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A Decentralized Control Strategy Based on V-I
Droop for Enhancing Dynamics of Autonomous

Hybrid AC/DC Microgrids
Mohammad S. Golsorkhi and Mehdi Savaghebi , Senior Member, IEEE

Abstract—This article presents a GPS-based decentralized con-
trol strategy for hybrid ac/dc microgrids. The proposed method
uses V-I droop characteristics for the distributed energy resources
(DERs) in each of ac and dc subgrids. In particular, the output
voltage of each DER is adjusted as a piecewise linear function of the
per-unit (pu) output current. In addition, a droop control method
is proposed for the interlink converter (IC) to attain global power
sharing among the dc and ac DERs. The IC controller changes the
deviation of the ac bus voltage as a function of the deviation of
the dc bus voltage. This way, the power flow between ac and dc
subgrids is adjusted such that the ac and dc DERs experience the
same pu voltage deviation and hence deliver the same pu current
and active power. In contrast with the existing control approaches,
the proposed method does not require frequency or power calcu-
lations but directly uses voltage and current measurements in the
control loops. So the delay associated with the feedback signals is
minimized, which avails accurate load sharing during transients.
Experimental results show the proposed method eliminates the
transient overshoots of DERs’ output powers by offering a fast
and overdamped dynamic response.

Index Terms—Dispersed storage and generation, droop control,
microgrids (MG), inverters, power control, power electronics.

I. INTRODUCTION

THE hybrid ac/dc microgrid (HMG) has become an estab-
lished concept for the integration of dc and ac distributed

energy resources (DERs) and loads [1]. An HMG is comprised
of a dc microgrid (MG) and an ac MG. The dc MG enables the
connection of dc sources (e.g., photovoltaic, fuel cell) and dc
loads (e.g., LED lights, electric vehicles) without using of dc/ac
and ac/dc conversion stages, which are necessary in pure ac MGs
[2]. The ac MG facilitates integrating ac DERs in the grid and
supplying ac loads. The dc and ac MGs are connected through
a bidirectional dc/ac and ac/dc converter, referred to as interlink
converter (IC). This way, active power can be the transferred
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from dc to ac subgrid and vice-versa to enable coordination of
dc and ac DERs. Furthermore, the IC can participate in supplying
the reactive power of the ac load. The HMG might be connected
to the main power grid or be operated in islanded mode. This
article is focused on the islanded operation mode, where the
HMG relies on coordinated control of DERs for power balancing
and voltage/frequency control.

Over the past couple of decades, numerous control methods
have been proposed for pure dc and pure ac MGs. A widely ac-
cepted control method for ac MGs is the active power-frequency
(P-f) and reactive power-voltage (Q-V) droop control scheme
[3]. Similarly, the active power-voltage (Pdc–Vdc) droop control
scheme is commonly used in dc MGs [4]. The HMG control
method presented in [1], which in this article is referred to as
the conventional control scheme of HMG, adopts the P-f/Q-V
and Pdc–Vdc droop control methods for the ac and dc subgrids,
respectively. The operation of dc and ac MGs is coordinated by
controlling the power flow through IC such that both ac and dc
DERs respond to demand changes in each of the subgrids. To
that end, the reference power of the IC is adjusted such that the
per-unit (pu) frequency deviation in the ac MG becomes equal to
the pu voltage deviation in dc MG. IC tracks the reference power
by adopting the current control mode scheme. This technique
coordinates the P-f droop controllers of ac DERs with the
Pdc–Vdc droop controllers of dc DERs such that the pu active
power outputs of ac and dc DERs become equal. Consequently,
each of ac and dc DERs participates in supplying the total HMG
demand in accordance with its capacity. This condition, which
is referred to as global power sharing, enhances the utilization
factor of the DERs in spite of load variations in the ac and dc
subgrids [5].

The conventional HMG control method is simple to im-
plement and easy to design. However, the slow dynamics [6]
and high-frequency fluctuations [7] degrade the performance
of this method in practice. To enhance the dynamics of the
HMG, a modified version of conventional droop method with
feedforward current control loop for IC is presented in [8]. In [9],
the IC is controlled to behave as a converter-based transformer
(transfverter) which regulates the power transfer between the
subgrids in accordance with different operation modes. In [10],
a droop control scheme based on f − V 2

dc droop characteris-
tics is proposed for IC. This method takes into account the
intrinsic dynamics of the dc bus capacitor and the practical
limitations of the frequency and dc bus voltage. In [11], a
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modified current controller is proposed for the IC to enhance the
dynamic response and robustness with respect to disturbances.
A comprehensive inertial control strategy for HMGs is proposed
in [12]. This scheme exploits the kinetic inertia of wind turbines
and the capacity of hybrid energy storage systems to improve the
stability of the system. However, this method neglects the impact
of network impedance and has a complex control structure. In
[13], a local control method has been proposed for IC, in which
the reference active power of IC is calculated as a weighted
sum of the measured IC active power, the frequency deviation
in ac MG, and the voltage deviation in dc MG. The controller
parameters are adjusted based eigenvalue analysis to enhance
the stability and power sharing accuracy.

