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Abstract— In this paper, a control strategy is proposed for
both accurate current sharing among distributed generators
(DGs) and the point of common coupling (PCC) voltage
restoration in low voltage direct current (LVDC) microgrid by
injecting a small AC signal to the output voltage of the DG. The
small AC signal frequency changes proportionally to the per unit
(pu) output current of the corresponding DG, and the DG output
voltage is regulated to share every DG with the equivalent
frequency in the steady state. Especially, for easy implementation,
the reactive power of the AC signal is controlled to indirectly
regulate the AC signal frequency. Moreover, the equivalent pu
output current is used to determine the voltage shift-up in order
to restore the PCC voltage. Because the proposed control scheme
is developed with the fully distributed manner at local controller
for each DG, it can be implemented economically without
external communication network. The effectiveness of the
proposed control method is proved by the simulation.

Index Terms—DC microgrid, droop control, current sharing,
voltage improvement.

1. INTRODUCTION

With the substantial penetration of the renewable energy
source that has a dc output power (e.g., photovoltaics
(PVs), fuel cells) into power system and the growing of DC
load applications, DC microgrid has been attracting many
interests. The main motivations to develop DC microgrid are
its highly efficient energy conversion and simple control
scheme [1]-[3]. In order to effectively manage power systems
in DC microgrids, it is important to ensure the stable operation
and cooperation of different types of energy sources.

In [4] and [5], the master-slave control methods were
presented to cooperate among the distributed generators (DGs)
in DC microgrids where a high bandwidth communication
were used to share the information among the DGs. However,
these approaches raise the risk of the single point failure
which damages the system operation. Another approach is the
voltage droop control to properly control the load sharing
among the DGs [6], [7]. In this approach, the line resistances
are neglected to make the output voltages stable. However, the
accurate current sharing is deteriorated due to the actual line
resistances. In addition, the voltage drop due to the inherent
characteristic of voltage droop control reduces the voltage on
the point of common coupling (PCC) in DC microgrid [8]. In
order to improve the current sharing accuracy and the voltage
regulation in DC microgrid, the secondary control layers
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relying on communication network were proposed [9]-[12].
However, the communication delay affects the stability and
the reliability of the system especially when the sources are
separated with long feeders [13].

With the attempt to be independent on the communication
network, authors in [14] proposed “Power Talk” concept to
communicate among the DGs. In this method, high frequency
communication signal is modulated to the output power of the
corresponding DG, and the electric lines are used as
communication links. However, this approach leans on the
states of the system such as the line resistance and the load
condition which are unpredictable in practical application.
Meanwhile, the frequency-based power sharing technique was
firstly developed for AC power systems [15], and then, it was
also applied to the DC microgrid [16]. However, the method
are not suitable for the low voltage DC (LVDC) microgrids
with the resistive line characteristics [17]. Based on the
method proposed in [15] and [16], the frequency-based current
sharing technique applied to LVDC microgrids was proposed
in [17]-[19]. However, in [17] and [19], only accurate current
sharing is achieved, while the PCC voltage drop is not
considered. In [18], the PCC voltage restoration at distributed
secondary layer was taken into account along with an accurate
current sharing. Nonetheless, the control scheme is very
complicated due to the secondary control was not decoupled
with the primary control.

In this paper, we propose an accurate current sharing and
the PCC voltage restoration in LVDC microgrid based on the
frequency-based current sharing technique. In the proposed
control method, a small AC signal with the frequency
generated according to the per unit (pu) output current is
injected to the output voltage of the corresponding DG. In the
steady state, the accurate current sharing is achieved by
regulating the injected AC signal frequency to be equivalent
frequency. And also, the equivalent pu output current is used
to restore the PCC voltage. Furthermore, the controller only
uses the local information about the output voltages and
current of DGs without external communication network,
which enables the system economic and easy to implement.
The proposed control method is analyzed theoretically, and its
effectiveness is also verified by simulation.
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Fig. 1. DC microgrid: a) Two source DC microgrid model, b)

Equivalent circuit

II. CONVENTIONAL DROOP CONTROL

For simple analysis, a DC microgrid model with two DGs
is considered as shown in Fig. 1(a), and its corresponding
equivalent circuit is shown in Fig. 1(b). In Fig. 1, {V;, I;, R;}
and {V> I, R} are the output voltage, output current and
droop coefficient of DG 1 and DG 2, respectively, Viom is the
nominal voltage, and Rioua, Riiner, Riine2 are the equivalent load
resistance and line resistance of DG 1 and DG 2. According to
Fig. 1(b), the output voltage of two DGs is determined by the
droop control:

Vi:Vrmm_Rf]i’izl’z (1)
And, the PCC voltage (Vpcc) is calculated from Fig. 2:
Vece =Voom = Ritly = Ry 13 Viee =V, = Ry, = Ry 1, (2)

From (2), the output current ratio between two DGs is
obtained:

R
i =&+ line2 d2 Rd1 (3)
[2 Rdl Rdl + Rlinel
From (3), in order to guarantee the accurate current sharing
among the DGs, the following constraint should be satisfied:
i = i 4)
Rlinel Rlinel
In the practical system, the condition (4) is difficult to obtain
because of different line resistances.
Furthermore, the voltage on PCC in (2) is normally lower
than the nominal value because of the effects of the voltage
droop control and line resistances.

III. PRINCIPLE OF THE PROPOSED CONTROL METHOD
A. Frequency-based accurate current sharing

In order to solve the inaccurate current sharing problem, an
accurate current sharing method is proposed by utilizing a
small AC signal frequency which changes according to the pu
current of the corresponding DG. The corresponding control
scheme of the two DGs in Fig. 1(a) are presented in Fig. 2.
The small AC signal (d.,= Asin(2xfit)) with the amplitude and
the frequency denoted as A4 and f;, respectively, is injected to
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Fig. 2. Proposed control scheme

the output voltage. The frequency of the injected AC signal at
the i-th DG is defined as following:

1.

f;‘ :fmax _(fmax _f;nin)lpu—i; Ipu—i = [ : s

max—i

(6))

where fi.x and fiin are the maximum and minimum frequency
of the AC signal injected to the i-th DG, I;, Ija-i and I,,.; are
the output current, current rating and pu current of the i-th DG,
respectively.

Then, the corresponding phase angle of the injected AC signal
(6)) at the i-th DG becomes from (5):

0, =271t =27 fre ~(Jow = fos) s Jt (6)

From (5) and (6), in order to achieve the accurate current
sharing, the frequency of each AC signal should be equal. For
example, in Fig. 1 which includes 2 DGs, the phase angle
difference between the two AC signals at the two DGs
becomes zero when the pu currents 7, and 7, , have same

value, which means the accurate current sharing, i.e.,

0=6-6, =27r(f1_f2)t=2”(fmax_fmin)(lpu—z_lpu—l)t =0
1 (7

If there exists the phase difference in (7), a small reactive
power flows in the microgrid corresponding to the injected AC
signal frequency [20]. The reactive power flows only through
the DGs because the load impedance is generally higher than
the line impedances, and it is calculated from Fig. 1(b) by
inserting the AC signals instead of the DC voltages:

when [

pu—l= pu=2 °

AZ
0 =- sin @
' 2 (R[ine] + Rl[neZ ) (8)
A ’
0, = sin@
2 2 (Rl[nel + Rline2 )

where Q; (i=1,2) is the reactive power generated from the
injected small AC signal of the i-th DG.

As shown in (8), because the reactive power contains the
information about the phase difference of two AC signals, the
reactive power flow in the grid can be regulated to indirectly
keep the zero phase difference instead of the AC signal
frequency.



TABLE 1
NOMINAL PARAMETER OF CONVERTER

Parameter Symbol Value
Input voltage Vs 60V
Output voltage Vour 100V
Inductor L 0.5mH
Capacitor C 2200pF
Resistive load Rioad 20Q
Current controller Gpri(s) 0.5+30/s
Voltage controller Gpro(s) 0.5+8/s
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Current loop
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Fig. 3. Boost converter topology and control loops: a) Boost converter, b)

Voltage — Current control loop

In order to control the reactive power flow, a voltage-
reactive power droop relationship is proposed as the
following:

V.=V

ref —i vom T 011 — dqu Gpr () 9
where d, is the voltage-reactive power droop gain, Grpr is the
low pass filter transfer function to eliminate the high
frequency components in the calculated reactive power.

As shown in Fig. 2, the injected AC signal frequency, which
is proportional to the pu current, is regulated by adding the
voltage-reactive power droop element to the reference voltage.
When the reactive power becomes zero, the frequencies of all
DGs become the same value, and the accurate current sharing
is obtained.

