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ABSTRACT

Microgrids have garnered attention as they facilitate the integration of
distributed renewable and non-renewable energy resources and allow flexibility to
connect to the grid whenever required. When power is required for temporary
missions or an emergency search and rescue mission, a vehicle-borne microgrid
can supply critical power needs. In this paper, a vehicle-borne mobile microgrid
consisting of a diesel generator, a battery storage system and solar panels mounted
on the vehicle exterior is considered, and an operational control that minimizes the
total fuel consumption and the battery degradation is formulated based on model
predictive control. A simulation study is carried out considering a forward
operating base mission scenario where the microgrid supplies the charging power
to unmanned ground and aerial vehicles deployed in the mission. The result shows
that the proposed approach is robust against uncertainties associated with
renewable generation and the charging power demand of unmanned ground and
aerial vehicles.
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1. INTRODUCTION

A microgrid (MG) is an integrated system
of electricity  generation, distribution
infrastructure, and some form of energy
storage systems to maintain power supply to
a certain geographical area [1]. An MG's
power rating can range from a few kilowatts
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to a few megawatts and, in many cases, is
connected at a single point called the point of
common coupling (PCC) at the distribution
level of a commercial utility power system
[2]. An MG is powered by micro-sources,
which may include renewable sources such
as solar panels and wind turbines or non-
renewables such as diesel generators and
battery storage or hydrogen storage to
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collectively meet the load demand. For
example, Ref. [3] describes a microgrid that
consists of two 1.8MW diesel generators, a
1.5SMW/4.5MWh battery storage and a
250kW-15min ultracapacitor pack to supply
the Borrego Springs community in the desert
area of San Diego County. Ref. [4] describes
Ramona Microgrid that provides backup
power to the Ramona Air Attack Base, home
to CAL FIRE and the US forest service's
aerial firefighting assets.

In military applications, a study by the
Department of Defense [5] has recognized
that  autonomous  systems, including
unmanned  aerial  vehicles  (UAVs),
unmanned ground vehicles (UGVs) and
unmanned underwater vehicles (UUVs)
operating from a forward operating base
(FOB) and employing modern intelligence,
surveillance, and reconnaissance (ISR) and
advanced weapon systems will require an
increasing quantity of tactical energy. In this
paper, we consider a vehicle-borne mobile
microgrid (VBMG) with  envisaged
applications for the power supply for UAVs
and UGVs used during emergencies or in
FOB missions. While the UAVs and UGVs
come in various sizes and capabilities, we
consider battery-powered UAVs and UGVs
with a stored energy -capacity of
approximately a kilowatt-hour or smaller for
aUAYV and a few kilowatt-hours to a few tens
of kilowatt-hours of stored energy for a
UGV. A VBMG is often operated in islanded
mode due to the nature of the missions except
when it is connected to the grid at FOB
depots, usually for charging its own battery
storage system. The design aspect of such an
MG has been discussed in [6] and thus, the
focus in this paper will be on the optimal
operation of the VBMG. We primarily focus
on the economic dispatch problem. Various
control methods, including Model Predictive
Control (MPC) based methods are mentioned
in [7] and [11]. However, neither of the
approaches considers battery degradation
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models. We propose a model predictive
control-based operation considering the fuel
consumption and degradation of the batteries.

In section 2, VBMG architecture is briefly
described. It is followed by the formulation
of the MPC-based operational control of the
VBMG and a simulation case study based on
the proposed method. Rendezvous planning
of UAVs and UGVs with the VBMG and
how these are connected for power transfer is
out of the scope of this paper.

2. VBMG ARCHITECTURE

A typical VBMG architecture is shown in
Figure 1. A diesel generator (DG) and a
battery energy storage system (BESS) are
housed inside a container mounted onto the
trailer, while photovoltaic (PV) panels are
mounted on the exterior of the container. A
DG is used due to its superior reliability and
its power output capability relative to size
and cost compared to renewable sources and
battery storage. Since the primary purpose of
the VBMG is to supply charging power to the
UAVs and UGVs deployed in a mission, a
distribution box with an ample number of
charging ports or pads where the UAVs and
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Figure 2: Microgrid load flow model
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the UGVs get physically connected to the
VBMG is assumed available.

