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Abstract—This article presents a distributed hierarchical control
structure for parallel uninterruptible power supplies. A dynamic
approach with separation of concerns is proposed for the secondary
control, where a so-called grid forming inverter is responsible for
restoring the amplitude and frequency of the output voltage, while
the remaining inverters, called grid supporting, are responsible for
enhancing long-term power sharing. This strategy aims to minimize
the tradeoff between voltage regulation and power sharing through
secondary control, which uses a low bandwidth communication
link. For the primary controller, resistive droop control with virtual
resistance is employed to accomplish short-term power sharing.
Simple design guidelines for the secondary controllers based on
simplified models developed in the article are provided. Exten-
sive experimental results obtained from two 500-VA prototypes
demonstrated the good performance of the proposed strategy. The
amplitude and power sharing errors remained below 1% and 2%,
respectively, for the entire load range evaluated.

Index Terms—Droop control, hierarchical control, parallelism
of uninterruptible power supplies (UPSs), secondary control,
separation of concerns.

I. INTRODUCTION

IN RECENT years, services such as transportation, telecom-
munications, e-commerce, entertainment, and banking are

integrated and depend on large data centers. This scenario
has intensified the demand for highly reliable and redundant
power supplies. An alternative to obtain these features is the
parallel connection of uninterruptible power supplies (UPSs).
The parallelism of UPSs is a problem related to the parallel
operation of inverters, whose challenge is to keep the voltages
synchronized, with the same amplitude, frequency, and phase,
in order to properly share the load [1].

Recently, hierarchical control structures that integrate some
sort of communication to the well-known droop control, forming
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a multiloop structure, have been employed in order to improve
the performance of paralleled inverters. These structures are
mainly devoted to reduce the deviations of the voltage ampli-
tude and frequency inherent to droop control. The hierarchy
of this control consists basically on three levels, described as
follows [2]. Level zero (0) comprises the inner control loops
of the inverter, which are responsible for regulating the output
voltage and limiting the current while maintaining the system
stable. Level one (1), also called primary control, is responsible
for stabilizing the parallelism and for establishing the power
sharing. The droop control is employed to enhance system
redundancy and enable plug-and-play functionality [3]. This
level also includes a virtual impedance control loop that em-
ulates a physical output impedance. Although its robustness
and effectiveness in promoting the load sharing and system
stabilization, the droop control suffers from inherent steady-state
voltage amplitude and frequency regulation errors. These errors
lead to the level two (2) on the hierarchy, named secondary
control. This level is responsible for restoring the frequency and
amplitude to their nominal values. Level two (2) often includes
other control loops, such as a reactive power sharing [4]–[6]
and synchronization loops [2]. As the outermost control loop, it
permits the use of low bandwidth communication systems.

Secondary control strategies can be categorized as centralized,
decentralized, or distributed [7]. Centralized approaches [8]–
[14] are based on a communication system that connects all
inverters to a central controller. The secondary control signals
are calculated by this controller and transmitted to all inverters
in order to restore the system voltage amplitude and frequency.
However, any failure whether in the communication system or
the central controller affects the overall stability and perfor-
mance of the system.

In decentralized approaches [15]–[23], no communication is
used for the secondary control. Each inverter restores its voltage
amplitude and frequency separately and locally. However, a
global communication system is still required for coordination
of the inverter units during black start, plug-and-play processes,
real-time monitoring, or other functionalities [7]. Due to the
absence of communication, decentralized strategies tend to
suffer from voltage and frequency deviations and poor power
sharing [24].

Distributed secondary control [3]–[6], [25]–[29] is a
communication-based approach that avoids the use of a single
centralized controller. The primary and secondary controllers are
implemented locally in each unit, where the secondary control
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should collect the required data from other units and produce an
appropriate control signal for the primary level. In distributed
control, the inverter units work together to cooperatively control
the system and fulfill a set of objectives.

However, there is a challenge associated with distributed sec-
ondary control in relation to voltage stability and power sharing:
The power sharing performance of P/E for resistive droop (or
Q/E for inductive droop) is generally unsatisfactory [7]. This
is because, unlike the frequency, the voltage amplitude is a local
variable and is in a direct conflict with the active power [3], [5],
[7]. This challenge is addressed in [3]–[6], [28]–[30].

A consensus-based distributed-averaging proportional-
integral (DAPI) controller is proposed in [3] for improving
voltage and frequency regulation in islanded microgrids. The
frequency controller is able to regulate the microgrid frequency
to its nominal value while maintaining good active power
sharing among the distributed units. The voltage controller
provides a tunable compromise between voltage amplitude
regulation and reactive power sharing.

Distributed averaging secondary control techniques are pro-
posed in [4] and [5] for restoring the voltage amplitude and
frequency while improving reactive power sharing. However,
there are two control loops with conflicting goals acting on the
same control variable, i.e., the amplitude restoration and the
reactive power sharing control signals are both used to adjust
the voltage amplitude reference. This may lead the system to
instability if the control signals are not limited, as both these
controllers have integral signals and are parallel to each other.
On the other hand, limiting the control signal of one of these
controllers will lead to regulation errors for the respective control
loop. Additionally, such approach presents difficulties when
outages of inverter units occur [31].

Containment consensus-based distributed coordination con-
trollers are employed in [6] and [30] for achieving accurate
reactive power sharing while maintaining the voltage amplitudes
of a microgrid bounded within a reasonable and predefined
range. A distributed average integral secondary control (DAISC)
for UPS-based microgrids is proposed in [28]. The inverter units
share the integral output signal of the secondary controller in
order to restore the voltage and frequency of the microgrid.
However, power sharing objectives are coped by the primary
controller alone, which is not accurate, especially when consid-
ering output impedance mismatches [3], [30].

A distributed voltage control based on the average consensus
algorithm is proposed in [29]. The method combines the idea
of secondary integral voltage control and regulator synchro-
nization problem. It allows for an adjustable tradeoff between
voltage regulation and power sharing. In general, the existing
distributed hierarchical controllers can provide either: 1) Precise
voltage regulation; b) precise power sharing; c) or an adjustable
compromise between these objectives; according to the desired
performance objectives [3], [29], [32].