Since the methods of [1], [8]–[13] operate the IC in current
control mode, they provide limited voltage and frequency sup-
port for the ac subgrid during transients. Furthermore, the use
of phase-locked loop (PLL) for sensing the frequency adds an
unwanted delay in the IC control loop of these methods. To
circumvent these issues, the voltage control mode has been
proposed for IC [14]. Furthermore, to improve the capability
of IC in supporting the ac subgrid frequency during transients,
synchroconverter-based control scheme is proposed for IC [15].
In this method, the reference voltage of IC ac bus is obtained
by the outer control loop such that IC mimics a synchronous
machine, which changes its power in accordance with the global
power sharing requirement. In [16], the synchroconverter con-
cept is further developed to enable exploiting the inertia of
synchronous generators in the ac subgrid as a short-term storage
for enhancing the transient performance. In [17], a combination
of virtual inertia in ac subgrid and virtual capacitance in dc
subgrid are employed to further exploit the capacity of the
sources for enhancing the stability of the system. To improve the
power sharing accuracy in HMGs, an optimal power flow based
power sharing strategy is proposed in [18]. In this method, the
parameters of the DER and IC controllers are adjusted based on
optimal power flow calculations. However, the implementation
of this method requires a detailed model of the entire HMG,
which may be difficult to obtain due to parameter uncertainties
or modifications applied in the network, DERs, or loads over the
utilization period of the HMG.

In this article, a novel decentralized control strategy is pro-
posed. In this scheme, the V-I droop control scheme of [19]
is adopted for ac subgrid, where the ac DERs and IC are
synchronized to a global synchronous rotating reference frame
by using GPS timing technology. To enable proportional load
sharing among the ac DERs, the direct (d) and quadrature (q)
components of their output voltages are determined based on
the d and q components of the current according to a V-I droop
characteristics. A similar V-I droop characteristic is used for dc
DERs. The V-I droop method has some key advantages with
respect to the conventional droop schemes (P-f and Q-V droop
for ac and P-Vdc droop for dc sources), which are adopted in
[1]–[18]. First, the direct incorporation of the output current
(rather than power) in the droop characteristics reduces the delay
associated with the power calculation and averaging. So the V-I
droop method offers a faster dynamic response. Second, this
method adopts a piecewise linear droop function with increasing

slope to enhance the sharing accuracy at higher loading condi-
tion, where the sources are susceptible to overcurrent stresses.
Third, thanks to the adaptation of GPS timing technology, the
frequency deviations in the ac MG are eliminated. A new droop
control law is proposed for the IC, in which the reference of the
d-component of the IC ac bus voltage is calculated as a function
of the IC dc bus voltage. This IC control strategy facilitates
aligning the droop characteristics of ac and dc sources such
that their pu output powers become equal. Hence, global power
sharing among ac and dc sources is realized.

The contributions of the article are as follows.
1) Unlike [1], [8]–[13], [18], the proposed IC control method

does require the measurement of IC ac bus frequency.
So the PLL is eliminated from the power control loop
and the delay associated with frequency measurement is
removed. In addition, thanks to the utilization of V-I droop
control strategy for ac and dc sources, the voltages of ac
and dc subgrids respond quickly to the load variations.
These features enable the IC to provide a faster dynamic
response to load variations in each subgrid.

2) Compare with the methods of [14]–[17], the proposed
scheme is simpler in structure and thanks to its piecewise
linear droop characteristic, offers better sharing accuracy
at high loading conditions.

3) In order to prove the stability of the proposed method
despite the nonlinearity of the droop characteristics and the
plant dynamics, Lyapunov stability analysis is presented.
The analysis results are then used to devise a guideline for
controller design.

The rest of the article is organized as follows. The proposed
control scheme is addressed in Section II. Section III details the
Lyapunov stability analysis of the proposed method. Simulation
and experimental results are presented in Sections IV and V,
respectively. Finally, Section VI concludes the article.

II. PROPOSED CONTROL SCHEME

Fig. 1 depicts the schematics of an HMG with associated con-
trol loops. The HMG is comprised of a dc and an ac subgrid. Each
subgrid includes a number of DERs and loads interconnected
through a distribution network. A bidirectional dc/ac converter
(denoted as IC) connects the subgrids. The proposed control
schemes for ac and dc DERs as well as IC are detailed in the
following text.

