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ABSTRACT During emergencies or natural disasters, or at remote areas, the main electrical grid might be
damaged or not accessible, therefore, a sustainable electricity generation is critical for human survivals or
other electricity needs. This paper presents a sustainable, portable, and efficient electricity delivery (SPEED)
system for community emergency, disaster relief, and power supply at remote areas. A demonstrated system
with utility-level AC power output is built up with a 180 W photovoltaics (PV) array which consists of six
serial-connected solar panels, a 1.8 kWh battery pack, a SYNDEM power converter, and a data monitoring
subsystem. The autonomous operation of the system is achieved by advanced control technologies for power
electronic converters in both islanded mode and grid-connected mode, while providing the overcharging and
overdischarging protections of the battery pack. Field testing is conducted to validate the effectiveness of the
proposed SPEED system under different scenarios.

INDEX TERMS Sustainable portable electricity, solar energy, emergency/disaster relief, power electronics
control, battery protections.

NOMENCLATURE
VPV PV voltage.
IPV PV output current.
Ppv PV output power.
V ∗pv PV voltage reference.
Vb Battery voltage.
Vb01, Vb02, Vb03 Battery voltage protection trigger points.
DV , DP, DE Droop coefficients for battery protection.
u Duty cycle for DC/DC converter.
Pg, Qg Real and reactive power outputs of

DC/AC converter.
P∗g, Q

∗
g Real and reactive power references

E RMS output voltage of DC/AC
converter.

δ Power angle.
Ug RMS voltage of the main grid or loads.
Z0 Output impedance amplitude of

DC/AC converter.
θ Output impedance angle of DC/AC

converter.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yang Li .

ω Frequency of the DC/AC converter.
ω∗ Rated frequency of AC grid.
E∗ Rated RMS voltage of AC grid.
m, n Droop coefficients for real and reactive

power.
ig Instantaneous current of DC/AC

converter.
ug Instantaneous voltage of the main grid

or loads.
4p, 4q Lumped uncertain terms.
η Approximated system efficiency.

I. INTRODUCTION
Incorporation of sustainable and portable electricity genera-
tion to support critical electricity demands is important for
improving community resiliency and energy independence.
Recent studies show that the main electrical grid disconnec-
tion is the major disruption to the current status quo of the
human life [1], [2]. In the United States, severe weather such
as thunderstorm, hurricane and blizzard is the leading cause
of power outages. Reports show that roughly 679 widespread
power outages between 2003 and 2012 are caused by weather
events, which cost annual average of $18 billion to $33
billion US dollars [3]. For example, the superstorm Sandy
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knocked out power for 8.5 million customers, and hurri-
cane Irene affected more than 6.5 million people with power
loss [3]. Recently, hurricane Irma cut power to nearly two-
thirds of Florida’s electricity customers [4], and more than
quarter-million people were affected by Texas power out-
age caused by Hurricane Harvey [5]. Therefore, tremendous
critical needs are being reported in the literature for power
preparation for the community’s survivals during extreme
emergencies [6]–[8]. In remote monitoring applications, such
as oil field monitoring systems, pipeline monitoring systems,
etc., communications and critical electronic systems also
require continuous electricity supplies [9], [10]. To address
above power demands, the portable and sustainable electricity
delivery system is one of the promising solutions. During
an aftermath of a natural disaster, the electric grid might be
not available for a long period, and the conventional portable
electricity delivery systems, e.g., fuel-based generators, may
experience serious challenges with insufficient or unavailable
fuels. Furthermore, using gasoline or diesel generators to
generate the electricity may not be the most economically
feasible and practical solution due to the following draw-
backs of conventional generators: insufficiency under low
load operation, high maintenance cost, sound pollution, high
greenhouse gas pollution and scarcity of fossil fuel supplies
[11], [12]. Alternatively, a modularized portable renewable
energy-based solution can be used to achieve aforementioned
power demands and to cope with the drawbacks of conven-
tional generators [13].

This paper presents a sustainable, portable, and efficient
electricity delivery (SPEED) system for community emer-
gency/disaster relief and power supply at remote areas, where
a photovoltaics (PV) source and a battery pack are integrated
by power electronic converters with standard utility-level AC
output [14]. Themain functions of the SPEED system include
islanded mode operation with the grid-forming capability for
outdoor activities; grid-connected mode operation at normal
daily scenarios, where the energy generated by the PV source
can be sent to the main grid; the maximum power acquisition
from the PV source for improving the energy efficiency; and
battery protections to avoid both overcharging and overdis-
charging. The power electronics control plays the key role
to facilitate these functions. It is worth noting that several
other factors also should be considered for the PV-based
portable electricity delivery system, such as the PV size,
battery capacity, strength of the mounting platform, etc., and
more information can be found in [13]. This paper focuses
on the power electronics control for the flexible operations of
the SPEED system.