This article proposes a distributed hierarchical control strat-
egy that aims to minimize the tradeoff between voltage regu-
lation and power sharing. This is achieved through the use of
the separation of concerns concept, where a grid forming in-
verter (GFI) is responsible exclusively for voltage and frequency

Fig. 1. System with n parallel-connected UPSs.

Fig. 2. Electrical diagram of the double-conversion UPSs.

restoration (Eω control), while the other parallel units, called
grid supporting inverters (GSIs), are responsible for ensuring
power sharing (PQ control).

The secondary control loops are implemented in every UPS,
allowing each inverter to operate as either GFI or GSI. Thus,
the system is able to remain operational in case of coordinator
failure. Furthermore, the proposed method can rely to the droop
mechanism even with overall communication system failure.
Guidelines for designing the secondary control based on simpli-
fied models are provided. Experimental results from two inverter
prototypes with a real controller area network (CAN)-based
communication link are analyzed regarding voltage regulation,
power sharing, plug-and-play capabilities, and performance un-
der loss of communication. The main merits of the proposed
method in comparison with the state of art are presented in
Table I.

II. SYSTEM DESCRIPTION

A simplified diagram of the investigated system is shown
in Fig. 1. The system consists of n double-conversion UPSs
operating in parallel, feeding a set of distributed loads through
an ac bus. The UPSs communicate with each other through a low
bandwidth CAN-based communication link. The UPS topology
adopted is a transformerless single-phase double-conversion
structure, as shown in the electrical diagram of Fig. 2.

Each UPS comprises an input converter, which acts as rectifier
(in normal mode) or battery discharger (in backup mode); a split
dc bus with an auxiliary circuit for balancing the dc bus voltages;
and a half-bridge inverter with LC filter. The neutral terminal is
common between input, dc bus midpoint, and output. Sinusoidal
pulsewidth modulation (SPWM) is used as modulation scheme.
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TABLE I
QUALITATIVE COMPARISON OF THE PROPOSED METHOD WITH THE STATE-OF-ART

While this study investigates the aforementioned UPS structure,
the concepts can be applied to other topologies as well as its
three-phase counterpart, with minor modifications [33].

In normal operating mode, the UPSs feed the loads from the
grid. When a fault occurs or when the grid voltage is outside
preset limits, the UPSs operate in backup mode, in which the
grid is disconnected by the switches Sg1,g2,...gn and the UPSs
feed the loads from a battery pack. The system can also operate
in bypass mode during maintenance events or in case of failure of
some equipment. During this mode, the UPSs are disconnected
from the grid by Sg1,g2,...gn and from the output ac bus by
Spoc1,poc2,...pocn. In this mode, the loads are fed directly by the
grid via the bypass switch (SBP ). During normal and backup
modes, the UPSs must share the load power demand by adjusting
their voltage references in accordance to the active and reactive
powers delivered by each of the n inverters.

III. CONTROL SYSTEM

This section describes the proposed distributed hierarchical
control with separation of concerns (DHCSC). First, the inner
control loops and primary control are described. The main
contributions of the article are detailed at the secondary control
level, which comprises a strategy with separation of concerns.
Finally, an alternative is presented to improve voltage regulation
in case of total communication failure, based on the robust droop
controller (RDC) proposed in [15].

A. Level 0: Inner Loops

Current and voltage control loops are implemented at this
level, as shown in the block diagram of Fig. 3. An inner current
feedback control loop with a proportional controller (kci) is
used for precompensating the plant, in addition to providing
current limiting capability in case of overload or short-circuit.
A full-state feedback control law is used for the outer voltage
feedback control loop. A set of resonant controllers tuned at
the fundamental frequency (Res1) and harmonics of order 3,
5, and 7 (Res3,5,7) are included to ensure sinusoidal reference

Fig. 3. Diagram of blocks for voltage and current control loops (Level 0).

tracking and rejection of periodic disturbances. The states of the
plant, xp(k), and the states of resonant controllers, xc1(k) and
xc2(k), are compensated by the gain vectors kp, kc1, and kc2,
respectively, to generate the current reference. Cp1 and Cp2 are
the output matrices for the states iL(k) and vc(k), respectively.
The gain vectors kp, kc1, and kc2 are designed by means of a
linear quadratic regulator (LQR). An anti wind-up loop with a
proportional gain (kw) is included to adjust the voltage reference
when the system operates in current limiting mode.

A virtual resistance (Rv) is employed to ensure a resistive
output impedance for the inverters. It is worth noting from Fig. 3
that the virtual resistance is applied only to the fundamental res-
onant controller, preventing the harmonic resonant controllers
to be affected by it. This approach should improve the output
voltage harmonic distortions.

B. Level 1: Primary Control

This level is responsible for generating the references of
amplitude (Ed) and frequency (ωd) for the inverter inner control
loops. Droop control is used to establish power sharing while
avoiding the use of critical communication among the inverters.
Resistive droop control was chosen here because it fits low-
voltage applications such as parallel-connected UPSs, which
present purely resistive line impedances [2], [34]. In addition, it
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Fig. 4. Primary control: Resistive droop control.

provides proper damping [16], causes less harmonic distortion
in the output voltage [35] and aids to reduce the circulating
currents [36]. The block diagram of the resistive droop control is
shown in Fig. 4, and the references for amplitude and frequency
are given by

Ed = Eset − ndPf , ωd = ωset +mdQf (1)

wherePf andQf are the active and reactive power, respectively;
andEset andωset are, respectively, the setpoints of amplitude and
frequency, established, in this case, by the secondary control.

The coefficientsnd andmd define the slope of the voltage drop
and frequency increase curves, respectively. These coefficients
are designed according to acceptable amplitude and frequency
deviations for a certain—usually nominal—active and reactive
power, respectively, as

nd =
ΔE

ΔP
, md =

Δω

ΔQ
. (2)

The instantaneous powers are obtained from the voltage and
current on the αβ-frame as

p =
vcαiLα + vcβiLβ

2
, q =

vcβiLα − vcαiLβ

2
(3)

which, in turn, are obtained by means of a second-order gener-
alized integrator (SOGI) [37].

