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Abstract—Cascaded-connected string converter is an effective
way to directly interconnect distributed low-voltage dc sources into
higher voltage ac grids. When this system is switched to islanding
operation, an important task is to obtain decentralized power shar-
ing among power cells according to the corresponding dc source
power capacity, and at the same time, maintaining a good regula-
tion of supply voltage quality to local critical loads. In this paper, a
hierarchical control approach is proposed to simultaneously realize
the abovementioned two tasks. First, the central controller at point
of common coupling (PCC) is responsible for supply voltage magni-
tude and frequency deviation suppression and it also distributes the
key control signals to all power cell local controllers with only low
bandwidth communications. At the same time, a modified inverse
power factor droop regulator with adjustable offset is adopted by
each power cell. As the offset is relevant to the PCC load power
factor and the state of charges of power cell backstage batteries,
it can easily obtain decentralized proportional power sharing. The
proposed system and the control strategy are compared with the
conventional parallel converters-based system and the potential ap-
plications of the system are also given in this paper.

Index Terms—Frequency compensation, hierarchical control, in-
verse droop control, microgrids, power sharing, voltage magnitude
compensation.

I. INTRODUCTION

THE GROWING installation of distributed renewable en-
ergy power sources and energy storage units has stimu-

lated microgrid applications with islanding operation capability.
In most of the previous research, an islanded microgrid consists
of a few parallel-connected distributed generation (DG) units
that operate in a coordinated manner [1]–[4]. As distributed dc
source voltage is usually lower than the suitable ranges for direct
grid integration using a conventional single-stage dc/ac inverter,
two-stage power conversion including a dc/dc boosting and a
dc/ac inverting is widely adopted for DG units. In addition, the
droop control can be applied to parallel islanded DG units to re-
alize power sharing without any communications among them
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[5]–[7]. However, it is necessary to note that droop control often
suffers from instable problems and the reactive power sharing
may have nontrivial errors [8]–[10], due a fact that the feeder
impedance is usually unknown and it can be mainly resistive.
From the energy conversion perspective, the real power sharing
aims to obtain proper energy management among distributed
dc sources, such as battery bank, photovoltaic (PV) arrays, and
fuel cells. At the same time, the reactive power sharing is not
directly involved in the energy management, but a proper reac-
tive power sharing can reduce the supply voltage fluctuations
and it can also reduce the circulating current between parallel
DG units.

On the other hand, the series-connected string converters
have been proposed to directly integrate multiple low voltage
dc sources into higher voltage grid in recent studies [11]–[13].
Due to the adoption of single-stage bidirectional dc/ac power
conversion in each power cell and the use of low-voltage power
switches, the cascaded string converter has been considered as
an attractive alternative way for renewable energy and energy
storage system grid integration [14]. For instance, the cascaded
H-bridge (CHB) converter is used to interconnect multiple
PV arrays into power grid and each array has an independent
maximum power point tracking control to enhance the solar
energy harvesting performance [15], [16]. As the output power
of solar array is not fully controllable due to a few factors in-
cluding radiations and temperature uncertainty, the PV battery
hybrid CHB system for better power management was recently
proposed in [17]. In addition, the control of three-phase CHB
converter with the interphase power flow control via proper
zero-sequence voltage injection is proposed for high-power PV
integration applications [18].

Note that the previous research mainly focuses on the grid-
tied operation of string converters where the output real and
reactive power of the string converter can be actively tuned ac-
cording to the system operation requirement. In addition, a cen-
tral controller is adopted for independent power control of each
power cell with synchronized pulsewidth modulation (PWM)
[19]. However, for an islanded microgrid system with a larger
number of low-voltage dc power sources that may be far away
from each other [20], using such centralized controller is difficult
and cost expensive. In addition, considering the power flow prin-
ciples of parallel DG units and series-connected power cells are
very different, it is apparent that the conventional droop control
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cannot be used in this case. In order to overcome these limita-
tions, a fully decentralized inverse droop was recently developed
for real power sharing of string converters in islanding operation
mode [21]–[23], via using each power cell’s power factor as the
input of the inverse droop controller. It is important to note that
the abovementioned decentralized control methods still have the
following limitations: 1) the inverse power factor control may
cause nontrivial steady-state point of common coupling (PCC)
voltage magnitude and frequency deviations, particularly when a
lot of distributed feeders are used to interconnect power cells and
the sum of the feeder impedance is high; and 2) only equal power
sharing performance is obtained. However, this requirement is
relatively rare for practice, due to a fact of varying backstage
available power capacity for each power cell.

Motivated by the limitations as mentioned above, an improved
hierarchical control approach is proposed to further enhance
the performance of string converters-based islanded microgrid.
First, the PCC voltage magnitude is compensated by a simple
restoration regulator at PCC central controller. At the same time,
the weighted average state of charge (SoC) and PCC load power
factor are obtained by the central controller and they are sent
to all power cells local controllers as calibration coefficients.
Second, proportional power sharing between power cells ac-
cording to their backstage available power ratings is achieved
mainly through local control, via a modified inverse power fac-
tor droop with adjustable calibration coefficients. Note that each
power cell steady-state frequency deviation is compensated by
this calibration term in the local controller. Accordingly, the PCC
voltage frequency is also passively compensated.