The control challenges associated with the autonomous
operation of the SPEED system are listed as follows. Firstly,
in the traditional grid-integration of the PV source or the
battery pack, the power converters are usually operated as
current sources [15], where a dedicated phase-locked loop
(PLL) is required for grid synchronization [16]; while in
islanded mode [17], [18], they should be operated as voltage
sources to provide both voltage and frequency regulation,

where the PLL is not required for the continuous opera-
tion. These two incompatible sources for different operation
modes would complicate the control system design for the
SPEED system. Secondly, the SPEED system needs to be
scalable and capable of working at parallel mode, and it is
expected that multiple different-scale SPEED systems can
work together to conduct emergency/disaster relief. The grid-
forming converter should be designed for the SPEED system
with the black-start capability at both stand-alone operation
or parallel operation. When multiple grid-forming converters
work together, one challenge is how to make sure all inter-
connected units could work together and maintain system
stability, i.e., voltage and frequency regulation; and the other
challenge is how to achieve power sharing among these units.
If the power is not well shared, the circulation currents may
occur among interconnected units, which may trigger the
protection of the power electronic converters, or cause the
damage. For example, though both grid-connected mode and
islanded mode operations of the PV-battery system are stud-
ied in [16], the droop functions are not considered, therefore,
this kind of system is lack of scalability. Thirdly, the maxi-
mum power acquisition of the PV source is usually achieved
through maximum power point tracking (MPPT) algorithms
[16], [19], e.g., the P&O MPPT algorithms [20], [21].
If the PV power is larger than the load consumption in
islanded mode, the extra power will be stored in the battery
pack, and the battery pack might be overcharged during the
long-term operation. Though some PV power-limited con-
trol algorithms are proposed in [16], [20]–[22] to avoid the
battery overcharging, the direct power regulation or direct
current regulation of the PV source is considered, which
might cause the power oscillation or current oscillation [20],
specially, under the varying condition of the solar irradiation.
A constant voltage control strategy of the battery voltage is
provided in [23] to limit the PV power, however, the battery
voltage cannot be well regulated if the PV is shaded. Fourthly,
the battery pack might be overdischarged if the whole system
is not well regulated within different operation scenarios. All
these scenarios will degrade the lifespan of the battery pack,
or even cause the fire hazard. Finally, in most of PV-storage or
PV-battery systems, the central power management systems
or energy management systems are usually required for the
operations of different modes, and the decisions of mode
changes [16], [20], [21], [24].

In this paper, the advanced power electronics control tech-
nologies are developed to achieve the autonomous operation
of the SPEED system at both islanded mode and grid-
connected mode. For islanded mode operation of the SPEED
system, particularly for emergency/disaster relief, a voltage
source-based robust droop control strategy, named the uncer-
tainty and disturbance estimator (UDE)-based robust droop
control technology [18], is adopted to operate the power elec-
tronic converter as a grid-forming converter. It is an improved
version of the conventional droop controller [25] by intro-
ducing the load-voltage feedback and the UDE-based robust
control algorithm. It can achieve autonomous black-start,
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accurate power sharing, good voltage/frequency regulation,
and good performance to handle the uncertainties and dis-
turbances from loads or output impedance. It also inherits
the advantages of the conventional droop control, such as,
no communication requirement, autonomous power balance
between source side and load side, and “plug and play”
feature, which enables the potential parallel operation of
multiple different-scale SPEED systems. For grid-connected
mode operation of the SPEED system, the voltage source-
based robust power flow control [26] is introduced to achieve
a grid-friendly manner and to reject various disturbances,
such as the fluctuations of the battery voltage, variations
of output impedance or line impedance, and variations of
the grid voltage. With the voltage sources adopted for both
islanded mode and grid-connected mode, the robust droop
control and robust power flow control can be integrated into
a unified control framework, which simplifies the control
system design.

In addition, an extremum seeking (ES)-based MPPT algo-
rithm [27], [28] is adopted for maximum power acquisition
of the PV source. The ES algorithm, one of the P&O MPPT
methods, can always capture maximum power of the PV
source. In order to avoid the possible battery pack overcharg-
ing caused by the ES-based MPPT, a ‘‘PV voltage droop
control’’ algorithm based on the battery voltage is proposed
to avoid this issue. When the battery voltage is higher than a
voltage-protection trigger point, the PV voltage referencewill
be adjusted accordingly to decrease the power output of the
PV source. The idea of this design is motivated by the conven-
tional droop control [25], [29] for AC voltage and frequency
regulations. Therefore, the name of ‘‘droop control’’ is also
adopted in this design. Besides, in grid-connected mode oper-
ation, a ‘‘real power set point droop control’’ algorithm based
on the battery voltage is developed to keep the power balance
of the battery pack without overcharging or overdischarging,
where the real-power reference will be adjusted according to
the battery voltage. Furthermore, in islanded mode operation,
an ‘‘AC voltage set point droop control’’ algorithm based
on the battery voltage is proposed to further prevent the
overdischarging of the battery pack, where the AC voltage set
point will be reduced when the battery voltage is lower than
a voltage-protection trigger point. Therefore, the proposed
design can naturally avoid both overcharging and overdis-
charging of the battery pack without any additional protection
actions at different operation scenarios.

For system demonstration, a SPEEDprototype systemwith
a 180 W PV array which consists of six serial-connected
solar panels, a 1.8 kWh battery pack, a SYNDEM power
converter [30], and a data monitoring subsystem is built up.
The SYNDEM power converter is utilized as the power elec-
tronic interface to integrate both the PV array and the battery
pack with standard utility-level AC output, and all the pro-
posed advanced control technologies are embedded into the
SYNDEM power converter. Moreover, a Raspberry Pi-based
real-time data monitoring subsystem and a dynamic web-
server are developed for local and remote data monitoring.

Furthermore, the system is built on a mobile platform to
enhance the portability. The field test of this SPEED platform
was conducted on Texas Tech University (TTU) campus with
both islanded mode and grid-connected mode operations.

Themain contributions of this paper are highlighted below:

• A SPEED system is developed for applications asso-
ciated with community emergency, disaster relief, and
power supply at remote areas with sustainable power
solutions. Advanced power electronic control technolo-
gies are developed and implemented to achieve the
autonomous operation of the SPEED system at both
islandedmode and grid-connected mode. A SPEED pro-
totype system is built and tested with both islandedmode
and grid-connected mode operations on TTU campus.