The instantaneous power values are filtered by first-order low-
pass filters with cutoff frequencies ωP and ωQ, thus

Pf =
ωP

s+ ωP
p, Qf =

ωQ

s+ ωQ
q. (4)

C. Level 2: Secondary Control

The secondary control is responsible for adjusting the ampli-
tude and frequency setpoints for the primary control, compen-
sating the inherent deviations of droop control and improving
power sharing. At this level, a low bandwidth communication
link is used to transmit the values of amplitude, frequency,
and active and reactive power among all UPSs. The number of
parallel-connected inverters is known due to the communication
link, allowing computation of the average of the transmitted
quantities used by the secondary control.

The secondary control is comprised of a synchronous refer-
ence frame phase-locked loop (SRF-PLL) [37], which maintains
the UPSs output voltages synchronized with the grid voltage,
allowing a proper transfer to bypass mode. The application of
SRF-PLL to single-phase inverters is proposed in [38] by using
SOGI.

Besides the PLL, secondary control comprises four other
control loops: Amplitude and frequency restoration; and active

Fig. 5. Distributed secondary control loops. (a) GFI. (b) GSI.

and reactive power sharing. The amplitude restoration loop
and the active power sharing loop act to control the amplitude
setpoint. Similarly, the PLL, the frequency restoration loop and
the reactive power sharing loop act to control of the frequency
setpoint. That is, there are different control loops with distinct
goals acting on the same variables. Therefore, to prevent these
actions from interfering with each other, an approach with
separation of concerns is proposed.

The proposed control strategy is shown in the block diagram
of Fig. 5, where Fig. 5(a) shows the control loops for the GFI,
while Fig. 5(b) presents those for the GSI. It is worth mentioning
that all five secondary control loops are implemented in every
UPS, allowing each inverter to operate as either GFI or GSI. This
way, in the case of a GFI failure, the system is able to remain
operational. The identification (ID) of each inverter is shared on
the communication bus and the grid forming function is assigned
to the available inverter with the lowest ID (highest priority in
CAN protocol).

1) Amplitude Restoration: The amplitude restoration loop
compensates the voltage deviation caused by droop control and
virtual resistance in both normal and backup modes. Initially, the
amplitude of the output voltage is calculated by each inverter
from the αβ components, and then filtered by means of a
first-order low-pass filter with cutoff frequency ωlpfE , in order
to attenuate oscillations, according to

Ecf =
ωlpfE

s+ ωlpfE

√
vcα2 + vcβ2. (5)
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The output voltage amplitude Ecf is transmitted through the
CAN bus, allowing the calculation of the average (Ēcf ) of all
voltage amplitudes, which is then compared to the nominal value
and the error generated is compensated by a PI controller. The
respective control signal is

EsecE =
kpEs+ kiE

s

(
Eref − Ēcf

)
(6)

where kpE and kiE are the proportional and integral gains,
respectively.

With this strategy, the GFI is able to remove the voltage devia-
tions caused by the primary controller in each UPS, maintaining
the average voltage amplitude regulated at the reference value
with no steady-state error.

2) Frequency Restoration: The frequency restoration loop is
used by the GFI in backup mode, since in normal mode the
UPSs must be synchronized with the grid. This control loop acts
to restore the average frequency of all inverters, compensating
the deviations caused by droop control.

The frequency value obtained in the primary control by (1)
is transmitted through the CAN bus, allowing the calculation of
average frequency, which is then compared to its nominal value
in order to generate a control signal given by

ωsecω =
kpωs+ kiω

s
(ωref − ω̄d) (7)

where kpω and kpω are the proportional and integral gains,
respectively.

Thus, in steady state, the GFI is able to keep the frequency
regulated at its nominal value with no steady-state error.

3) Active Power Sharing: The GSIs act with an active power
sharing loop in order to maintain the active power of the UPSs
equalized. The active power sharing loop uses the average value
of active power from all UPSs as its reference, compensating the
error by means of a PI controller and generating a control signal
according to

EsecP =
kpP s+ kiP

s

(
P̄f − Pfn

)
(8)

where kpP and kpP are the proportional and integral gains,
respectively.

Since the active power reference obtained is common to all
inverters, accurate power sharing is obtained.

4) Reactive Power Sharing: The average reactive power is
used as a reference value for the reactive power sharing control
loop. The control signal is given by

ωsecQ =
kpQs+ kiQ

s

(
Q̄f −Qfn

)
(9)

where kpQ and kpQ are the proportional and integral gains.
The PI controller ensures that reactive power is maintained

at the reference value, assuring that the GSIs are synchronized
with the GFI. Reactive power sharing is obtained naturally for
the GFI, since the reactive power of each of the GSIs is regulated
at the reference value (average power).

D. Local Amplitude Restoration Loop

The system is able to remain in operation through the primary
control even with a communication link outage. In order to

Fig. 6. Robust droop controller with local amplitude restoration loop.

TABLE II
SYSTEM PARAMETERS

improve the voltage regulation of conventional droop control in
the absence of communication, an approach based on the RDC
proposed in [15] is used, where each inverter utilizes a local
amplitude restoration control loop. The block diagram of this
control is shown in Fig. 6. The frequency droop control shown
in Fig. 4 is maintained, while for amplitude, the local restoration
loop is implemented.

In this case, the voltage amplitude is compared to the reference
value, generating an error signal eE . From this error and a
proportional portion of the active power (from conventional
droop control), a modified error signal is generated, as in

eEZ = KEeE − ndPf . (10)

The modified error is compensated by a PI controller, gener-
ating the amplitude reference for the inner loops, as in

Ed =
kpZeEZs+ kiZeEZ

s
+ Eref. (11)

Since the voltage amplitude and its reference are dc signals, if
the system is stable, the input of the PI controller at steady-state
operation is null, that is, eEZ = 0 and, from (11)

KEeE = ndPf . (12)

From (12), the value of KE can be adjusted according to the
maximum allowed amplitude deviation for a certain active power
value. By choosingKE = 1, the amplitude deviation introduced
by the virtual resistance is eliminated at steady-state operation,
remaining only the deviation introduced by the action of the
droop control. The proportional (kpZ) and integral (kiZ) gains of
the PI controller can be designed to adjust the dynamic response
of the system.