II. PROPOSED SYSTEM

Fig. 1 shows the configuration of the proposed series-
connected power cells-based islanded microgrid. Each power
cell is composed of an H-bridge converter and an output LC fil-
ter, in order to provide both bidirectional power flow and proper
switching ripple mitigation [24], [25]. Then, these string con-
verters are connected in series by feeders. Note that with suffi-
cient number of series-connected power cells, there is no need
to have any bidirectional dc/dc boost converter in the power cell
and the battery bank can be directly connected to the dc rail of
the H-bridge converter. There are also a few loads at PCC.

To obtain a flexible power sharing according to battery SoCs
and an accurate PCC voltage magnitude and frequency regula-
tion at the same time, a hierarchical control approach is applied
to this system. A detailed introduction to the proposed hierarchi-
cal control architecture is given in the following of this section.

A. Central Control

First, a central controller is placed at PCC to monitor the
PCC voltage status. Due to the voltage drops on the distributed
feeders and the control of power cells with voltage phase angles
difference, the PCC voltage may have significant magnitude and
frequency deviations. In order to ensure an enhanced supply
voltage to loads, a simple restoration controller is adopted by
the central controller as

gc = 1 + (E∗ − EPCC) ·
(
kp_mag +

ki_mag

)
(1)

Fig. 1. Diagram of a series-connected H-bridge power cells-based islanded
microgrid.

where E∗ and EPCC are magnitudes of the reference volt-
age and the measured PCC voltage, respectively. kp_mag and
ki_mag are the proportional and integral gains of the PI regu-
lator for PCC voltage magnitude deviation compensation. The
output of the controller is a gain gc, which is used to tune each
power cell voltage magnitude reference via a low bandwidth
(LBC) communication system between the central and the local
controllers.

In addition, the central controller at PCC is responsible for
collecting status information of all power cells. For the power
sharing application as discussed in this paper, the SoC of each
power cell is sent to the central controller via the LBC. For prac-
tical applications, the backstage batteries are usually designed
at the same rated ampere–hour (AH). In this case, the weighted
average SoC of each power cell is simply defined as

WSoC,m = k · SoCm/
∑

n=k
SoCn (2)

where SoCm is the SoC of the power cell m. k is the total
number of series-connected power cells. Note that for the ap-
plications with different battery AHs, the parameter can also be
defined in a similar way.

Furthermore, the central controller also measures the power
factor of all PCC loads as PFLoad. Afterward, the load
PFLoad and the weighted averageW SoC,m of each power cell
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Fig. 2. Diagram of the proposed approach for series-connected power cells-based islanded microgrid.

are sent back to the corresponding local controllers via LBC sys-
tems. As it is discussed later, they are used as calibration terms
for the flexible proportional power sharing and the frequency
deviation suppression through power cell local regulations.

B. Local Control

At an arbitrary power cell local controller m, it receives the
coefficients gc,PFLoad, andWSOC ,m from the central con-
troller. It is necessary to consider the characteristics of the com-
munication delays in the process of receiving information from
PCC. The impact of communication delay is usually modeled
by a first-order Pade approximation [26]. In this paper, as the
weighted average SoC changes very slowly, only communica-
tion delays in receiving the time varying gain gc are considered
in the analysis. Accordingly, the gain at the local controller m is
expressed as

gc_Local,m = gc ·Gdelay(s) =
1− (τm/2) s

1 + (τm/2) s
· gc (3)

where τm is the delay time constant of the Pade approximate
model. It is apparent that larger τm indicates longer time delay
of the LBC.

Afterward, the power sharing among series-connected power
cells is realized by the power cell local voltage adjustment
strategy. Prior to obtain the instantaneous reference voltage, the
reference voltage magnitude Em and the reference angular fre-
quency ωm of power cell m are determined as

Em =
E∗

k
· gc_Local,m (4)

ωm = ω∗ +DPF · (PFm −WSoC,m · PFLoad) (5)

where PFm is power factor of the power cell m, DPF is the
inverse droop coefficient, and ω∗ is the nominal angular fre-
quency.
PFm in (5) is calculated by using only local measurement of

H-bridge output current Io and LC filter capacitor voltage V c,
as shown in the bottom of Fig. 2. Note the offset reactive power
of the filter capacitor is estimated according to the reference
voltage magnitude Em and then it is deducted from the power
factor calculation process. It is also necessary to note that the
calculated power factor is filtered by an LPF with cut-off angular
frequencyωcut to avoid power cell power factor jittering caused
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by ripples of line current and power cell voltage as

PFm =
ωcut

s+ ωcut
cos(θLoadm) (6)

where θLoadm is the instantaneous power factor angle of the
power cell m.