• The voltage source-based control techniques are adopted
for the control of the SPEED system at both islanded
mode and grid-connected mode without the requirement
of PLL. In particular, a unified control framework is pro-
vided to integrate the robust droop control for islanded
mode operation and the robust power flow control for
grid-connected mode operation. This enables the grid-
forming capability and the scalability of the SPEED
system, and parallel operation of multiple different-scale
SPEED units.

• The proposed PV voltage droop control algorithm is
designed through the setting of the PV voltage reference
based on the battery voltage. With the introduction of
the hysteresis band for the battery voltage trigger point,
the power oscillation can be naturally avoided during
the limited power operation of PV source, even under
the varying condition of the solar irradiation or shading.
With the combination of the real power set point droop
control, and the AC voltage set point droop control, both
overcharging and overdischarging of the battery pack at
different operation scenarios can be naturally avoided.

• In the proposed design, the DC-DC converter and the
DC-AC converter can be operated independently. The
ES-based MPPT and PV voltage droop control can
be automatically switched based on the battery volt-
age. The unified control framework can automatically
determine the operation modes, and the battery pack
charging or discharging. It does not require the extra
power management system or energy management sys-
tem to regulate power flow for PV source, battery pack,
and AC loads/grid under different operation modes,
which greatly simplifies the control design. Indeed, all
the proposed control design and communication design
are achieved in a widely-used Texas Instruments (TI)
TMS320F28335 microcontroller unit (MCU) with a
sampling time of 150 µs for power electronics control
and a sampling time of 0.1 s for RS485 communication,
which enhances the feasibility of the proposed SPEED
system.

The preliminary results of this work were published at 2019
IEEE Green Technologies Conference [31]. Compared with
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FIGURE 1. The system design of the SPEED system.

our preliminary results in [31], this paper provides a thor-
ough design and test of the SPEED system. The detailed
control structure and control algorithms are proposed for
the autonomous operation of the SPEED system at both
islanded mode and grid-connected mode. Three aspects of
battery protection algorithms are further illustrated. More-
over, extensive experimental results with the operations of the
proposed system under different modes and different battery
protections are provided to demonstrated the effectiveness of
the proposed design.

The remainder of the paper is as follows. Section II
describes the SPEED system design. The advanced power
electronics control and the data monitoring subsystem design
are presented in Section III. Results of field experiments are
shown in Section IV. The final Section V concludes the whole
paper.

II. SYSTEM DESCRIPTION
Fig. 1 shows a SPEED prototype system, which consists of
a 180 W PV source, a 1.8 kWh battery pack, a SYNDEM
power converter, and a data monitoring subsystem. The solar
panels absorb solar energy and convert it into DC power.
The battery pack is used for energy storage. The SYNDEM
power converter provides the power electronic interface for
both the PV source and the battery pack with standard utility-
level AC output. The data monitoring subsystem is designed
for monitoring and recording real-time data of the SPEED
system.

The 180 W PV source includes six serial-connected
ALEKOSP30W24V-AP solar panels (30Weach). The fitting
curves based on a popular five-parameter model [32], [33]
and the specifications of the ALEKO SP30W24V-AP solar
panel for the PV source are shown in Fig. 2. The MPPT algo-
rithm is needed to achieve the maximum power acquisition of
the PV source, because both output current and output power
of the PV source are variable to different load conditions and
solar irradiations. From Fig. 2, it is clear that, the optimal
operated condition of this PV source is at the point with 220V
and 0.82 A, when the solar irradiation is 1000W/m2. The
reason for the high voltage, low current PV source design is
to increase the system efficiency with less power losses.

FIGURE 2. The approximated model for the PV source at different solar
irradiation conditions and T = 25◦C.

In this design, 20 rechargeable lead-acid batteries (12 V
@ 8 Ah each) are integrated as a battery pack, and the
maximal available energy storage capacity is about 1.8 kWh.
The major function of the battery pack is to balance the
fluctuations of both PV power and load consumption. Though
the PV source can operate at the optimal point with the
MPPT function, the optimal point still varies at different
solar irradiations, such as daily changes or shading effects.
In another aspect, the load consumption usually is different
from the instantaneous PV power. Therefore, the battery pack
should store the energy when the PV source is sufficient, and
release the energy when more power is required by the loads.

In this work, the SYNDEM Smart Grid Research and Edu-
cational Kit or the SYNDEM power converter, a MathWorks
third-party product [30], is performed as the power converter
to integrate the PV source, the battery pack with the stan-
dard utility-level AC outputs. It is a multifunctional power
electronic converter to facilitate research and education in
grid integration of various renewable energy sources, such as
solar power, wind power, and energy storage systems, and
flexible loads. This kit can be reconfigured to obtain 10+
different power electronic converters, versatile for different
applications. It also includes both RS485 and CAN commu-
nication interfaces to send both system data and control data
out. In the SPEED system, the SYNDEM power converter is
configured as a DC/DC boost converter and a single-phase
DC/AC converter, as shown in Fig. 3. In this design, the
battery pack is directly linked to the DC-bus to increase
system efficiency.While the DC/DC boost converter converts
DC power of the PV source into the battery pack, and the
single-phase DC/AC converter feeds the DC power from both
the PV source and the battery pack into AC load or AC grid.
It is worth noting that a standard power electronics module
with three legs is enough to cover the topology of the SPEED
system, and the SYNDEM power converter can be used to
connect the PV source and the battery pack with utility-
level AC output for AC loads or AC main grid. There might
exist some drawbacks to connect the battery pack to the DC-
bus directly. For example, more battery units are required
to integrate the battery pack, if 12V lead-acid batteries are
considered; and a large DC-bus capacitor is required to filter
the harmonics from both the DC-DC converter side and the
DC-AC converter side.