IV. MODELING AND CONTROL SYSTEM DESIGN

This section presents the system modeling and a design
example for two UPS inverter prototypes implemented in the
laboratory, whose main parameters are presented in Table II.
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A. Level 0: Inner Loops

From the inverter circuit of Fig. 2, one has

ẋ(t) = Ax(t) +Bu(t) +Biio(t)

x(t) =

[
iL(t)

vc(t)

]
, A =

[
0 − 1

Lf

1
Cf

0

]

B =

[
1
Lf

0

]
, Bi =

[
0

− 1
Cf

]
. (13)

The discrete-time model

xp(k + 1) = G2xp(k) +H2u(k) +Hi2io(k)

G2 =

[
G1 H1

0 0

]
, H2 =

[
0

1

]

Hi2 =

[
Hi1

0

]
, xp(k) =

[
x(k)

ud(k)

]
(14)

is obtained by means of the zero-order hold (ZOH) method,
being G1 the dynamic matrix, H1 the control input matrix,
and Hi1 the disturbance input matrix, obtained from the dis-
cretization of (13). The state ud represents the delay from the
implementation of the control law.

Note from Fig. 3 that

iL(k) = Cp1xp(k), Cp1 =
[
1 0 0

]
vc(k) = Cp2xp(k), Cp2 =

[
0 1 0

]
. (15)

The expression u(k) is given by

u(k) = kci (iref (k)−Cp1xp(k)) . (16)

The current reference—assuming operation in the linear re-
gion (with no current limitation)—is

iref(k) = −
[
kp kc1 kc2

]⎡⎢⎣xp(k)

xc1(k)

xc2(k)

⎤
⎥⎦. (17)

By replacing (16) and (15) in (14) one has

xp(k + 1) = G3xp(k) +H3iref(k) +Hi2io(k)

G3 = G2 − kciH2Cp1, H3 = kciH2. (18)

The resonant controllers Res1 and Res3,5,7 can be described,
respectively, in the state space form as

xc1(k + 1) = Gc1xc1(k) +Hc1ev1(k)

xc2(k + 1) = Gc2xc2(k) +Hc2ev2(k)

Gc1 =

[
0 1

g(ωi) h(ωi)

]
, Hc1 =

[
0

1

]

Gc2 = diag

([
0 1

g(ωi) h(ωi)

]
. . .

[
0 1

g(ωi) h(ωi)

])

Fig. 7. Open loop Bode plot of the compensated current plant.

Hc2 =
[
0 1 . . . 0 1

]T
g(ωi) = − exp(−2Tsξωi)

h(ωi) = 2cos(Tsωi)exp(−Tsξωi) (19)

where ξ is the damping factor and ωi is the frequency of the
resonant controller of ith order.

The voltage errors—once again, assuming operation in the
linear region—are given by

ev1(k) = vref (k)−RvCp1xp(k)−Cp2xp(k)

ev2(k) = vref(k)−Cp2xp(k). (20)

From (18), (19), and (20), one can write the expanded system
as

xs(k + 1) = G4xs(k) +H4iref(k) +Hvvref(k) +Hiio(k)

G4 =

⎡
⎢⎣ G3 0 0

−Hc1(RvCp1 +Cp2) Gc1 0

−Hc2Cp2 0 Gc2

⎤
⎥⎦

H4 =

⎡
⎢⎣H3

0

0

⎤
⎥⎦, Hv =

⎡
⎢⎣ 0

Hc1

Hc2

⎤
⎥⎦, Hi =

⎡
⎢⎣Hi2

0

0

⎤
⎥⎦. (21)

Finally, the close loop system is described by

xs(k + 1) = Gsxs(k) +Hvvref (k) +Hiio(k)

Gs = G4 −H4

[
kp kc1 kc2

]
.

(22)

The current control loop proportional gain was designed based
on the bode plot of the inductor current iL in relation to the
current error ei(k). The gain value is adjusted to achieve a gain
margin above 10 dB and a phase margin above 45 deg. The
obtained gain value was kci = 10.476, and the corresponding
bode plot is shown in Fig. 7. As for the virtual resistance, a value
between 0.05 and 0.15 pu on the inverter base is considered to
be a proper design [39]. Thus, a virtual resistance of 0.1 pu [40]
was chosen here.
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TABLE III
PRIMARY CONTROL PARAMETERS

Finally, the gain vectors kp, kc1, and kc2 were designed by
means of an LQR due to its advantageous properties, such as
large stability margins. The LQR solution is based on Riccati’s
equation [41] and the control gains can be easily obtained by
means of the dlqr function in MATLAB, by using the matrices
G4 and H4 from the state-space model as input arguments.
The design of good LQR controllers depends fundamentally on
the choice of the weighting matrices Q and R, and generally
requires some trial and error sessions until a good dynamic re-
sponse is obtained. After several tests, a good dynamic response
was obtained by using the matrices

Q = diag
([

5 1 1 161×2 1.71×2 1.21×2 0.51×2

])
R = 7.5× 108.

(23)

The obtained state feedback gains were

kp =

⎡
⎢⎣0.2868820.012629

0.006929

⎤
⎥⎦
T

,

kc1 =

[
0.005915

−0.006046

]T
,

kc2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.000687

−0.000724

0.000424

−0.000431

0.000185

−0.000179

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

. (24)

The damping factor used for the resonant controllers was ξ =
5× 10−4.

B. Level 1: Primary Control

The dynamic performance of the droop control is associated
with the dynamics of the filters used in the power quantities
calculation [42]. Thus, the cutoff frequency must be sufficiently
small, usually a decade below grid frequency, in order to decou-
ple the dynamics of levels 0 and 1 [43].

The droop coefficients were defined based on the maximum
allowable amplitude and frequency deviations from (2). Maxi-
mum deviations of 5% and 2% for the amplitude and frequency,
respectively, were adopted [1]. For the maximum active and
reactive power deviations (ΔP and ΔQ, respectively), the rated
apparent power (Snom) was considered. The main parameters of
primary control, along with the virtual resistance, are summa-
rized in Table III.