With (4) and (5), the reference voltage of each power cell V ∗
c

can be determined by a sinusoidal reference voltage signal gen-
erator. Then, a well-understood double-loop voltage controller
[27]–[29] is adopted by the power cell to ensure an accurate
voltage tracking as

I∗o = GV (s) · (V ∗
c − Vc)

=

⎛
⎝kp +

∑
h=f,3,5,7,9,11

2ki,hωcs

s2 + 2ωcs+ ω2
h

⎞
⎠ · (V ∗

c − Vc)

(7)

V ∗
out = GI(s) · (I∗o − Io) = kInner · (I∗o − Io) (8)

where V c is the measured power cell voltage, kp is the pro-
portional gain, ki,h is the resonant controller gain at the funda-
mental or harmonic order h, ωc is the angular bandwidth of a
quasi-resonant controller, ωh is the angular frequency of con-
troller at order h, kInner is the proportional gain of the inner
loop controller, Io is the measured interfacing converter out-
put current, I∗

o is the reference current of the inner loop, and
V ∗

out is the reference voltage for PWM processing. Note that
the bandwidth of the closed-loop voltage and current tracking
is much higher than the power sharing loop using inverse droop
control. Accordingly, the parameters of a double-loop controller
are designed without considering power control conditions and
they are usually realized via an iterative process [29].

The completed control diagram of the proposed islanded sys-
tem is shown in Fig. 2, where it is seen that the central controller
collects the SoCs of all batteries of the power cells. Then, the
weighted average SoC WSOC,m of each power cell and the
PCC load power factor PFLoad are determined at the central
controller. Meanwhile, the PCC voltage magnitude gain gc is
obtained via a simple magnitude regulator. These data are sent
back to all power cell local controllers via the LBC system. In
addition, the demonstration of a power cell local controller is
provided at the bottom of the figure. First, the receiver of the
local controller obtains the status information from the central
controller. Then, the reference voltage is determined by (4) and
(5) to ensure an accurate power sharing in proportion to the
corresponding battery SoC and the mitigation of PCC voltage
magnitude and frequency deviations. Finally, a double-loop volt-
age controller is adopted to obtain a rapid tracking of power cell
output LC filter capacitor voltage.

III. ANALYSIS AND DISCUSSION

This section starts with the performance comparison between
the proposed method and conventional methods. Then, the pa-
rameter selection guideline of the proposed control method is

Fig. 3. Equivalent circuit of the series-connected power cells-based islanded
microgrid.

given via the small-signal analysis. Finally, the potential appli-
cations of the proposed system and the interactions with con-
ventional microgrid components are presented.

A. Phasor Diagram

The equivalent circuit of the string converters-based islanded
microgrid is shown in Fig. 3. Considering that the bandwidth
of power cell closed-loop voltage tracking is sufficiently higher
than the dynamics of power sharing via inverse power factor
droop control, three power cells can be modeled as ideal con-
trolled voltage sources as V c1, V c2, and V c3, respectively. The
distributed connection wires are lumped as a single feeder asRL

and XL, where RL is the equivalent resistance and XL is the
equivalent reactance.

Under various situations, the phasor diagrams of the system
are sketched in Fig. 4, where the reference frame is aligned to
the load current phasor in the horizontal direction. First, when
no active power sharing control is applied to the system, the
corresponding phasor diagram is shown in Fig. 4(a). It illus-
trates that each power cell has fixed voltage magnitude at E∗/k.
However, due to a fact of random phase angles and nontrivial
voltage drops on the feeders resistance as RLILoad and reac-
tance as XLILoad, it is seen that the magnitude of PCC voltage
EPCC is significantly lower than the nominal voltage at E∗.
Here, the nominal voltage magnitude is descripted as the bound-
ary of dashed outer circle.

On the other hand, the phasor diagram of the system using
the fully decentralized inverse droop controller [21] is provided
in Fig. 4(b). It can be seen that the power cell voltage V c1,
V c2, and V c3 have the same phase angle under the steady-
state operation condition. In this case, the sum of power cell
voltage magnitudes is the same as the nominal PCC voltage.
Nevertheless, as there are nontrivial voltage drops on the lumped
feeder, the PCC voltage magnitude is still less than the nominal
value E∗.

The performance using the proposed approach is also shown
in Fig. 4(c). In this case, the power cell voltage phase angles are
not the same due to the difference of the weighted average SoC
of power cells. In this case, the projection of power cell voltage
vectors at the horizontal direction is in proportion to output real
power of the corresponding power cell. As mentioned earlier, the
voltage phase difference of the power cells can further aggravate
the magnitude deviations of PCC voltage. To solve this problem,
a voltage magnitude compensation term (gc − 1) · (E∗/k) is
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Fig. 4. Phasor diagram of islanded microgrid with different types of control approach. (a) No active control. (b) Inverse droop. (c) Heretical control.

adopted to adjust the voltage magnitude of each power cell.
In this figure, the fixed magnitude voltage component and the
compensation voltage component are highlighted by blue and
saffron yellow vectors, respectively. With the application of the
adjustable gain gc, an accurate PCC voltage vector control at
nominal magnitude can always be obtained even under the case
of unequal real power sharing and there are nontrivial voltage
drops on the feeders.

It is easy to understand that the PCC voltage magnitude
EPCC can be controlled at the nominal values at the steady
state, as active control in (1) is applied. Nevertheless, under-
standing the performance of PCC voltage frequency restoration
is not straightforward. In the following paragraphs, the PCC volt-
age frequency performances under various cases are discussed.