A. V-I Droop Control Method of AC DERs

In the ac MG, V-I droop control method of [19] is adopted
to enable proportional sharing of the load active and reactive
power among DERs. In this method, GPS timing technology
is employed to synchronize the ac DERs to a common rotating
reference frame. This way, the frequency of the ac MG can be
fixed at the rated value. The d and q axes components of the
DER reference voltages are obtained as follows [20]:

[
v∗d,i
v∗q,i

]
=

[
Eac

0

]
−
[
md 0
0 mq

] [
g
(
id,i

/
Iratedd,i

)
h
(
iq,i
/
Iratedq,i

)
]

(1)
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Fig. 1. Schematic diagram of proposed control scheme.

where v∗d,i, v
∗
q,i ,id,i, iq,i, I

rated
d,i , and Iratedq,i are the d and q com-

ponents of, respectively, the reference voltage, output current,
and the rated current of the ith ac DER unit. The parameters
md and mq are the d and q axis droop coefficients and Eac

is the amplitude of the no-load ac voltage. The functions g
and h are one-to-one piece-wise linear droop functions, with
g(0) = h(0) = 0 and g(1) = h(1) = 1.

According to IEEE standard 1159, the maximum voltage
deviation in distribution networks is 10% [21]. Here, Eac is
selected as 1.05 of nominal voltage and md is selected as 0.1
pu to have the DER output voltage between 0.95 and 1.05
pu. The selection of a tighter range for the voltage deviation
helps improve the voltage regulation and enables maintaining
the voltage at the load buses within the acceptable range despite
voltage drop across the distribution lines. The droop coefficient
mq is selected such that the internal dynamics of the ac DERs is
stable; typically, mqI

rated
q2 is around 10% to 20% of Eac [19].

If the line voltage drops are neglected, the output voltages
of the ac DERs (vd,i, vq,i) can be assumed to be equal. So, (1)
implies the pu output currents of the ac DERs are also equal:

id,1
Iratedd,1

=
id,2
Iratedd,2

= · · · = id,Nac

Iratedd,Nac

(2)

iq,1
Iratedq,1

=
iq,2
Iratedq,2

= · · · = iq,Nac

Iratedq,Nac

. (3)

where Nac is the numbers of ac DERs. Since vd ≈ 1 pu and
vq ≈ 0 , the pu active and reactive power outputs of each DER

are approximately equal to the pu values of id and iq. So, (2) and
(3) imply that the active and reactive power of the load is shared
among the DERs in proportion to their capacities.

In the presence of impedances, the line voltages and hence the
voltage differences at DER outputs increases with the increase of
load. To enhance the sharing accuracy at high loading conditions,
where the DERs are susceptible to overload, the slopes of the
functions g and h are increased with the increase of load (please
see [19] for more details). Due to its fast dynamic response
and improved sharing accuracy at high loading, the V-I droop
control scheme prevents overcurrent stresses during steady state
and transients.

Although the proposed control scheme depends on GPS signal
for synchronization of DERs, short-term GPS interruptions are
tolerable by the proposed scheme. In the case of a long-term
GPS failure, the modified V-I droop control scheme of [22] can
be adopted to ensure stable operation.

B. V-I Droop Control Method of DC DERs

In case of dc DERs, the reference voltages are determined
based on the following droop characteristics:

v∗dc,i = Edc −mdcg

(
idc,i
Irateddc,i

)
(4)

where v∗dc,i, idc,i, and Irateddc,i are, respectively, the reference
voltage, output current, and the rated current of the ith dc DER
unit. Furthermore, Edc is the no-load dc output voltage and mdc
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is the dc droop coefficient. Similar to the case of ac DERs, the
droop coefficient mdc is selected such that the maximum voltage
deviation does not exceed 10%.

C. IC Control Strategy

As mentioned before, the pu active power of ac DERs is
approximately equal to id,pu. Similarly, the pu power of dc DERs
is approximately equal to idc,pu. So the global power sharing
among the ac and dc DERs can be interpreted as

id,1
Iratedd,1

= . . . =
id,Nac

Iratedd,Nac

=
idc,1
Irateddc,1

= . . . =
idc,Ndc

Irateddc,Ndc

(5)

where Ndc is the number of dc DERs. Comparing (1) and (4), it
can be found that a sufficient condition for realizing (5) is

∀i ∈ {1, . . . , Nac} , ∀j ∈ {1, . . . , Ndc} :

vd,i − Eac

md
=

vdc,j − Edc

mdc
. (6)

If the line impedances are neglected, the IC ac (dc) bus voltage
is equal to the ac (dc) DERs output voltages. So (6) can be
simplified to

vd,ic − Eac

md
=

vdc,ic − Edc

mdc
(7)

where vd,ic and vdc,ic are the d-component of the ac bus voltage
and the dc bus voltage of IC, respectively.

To realize (7), the d-component of the IC ac bus reference
voltage (v∗d,ic) is calculated according to the following equation:

v∗d,ic = Eac +
md

mdc
(vdc,ic − Edc) . (8)

At steady-state condition, (8) enforces global power sharing
by equalizing the relative deviations of vd and vdc. However, the
dc subgrid voltage tends to change with a slower rate than that
of d-component of ac subgrid voltage due to the relatively large
size of the dc capacitors at the IC dc bus and dc DERs outputs.
This might result in slowing down the IC controller. To avoid
this issue, a derivative term is added to the right-hand side of (8)
to obtain the following IC droop control law:

v∗d,ic = Eac +

(
md

mdc
+ kd

d

dt

)
(vdc,ic − Edc) (9)

in which kd is the derivative gain.
To enable IC cooperate with ac DERs in supplying the reactive

power of ac loads, the q-axis component of the IC ac bus voltage
is controlled based on the following vq–iq droop control law:

v∗q,ic = −mqh

(
iq,ic
Iratedq,ic

)
. (10)

III. STABILITY ANALYSIS

A. Mathematical Model of the System

In order to study the stability of the proposed control scheme,
a reduced order model of HMG is used, as shown in Fig. 2. Here,
the dynamics of the DERs’ internal control loops are neglected
as they are much faster than the power control dynamics [23].