C. Level 2: Secondary Control

A complete modeling of the parallel-connected inverter sys-
tem is extensive and complex, involving several coupled vari-
ables. Therefore, simplified models were obtained in order to

Fig. 8. Simplified model of the amplitude restoration loop.

Fig. 9. Simplified model of the frequency restoration loop.

Fig. 10. Simplified model of the active power sharing loop.

propose a simple design procedure. In these models, the opera-
tion of a single inverter was considered and the contribution of
the droop control was neglected. Additionally, the dynamics of
the control loop of interest were isolated, while the dynamics
of the other control loops were considered disturbances.

1) Amplitude Restoration Loop: A simplified model that
relates the amplitude of the output voltage to the amplitude
reference is shown in Fig. 8. The model considers the controller,
a voltage drop due to the load effect (for a resistive load RL and
the virtual resistance) and the delays introduced by the SOGI
and the power filter.

2) Frequency Restoration Loop: A simplified model that
relates the frequency of the output voltage to the reference
frequency is shown in the block diagram of Fig. 9.

3) Active Power Sharing Loop: The active power sharing
loop acts on the voltage amplitude of the GSIs in order to
equalize the system’s active powers. A model that relates the
output voltage amplitude to the active power reference (P̄f =
Pref) is shown in Fig. 10. This model includes the controller,
the voltage drop from virtual resistance and load effect, the
power flow equation and SOGI, and power filter delays. The
power flow equation in Fig. 10 is obtained from the power fed
to a resistive load—which is P = Ec

2

2RL
—by assuming a small

voltage deviation so that Ec ≈ Eref.
4) Reactive Power Sharing Loop: This control loop acts on

the frequency of the output voltage of the GSIs in order to equal-
ize the system’s reactive powers. A model that relates the output
voltage frequency to the reactive power reference (Q̄f = Qref )
is shown in Fig. 11. This model includes the controller, an
integrator (to obtain the phase angle δ), the power flow equation
and SOGI and power filter delays. It is worth noting that the
power flow equation in Fig. 11 is obtained from the reactive
power fed to an ideal bus—which is Q = −EoEc

2Rv
sin(δ)—by
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Fig. 11. Simplified model of the reactive power sharing loop.

TABLE IV
SECONDARY CONTROL GAINS

assuming a small voltage deviation so that Ec ≈ Eo ≈ Eref and
a small phase angle so that sin(δ) ≈ δ; where Eo is the ideal bus
voltage amplitude.

5) Secondary Control Design: The design of the distributed
secondary control gain values was based on the frequency re-
sponse analysis of the simplified models obtained in Section IV-
C. The cutoff frequencies of the open-loop response of the
secondary control must be small enough to ensure an adequate
decoupling from the primary control (in this case, smaller than
the cutoff frequency of the power filters). The design considered
RL = Rnom and, for all control loops, a phase margin above
60 deg was desired.

Both the amplitude restoration and the active power sharing
loops act on the output voltage amplitude. Cutoff frequencies of
about 6 and 6 Hz are desired for these control loops, respectively.

For the frequency restoration control loop, a cutoff frequency
of about 0.5 Hz is defined. There is a correlation between the
frequency restoration and reactive power sharing control loops,
as both act on the frequency of the inverter output voltages.
Thus, the reactive power sharing control loop of the GSIs should
provide a faster response than that provided by the frequency
restoration control loop of the GFI. Therefore, a cutoff frequency
around 3 Hz is defined.

The gain values of each secondary control loop are shown in
Table IV and the bode plots in Fig. 12, with the respective values
of phase margin and cutoff frequency. As the design was carried
out for a nominal load condition, a stability analysis for load
variations is presented in the Appendix.

V. EXPERIMENTAL RESULTS

In order to demonstrate the advantages and limitations of
the proposed DHCSC, a set of laboratory tests was carried
out. The analyses are divided into steady-state and transient
results. Two UPS prototypes were built. The main parameters
are presented in Table II. It should be noted that only the inverter
stage for the UPS units was implemented and the dc buses were
obtained from two dc power sources. The control system was
implemented independently in each inverter in digital signal
processors (model TMS320F28335). The CAN bus transmission

Fig. 12. Bode diagrams of the secondary control loops.

Fig. 13. Laboratory prototype with two parallel-connected inverters.

rate was 500 Hz. A photograph of the two paralleled inverters
can be seen in Fig. 13.

The results for the slow dynamic variables, i.e., amplitudes,
frequencies, and powers, are obtained via CAN from an NI-9862
interface module. Additionally, as no differences were observed
in terms of performance for both operating modes, only results
for the normal mode are presented. From here on, the variables
with subscript 1 will be used to refer exclusively to the GFI.

A. Steady-State Results

The first test of steady-state operation was carried out at
no load condition. A second test was performed considering
operation with a nominal linear load, followed by a final test with
nominal nonlinear loads in accordance with IEC 62 040-3 [44]
specifications. The nonlinear load consisted of a diode bridge
with a bulky capacitor and a resistive load at the dc side. The load
voltage (vload), the output currents (io1 and io2), and the circulat-
ing current (ic) are shown for no load condition in Fig. 14(a), for
nominal linear load in Fig. 14(b) and for nominal nonlinear load
in Fig. 14(c). In all three cases the load voltage was regulated at
its nominal value and the output currents were symmetrical to
each other, while the circulating current was mainly composed
of high-frequency components, indicating good power sharing,
and adequate parallel operation. Additionally, the output voltage
THD obtained for operation with the nominal nonlinear load (the
worst case scenario) was 3.45%, which complies with the 8%
limit of the IEC 62 040-3 Standard.
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Fig. 14. Steady-state results. (a) Load voltage and output currents for no load operation. (b) Load voltage and output currents for nominal linear load. (c) Load
voltage and output currents for nominal nonlinear load.

Fig. 15. Steady-state quantitative results. (a) Amplitude error and circulating
currents at the fundamental frequency for linear load. (b) Amplitude error and
circulating currents at the fundamental frequency for nonlinear load.