First, it is a fact that all power cells frequencies and PCC
voltage frequency are the same at a steady state, as long as they
are synchronized. Supposing the system has a small angular
frequency deviation at the steady state, it can be given as

ω1 = ω2 = · · · = ωk = ω∗ +Δω (9)

whereω1 toωk are the power cell frequencies andΔω is static
angular frequency deviation.

It is necessary to note that power cell reference frequencies
are actually determined by their inverse droop controllers as

ω1 = ω∗ +DPF · (PF1 −WSoC,1 · PFLoad) = ω∗ +Δω

ω2 = ω∗ +DPF · (PF2 −WSoC,2 · PFLoad) = ω∗ +Δω

· · · (10)

When combining the above equations together and consider-
ing the relationship in (2), the static angular frequency deviation
using the proposed approach can be determined as

Δω = DPF ·
⎛
⎝1

k
·

∑
m=1,2,...k

PFm − PFLoad

⎞
⎠ . (11)

This actually indicates that when the arithmetic mean value
of power cell power factors is not equal to the load power fac-
tor, there is some static frequency deviation. In addition, this
frequency deviation is proportional to the inverse droop gain
DPF. Considering that the series-connected power cells always
have the same output apparent power but the power factors are

not the same due to different values of battery SoCs, the angular
frequency deviation Δω under the case of varying battery states
and PCC load power factors shall be examined.

It is necessary to note that, for practice, the battery SoCs
should be controlled to not have significant differences. In this
paper, the analysis is conducted in a condition with three series-
connected power cells and the SoC1 and SoC2 are the same at
90%, while the SoC3 range is restricted from 80% to 100%.
The angular frequency deviation Δω under the case of different
PCC load power factors is shown in Fig. 5(a). It is interesting
to note that the angular frequency deviation is zero when the
SoC3 is equal to SoC1 and SoC2 at 90%. However, the angular
frequency deviation is larger when SoC3 is far away from 90%
and it is up to 0.075 rad/s when the SoC3 is 100% with the given
inverse droop gain DPF at 12 rad/s. In addition, higher PCC
load power factor is associated with higher frequency deviation.

On the other hand, it is known that for the equal power sharing
using the conventional approach in [21], the power cell output
power factor is always equal to the load power factor. In this
case, the frequency deviation is simply determined by the inverse
power factor droop control at DPFPFLoad. For a system with
the same inverse droop gain at 12 rad/s and a varying PCC load
power factor from 0.6 to 0.9, the comparison of PCC frequency
deviation performance is illustrated in Fig. 5(b). It is clearly
seen that the conventional method induces significant angular
frequency errors up to 10.8 rad/s, while the proposed method
gives small angular frequency error range that is no more than
0.075 rad/s.

B. Small-Signal Modeling

In order to further investigate the stability and the damping
performance of the series-connected power cells-based islanded
microgrid system, the corresponding small-signal model for a
system with three power cells is established and the detailed
validation is conducted by root-loci analysis [30].

First, assuming the PCC voltage with the instantaneous phase
angle θV pcc is aligned to the horizontal direction in the syn-
chronous rotating reference frame. In this case, the relative volt-
age phase angle of each power cell in this rotating reference
frame is expressed as θi (i = 1, 2, and 3). Then, the detailed
system phasor diagram is shown in Fig. 6, where the relative
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Fig. 5. Analysis of angular frequency deviations. (a) Performance of the proposed islanded microgrid with varying SoC3 but fixed SoC1 = 90% and SoC2 = 90%.
(b) Comparison of angular frequency deviations under different control strategies. Proposed approach with fixed SoC1 = 90%, SoC2 = 90%, and SoC3=100%.

Fig. 6. Phasor diagram of series-connected power cells system with small-signal phase angle disturbance.

load current phasor is θLoad lagging of PCC voltage phasor. In
addition, the phase differences between power cell voltages and
load current are θLoad1, θLoad2, and θLoad3, respectively.

Assuming that power cells have small phase angles distur-
bance as σ1, σ2, and σ3 but the voltage magnitudes of power
cells are fixed, the variation of PCC voltage phase angleΔθV pcc

is obtained as

ΔθV pcc =
∑

m=1,2,3

CθV,m · σm (12)

where Δ means small disturbance at the equilibrium point and
CθV ,m is an intermediate coefficient that includes static system
operation point information as

CθV,m =

cos (θm) ·∑i=1,2,3 cos (θi) + sin (θm) ·∑i=1,2,3 sin (θi)(
1 +

(∑
i=1,2,3 sin(θi)∑
i=1,2,3 cos(θi)

)2
)
·
(∑

i=1,2,3 cos (θi)
)2

.

