seen from Fig. 14 that
the output currents of the converters are not equal due to the
mismatched line impedances. Meanwhile, when the difference
of line impedances increases, the current sharing performance
is further deteriorated. In contrast, with the proposed secondary
control activated, the output currents of three converters main-
tain the same and dc bus voltage is restored successfully.

Fig. 15 shows the dynamic current sharing performance when
three converters operating in parallel at the same time. It can be

seen, when the load fluctuation occurs, the dynamic current shar-
ing effect of the proposed secondary control is still satisfactory.

Additionally, the resiliency of the proposed algorithm is in-
vestigated when one of the converters fails for a period of time
due to malfunction. From Fig. 16, it can be seen that at the
beginning, with the proposed secondary control, the output cur-
rents of three converters are the same. Then converter #1 stops
working due to malfunction and its output current drops to zero,
while the load is continuously powered by converter #2 and #3.
It can be seen that when converter #1 fails, the output currents
of converter #2 and #3 increase rapidly and the current sharing
accuracy is not influenced. When converter #1 recovers, with
the proposed secondary control schemes, the output currents of
three converters eventually become equal.

D. Case D. Test of the Proposed Secondary Control Method
With Local Loads

In order to verify the effectiveness of the proposed secondary
control method with the consideration of local loads, the perfor-
mance of the system is tested when the local loads are connected
or disconnected. As shown in Fig. 17, only a common load is
connected and the load power is supplied by the three modules in
the first stage. It can be seen that the output current of each con-
verter is equalized by using the proposed method. In the second
stage, the local load of converter #3, i.e., rlo3 , is connected. The
output current of each converter increases due to the connection
of rlo3 . Then, in the third stage, the local load of converter #1,
i.e., rlo1 , is also connected. After a transient period, the output
current of each converter can be equalized again with the pro-
posed secondary control diagram. In the fourth and fifth stage,
local loads rlo1 and rlo3 are disconnected sequentially. With the
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Fig. 17. Experimental results of the proposed method with local loads connected and disconnected (rload = rlo1 = rlo3 = 100 Ω, rc1 = 8.3 Ω, rc2 = 4.2 Ω,
rc3 = 1.7 Ω).

common load and local loads existing together, it can be seen
that the output current of each converter can be also equalized
by using the proposed secondary control method.

It can be seen from Fig. 17 that when the local load of con-
verter #3 is connected or disconnected, the transient current
sharing accuracy is not significantly influenced. It is because
that the line impedance connected to converter #3 is relatively
small. Based on the derivation presented in Section IV-D, the
equivalent line impedances with local load are similar to the
real line impedances. Hence, no obvious influence of current
sharing accuracy can be found. As also mentioned in Section
IV-D, when the local load of converter #1 is connected, since the
equivalent line impedance of converter #1 is relatively larger and
the difference between the equivalent line impedances with the
local loads and the real line impedances is larger, longer adjust-
ing time can be seen in the waveforms. However, even though
the transient time is longer, the desired current sharing accuracy
can be still guaranteed by using the proposed secondary control
diagram. Meanwhile, although the output current of converter
#1 bias from its steady-state value during the transient period
when considering the connection of the local load, high cur-
rent sharing accuracy between converter #2 and #3 can be still
maintained in all stages.

VI. CONCLUSION

This paper proposes an improved LBC-based distributed sec-
ondary control scheme for droop-controlled dc MG. Unlike con-
ventional voltage-shifting-based secondary control methods, the
current sharing accuracy is enhanced by using the additional av-
erage current controller and average droop coefficient controller.
Hence, the equivalent output impedance can be equalized and
the dynamic performance of the secondary control diagram with
fast-changing load current can be thereby improved. Meanwhile,
the average value of droop coefficients is calculated and regu-
lated to reach the set value in the secondary control diagram to
avoid the uncertain droop coefficients. Furthermore, the voltage-
shifting equalization is employed to ensure the same voltage-
shifting amounts of converters under distributed secondary con-
trol during the restoration of dc bus voltage. As a result, al-
though LBC is employed for data exchanging in this method,
desired proportional load sharing can be achieved in both steady
state and transient conditions. Experimental results show that a

better dynamic current sharing performance is achieved based
on the proposed method. Meanwhile, test scenarios with con-
verter failure and recovery show that the proposed secondary
control scheme can ensure stable operation of the system. With
the consideration of local loads, the proposed secondary control
method is still valid to improve the current sharing accuracy
since it is demonstrated that the dc MG with local loads can
be changed to an equivalent system with common load only.
Furthermore, the proposed control method is easy to execute in
the low-cost digital controller, e.g., MCU, which is suitable for
practical industrial applications.
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