The SPEED platform also consists of a real-time data mon-
itoring subsystem, which runs on a Raspberry-Pi single board
computer. The SYNDEM power converter communicates
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FIGURE 3. The topology of the SPEED system with a DC/DC converter and a DC-AC converter.

with the data monitoring subsystem via a RS485 channel.
A graphical user interface (GUI), which is displayed on a
17-inch UHD, is used to display the real-time data trace. To
enable remote monitoring capabilities, a dynamic web server
running on a Raspberry-Pi single board computer is provided.
The Raspberry-Pi also operates as a Wi-Fi access point for
users to monitor real-time data on mobile devices via the web
server.

This SPEED system can be operated at both islanded
mode and grid-connected mode. If the SPEED system is
deployed for outdoor activities, such as emergency reliefs,
or remote area applications, the system should be operated
at islanded mode with the grid-forming capability because
there is usually no main grid access in these scenarios. The
grid-connected operation is also provided inside the SPEED
system for normal daily scenarios, where the energy gener-
ated by the PV source can be sent to the main grid.

III. CONTROL SYSTEM DESIGN
In order to achieve autonomous operation of the SPEED
system in a stable, reliable and flexible manner, advanced
power electronics control technologies are developed and
embedded into both DC-DC boost converter and DC-AC
converter control in the SYNDEM power converter. With
the implementation of the advanced control algorithms, the
MPPT function for PV source, islanded mode operation and
grid-connectedmode operation of the SPEED system, and the
protections for both battery overcharging and battery overdis-
charging are achieved. The data monitoring subsystem is
developed to monitor and record both system operation data
and control data through the RS485 communication with the
SYNDEM power converter.

A. DC/DC BOOST CONVERTER CONTROL
As shown in Fig. 2(b), the output power of the PV source
varies, according to different solar irradiations or load con-
ditions. In order to achieve the maximal power acquisition
of the PV source, an ES-based MPPT algorithm [19], [28],
[34] is adopted for the DC/DC boost converter control with
battery charging. In MPPT mode, the output power of the
PV source should be maximized, where a digital switch
SV is switched to position 1 in MPPT mode operation, as

FIGURE 4. DC/DC boost converter control.

illustrated in Fig. 4. A small perturbation, asin(�pt), is added
to the reference voltage of PV source V ∗PV . Then, through
the proportional–integral (PI) controller of the PV source
voltage VPV , the power output of PV source PPV will be
perturbed accordingly. Through a high pass filter s

s+�H
, the

DC part of the PPV will be filtered out, and the perturbation
signal is left. The multiplication of the perturbation signal
PPV−PPV by sin(�pt) results in an estimation of the gradient
of PPV − VPV curve, which is smoothed by a low-pass filter
�L
s+�L

. This gradient ĝ is used to tune the moving direction
of the reference voltage of PV source V ∗PV . Through multiple
tunings of the reference voltage V ∗PV with an integral function
kes
s , the optimal point of the PV source will be achieved. kes is
a positive constant gain to adjust the convergence rate of the
ES-based control.

As a P&O optimal algorithm, the ES-based control will
always seek the optimal point of the target system. This might
cause the overcharging issue of the battery pack during the
long-term operation, if the PV power is much larger than
the load consumption at islanded mode operation. In order
to avoid this issue, a PV voltage droop control algorithm
based on the battery voltage is provided, as demonstrated
in Fig. 4. When the battery voltage Vb is higher than a
voltage-protection trigger point Vb01, the digital switch SV
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FIGURE 5. DC/AC converter control.

will be changed to position 2, and the memory function of
the PV voltage VPV will be triggered and saved by the digital
switch ST , where ¯̄VPV is the saved PV voltage VPV . The
reference voltage of the PV source is designed as

V ∗PV =
¯̄VPV + DV (Vb − Vb01) (1)

where DV is a positive droop coefficient. When the battery
voltage Vb increases with the injected PV power, V ∗PV will
increase as well through this PV voltage droop function (1).
This means that the output power of the PV source will
decrease alongwith the increasing of theV ∗PV and the PV volt-
age control, according to Fig. 2(b). TheDV can be selected to
fulfill that, when the battery voltage Vb reaches its maximal
value, the PV voltage VPV will reach its open-circuit point,
then the PV source will not output any power to charge
the battery pack. In this way, the overcharging issue of the
battery pack can be naturally avoided. It is worth noting that
a hysteresis band can be designed for Vb01 to avoid frequent
switching between the ES-based control and the PV voltage
droop control at the trigger point Vb01.

The PV voltage is regulated by a PI controller

u = −kppv(V ∗PV − VPV )− kipv

∫
(V ∗PV − VPV )dt (2)

where u is the duty cycle for the DC/DC boost converter, V ∗PV
is from the MPPT unit or the PV voltage droop control, and
kppv > 0 and kipv > 0 are PI gains. Note that the PI controller
for the PV voltage regulation has negative gains, according to
the right hand side of the power–voltage curve in Fig. 2(b),

where the PV source usually operates from open-circuit point
to maximum output power point with MPPT algorithm.

B. DC/AC CONVERTER CONTROL
There are two operation modes for the SPEED system:
grid-connected mode and islanded mode. Different operation
modes are achieved through the DC/AC converter control. In
this paper, the voltage source-based robust power flow con-
trol [26] and the voltage source-based robust droop control
[18] are integrated together to facilitate the operation of the
SPEED system under two modes in a unified framework, as
shown in Fig. 5. Also, the battery voltage balance control in
grid-connected mode and the overdischarging protection of
the battery pack in islanded mode are further developed in
the DC/AC converter control.