Fig. 15 shows some quantitative results analyzed at the
fundamental frequency. The results for the proposed DHCSC
were compared to the results obtained from the standard droop
controller with virtual resistance (dc+Rv) and the robust droop
controller with virtual resistance (RDC+Rv) described in Sec-
tion III-D. Fig. 15(a) and (b) shows the amplitude error (eE%) and
the circulating current amplitude (Ic) as a function of the linear
and nonlinear load demand, respectively. It can be noted that
the amplitude error for the proposed strategy remained below
1% for all load conditions, while the error at nominal load was
about 4% and 11% for the RDC+Rv and dc+Rv, respectively.

Fig. 16. Transient results. (a) Amplitudes, frequencies, active and reactive
powers for linear load steps. (b) Amplitudes, frequencies, active and reactive
powers for nonlinear load steps.

The proposed method also presented lower circulating currents,
particularly at nominal load.

B. Transient Results

To test the system’s transient response to linear load steps, the
system was started with a linear load of 20% of nominal power.
Then, a linear load consisting of 80% of nominal power was
connected and removed after a few seconds.

Fig. 16(a) shows the amplitudes, frequencies, and active and
reactive powers of the two inverters for this test. When the load
was increased, there was a voltage drop due to droop control
and virtual resistance, which was compensated by the amplitude
restoration loop, reaching steady state after about 160 ms. The
active power of the two inverters was properly shared even
during the load transient. The frequencies and reactive powers
only underwent small disturbances.
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Fig. 17. Communication system outage result.

Fig. 18. GFI failure and redefinition.

Tests for nonlinear load steps were also performed, where
the system initiated with a nonlinear load consisting of 25% of
the nominal apparent power. A nonlinear load step consisting
of 75% of the nominal apparent power was then applied and
removed after a few seconds. The amplitudes, frequencies, and
active and reactive powers of the two inverters for this test are
shown in Fig. 16(b). The large voltage drop seen in the load
increase step occurred because the capacitors of the dc side of
the nonlinear load were completely discharged at the moment
the loads were connected. It can be noted that accurate power
sharing was achieved and the voltage reached its nominal value
about 160 ms after applying the load step. There were small
disturbances in the frequencies when the load steps were applied.

A test to assess system performance when the communication
system fails is performed. The system starts operating normally,
with linear load at rated power. Then, the communication cable
of one of the inverters is removed and the system starts to operate
with a local controller by means of the robust droop controller
described in Section III-D. Fig. 17 shows the load voltage and
the output currents for this test. A smooth transient response
is perceived, and the system remains operating with a small
steady-state voltage amplitude deviation, as expected.

Finally, a test emulating the failure and redefinition of the GFI
is performed. As the prototype consists of only two inverters,
the failure of the GFI would result in the operation of a single
inverter. Thus, the test is carried out on a hardware-in-the-
loop platform (Typhoon HIL402) considering three paralleled
inverters.

The system starts operating with a linear load consisting of at
50% of the rated power. Then, the current GFI is disconnected
from the system. Fig. 18 shows the load voltage and output

Fig. 19. Comparison of the control systems. (a) Control system proposed in [4]
and [5] in its equivalent form for the resistive droop method. (b) Hierarchical
control with separation of concerns.

currents for this test. The moment the inverter 1 is disconnected
from the circuit, its output current drops to zero. At the same
moment, inverter 2 receives a fail flag signal from the CAN bus,
and takes place as new GFI. During the transient, the output
voltage suffers a small voltage drop due to the loss of power
supplied by inverter 1. The voltage amplitude is restored by the
new GFI, reaching steady -state after about one period of the
grid fundamental frequency.

C. Tradeoff Between Voltage Regulation and Power Sharing

In order to demonstrate the inherent conflict between volt-
age regulation and power sharing, a few tests are carried out.
Particularly, the control system from [4], [5] is considered in its
equivalent form for the resistive droop control. In this scenario,
the secondary control of each inverter operates simultaneously
with all secondary control loops.

The tests are carried out considering the normal operating
mode. So, for voltage regulation, all inverters operate simul-
taneously with voltage restoration and active power control
loops. Similarly, for frequency regulation, all inverters operate
simultaneously with the PLL and with reactive power control
loop. The controller gains used are the same previously presented
in Table IV.

It is worth noting that the integral signals of the amplitude
restoration control loop (IeE) and active power control loop
(IeP ) are limited to a maximum value of Iemax = ±7. Fig. 19(a)
shows the amplitudes, frequencies, active and reactive powers,
and the secondary control signals that act in the amplitude
setpoint for the two inverters. Inverter 1 starts operating at
no load and at the time indicated by t1, inverter 2 starts the
synchronization process, connecting to the output bus at t2.
The instant the inverters start to operate in parallel, the control
signals of the amplitude restoration (EsecE1, EsecE2) and active
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power (EsecP1, EsecP2) control loops assume opposite directions
on both inverters, until the integral signals of the active power
control loop reach the saturation value, at t3. At this moment,
the amplitude restoration control loop stabilizes. Significant
oscillations can be seen in the frequency and reactive power for
both inverters while the system remains at the no load condition.
This is due to the interaction between the PLL and reactive power
control loops acting simultaneously on all inverters. At time t4, a
linear load step consisting of 100% of the rated power is applied.
One can see the operation of the amplitude restoration control
loop, whose control signal increases in order to compensate
for the voltage drop caused by the droop control and virtual
resistance. At t5 and t6, resistive load steps equivalent to 80%
and 20% of the rated power are removed, respectively. During
the application of the load steps, the integral signal of the active
power control loop remains at the saturation value, while small
corrections can be observed in the control signal due to the action
of proportional term. It is worth noting that when no saturation
is considered for Iemax, the control signals of the amplitude
restoration and active power control loops increase in opposite
directions indefinitely, characterizing the system as unstable.

Similarly, Fig. 19(b) shows the same test considering the
hierarchical control with separations of concerns proposed in
the article. The GFI starts operating at no load condition and
at t1, the GSI starts the synchronization process, connecting to
the output bus at t2. At the instant of connection, only small
disturbances can be seen in the control signals of the amplitude
restoration and active power control loops. In t3, a linear load
step consisting of 100% of the rated power is applied. One can
see the operation of the amplitude restoration control loop of
the GFI, whose control signal increases in order to compensate
the voltage drop caused by the droop control and the virtual
resistance. The control signal of the active power loop follows
the control signal of the restoration control loop so that the GSI
provides the same power as the GFI. At the time instants t4
and t5, resistive loads steps equivalent to 80% and 20% of the
rated power are removed, respectively. Different from the results
seen in Fig. 19(a), the secondary control signals are stable and
well defined throughout the whole test. Additionally, the fre-
quencies and reactive powers of the inverters are stable and well
regulated.