Fig. 2. Reduced order model of HMG.

According to (1) and (4), DERs can be modeled as nonideal
voltage sources, which can be expressed as the combination
of ideal voltage sources and the following nonlinear virtual
resistances:

rvdc =
mdc

idc
g

(
idc

Irateddc

)
(11)

rvd =
md

id
g

(
id

Iratedd

)
(12)

rvq =
mq

iq
h

(
iq

Iratedq

)
. (13)

For the sake of brevity, the combination of dc DERs is ex-
pressed as an aggregated dc DER model, which is comprised
of a voltage source (Edc) and a nonlinear virtual resistance,
rv1. The ac DERs are modeled similarly. Furthermore, the line
impedances are neglected because of their relatively small values
compared with the virtual impedance of the DERs.

In the following text, the dc and ac DERs are denoted as DER1
and 2, respectively. Using KCL and KVL on the dc bus of Fig. 2,
the capacitor current and voltage can be expressed as

C
dvdc
dt

= i1 − idc,ic − IL1 (14)

vdc = Edc − rv1 (i1) i1. (15)

Substituting (11) into (15) and solving for i1, we have

i1 = Irated1 g−1

(
Edc − vdc

mdc

)
. (16)

The KVL equations on the ac buses are expressed as

vd = Eac − rvd2id2 (17)

vq = −rvq2iq2. (18)

Substituting (12) and (13) into (17) and (18) and solving for
the DER2 current, we have

id2 = Iratedd2 g−1

(
Eac − vd

md

)
(19)

iq2 = Iratedq2 h−1 (−vq/mq) . (20)
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By applying KCL on the ac buses and using (19), (20), the IC
ac bus currents are obtained as

id,ic = IL2,d − Iratedd2 g−1

(
Eac − vd

md

)
(21)

iq,ic = IL2,q − Iratedq2 h−1 (−vq/mq) . (22)

Neglecting the power losses of the IC, it can be inferred that
the power absorbed (or injected) from the IC dc bus is equal
to the active power injected (or absorbed) into the IC ac bus.
Mathematically,

vdid,ic + vqiq,ic = vdcidc,ic. (23)

So, the current idc,ic can be expressed as

idc,ic =
vdid,ic + vqiq,ic

vdc
. (24)

Combining (14), (16), (21), (22), and (24), we have

C
dvdc
dt

= − IL1 + Irated1 g−1

(
Edc − vdc

mdc

)

−
(
IL2,d − Iratedd2 g−1

(
Eac − vd

md

))
vd
vdc

−
(
IL2,q − Iratedq2 h−1

(−vq
mq

))
vq
vdc

. (25)

Equation (25) represents the dynamics of the HMG in terms
of the state variables vdc, vd, and vq. From (1) and (4), the
equilibrium value of the states can be expressed as

Vdc = Edc −mdcg
(
I1
/
Irated1

)
(26)

Vd = Eac −mdg
(
Id2
/
Iratedd2

)
(27)

Vq = −mqh
(
Iq2
/
Iratedq2

)
. (28)

To use Lyapunov stability theorem, a change of variables is
used to have the equilibrium of the system at the origin. In
particular, the new states x, y, and z are defined asx = vdc − Vdc,
y = vd − Vd, and z = vq − Vq. By changing the state variables
to x, y, and z and using (26)–(28), (25) can be expressed as

C
dx

dt
= −IL1 + Irated1 g−1

(
g

(
I1

Irated1

)
− x

mdc

)

−
(
IL2,d − Iratedd2 g−1

(
g

(
Id2

Iratedd2

)
− y

md

))
y + Vd

x+ Vdc

−
(
IL2,q − Iratedq2 h−1

(
h

(
Iq2

Iratedq2

)
− z

mq

))
z + Vq

x+ Vdc
.

(29)

At steady-state conditions, where x, y, z and their derivatives
converge to zero, (29) implies that Vdc(I1 − IL1) = Vd(Id2 −
IL2,d) + Vq(Iq2 − IL2,q). This result states the power balance
in the HMG.