1) GRID-CONNECTED MODE OPERATION OF THE DC/AC
CONVERTER
In normal daily scenarios, when the main grid is detected,
the DC/AC converter will automatically operate at grid-
connected mode, and the electricity generated by the PV
source will be sent to the main grid. In order to achieve
robust integration of the SPEED system into the main grid,
the voltage source-based robust power flow control [26] is
embedded into the DC/AC converter control. It can achieve a
grid-friendly manner and reject various disturbances, such as
the fluctuations of the battery voltage, variations of output
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impedance or line impedance, and variations of both grid
voltage and grid frequency.

As demonstrated in [26], [29], considering the voltage
source E 6 δ, or the output voltage of a DC/AC converter,
delivering the power to the main grid Ug 6 0o through an
impedance Zo 6 θ , the real power Pg and the reactive power
Qg received by the grid Ug 6 0o can be obtained as

Pg =

(
EUg
Zo

cos δ −
U2
g

Zo

)
cos θ +

EUg
Zo

sin δ sin θ (3)

Qg =

(
EUg
Zo

cos δ −
U2
g

Zo

)
sin θ −

EUg
Zo

sin δ cos θ (4)

where δ is called power angle. Following the procedures in
[26], and taking the time derivative of both (3) and (4), the
dynamics of power delivery are expressed in

Ṗg =
EUgδ̇
Zo

cos δ sin θ −
EUgδ̇
Zo

sin δ cos θ

+
UgĖ
Zo

cos δ cos θ +
UgĖ
Zo

sin δ sin θ (5)

Q̇g =
UgĖ
Zo

cos δ sin θ −
EUgδ̇
Zo

sin δ sin θ

−
EUgδ̇
Zo

cos δ cos θ −
UgĖ
Zo

sin δ cos θ (6)

For this SPEED system, the resistance-type impedance con-
verter or named R-converter [29] is considered, therefore, the
impedance angle θ and the power angle δ are usually small.
Then, the dynamics of power delivery (5) and (6) can be
rewritten as

Ṗg =
Ug
Zo
Ė +4p (7)

Q̇g = −
EUg
Zo

δ̇ +4q (8)

where

4p =
UgĖ
Zo

(cos δ cos θ − 1)+
EUgδ̇
Zo

cos δ sin θ

−
EUgδ̇
Zo

sin δ cos θ +
UgĖ
Zo

sin δ sin θ, (9)

4q = −
EUgδ̇
Zo

(cos δ cos θ − 1)+
UgĖ
Zo

cos δ sin θ

−
UgĖ
Zo

sin δ sin θ −
UgĖ
Zo

sin δ cos θ, (10)

are the lumped uncertain terms, including the uncertainties,
the nonlinearity, and the coupling effects of the power deliv-
ery model. As illustrated in Fig. 5, both Pg and Qg can be
calculated by a P&Q calculation unit [18], [29].

According to a robust control method, the UDE-based
control in [35], and the procedure in [26], the robust power
flow control for both real power control and reactive power
control can be designed for the power delivery dynamics (7)

and (8) as follows

Ė =
Zo
Ug

[
L−1

{
1

1− Gpf (s)

}
∗ (Ṗ∗g + kpep)

−L−1
{

sGpf (s)
1− Gpf (s)

}
∗ Pg

]
, (11)

δ̇ = −
Zo
EUg

[
L−1

{
1

1− Gqf (s)

}
∗ (Q̇∗g + kqeq)

−L−1
{

sGqf (s)
1− Gqf (s)

}
∗ Qg

]
. (12)

where P∗g is a real power reference, andQ
∗
g is a reactive power

reference. ep = P∗g−Pg and eq = Q∗g−Qg are tracking errors.
kp > 0 and kq > 0 are error feedback gains in the UDE-
based control. Gpf (s) and Gqf (s) are UDE filters to estimate
the unknown terms 4p in (7) and 4q (8). The nominal real
power reference can be set as

P∗g = ηPPV (13)

where PPV is the output power of the PV source, η is the
approximated system efficiency close to 1. This means that
most of power generated by the PV source will be delivered
to the main grid. The reactive power reference Q∗g can be
arbitrarily set within the allowed range, and normally Q∗g is
set to zero with Qset = 0 to keep unity power factor.
In order to further prevent the overcharging or overdis-

charging of the battery pack in grid-connected mode, a real
power set point droop algorithm based on the battery voltage
is added into the real power reference

P∗g = ηPPV + DP(Vb − Vb02) (14)

where DP is a positive droop coefficient. When the battery
voltage Vb is higher (lower) than a voltage-protection trigger
pointVb02, more (less) power will be delivered to the grid, and
the battery voltage Vb will decrease (increase) accordingly to
keep both power balance and voltage balance of the battery
pack. Through this real power set point droop function (14),
the battery voltage can be always regulated within a narrow
range around the trigger point Vb02, where DP can be used to
tune the voltage range of the battery pack. In this way, both
overcharging and overdischarging issues of the battery pack
are naturally avoided in grid-connected mode. It is noted that
there is no need of a hysteresis band for the trigger point Vb02.
As shown in Fig. 5, in grid-connected mode, both the digi-

tal switch SP and the digital switch SQ are switched to position
1. Furthermore, through the combination δ̇, ω∗, Ė , and E∗, a
final sinusoidal voltage reference vr will be generated for the
operation of the DC/AC converter, where ω∗ and E∗ are rated
grid frequency and rate grid voltage, respectively.