With respect to Fig. 19(a), the performance observed in terms
of amplitude regulation and active power sharing proved to be
adequate for the evaluated conditions. This is because the pro-
portional signal of the active power control loop still works even
when the integral signal is saturated. However, after reaching
the saturation value, the the integral signal remained at that
condition indefinitely. This could lead to loss of performance
in some scenarios.

VI. CONCLUSION

The proposed distributed hierarchical control is able to mini-
mize the tradeoff between voltage regulation and power sharing
often seen in the parallel operation of inverters by assigning dis-
tinct functions to each UPS. A series of experimental results have
shown that the voltage amplitude was tightly regulated, while

the system accurately shared the load power. The amplitude and
power sharing errors remained below 1% and 2%, respectively,
for the entire load range.

It was also demonstrated that the system is able to remain
operational with good performance even with a communication
system outage. Hardware-in-the-loop simulations have shown
the good transient response of the system for a failure and
redefinition of the GFI.

A comparative analysis was carried out in order to demon-
strate the compromise between voltage regulation and power
sharing, in addition to the limitations of some of the existing
control strategies.

After extensive theoretical analysis and experimental confir-
mation, we believe that the proposed strategy provides a valuable
contribution by mitigating some of the limitations of other
distributed control methods, in addition to presenting in detail
the modeling and control design for each hierarchical level. The
simplified models developed in the article allow the adoption of a
simple design procedure for the secondary controllers. However,
precisely because of this simplicity, they should serve more
as guidelines for the design of the controllers, as they do not
accurately model some of the dynamics involved in the system.
Thus, it would be of interest to conduct future investigations
to optimize the secondary controllers by using more complex
models, such as the one presented in the Appendix, together
with more advanced design methodologies, such as ants colony
optimization, particle swarm optimization, and artificial bee
colony algorithm, for example. Other topics of interest for
future theoretical and experimental studies include operation
with a greater number of inverters, analysis of different events,
like failure and change of GFI, and operation with UPSs with
different specifications.

APPENDIX

SMALL-SIGNAL MODELING AND EIGENVALUES ANALYSIS

Two small-signal models were developed to perform a stabil-
ity analysis, one for normal operating mode and the other for
backup mode. These models are based on steady-state power
flow analyses [45], [46] for two paralleled inverters, and are
valid at the fundamental frequency. From here on, the subscript
i will be used to indicate the ith inverter.

There is a dynamic associated with the power filters used in
the droop control, which is modeled by

Ṗf i = −ωpbPPf i + ωpbPPi

Q̇f i = −ωpbQQf i + ωpbQQi
(25)

where Pi and Qi are auxiliary variables that represent, respec-
tively, the instantaneous active and reactive powers of the ith
inverter.

There is also a dynamic associated with the phase angle of
the inverter voltages. By using the angular position of inverter 1
as the reference for the system’s rotational representation [47],
the order of the system can be reduced by one state, as the phase
angle of inverter 1 in relation to itself is zero, while for inverter
2 it is given by

δ̇2 = ωd2 − ωd1. (26)
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The secondary controller makes use of the voltage amplitude
of each inverter. There is a dynamic associated to the filters used
in the calculation of these amplitudes, which is given by

Ėcfi = −ωpbEEcfi + ωpbEEci (27)

where Eci is an auxiliary variable that represents the instanta-
neous output voltage amplitude of the ith inverter.

Finally, there are dynamics associated to the integral signal
of the secondary controllers. These dynamics are modeled by

İeE = Eref − Ecf1 + Ecf1

2

İeP =
(Pf1 + Pf2)

2
− Pf2

İeω = ωref − ωd1 + ωd2

2

İeQ =
(Qf1 +Qf2)

2
−Qf2 (28)

where IeE , IeP , Ieω , and IeQ are states that represent the
integration of the tracking errors of amplitude, frequency, and
active and reactive powers over time, respectively.

The auxiliary variables Pi, Qi, and Eci from (25) and (27)
are obtained from the power flow analysis on the circuit shown
in Fig. 20, which represents two inverters feeding a load with
impedance ZL = RL + jXL. The inverters are connected to
the load by means of an equivalent output resistance, which
is considered equal to the virtual resistance. By performing the
power flow analysis, definition of the the auxiliary variables is
obtained in (29), where the currents are defined by (30), as shown
at the bottom of this page.

Fig. 20. Representation of 2 parallel-connected inverters.

The amplitudesEd1 andEd2 in (29) and (30) and the frequen-
cies ωd1 and ωd2 in (26) are defined by

Ed1 = Eset1 − ndPf1, Ed2 = Eset2 − ndPf2

ωd1 = ωset1 +mdQf1, ωd2 = ωset2 +mdQf2. (31)

The setpoint for amplitude and frequency are defined by the
secondary control, which has different control loops, depending
on the UPS operating mode. In this way, two distinct models are
obtained, which are presented below.