If functions c1(x), c2(y), and c3(z) are defined as

c1 (x) = I1 − Irated1 g−1

(
g

(
I1

Irated1

)
− x

mdc

)

c2 (y) = Id2 − Iratedd2 g−1

(
g

(
Id2

Iratedd2

)
− y

md

)

c3 (z) = Iq2 − Iratedq2 h−1

(
h

(
Iq2

Iratedq2

)
− z

mq

)
. (30)

Then, (29) can be written as follows:

C
dx

dt

= −
(
c1(x)

x
− Idc,ic

x+ Vdc

)
x−
(
c2(y)

y

y + Vd

x+ Vdc
+

Id,ic
x+ Vdc

)
y

−
(
c3(z)

z

z + Vq

x+ Vdc
+

Iq,ic
x+ Vdc

)
z. (31)

The reference value of the d-component of the IC ac voltage
is determined based on the IC droop function (9). As shown in
Fig. 1, the reference voltage is fed to the IC voltage control loop.
The dynamics of the IC voltage controller can be approximated
by the following first-order equations [24]:

τd
dvd
dt

+ vd = v∗d (32)

τq
dvq
dt

+ vq = v∗q (33)

where τd and τq are the time constants of the d and q axis of
voltage control loops. Substituting (9) into (32) gives

τd
dvd
dt

+ vd = Eac +
md

mdc
(vdc − Edc) + kd

d

dt
vdc. (34)

By change of variables, (34) can be expressed in terms of x,
y, and z, as follows:

τd
dy

dt
+ y + Eac −mdg

(
Id2

Iratedd2

)

= Eac +
md

mdc

(
x+ Edc −mdcg

(
I1

Irated1

)
− Edc

)

+ kd
d

dt
x. (35)

Since the global power sharing condition of (5) is satisfied at
steady state (Id2/Iratedd2 = I1/I

rated
1 ), (35) can be simplified to

τd
dy

dt
= −y +

md

mdc
x+ kd

dx

dt
. (36)

Substituting (10) into (33) gives

τq
dvq
dt

+ vq = −mqh

(
iq,ic
Iratedq,ic

)
. (37)

By substituting iq,ic with the right-hand side of (22), (37) can
be expressed as

τq
dz

dt
= −z − c4 (z) (38)
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in which

c4 (z) = mq

(
h

(
c3(z) + Iq,ic

Iratedq,ic

)
− h

(
Iq2

Iratedq2

))
. (39)

B. Lyapunov Stability Analysis

Equations (31), (36), and (38) express the system dynamics
in terms of nonlinear differential equations. In this subsection,
the stability of the system is studied by using Lyapunov stability
theorem [25]. A positive definite Lyapunov function is defined
in terms of the state variables x, y, and z. By selecting the control
parameters such that the time derivative of Lyapunov function
is negative definite, asymptotic stability is guaranteed. In the
following text, first the upper bounds of expressions c1–c4 are
derived (see Theorems 1 and 2). Then, these upper bounds are
used in Theorem 3 to prove the system is asymptotically stable.

Theorem 1: If the functions g and h are strictly increasing
piecewise linear with maximum slopes ag and ah, then for any
nonzero x, y, z, the expressions c1(x)/x, c2(y)/y,and c3(z)/z
have positive lower bounds, as follows:

c1 (x)

x
≥ Irated1

agmdc
(40)

c2 (y)

y
≥ Iratedd2

agmd
(41)

c3 (z)

z
≥ Iratedq2

ahmq
. (42)

Proof: Since the function g is strictly increasing with maxi-
mum slope ag, the inverse of g is also strictly increasing with
minimum slope 1/ag . Therefore, the slope of the line connecting
a pair of points on g−1 is greater than 1/ag . Mathematically,

g−1 (w +Δw)− g−1 (w)

Δw
<

1

ag
. (43)

Substituting w with g(I1/I
rated
1 ) and Δw with −x/mdc, (43)

can be written as

g−1
(
g
(
I1
/
Irated1

)− x/mdc

)− I1
/
Irated1

−x/mdc
<

1

ag
(44)

which implies (40). The inequalities (41) and (42) can be driven
in a similar fashion.

Theorem 2: For any nonzero z, the expression c4(z)/z is
positive definite.

Proof: According to (42), c3(z) has the same sign as z. Con-
sequently, if z is positive, (c3(z) + Iq,ic)/I

rated
q,ic > Iq,ic/I

rated
q,ic .

Since the q axis current is proportionally shared among the ac
DERs and IC (Iq,ic/Iratedq,ic = Iq2/I

rated
q2 ) and h is strictly increas-

ing, the mentioned inequality implies that c4(z) is positive. Al-
ternatively, in the case of a negative z, (c3(z) + Iq,ic)/I

rated
q,ic <

Iq,ic/I
rated
q,ic and c4(z) is negative. Therefore, c4(z)/z is positive

definite for any nonzero z.
Theorem 3: The dynamic system expressed by (31), (36),

(38) is asymptotically stable if the controller parameters are
selected such that b22 + b1 > 0 and b2 −

√
b22 + b1 < kd/τd <

b2 +
√

b22 + b1 where

b1 =

(
4Irated1

agmdc
− 4Irateddc,ic

min {vdc}

)

−
(

max {vq}
min {vdc} · I

rated
q2

ahmq
+

Iratedq,ic

min {vdc}

)2

−
(

md

mdc
+

Iratedd,ic

min {vdc} − Iratedd2

agmd
∗ min {vd}
max {vdc}

)2

(45)

b2 =
md

mdc
+

Iratedd2

agmd
∗ min {vd}
max {vdc} − Iratedd,ic

min {vdc} . (46)

Proof: Consider the positive definite Lyapunov function
candidate:

V =
1

2
Cx2 +

1

2τd
(τdy − kdx)

2 +
1

2
τqz

2. (47)

The derivative of V is calculated as follows:

dV

dt
= xC

dx

dt
+

1

τd
(τdy − kdx)

(
τd

dy

dt
− kd

dx

dt

)
+ zτq

dz

dt
.