2) ISLANDED MODE OPERATION OF THE DC/AC
CONVERTER
When the SPEED system is deployed for outdoor activities, it
needs to be operated at islanded mode. For the islanded mode
operation of the DC/AC converter, the control objectives are
to provide both voltage regulation and frequency regulation
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with the capabilities of grid-forming, and to keep the power
balance between power sources and loads. To achieve these
functions, the idea of the voltage source-based robust droop
control technology [18] is further embedded into the DC/AC
converter control to enhance system robustness.

In the islanded mode, both the digital switch SP and the
digital switch SQ are switched to position 2, as shown in Fig.
5. A Q/ω droop unit with

ω = ω∗ + mQg (15)

is provided for frequency regulation, where m is a positive
droop coefficient for reactive power, which is correlated with
the power capacity of the SPEED system. Normally, mQg
is designed as a very small value to keep the small band
of the DC/AC converter output frequency around the rated
value ω∗. In other aspect, for the potential parallel operation
of multiple SPEED systems, all systems can work under the
same frequency ω at steady state [18]. Therefore, all parallel
SPEED systems will have same mQg, which guarantees the
accurate sharing of the reactive power for multiple SPEED
systems [29].

As shown in Fig. 5, a P/E droop unit is combined with real
power control (12) for voltage regulation. Normally, the real
power reference P∗g is designed as

P∗g =
E∗ − Ug

n
(16)

where Ug is the root-mean-square (RMS) value of the instan-
taneous load voltage ug, and n is a positive droop coefficient
for real power, which is also correlated with the power capac-
ity of the SPEED system. At steady state, the real power
output Pg will track the reference P∗g through the real power
control (11)

Pg = P∗g =
E∗ − Ug

n
. (17)

Nominally, nPg is also designed as a small value to keep the
small band of the output voltage Ug of the DC/AC converter
around the rated value E∗. In other aspect, for the poten-
tial parallel scenarios, nPg is same for all parallel SPEED
systems, because both E∗ and Ug are same for all parallel-
operated units, which guarantees accurate sharing of the real
power for multiple SPEED systems.

Additionally, the robust droop control designed in this
paper is an improved version of the conventional droop con-
troller [25] by introducing the load-voltage feedback and the
UDE-based robust control algorithm. In addition to the volt-
age/frequency regulation, accurate power sharing and robust-
ness to handle uncertainties and disturbances, the UDE-based
robust droop control still inherits the advantages of the con-
ventional droop control, such as, no communication require-
ment, autonomous power balance between power sources and
loads, and the “plug and play” feature.

In order to further prevent the overdischarging of the bat-
tery pack in islanded mode operation, especially within a
single SPEED system, an AC voltage set point droop control

TABLE 1. The data frame from the SYNDEM power converter to the data
monitoring subsystem through RS485 communication.

algorithm based on the battery voltage is added into the real
power reference

P∗g =

[
E∗ + DE · sat(Vb − Vb03)

]
− Ug

n
(18)

where DE is a positive droop coefficient, and the saturation
function is defined as

sat(Vb − Vb03) =
{

0, Vb ≥ Vb03,
Vb − Vb03, Vb < Vb03.

(19)

When the battery voltage Vb is higher than a voltage-
protection trigger point Vb03, a normal P/E droop function
is provided. If the battery voltage Vb is lower than the trigger
point Vb03, instead of the voltage set point E∗, the voltage
set point is changed to E∗ +DE (Vb − Vb03). Then the output
voltageUg of the DC/AC converter will decrease accordingly,
which can reduce the power consumption of the loads. The
DE can be selected to fulfill that, when the battery voltage
Vb reaches its minimal value, the output voltage Ug of the
DC/AC converter will decrease to zero. Through this AC
voltage set point droop function (18), the overdischarging
issue of the battery pack is naturally avoided in islanded
mode. It is noted that there is no need of a hysteresis band
for the trigger point Vb03.

C. DATA MONITORING SUBSYSTEM
The data monitoring subsystem is developed to acquire and
visualize the real-time data of the SPEED system. In this
work, the open source Qt C++ and Node.Js frameworks are
used for software development on the Raspberry-Pi single
board computer. As shown in the Fig. 6, the architecture of
the data monitoring subsystem consists of two applications:
the data concentrator and human machine interface (HMI)
application, and the web server application.

In the data concentrator and HMI application, the serial
interface is used to communicate with the SYNDEM power
converter through the RS485 communication; the HMI is
used for data visualization on GUI; the asynchronous TCP/IP
data server is used for data exchange with the web server
application; and the data concentration handles the raw data
andmanages the data pool. Both data concentration and serial

VOLUME 8, 2020 73089



S. Liyanage et al.: SPEED: Design, Control, and Testing

FIGURE 6. Data monitoring subsystem software architecture.

Algorithm 1 Algorithm for Data Reading Through RS485 Serial Communication
Require: ReadTimer (100 ms), SerialPort (9600 bps, 1 stop bit, even parity), DataFrameLenght = 13, AccesData
Ensure: DataPool
1: if ReadTimer is elapsed and SerialPort is opened then
2: Data = Readall (SerialPort)
3: Append (Data, AccesData) F Append Data to AccesData
4: Index = FindStartDelimiterIndex (Data)
5: DataPool = Return data containing DataFrameLenght from starting at position index
6: AccesData = Return data containing from starting at position index + DataFrameLenght to the end
7: end if

FIGURE 7. The SPEED system: (a) Front view; (b) Back view.

interface are implemented with a 100 ms sampling rate with
the fast data acquisition, while the HMI is updated with every
1 s to mitigate the execution overhead of the application. The
data frame for RS485 serial communication is illustrated in

Table 1. In order to avoid the data loss, Algorithm 1 is used
for data acquisition of the serial interface.