A. Small-Signal Model for Normal Operating Mode

In normal mode, the GFI operates with a voltage restoration
loop, while the frequency setpoint is defined by the PLL, which
is not included in the modeling. Thus, the setpoints for amplitude
and frequency for the GFI in normal mode are given by (32),
where EsecE is an auxiliary variable that represents the control
signal of the amplitude restoration control loop

Eset1 = Eref + EsecE, ωset1 = ωref. (32)

For the GSI, the amplitude setpoint is adjusted by the active
power sharing control loop, while the frequency setpoint is
adjusted by the reactive power sharing control loop. Thus, the
setpoints for amplitude and frequency for the GSI in normal

P1 =
Ed1

2
(
RL

2 +RvRL +XL
2
)− Ed2

2
(
RL

2 −XL
2
)

2Rv
3 + 8Rv

2RL + 8RvRL
2 + 8RvXL

2 +
Ed1Ed2 (RvRL cos (δ2)−RvXLsin (δ2))

2Rv
3 + 8Rv

2RL + 8RvRL
2 + 8RvXL

2

Q1 =
Ed1

2RvXL

2Rv
3 + 8Rv

2RL + 8RvRL
2 + 8RvXL
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Ed1Ed2

((
2RL

2 +RvRL + 2XL
2
)
sin (δ2) +RvXL cos (δ2)

)
2Rv
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2
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2
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RL
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2
)
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2
(
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2
)

2Rv
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mode are given by (33), where EsecP and ωsecQ are auxiliary
variables that represent the control signal of active and reactive
power sharing control loops, respectively

Eset2 = Eref + EsecP, ωset2 = ωref + ωsecQ. (33)

The auxiliary variables that represents the control signal of
the secondary controllers in normal mode (Fig. 5) are

EsecE = kpE

(
Eref − Ecf1+Ecf2

2

)
+ kiEIeE

EsecP = kpP

(
Pf1+Pf2

2 − Pf2

)
+ kiP IeP

ωsecQ = kpQ

(
Qf1+Qf2

2 −Qf2

)
+ kiQIeQ.

(34)

Finally, the dynamic equations for the normal mode are ob-
tained by grouping the states represented in (25)–(28), with the
exception of Ieω. The resulting dynamic equations are

Ṗf1 = − ωpbPPf1 + ωpbPP1

Q̇f1 = − ωpbQQf1 + ωpbQQ1

Ėcf1 = − ωpbEEcf1 + ωpbEEc1

İeE = Eref − Ecf1 + Ecf1

2

Ṗf2 = − ωpbPPf2 + ωpbPP2

Q̇f2 = − ωpbQQf2 + ωpbQQ2

δ̇2 = ωd2 − ωd1

Ėcf2 = − ωpbEEcf2 + ωpbEEc2

İeP =
(Pf1 + Pf2)

2
− Pf2

İeQ =
(Qf1 +Qf2)

2
−Qf2. (35)

The auxiliary variables P1, P2, Q1, and Q2 used in (35) are
defined by (29); the currents �I1 and �I2 by (30); and the voltage
amplitudes and frequencies Ed1, Ed2, ωd1, and ωd2 by (31),
respectively. Finally, the amplitude and frequency setpoints used
in (31) are defined in (32) and (33).

The equilibrium points of the system can be obtained by
solving (35) considering the derivative terms equal to zero. The
Jacobian matrix of the system is obtained by linearizing (35)
around the equilibrium points.

B. Small-Signal Model for the Backup Mode

For the backup mode, what changes in relation to the normal
mode is that the GFI operates with the frequency restoration
control loop. In this case, the frequency setpoint of the GFI is
given by (36), whereωsecω is an auxiliary variable that represents
the control signal of the frequency restoration control loop,
obtained from Fig. 5, and given by (37)

ωset1 = ωref + ωsecω (36)

ωsecω = kpω

(
ωref − ωd1 + ωd2

2

)
+ kiωIeω. (37)

The dynamic equations for the backup mode can be obtained
by grouping the states represented in (25)–(28). The resulting
dynamic equations are summarized below

Ṗf1 = − ωpbPPf1 + ωpbPP1

Q̇f1 = − ωpbQQf1 + ωpbQQ1

Ėcf1 = − ωpbEEcf1 + ωpbEEc1

İeE = Eref − Ecf1 + Ecf1

2

İeω = ωref − ωd1 + ωd2

2

Ṗf2 = − ωpbPPf2 + ωpbPP2

Q̇f2 = − ωpbQQf2 + ωpbQQ2

δ̇2 = ωd2 − ωd1

Ėcf2 = − ωpbEEcf2 + ωpbEEc2

İeP =
(Pf1 + Pf2)

2
− Pf2

İeQ =
(Qf1 +Qf2)

2
−Qf2. (38)

The auxiliary variables P1, P2, Q1, and Q2 used in (38) are
defined by (29); the currents �I1 and �I2 by (30); and the voltage
amplitudes and frequencies Ed1, Ed2, ωd1, and ωd2 by (31),
respectively. In the backup mode, the amplitude and frequency
setpoints used in (31) are defined by (36) and (33).

Once again, the equilibrium points of the system can be
obtained by solving (38) considering the derivative terms equal
to zero. The Jacobian matrix of the system is obtained by
linearizing (38) around the equilibrium points.

C. Stability Analysis for Load Variations

Below, a stability analysis based on the eigenvalues of the
system for normal and backup modes is presented. A first
analysis considering a variation in the load resistance for an
active power range of 0.1% up to the nominal value is carried
out. In this analysis, the reactive power of the load is zero, so
XL = 0. Intervals of 10% of active power are used, and for each
iteration, the equilibrium points, the Jacobian matrix and the
corresponding eigenvalues are calculated. A second condition
is considered, where a fixed load resistance equivalent to an
active power of P = 707.1 W is used, and the load reactance
is varied in order to consume a reactive power of Q = 0 var up
to Qmax = 707.1 var (totaling 1 kVA). Reactive power intervals
equivalent to 10% of Qmax are used and, for each iteration, the
equilibrium points, the Jacobian matrix, and the corresponding
eigenvalues are calculated.

Fig. 21 shows the closed-loop eigenvalues for varying RL

and XL in both operating modes. For both the normal and
backup operating modes, the system eigenvalues underwent only
small variations due to changes in load resistance and reactance,
indicating the good robustness of the system.
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Fig. 21. Closed-loop eigenvalues of the system for variations in load resistance
and reactance.

Fig. 22. Closed-loop eigenvalues of the system for variations in the secondary
controller gains.

D. Impact of the Secondary Control Parameters

Fig. 22 shows the trajectory of the eigenvalues as a function
of the secondary control parameters for each control loop. The
PI gains are varied in an interval of 0.1 up to 10 times in relation
to gain values presented in Table IV.

As the proportional terms of PI controllers are increased, some
of the eigenvalues of the system move toward the unstable re-
gion, making the system more oscillatory and eventually leading
to instability. The integral term parameter has less significant
effects on the dynamics of the system. Similar analysis can be
performed for the different parameters of the developed model.
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