(13)

Considering that the PCC load power factor is constant during
this short period of the transient voltage regulation process, the
load current ILoad phasor also has the same phase angle varia-
tion ΔθILoad as the PCC voltage phasor. This simply yields

ΔθV pcc = ΔθILoad. (14)

Then, for an arbitrary power cell m, the variations of power
factor angle and measured power factor for inverse droop control

are expressed as

ΔθLoadm = σm −ΔθILoad = σm −
∑

m=1,2,3

CθV,m · σm

(15)

ΔPFm =
ωcut

s+ ωcut
[cos(θLoadm+ΔθLoadm)− cos(θLoadm)]

=
−ωcut

s+ ωcut
sin(θLoadm)

[
σm −

∑
m=1,2,3

CθV,m · σm

]
. (16)

When there is a change of measured power cell power factor
as shown above in (16), the inverse droop control in (5) takes
action and the corresponding small signal equation is expressed
as

Δωm = DPF ·ΔPFm. (17)

It is easy to know thatσm = (1/s) ·Δωm and by using sim-
ilar analytical approach in (12)–(17) to all power cells, the angle
response of the system can be evaluated using the following
closed-loop matrix equation as shown (18), which is provided
in the bottom of the next page.

It is necessary to note that the magnitude regulation also hap-
pens at the same time. However, the magnitude control only has
very minor impact of the angles control, as power cell power
factor is very well decoupled with its slight voltage magnitude
regulation. Thus, it is applicable to determine the magnitude
response independently. For this series-connected power cells-
based microgrid, the feeder impedance can be considered as a
part of the load for the sake simplicity. Accordingly, the voltage
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magnitude of PCC is approximately expressed as

EPCC =

⎛
⎝
⎛
⎝ ∑

i=1,2,3

Ecos (θi)

⎞
⎠

2

+

⎛
⎝ ∑

i=1,2,3

Esin (θi)

⎞
⎠

2⎞
⎠

1
2

(19)
where E is voltage magnitude of each power cell at the static
working point. After small phase angles disturbances as σ1, σ2,
and σ3, the variation of PCC voltage magnitude is expressed as

ΔEPCC =
∑

m=1,2,3

CEθ,m · σm +
∑

m=1,2,3

CEE,m ·ΔEm

(20)
where CEθ,m and CEE,m are intermediate coefficients that
include the system static working point information as

CEθ,m =

E2

EPCC

⎛
⎝cos (θm)

∑
i=1,2,3

sin (θi)− sin (θm)
∑

i=1,2,3

cos (θi)

⎞
⎠

(21)

CEE,m =

E

EPCC

⎛
⎝cos (θm)

∑
i=1,2,3

cos (θi) + sin (θm)
∑

i=1,2,3

sin (θi)

⎞
⎠ .

(22)

When the variation of PCC voltage magnitude is detected by
the central controller, the restoration controller in (1) takes ef-
fect and the gain is transmitted to the power cell local controller.
According to (1) and (3) with proper considerations of commu-
nication delay, the change of the gain Δgc_Local,m at the local
controller m is descripted as

Δgc_Local,m =

−ΔEPCC ·
(
kp_mag +

ki_mag

s

)
·
(
1− (τm/2) s

1 + (τm/2) s

)
. (23)

Accordingly, the variation of power cell m voltage magnitude
is

ΔEm =
E∗

k
·Δgc_Local,m. (24)

By applying a similar analytical approach in (19)–(24) to all
series string converters, the small signal response of the system
caused by voltage magnitude regulation can be determined as
(25) shown at the bottom of this page.

It can be seen that the components in the diagonal line are
second-order transfer functions that indicate the magnitude re-
sponse of a power cell to the system voltage magnitude and phase
angle disturbances. In contrast to the previous matrix in (18), it
is interesting to indicate that both the angle disturbances and the
magnitude disturbances have impact of PCC voltage magnitude,
and therefore, the proposed magnitude controller takes action.
The magnitude control performances of a system with three
series power cells are shown from Figs. 7 to 8, where the power

⎡

⎢
⎢
⎢
⎢
⎣

s2 + ωcuts+ (ωcutDPFsin(θLoad1))(1−CθV,1) −CθV,2ωcutDPFsin(θLoad1) −CθV,3ωcutDPFsin(θLoad1)

−CθV,1ωcutDPFsin(θLoad2) s2 + ωcuts+ (ωcutDPFsin(θLoad2))(1−CθV,2) −CθV,3ωcutDPFsin(θLoad2)

−CθV,1ωcutDPFsin(θLoad3) −CθV,2ωcutDPFsin(θLoad3) s2 + ωcuts+ (ωcutDPFsin(θLoad3))(1−CθV,3)

⎤

⎥
⎥
⎥
⎥
⎦

·

⎡

⎢
⎢
⎢
⎢
⎣

σ1

σ2

σ3

⎤

⎥
⎥
⎥
⎥
⎦

= 0 (18)

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11 0 0 0 0 0

0 a12 0 0 0 0

0 0 a13 0 0 0

0 0 0 a14 0 0

0 0 0 0 a15 0

0 0 0 0 0 a16

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
·

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

σ1

σ2

σ3

ΔE1

ΔE2

ΔE3

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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Fig. 7. Root locus diagram of phase angle response when the LPF cut-off
angular frequencyωcut changes from 1 to 37 rad/s whileDPF is fixed to 12 rad/s.

Fig. 8. Root locus diagram of phase angle response when the inverse droop
coefficient DPF changes from 0.5 to 40 rad/s while ωcut is fixed to 15 rad/s.