(48)
Substituting the derivative terms in (48) with (31), (36), (38)

gives

dV

dt
= −

(
c1(x)

x
− Idc,ic

x+ Vdc
+

kd
τd

md

mdc

)
x2

−
(
c2(y)

y

y + Vd

x+ Vdc
+

Id,ic
x+ Vdc

−
(

md

mdc
+
kd
τd

))
xy−y2

−
(
c3(z)

z

z + Vq

x+ Vdc
+

Iq,ic
x+ Vdc

)
xz −

(
1 +

c4 (z)

z

)
z2.

(49)

By using Theorems 1 and 2, an upper bound for dV /dtis
obtained as

dV

dt
≤ −

(
Irated1

agmdc
− Idc,ic

x+ Vdc
+

kd
τd

md

mdc

)
x2

+

(
md

mdc
+

kd
τd

− c2(y)

y

y + Vd

x+ Vdc
− Id,ic

x+ Vdc

)
xy − y2

−
(
Iratedq2

ahmq

z + Vq

x+ Vdc
+

Iq,ic
x+ Vdc

)
xz − z2. (50)

The right-hand side of (50) is of the form −a1x
2 + 2a2xy −

y2 − 2a3zx− z2 which can be rearranged as −(y − a2x)
2 −

(a1 − a22)x
2 − 2a3xz − z2. The quadratic expression −(a1 −

a22)x
2 − 2a3xz − z2 is negative if D = a23 − a1 + a22 is nega-

tive, i.e.,

D =

(
md

mdc
+

kd
τd

− Id,ic
x+ Vdc

− c2(y)

y

y + Vd

x+ Vdc

)2

+

(
Iratedq2

ahmq

z + Vq

x+ Vdc
+

Iq,ic
x+ Vdc

)2

− 4

(
Irated1

agmdc
− Idc,ic

x+ Vdc
+

kd
τd

md

mdc

)
< 0. (51)
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Using Theorem 1, and replacing the variables with their limits,
an upper bound for D is obtained as

D ≤
(

md

mdc
+

Iratedd,ic

min {vdc} − Iratedd2

agmd
∗ min {vd}
max {vdc} +

kd
τd

)2

+

(
max {vq}
min {vdc} ∗ Iratedq2

ahmq
+

Iratedq,ic

min {vdc}

)2

− 4

(
Irated1

agmdc
− Irateddc,ic

min {vdc} +
md

mdc

kd
τd

)
. (52)

The above expression can be represented in the form −b1 −
2b2kd/τd + (kd/τd)

2 , in which b1 and b2 are shown in (45). If
the term b22 + b1 is positive, the roots of right-hand side of (52)
with respect to kd/τd will be b2 ±

√
b22 + b1. Selecting kd/τd

between these roots ensures that the right-hand side of (52)
and hence D is negative, which implies that dV /dt is negative
definite. So the system is asymptotically stable.

C. Guidelines for Controller Design

The key control parameters, which affect the system stabil-
ity, are the IC’s inner control loops, DERs droop parameters,
and the derivative coefficient of IC droop controller. The inner
control inner control loops comprise of cascaded proportional
plus resonant controllers. The design of inner control loop
parameters have been extensively studied and standard design
guidelines based on linear analysis tools have been presented in
the literature [24]. Commonly, the inner loops are designed such
that the voltage controller time constant (τd) is smaller than one
power cycle. The droop controller parameters md and mdc are
equal to the maximum voltage deviation in dc and ac subgrids,
respectively. The parameter mq and the maximum slope of the
q axis droop function (ah) can be selected in accordance with
the eigenvalue analysis presented in [17]. In order to improve
the dynamic response of IC with respect to load changes in the
dc subgrid, a positive derivative gain (kd) must be used. This
way, the derivative term can have a positive contribution in the
droop control law. A sufficient condition for meeting the stability
criterion of Theorem 3 with some positive kd is having positive
b1 and b2. This condition can be used as a guideline for selection
of the maximum slope of the droop functions (ag).

For the MG studied in Section IV, the inner control loops
are designed such that τd � 0.01 s. In order to limit the voltage
deviations to 10%, md and mdc are selected as 31 and 75 V,
respectively. Based on the analysis presented in [17], mq is
selected as 31 V and ah is selected as 2. To have positive values
for b1 and b2, ag is selected as 2. The parameters b1 and b2 are
found as 0.2 and 0.55, respectively. So based on Theorem 3, the
system is stable as long as kd ∈ (−0.0016, 0.012). Here, kd is
selected as 0.005.