The web interface is a Node.js-based application for the
remote data monitoring. The user can log into the Wi-Fi
access point hosted by the Raspberry Pi and then monitor the
real-time data of the SPEED system through a web browsing
application (Google chrome, Internet explore, etc.).

IV. FIELD TEST
To enhance the mechanical robustness and portability of the
SPEED system, all hardware components, such as, the PV
source, the battery pack, the SYNDEM power converter, and
the data monitoring subsystem, are mechanically mounted on
a moving cart, as shown in Fig. 7 with both front view and
back view. The field test of the SPEED system is conducted
on TTU campus. A video of the field test can be found in
[36]. The parameters of the SYNDEM power converter are
referred to [37]. How to choose parameters for the ES-based
MPPT can be found in [19], parameters for the robust power
flow control in [26], and parameters for the robust droop
control in [18]. In three battery protection algorithms, the
voltage-protection trigger point Vb01 is used for overcharg-
ing protection, the voltage-protection trigger point Vb03 for
overdischarging protection, and the voltage-protection trigger
point Vb02 for voltage balanced control in grid-connected
mode. Therefore, the relationships of Vb01, Vb02, and Vb03
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TABLE 2. The key control parameters of the SPEED system.

FIGURE 8. Case 1: Battery charging with the MPPT (before t = 2.8
minute) and the PV voltage droop control (after t = 2.8 minute).

should be Vb01 > Vb02 > Vb03. The parameters for battery
protection algorithms can be selected based on the character-
istics of the lead-acid battery pack and further field-trial tests.
The key control parameters are listed in Table 2.

To test different functions and capabilities, e.g., the MPPT,
the PV voltage droop control, islanded mode operation, grid-
connected mode operation, and the battery protections of the
SPEED system, four field test cases are conducted as follows.

A. CASE 1: BATTERY CHARGING WITH MPPT AND PV
VOLTAGE DROOP CONTROL
In this scenario, the battery charging with bothMPPT and PV
voltage droop control is investigated. The system responses
are shown in Fig. 8. Before t = 2.8minute, the system
operates at the MPPT mode with the ES-based control. The
PV power increases to the maximum value, close to 180 W
quickly, due to the ES-based MPPT, as shown in Fig. 8(a).
Then, the PV power decreases slowly, which is caused by the
increase of the temperature of the PV source. The PV voltage
decreases along with the power output of the PV source, as
shown in Fig. 8(b). It can be noticed that the PV voltage
also has slight decrease due to the effects of the temperature.

In this case, most of the PV power is injected into the battery
pack, because there is no AC power output. The absolute
value of the battery power is a little bit lower than the PV
power shown in Fig. 8(c), due to the system losses, e.g.,
power electronics losses, wire losses, and parasitic losses.
The negative battery power means that the battery pack is
charging. Because the large power is injected into the bat-
tery pack, the battery voltage increases quickly, as shown
in Fig. 8(d). At t = 2.8minute, the battery voltage reaches
the trigger point Vb01 = 260V, and the system changes to
the PV voltage droop mode. In this mode, the PV voltage
increases with the battery voltage, as shown in Fig. 8(b) and
Fig. 8(d), because the PV voltage set point increases with the
battery voltage, according to equation (1). Therefore, the PV
power and the absolute value of the battery power decrease
accordingly. In this way, the battery pack overcharging issue
is naturally avoided. After t = 20minute, the battery pack
reaches a dynamic charging balance, and the battery voltage
almost keeps a constant value. The PV voltage almost keeps
steady as well. Later, the gradual decrease of the PV power is
caused by the reduced solar irradiance. Noted that there are
no oscillations in both PV power and battery power through
the proposed PV voltage droop control, even under varying
solar irradiance. With the proposed control, the system can
operate at MPPT mode when the battery voltage is lower
than the trigger point Vb01, and the PV voltage droop control
can prevent the battery pack overcharging when the battery
voltage is higher than the trigger point Vb01.

B. CASE 2: ISLANDED MODE OPERATION
In this scenario, the islanded mode operation of the SPEED
system with the grid-forming capability is tested. In order
to test the capabilities of the battery pack, the PV source
is disabled. Several appliances, e.g., laptops, LEDs, cell
phone chargers, drone chargers, and an electric kettle, are
used as electrical loads to simulate the emergency or dis-
aster relief scenario. The system responses are shown in
Fig. 9. The SPEED system can do a black-start with voltage
and frequency regulation. The AC output RMS voltage and
AC output frequency for the loads are shown in Fig. 9(b)
and Fig. 9(d), respectively. The grid-forming capabilities of
this SPEED system are demonstrated at islanded conditions,
where the AC output RMS voltage can always be regulated
around 120 Vrms, and the frequency is always regulated
around 60 Hz, during the variations of both load real power
in Fig. 9(a) and load reactive power in Fig. 9(c). The load
real power is changed with different types of loads. The
load reactive power almost keeps constant, because there is
a LC filter inside the DC/AC converter, and most of loads
are resistance-type loads. The battery power is close to
the load power as shown in Fig. 9(e). When a large load,
e.g., an electric kettle, is added between t = 19.8minute
and t = 30minute, the AC voltage has a small decrease
because of the P/E droop function (17). The battery voltage
almost keeps constant before t = 19.8minute with the small
loads, and has a large drop (around 5 V) because of the
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FIGURE 9. Case 2: Islanded mode operation to simulate the emergency or
disaster relief scenario.

large electric kettle load, as shown in Fig. 9(f). The battery
voltage also decreases slowly after t = 19.8minute, which
is caused by the power consumption of the loads. The tran-
sient responses of both load real power and AC output RMS
voltage at t = 19.8minute are enlarged in Fig. 9(a) and
Fig. 9(b), respectively. The transient response speed of the
load real power is around 0.008 minute, i.e., 480 ms. This
slow response is mainly caused by the calculation of the real
power through a low-pass filter with the cut-off frequency of
6 Hz. The AC output RMS voltage only drops slightly, and
converges to a steady state quickly, within 0.005 minute, i.e.,
300 ms. The transient AC output voltage and AC load current
under a nonlinear load (with the drone charging) and a linear
load (with the electric kettle) are shown in Fig. 10(a) and
Fig. 10(b), respectively.