TABLE I
PARAMETERS OF THE EXPERIMENTAL SYSTEM

circuit parameters are chosen to be the same as in the experiment
as shown in Table I. In order to emulate the impact of commu-
nication delays, the delay time constant τm for power cells are
intentionally set up to be large. In addition, it is set to be slightly
different for three power cells at 0.01, 0.011, and 0.012 s,
respectively.

First, Fig. 7 shows the frequency control performance of the
system when the inverse droop coefficient DPF is fixed while

Fig. 9. Root locus diagram of magnitude response when the proportional gain
of the PI regulator kp_mag changes from 0.01/V to 0.4/V while ki_mag is fixed
to 0.006/(V�s).

the cut-off angular frequencyωcut of the low-pass filter in (6) for
power cell power factor calculation increases from 1 to 37 rad/s.
When the cut-off angular frequency is small, all poles are close
to the imaginary axis of the map. This means a reduced stabil-
ity margin and a slow response after small signal disturbances.
When the cut-off angular frequency increases, all poles move
away from the imaginary axis in the beginning of the process,
indicating better stability margining. It also is interesting to find
that P1–P4 become less dampened in the middle of the specified
ωcut variation range. By further increasing ωcut, P1 and P3
keep moving away from the imaginary axis and they eventually
become no-dominated poles. At the same time, P2, P4, and P5
are pushed back to the imaginary axis, leading to less stabil-
ity margin. To get a tradeoff between proper stability margin
and damping performance, the cut-off angular frequency of the
system is selected as 15 rad/s.

On the other hand, when the cut-off angular frequency is fixed
to 15 rad/s but the inverse droop coefficientDPF increases from
0.5 to 40 rad/s, the performance of the system is shown in Fig. 8.
In this case, the system has four moving poles P1–P4 of which
the position of P5 is mainly fixed. When the inverse droop gain
coefficient is small, poles P2 and P4 are located in the real axis
and they are very close to the imaginary axis. At the same time,
P1, P3, and P5 are also in the real axis but they are far away
from the imaginary axis. By increasing the inverse droop coeffi-
cient, P2 and P4 move to the left direction but P1 and P3 toward
to origin of the plane. However, further increase of gain DPF

pushes these poles away from the real axis and the system can be
less dampened when the gain is sufficiently large. To have good
stability margin and proper damping performance, the inverse
droop coefficient DPF is selected as 12 rad/s.

The impacts of the restoration control parameterskp_mag and
ki_mag to the PCC voltage magnitude response are also investi-
gated as shown in Figs. 9 and 10. First, Fig. 9 shows the system
performance whenkp_mag changes from 0.01/V to 0.4/V, while
ki_mag is fixed to 0.006/(V�s). In this analysis, the system has
seven valid poles. A trend is that very small gainkp_mag is asso-
ciated with less dampened poles P1–P6 and they also have small
stability margin. On the other hand, these poles P1–P6 become
overdamped when the gain keep increasing. However, it is also
seen that P2, P4, and P4 move to the origin of the map when this
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Fig. 10. Root locus diagram of magnitude response when the integral gain of
the PI regulator ki_mag changes from 0.001/(V�s) to 0.02/(V�s) while kp_mag

is fixed to 0.15/V.

gain is too large. By using similar parameter section rule consid-
ering a proper tradeoff between system damping performance
and stability margin, kp_mag is selected as 0.15/V.

Finally, we also investigate the pole positions of the system
with varying gain ki_mag in Fig. 10. When the gain is small,
the system is over dampened and it has small stability margin as
P2, P4, and P6 are close to origin. On the other hand, the system
becomes less dampened when the gain keeps increasing, but
poles P1–P6 become too close to imaginary axis. In this paper,
ki_mag is selected as 0.006/(V�s).

From the above detailed small-signal modeling and analy-
sis, it can be concluded that even significant time delays in the
communication are considered, the system can still preserve a
good stability and damping performance with proper selection
of control parameters.

C. Design Requirement and Applications

It has been well accepted that parallel DG units-based micro-
grid has the capability to interconnect multiple dc sources, as
sketched in Fig. 11(a). The power sharing between them can be
achieved in a coordinated manner without any communications
between parallel DG units interfacing converters, such as using
the well understood droop control.

On the other hand, the proposed system can interconnect the
same dc sources and loads, but by using a different configura-
tion of power electronic circuits, as shown in Fig. 11(b). Due
to a fact that the power circuit configurations are not the same,
the conventional droop control for parallel DG units cannot be
used. However, from the perspective of source energy genera-
tion and load energy consumption, the above two systems have
similar functionality only the internal power electronic circuit
configuration and control algorithms are different.

Due to unique feature of the proposed system, a few design
considerations are briefly mentioned here.

1) Power Cell Number Design Considerations: As dc-bus
voltage of power cell is lower than the peak value of rated
ac voltage, multiple power cells shall be connected in series.
Similar to constrain of conventional CHB converters, a simple
constrain for the proposed system is that sum of the dc voltages

must be higher than the peak ac voltage

λ =
∑
m

Edc,m/Epeak ≥ 1 (26)

where Edc,m is the dc rail voltage of power cell m and Epeak

is the peak value of ac voltage. For practical applications, it is
recommended that the coefficient is at around 1.1–1.2 to ensure
sinusoidal modulation of each converter and sufficient freedoms
to tune the power sharing ratio between power cells.