Because the control signals in (9) can be obtained locally at
each DG, the proposed control scheme can be implemented
without communication network.

B. The PCC voltage restoration

In the steady state, when the proportional current sharing is
achieved, the pu output currents of all DGs are equal. The pu
current for DG changes with the load variation, and the PCC
voltage also changes according to the pu current variation.
Therefore, the pu output current can be used to adjust the DG
output voltage reference without detecting the PCC voltage
magnitude. In this paper, a voltage shift-up to restore the PCC
voltage to nominal value is added to the reference voltage of
each DG by using the pu output current, and the voltage shift-
up value (dr-) is given as following:

0, . =K,I (10)
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Fig. 4. Bode diagram of Voltage — Current closed loop

where Ky is the compensation gain for voltage restoration.
Then, the reference voltage of the i-th DG (Vi) in (9) is
modified as following in order to restore the PCC voltage to
nominal value as well as to achieve the proportional current
sharing:

4

ref—i

I/num + 5]—1' - dq Qi GLPF (S) + 51/—1 (1 1)

C. Selection of injected AC signal parameters

Fig. 3(a) shows the boost converter with the parameters
presented in TABLE I as the interface converter for DG, and
its control block diagram is shown in Fig. 3(b). In Fig. 3(b),
G.(s) and Gj(s) are the voltage and current Proportional-
Integral (PI) controllers, Gu(s) and Gi(s) are the transfer
functions of the duty cycle to the inductor current and the
inductor current to output voltage, respectively

In order to successfully track the injected AC signal
merged into the DC voltage component through the PI
controllers, the AC signal frequency should be smaller than
the bandwidth of the voltage and current control loops. With
the parameters presented in TABLE I, the closed loop transfer
functions of the voltage and current control loops are obtained
and their bode diagrams are plotted in Fig. 4. From Fig. 4, the
injected AC signal frequency is chosen as 20 Hz to guarantee
the tracking performance of the controllers.

Regarding to the amplitude of the injected AC signal, since
there is no standard about the maximum ripple in LVDC
microgrid, the amplitude is selected as small as possible to
restrict the ripple of the DC voltage. However, it should be
large enough to measure the signal amplitude. In this study,
the amplitude of the injected AC signal is chosen as 1.0V (1%
of Viom).

IV. STABILITY ANALYSIS

Considering the DC microgrid in Fig. 1(a), the output

currents of the DGs can be calculated as follows:
1 :alVl_/u/z ’ (12)
L=V, = AV,

where



TABLE II
SYSTEM PARAMETERS
Parameter Symbol Value
DG 1 current rating Tngr.1 15A
DG 2 current rating L2 10A
Maximum frequency frnax 20Hz
Minimum frequency Jonin 19Hz
AC signal amplitude A 1V
Droop gain d, 0.5
Voltage restoration gain Ky 12
LPF cut off frequency Sfier 5SHz
Line resistance Riinet, Riine2 1.5, 1.0Q
Current controller Gpri(s) 0.5+30/s
Voltage controller Gpro(s) 0.5+8/s
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o, = . (13)
RlinelRlineZ + Rl[nelRload + RI[neZR[oad
/’i — Rlnad
RlinelRlineZ + Rlinel Rluad + RlineZRloud

Substituting (12) into (5) and considering the small signals
of the pu currents and injected AC signal frequencies,

j‘ — alﬁ _ﬂ'ﬁz
pu-1
Imaxfl
. (14)
I = oV, - AV,
e Imax—l
-~ oV, — V.
l=_(fmax_fmin) 111 :

Tax—lﬂA (15)
~ oV, — AV,
f‘2=_(fmax_fmin) 212 :

max—2

Substituting (15) into (6) and (7), we can obtain the small
signals of phase angles, the instantaneous AC signal values
and the phase angle difference in the frequency domain:

-2z oV, — AV,
=__(fmax_fmin) — ?
s [maxfl
T (16)
> 2 oLV, — AV,
92 :__(fmax _fmin)#
S ]max—Z
@71 = Acos6, XéL a7
0, , = Acosb, x6,
N V,= AV, oV, = AV,
0= 27 (fpp )| TGN
s 1max—2 Imax—l

From (8) and (18), the small signals of the reactive powers
are

~ A? _
0=--—" b

1 2(Rlinel +Rlin62)