IV. SIMULATION RESULTS

The conventional control scheme of [1] and the proposed
control strategy are tested on a HMG supplies by five DERs
of different capacities. Fig. 3 shows the schematic diagram of

Fig. 3. Schematic diagram of simulated HMG.

TABLE I
ELECTRICAL PARAMETERS OF SIMULATED HMG

TABLE II
CONTROL PARAMETERS OF SIMULATED HMG

the HMG. The dc subgrid is comprised of two dc DERs and two
dc loads, whereas the ac subgrid includes three ac DERs and
two ac loads. The two subgrids are linked through an IC. Tables
I and II list the electrical and control parameters of the HMG.
The dc subgrid has a rated voltage of 750 V and the nominal
parameters of ac subgrid are 220 V (phase to ground) and
50 Hz. In accordance with the resistive nature of the distribution
networks, the R/X ratio of the line impedances are selected at
around 7 [26]. For each of the DERs and IC, the rating, filter
components, and control parameters are detailed in the table.

To have a fair comparison between the proposed scheme and
the conventional control method of [1], the same inner control
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loops are used for both schemes. In addition, a virtual impedance
(Zv) is added in the control loops of the ac DERs of the conven-
tional control method to ensure optimal performance in spite of
resistive ac network impedance. The droop controller parameters
of the conventional scheme are selected by considering the
maximum permissible voltage and frequency deviations.

The simulation results for the conventional and proposed
control scheme are shown in Figs. 4 and 5. Prior to t= 0 s, the dc
load 1 and ac load 1 are connected to the network. From Figs. 4(a)
and 5(a), it is seen that both methods satisfy the global power
sharing condition with Pac3 and Pdc2 being almost equal and
double that of Pac1, Pac2, and Pdc1. A small active power sharing
error is observable in both cases. However, thanks to adopting a
nonlinear droop control law, the proposed control method favors
reduced sharing error at higher loading conditions, when the
DERs are susceptible to overload (t>1 s). As shown in Figs. 4(b)
and 5(b), the reactive power is shared proportionally among the
ac DERs. However, comparing Fig. 4(b) and (c) reveals that
the reactive power sharing among IC and ac DERs is poor in the
conventional method. The reason is the lack of virtual impedance
in the conventional IC control scheme. This problem is resolved
in the proposed method.

At t = 0 s, a step load change is incurred in the ac MG by
connecting the ac load 2. In the case of the conventional control
method, the ac DERs first respond to this load change by increas-
ing their output powers [see Fig. 4(a)]. The P-f droop controllers
of ac DERs decrease the frequency, as shown in Fig. 4(f).
This frequency drop is then sensed by the IC controller, which
increases the IC active power [see Fig. 4(b)]. Subsequently, the
dc DERs increase their output powers to maintain the power
balance in dc subgrid. The relatively slow dynamics of the power
control loop of the IC and the delay associated with the frequency
measurement (PLL) delays the response of IC and hence the dc
DERs. Consequently, as seen in Fig. 4(a), the step load change
is first picked up by ac DERs and after several ac power cycles
dc DERs take their share of the load. This sluggishness causes
the ac DERs to undergo a transient power overshoot.

In contrast with the conventional droop method, the dynamic
response of the proposed method is fast. When the ac load
increases, the V-I droop controllers of ac DERs quickly decrease
the d-component of the ac bus voltage and hence its rms value
[see Fig. 5(e)]. Without any delay, this change is sensed by IC
controller, which increases the IC active power, as shown in
Fig. 5(c). The dc DERs respond to the IC action by increasing
their output powers. Thanks to the fast dynamics of this process,
the power overshoot of ac DERs is eliminated.

At t = 1 s, the dc load 2 is connected, resulting in a step load
rise in the dc MG. From Fig. 4(a) and (c), it is observed that in
the case of the conventional control method, for similar reasons
stated in the above text, the step load change is first picked up
by the dc DERs and the response of IC and ac DERs has a delay.
So, the dc DERs experience a power overshoot. This overshoot
is again avoided in the proposed control scheme, as shown in
Fig. 5(a).

From Figs. 4(d) and (e) and 5(d) and (e), it is observed that in
both conventional and proposed scheme, the voltages of dc and
ac buses of the MG remain within the permissible range. This
is a direct consequence of selecting the droop coefficients in

Fig. 4. Performance of conventional control method. (a) DERs active powers.
(b) AC DERs reactive powers. (c) IC powers. (d), (e) DC/AC bus voltages.
(f) Frequency.

accordance with the specified voltage limits. Comparing
Figs. 4(f) and 5(f) reveals that unlike the conventional method,
the proposed control method does not suffer from frequency
deviations. The transient frequency fluctuations observed in
Fig. 5(f) are caused by variations of d and q components of
the DER voltages. Zero steady-state frequency deviation is a
key feature of GPS-based control MG schemes and particularly
the proposed method.
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Fig. 5. Performance of proposed control method. (a) DERs active powers.
(b) AC DERs reactive powers. (c) IC powers. (d), (e) DC/AC bus voltages.
(f) Frequency.