It is necessary to note that in the case of only a small number
of low voltage dc sources available, the proposed single-stage
integration method cannot be directly used. A conventional so-
lution is to adopt two-stage power conversion circuit as shown in
Fig. 12(a), where two 24-V dc sources are both boosted to high-
voltage 200-V dc sources. Then, both high-voltage dc buses are
integrated into the ac system using parallel-connected dc/ac in-
verters. Note that this system needs to use higher rated voltage
components including dc capacitors and power switches. Alter-
natively, another two-stage power conversion is recommended as
shown in Fig. 12(b), where it is seen that two 24-V dc sources are
boosted to only 100-V dc sources and then the proposed series
connection configuration is adopted for the integration of two
100-V dc buses. It is necessary to note that even with two-stage
power conversion in Fig. 12(b), the proposed method still has
a few favorable features including the adoption of low-voltage
devices and the low step-up dc/dc conversions.

2) Integration With Other Subsystems: It is necessary to note
that the proposed system can also be a part of more complex mi-
crogrids with both cascaded power cells-based sub-microgrids
and parallel DG units, as shown in Fig. 13. In this example
system, additional control algorithms such as the conventional
droop control and its variants may be installed in the central con-
troller of each cascaded power cells sub-microgrid to manage the
power sharing between parallel sub-microgrids. Afterward, the
internal power sharing among power cells in each sub-microgrid
is obtained by using the proposed approach.

IV. VERIFICATIONS

Experimental results are obtained from a laboratory test-rig as
shown in Fig. 14, where three power cells at the same power rat-
ing are connected in series. The detailed circuitry configuration
is the same as that in Fig. 1. Due to the limitation of laboratory
facilities, the dc sources are constructed by using three-phase
diode rectifiers with an isolation matching transformer of each.
In this test, the real power, reactive power, and power factor of
all power cells are obtained by measuring only H-bridge out-
put current Io and the filter capacitor voltage V c. The detailed
circuitry and control parameters of the system can be seen in
Table I.

In order to fully demonstrate the effectiveness of the proposed
approach, the experimental test system has four operation stages.
In this test, although isolated dc sources are adopted to emulate
the batteries, we intentionally set up the virtual SoCs of battery
1 to battery 3 as 60%, 60%, and 80%, respectively, and the ratios
are 1: 1: 1.33. At Stage 1, three power cells are controlled with



368 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

Fig. 11. Comparison of islanded microgrid with different power circuit configuration. (a) Parallel-connected DG units based system. (b) Series-connected power
cells based system.

Fig. 12. Two types of two-stage power conversion topology. (a) Parallel-connected DG units with internal dc/dc boost converter. (b) Series-connected power
cells with internal dc/dc boost converter.

Fig. 13. Diagram of a complex microgrid with series- and parallel-connected power cells.

fixed voltage magnitude and frequency, but the initial phase an-
gles of reference voltages intentionally have 18° displacement.
At Stage 2, the fully decentralized inverse power factor droop
control is applied to three power cells. At Stage 3, the proposed
hierarchical control is applied to the system to obtain real power
sharing in proportion to battery SoCs. Finally, there is a sudden
PCC load jump at the beginning of Stage 4.

The responses of real power, reactive power, and power factor
of all power cells in the entire process are shown in Fig. 15. It is

seen that without any active power sharing control, three power
cells have different output real and reactive power at Stage 1,
as shown in Fig. 15(a) and (b). Note again that we intentionally
set 18° initial voltage phase angle differences at Stage 1, in
order to emulate a case of independent power cell regulation.
Accordingly, at Stage 1, the power factors of three power cells
as given in Fig. 15(c) are 0.9, 0.71, and 0.45, respectively.

When the fully decentralized inverse power factor droop con-
trol is adopted at Stage 2, it is seen that three power cells have
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Fig. 14. Detailed demonstration of the experimental test rig.

the same real and reactive power at 274 W and 280 Var, respec-
tively. Accordingly, the power factors of all three power cells
change to around 0.7.

At Stage 3, all power cells are designed to have the same out-
put apparent power but the output real power is in proportion
to battery SoCs ratios as 1:1:1.333 (for SoC1 = 60%, SoC2 =
60%, and SoC3 = 80%). It is seen that the real power of power
cell 1 and power cell 2 increases to 306 W while the real power
of power cell 3 increases to 407 W. This real power performance
among power cells is clearly very close to the designed ratio as
1:1:1.33. Due to a fact that the apparent power of these power
converters is the same, the output reactive power of the three
power cells is passively shared at 376, 376, and 268 Var, respec-
tively. At the same time, the power factors of power cells change
to 0.63, 0.63, and 0.84, respectively.

Finally, the real power of three power cells jump to 664, 664,
and 881 W at Stage 4, when there is a sudden increase of PCC
load demand. It is necessary to note that the real power ratios
of power cells at Stage 4 are still the same as the corresponding
battery SoC ratios as 1:1:1.33, even after the PCC load change.
Similar to the performance at Stage 3, the reactive power of
power cells at Stage 4 are passively shared at 704, 704, and 401
Var, respectively.