__ﬁ(fmx _fmin)Az (0{2172 _ﬂ'ﬁ _0512 _1172 )

S( Ry TR, I e
( ll;;ei lmel) max—2 1 (19)

O =r—"——0

’ 2(Rlinel +Rlim’2)

_72.(f‘max_f‘min)142 aZVZ_AﬁI_aII%_AVZ
S(R +Rline2) [ [

linel max—2 max—1

From (10) and (14), the small signal of voltage shift-up
becomes

- - V- AV,
6V—1 = KVIpufl =K, %
Tax—l/’L . (20)
~ - V.- AV
é‘V—Z = KV[pu—Z = KV %
max—2

Meanwhile, the local voltage loop, Gy, can be derived from
the local voltage and the current controllers [9]:
V. G, G

—_ i Py pr-i i=1,2

v 1+G,, G, i

, 1)
ref —i PI-v—"Pl-c

By substituting (17), (19), (20) and (21) into (11), the small
signal relationship between the i-th DG output voltage, V;, and
the nominal voltage, V,om, is derived as a function of Rjoqq :

Vi :gf(l} Rload)7i:l’2

nom?

(22)

By using m-script and symbolic toolboxes in MATLAB
and the parameters in TABLE I, (22) can be solved.

Fig. 5 shows the positions of the system dominant poles
when the load resistance changes from 100Q to 5Q. From Fig.
5, when the load resistance decreases, the dominant poles tend
to move toward the right half plane, which means the system
stability decreases. However, the poles still place in the left
half plane, which proves the system stability.

V. SIMULATION RESULTS

In order to verify the effectiveness of the proposed control
method, the DC microgrid including two DGs as shown in
Fig. 6 is considered, and the parameters of the system are
presented in TABLE II. The simulation is implemented in two
cases: the conventional droop control and the proposed control
scheme. In order to investigate the proposed PCC voltage
restoration method, the load condition is changed by
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Fig. 7. Conventional droop control: a) Output currents, b) PCC voltage

connecting the load 1, 2 and 3 to the PCC sequentially.
A. Performance with conventional droop control

The performance of the conventional droop control is
shown in Fig. 7. Because line resistances are different, the
condition for proportional current sharing in (4) is not
satisfied. Therefore, from Fig. 7(a), DG 1 with the higher
current rating shares the smaller current than DG 2. That
means the proportional current sharing is not achieved.

Regarding to the PCC voltage, it decreases below the
nominal value of 100V because of the droop characteristic and
voltage drop on line resistance, and the degradation becomes
severe when the load increases as shown in Fig. 7(b).

B. Performance with proposed control method

The system performance with the proposed control method
is shown in Fig. 8 and Fig. 9 shows the output current
waveforms, the pu output currents and the AC signal
frequencies for the two DGs. From Fig. 8(a) and Fig. 8(b), the
accurate current sharing is achieved with a very small AC
ripple in spite of different DG current ratings and the load
variation. On the other hand, the frequencies of the two DGs
converge to the same value in the steady state condition as
presented in Fig. 8(c). Because the frequency is related to the
pu output current, it deviates from the maximum value of
20Hz and reduces when the load increases.

The PCC voltage waveform and the voltage shift-up are
presented in Fig. 9. From Fig. 9, thanks to the voltage shift-up
generated from the pu output current of DG, the PCC output
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Fig. 8. Proposed control method: a) Output current, b) pu output current, c)
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Fig. 9. Proposed control method: a) PCC voltage, b) Voltage shift-up

voltage is regulated to the nominal voltage even if the load
increases, and it contains 1.0V sinusoidal ripple because of the
injected AC signal.

VI. CONCLUSION

This paper proposes a current sharing and the PCC voltage
restoration approach for LVDC microgrid. In this method, a
small AC signal with the frequency, which is proportional to
the pu output current of the corresponding DG, is modulated
in the output voltage of the DG. By regulating each injected
frequency to become the same value, the accurate current
sharing is achieved in the steady state. The proposed algorithm
can be implemented easily by using the reactive power to
regulate the AC signal frequency. In addition, an equivalent
voltage shift-up generated from the pu output current is added
to the output voltage of DG to restore the PCC voltage to the
nominal value. The proposed control method shows the
economic efficiency due to it can be implemented in
distributed manner without external communication network,
and its effectiveness is verified by simulation.
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