V. EXPERIMENTAL RESULTS

The proposed control strategy was tested in a laboratory-scale
MG setup. As depicted in Fig. 6(a), the experimental setup is
comprised of three main cabinets, one switch box and one con-
trol box. Inside the control box, there are three target PCs, each
of which controls one of the cabinets. As shown in Fig. 6(b), five
converters, including two three-phase inverters, two three-phase
active front-end rectifiers, and one inverter with shorted outputs
are placed inside each cabinet. Each converter is connected to an
FPGA board, which communicates to target PCs via a fast optic
fiber link. The target PCs, which serve as the main controller unit,

Fig. 6. Experimental setup. (a), (b) Photographs of hardware. (c) Schematic
diagram.

receive feedback signals from the FPGA boards and calculate
the reference of the PWM signals according to the proposed
control scheme. Then, the FPGA boards generate PWM pulses,
which are applied to the converters’ switches.

Fig. 6(c) shows the schematic diagram of the HMG setup.
As seen, two back to back converters are employed for imple-
mentation of the ac DERs, two are used as active controllable
ac loads and one serves as IC. The ac DERs, IC, and dc DERs
have a rated power of 6 kW and their specifications are identical
with ac DER 3 and dc DER2 of the simulated MG (see Table I).
The dc subgrid is emulated in the target PCs. The ac subgrid
is interfaced with the dc subgrid by including the measured dc
current of IC (hardware side) as a controllable dc current source
in the dc subgrid.

The experimental results of the conventional and proposed
method are shown in Figs. 7 and 8, respectively. Initially, the
ac load consumes 7 kW (at power factor PF = 0.85) and the dc
load is 3 kW. Since the dc load is lighter than the ac load, IC
transfers around 2 kW from dc to ac subgrid [see Figs. 7(b) and
8(b)] to enable dc DERs contribute to the ac load. Therefore,
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Fig. 7. Experimental results of conventional control method. (a) DERs active
powers. (b) AC DERs reactive powers. (c) IC active/reactive power. (d) AC
voltage. (e) Frequency. (f) DC voltage.

the output powers of ac and dc DERs become equal. In other
words, global power sharing is satisfied. At t = 0 s, the ac load
is increased from 7 to 14 kW (PF = 0.85). To maintain global
power sharing, the IC active power increases to around 5 kW,
hence allowing the dc DERs to contribute to this load rise. At
t = 1 s, the dc load is changed from 3 to 8 kW. This time, the
IC active power decreases to around 2.2 kW. Consequently, the
active power output of ac and dc DERs merge at the same value.

Comparison of Figs. 4 and 5 with Figs. 7 and 8 reveals that
the experimental results verify the simulations. Here, similar to
the simulation results, the proposed method favors a smooth and
overshoot-free transient response. Furthermore, zero frequency
deviation is achieved in the proposed scheme.

Fig. 8. Experimental results of proposed control method. (a) DERs active
powers. (b) AC DERs reactive powers. (c) IC active/reactive power. (d) AC
voltage. (e) Frequency. (f) DC voltage.

VI. CONCLUSION

HMGs are an attractive solution for the integration of dc and ac
DERs and loads in smart distribution systems. HMGs are com-
prised of dc and ac subgrids connected through a bidirectional
ac/dc converter known as IC. Coordinated control of ac and dc
DERs in HMG is a challenging task due to the complexity of its
structure and the distinct dynamics of dc and ac subgrids. In this
article, a simple yet efficient decentralized control strategy was
proposed to enable coordination of the DERs in ac and dc sub-
grids with fast dynamic response. The proposed method adopts
piecewise linear V-I droop characteristics to enable accurate
load sharing among the DERs within each subgrid. Compared
with the conventional droop control methods (P-f, Q-V droop
in ac and P-V droop in dc MGs), the V-I droop control method
offers faster dynamics by removing the delays associated with
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the calculation of average active and reactive powers. In addition,
the V-I droop scheme enhances the power quality by elimination
of the frequency deviation and decreasing the voltage deviations.
A novel control method has been proposed for IC, in which the
d-component of the ac bus voltage is adjusted as a function
of the dc bus voltage and its derivative. The proposed control
method eliminates the delays associated with PLL, which is
commonly used in existing control schemes. Furthermore, by
incorporating the derivative of the dc bus voltage in the control
loop, the sluggishness caused by higher time constant of dc bus
voltage (due large dc bus capacitors), is prevented. The efficacy
of the proposed method has been verified through simulation and
experimental results. The results show that in contrast with the
conventional control method of HMG, which imposes the DERs
to transient power overshoots, the proposed method realizes a
smooth and overshoot-free response. In addition, the proposed
method favors zero frequency deviations and tighter voltage
regulation.
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