In addition, the gain gc for PCC voltage magnitude restora-
tion control, the PCC voltage magnitude, the instantaneous fre-
quency of PCC voltage, and all power cell voltages are shown
in Fig. 16. It is easy to find that the gain gc in Fig. 16(a) is

Fig. 15. Real power, reactive power, and power factor performances of power
cells.

Fig. 16. Gain, frequency, and PCC voltage performances during the process.

fixed to 1 at both Stages 1 and 2. Accordingly, PCC voltage
magnitude dips to only 106 and 109 V, respectively. When the
proposed hierarchical control is applied to the system to regulate
PCC voltage magnitude and frequency, it is seen that the gain
gc slowly increases to around 1.1 at Stage 3 and 1.2 at Stage 4.
Due to the involvement of restoration control, the PCC voltage
magnitude keeps at 120 V at both Stages 3 and 4, as shown in
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Fig. 17. Detailed voltage and current performances of the system at Stage 1.

the lower part of Fig. 16(a). There is only small transient distur-
bance during the transfer between Stages 3 and 4 with sudden
increase of PCC load demand.

Furthermore, the frequency responses of the system at PCC
and all power cells are captured as shown in Fig. 16(b). It is seen
that both the power cells and PCC voltage frequencies are fixed
to 60 Hz at Stage 1, while they drift to around 61.5 Hz when
using the fully decentralized inverse power factor droop control
method at Stage 2. Finally, by using the proposed hierarchical
control method at Stages 3 and 4, it is seen that both the power
cells and the PCC voltage frequencies are almost restored to the
nominal value 60 Hz during steady-state operation.

The detailed voltage and current performances of the system
at each stage are also provided, as shown from Figs. 17 to 20.
First, Fig. 17 shows the PCC voltage, the load current, and the
voltage of fours power cells at Stage 1. It is clearly seen from
Fig. 17(b) that although all power cells have the same voltage
magnitude at around 40 V, the PCC voltage in Fig. 17(a) only has
106 V magnitude due to the phase displacement between power
cell voltages and the voltage drops on the distributed feeders.

At Stage 1, the output currents of three string converters are
also captured in Fig. 17(c). As three power cells have some volt-
age phase displacement that affects the filter capacitor current
phase angle, it is seen that the output currents of power cells
are slightly different even when the power cells are connected
in series.

Fig. 18. Detailed voltage and current performances of the system at Stage 2.

Fig. 19. Detailed voltage and current performances of the system at Stage 3.
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TABLE II
PERFORMANCE COMPARISONS

Fig. 20. Detailed voltage and current performances of the system at Stage 4.

When the fully decentralized inverse droop control is applied
to the system at Stage 2, it is interesting to find from Fig. 18(b)
that three power cell voltages are almost identical and the PCC
voltage in Fig. 18(a) increases to 109 V. Note that there are still
some PCC voltage magnitude deviations due to the voltage drops
on the feeders as illustrated in Fig. 4(b).

As the PCC voltage increases by using inverse power factor
droop control at Stage 2, the load current in Fig. 18(a) also
slightly increases to 10.2 A. Accordingly, the output currents of
three power cells have lower magnitude at 9.9 A.

After the application of the proposed approach at Stage 3,
the PCC voltage in the top of Fig. 19(a) is sinusoidal and the
magnitude is very accurate at 120 V. However, it is necessary to
note that power cells voltage magnitudes and phase angles in Fig.
19(b) are different again due to the requirement of proportional

real power sharing according to the corresponding battery bank
SoC. Due to the adoption of proportional power sharing, it is
found that the power cell output current in Fig. 19(c) is slightly
different at 11.3, 11.3, and 11.4 A, respectively.

The steady-state performance of the system after the load
jump is presented in Fig. 20. In general, the power cell voltage
magnitudes are even higher than the counterparts at Stage 3 in
Fig. 19(b), as higher load current causes more voltage drops on
the feeders at Stage 4 and it needs to be compensated by power
cell voltage magnitude control. It is also interesting to find that
the PCC voltage in Fig. 20(a) is still sinusoidal at 120 V. In
this test, it is seen that the string converters output currents also
increase to 20.7, 20.7, and 20.8 A, respectively.

V. CONCLUSION

This paper has proposed a hierarchical control approach to
realize the flexible power sharing among series-connected low-
voltage power cells in an autonomous islanded microgrid. An
accurate proportional power sharing is achieved by a modified
inverse power factor droop using the weighted average SoCs and
PCC load power factor information as the dynamic calibration
coefficients. In addition, the PCC voltage magnitude deviation is
properly mitigated by a secondary restoration controller at PCC
central controller. With the coordination between the central and
local controllers, the remotely installed low-voltage dc sources
can be easily connected in series with single-stage dc/ac power
conversion to supply flexible and high-quality power to rated
voltage PCC loads, while without any communications among
power cell converter local controllers.

Finally, a brief performance comparison of the islanded sys-
tem using different controllers is provided in Table II, in order
to further highlight the superior performance of the proposed
hierarchical power sharing approach.
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