C. CASE 3: BATTERY PROTECTION UNDER A LOW
BATTERY VOLTAGE
In this scenario, the battery protection under a low battery
voltage with AC voltage set point droop control is studied.
Similar to Case 2, the SPEED system is initially operated
at the islanded mode with an electric kettle load, where the
battery pack is almost run out. The system responses are
shown in Fig. 11. Before t = 12minute, the battery voltage
is higher than the voltage-protection trigger point Vb03, as
shown in Fig. 11(a). The system has same AC output voltage
shown in Fig. 11(b) and load real power shown in Fig. 11(d)
with normal operation, compared to Case 2 shown in Fig. 9(a)

FIGURE 10. Case 2: Transient AC output voltage and AC load current
under nonlinear and linear loads.

FIGURE 11. Case 3: AC voltage set point droop control under a low
battery voltage.

and Fig. 9(b) within 20 ∼ 30minute. After t = 12minute,
the battery voltage is lower than the voltage-protection trig-
ger point Vb03, the system changes to AC voltage set point
droop mode. The AC output voltage decreases gradually,
according to the decrease of AC voltage set point, which is
affected by the decrease of the battery voltage based on the
equation (18). The load real power decreases accordingly,
as shown in Fig. 11(d). The battery output power is slightly
higher that the load real power in Fig. 11(c), because of the
system efficiency. Through this AC voltage set point droop
control, the overdischarging issue of the battery pack can be
avoided in islanded mode.

D. CASE 4: GRID-CONNECTED MODE OPERATION
In this scenario, the grid-connected mode operation of the
SPEED system is tested. The system responses are shown

73092 VOLUME 8, 2020



S. Liyanage et al.: SPEED: Design, Control, and Testing

FIGURE 12. Case 4: Grid-connected mode operation.

in Fig. 12. When the system is connected to the main grid,
the grid-connected mode operation of the SPEED system
is triggered. The PV system always operates at the MPPT
mode. When the system starts, the PV power increases to
the maximum value, around 160 W quickly, due to the fast
convergence of the ES-based MPPT, as shown in Fig. 12(a).
The changes of the PV power are caused by the varying
sunlight conditions and the changes of the PV temperature.
During t = 8 minute to t = 18 minute, there are large
variances in PV power, due to the PV shading effect from the
moving clouds. The PV shading also affects the PV voltage,
as shown in Fig. 12(b), and there is a large voltage drop
around t = 17.5 minute with the fully blocked sunlight.
The grid real power follows the trend of PV power well, as
shown Fig. 12(c). The grid real power is slightly smaller than
the PV power after t = 2minute, because of the system
efficiency. With the proposed battery voltage balance control
(14), the battery power is almost kept around zero at steady
state (after t = 2minute), as shown in Fig. 12(e), and the
battery voltage is kept at the trigger point Vb02 = 255V
as shown in Fig. 12(f). Before t = 2minute, the battery

FIGURE 13. Case 4: Transient AC grid voltage and transient AC output
current under different power outputs.

power is greater than zero, and the grid real power is greater
than the PV power, as the battery voltage is higher than the
trigger point Vb02. The negative battery power at initial state
is because the DC/AC controller is enabled after the DC/DC
controller, and there is a short-term battery charging. The
grid reactive power is always regulated around 0Var to keep
the unity power factor, as shown in Fig. 12(g). The reasons
for small spikes of both grid real power and grid reactive
power are from different aspects, e.g., measurement noises,
small disturbances for both grid voltage and grid frequency.
It can be noticed that both grid voltage and grid frequency
are varying, as shown in Fig. 12(d) and Fig. 12(h), because
there is a high penetration of renewables in the Texas grid.
The proposed control still can regulate the grid real power and
the grid reactive power well with the robust performances.
Both the waveforms of the transient grid voltage and the
transient DC/AC output current under different power outputs
are shown in Fig. 13(a) and Fig. 13(b), respectively.

V. CONCLUSION
In this paper, a SPEED system has been proposed for appli-
cations associated with disaster relief or remote areas, and a
prototype system has been built and tested on TTU campus.
Advanced power electronics control technologies have been
developed to achieve the MPPT function for the PV source,
the islanded mode operation and the grid-connected mode
operation, and the battery overcharging and overdischarging
protections. Both islanded mode and grid-connected mode
operations of the SPEED system are achieved through voltage
source-based control techniques within a unified control
framework to integrate the robust droop control and the robust
power flow control without the requirement of the PLL. This
enables the grid-forming capability and the scalability of the
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SPEED system. The PV voltage droop control algorithm has
been proposed to avoid both the battery pack overcharging
and the power oscillation under varying solar irradiation or
shading. The autonomous operation of the SPEED system is
achieved without the requirement of the extra power manage-
ment system or energymanagement system, and the proposed
control design and communication design are implemented
in a widely-used TI TMS320F28335 MCU to enhance
the feasibility of the proposed SPEED system. The field
test results have demonstrated the effectiveness of the pro-
posed SPEED system under different operation conditions.
In conclusion, the proposed SPEED system has shown great
potential in contributing to sustainable and portable elec-
tricity demand during emergency/disaster relief and energy
harvesting.
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