Figure 2 shows the microgrid power flow
model. The charging loads are primarily DC,
and thus a common DC bus is considered. PV
and battery storage system are connected to
the DC bus through individual DC-DC
converters, while the DG is connected via an
AC-DC inverter. During normal operation,
the charging load is first supplied by the PV,
and the unmet demand is then supplied by the
DG and BESS. When there are no loads
connected, PV power is directed to battery
charging.

2.1. Resources modeling

First, we discuss the constraints on the DG.
The output power of DG at any time, Pp;(t),
is bounded by equation (1), where P7%"and
Ppe* are the minimum and maximum power
output of the DG, respectively, and t is the
discrete time index. In addition, equation (2)
shows the ramping limits of DG. For
simplicity, the maximum ramping up and the
maximum ramping down limits are assumed
identical and represented by Rp; . Fuel
consumption of DG has been traditionally
modeled as quadratic on output power and is
given by equation (3), where Cp is the fuel
consumed in time At and «,f and y are
coefficients[12] . Lastly, due to the
operational scenario, there is a limitation in
the fuel supply which is represented by
equation (4).

Ppg™ < Ppg(t) < Ppg*™* (1D
|Ppg(t) — Ppg(t — 1)| < Rpg )
Cpe(t) = (aPpc(k)? + BPp(k) + Y)At  (3)

T
Z Cpg(t) < FS )]
t=0

Next, we discuss the PV source. PV output,
Ppy (t) is given by the product of the average
PV output ratio, k, and the maximum PV
output, Pp** as shown in equation (5).

Ppy(£) = K (t) * Ppy™™ )

Lastly, we discuss the battery storage
system. We assume Li-ion battery pack. The
power output at time ¢, denoted by Pgq (), is
constrained by battery ratings and is shown in
equation (6). Unlike the DG, we assume that
the battery can change its output almost
instantaneously and thus, no ramping
constraints are set. The state of charge at each
time, SOC(t), is given by equation (7) where,
Epqe 1s the energy capacity of the battery.
This requires that the initial SOC is known. It
is assumed that the battery power is constant
during the time interval At. Theoretically, the
state of charge may vary from no charge (0)
to fully charged (1). However, considering
the battery degradation associated with
extreme SOC values, a constraint is added as
shown in equation (8).

PRl < Ppq(t) < PR (6)
Pgac(t — DAL
S0C(t) = SOC(t —1) _ Prac(t = DAL 7
EBat
SOC™n < SOC(t) < SOC™ax (8)

2.2. SEl Based battery degradation

Every battery, including Li-ion battery, is
prone to capacity degradation with time and
use. Formation and growth of solid
electrolyte interface (SEI) in the electrodes is
considered to be the most significant life-
limiting mechanism in Li-ion battery cells
with graphite negative electrodes. SEI layer
growth happens in the negative electrode and
primarily during charging [8]. This
mechanism is associated with side reaction
current density j; which is a function of SOC
and current through the cell. Battery
degradation is directly proportional to this
SEI side reaction current density. Figure 3
shows the plot of j, against SOC for various
charging rates. Degradation is most severe
while charging and least severe while
discharging. It is noted that degradation
during resting (i.e., the battery is idle) is
greater than degradation during discharging.
For details of this model, readers are referred
to [8] and Chapter 7 of [9].
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Figure 3: Side reaction current density vs SOC

Considering a battery pack with n» modules
connected in series and each module
consisting of m cells connected in parallel,
current through each cell is given by equation
(10), where V' is the terminal voltage of the
cell. For simplicity, V' is assumed to be
constant and equal to the rated voltage of the
cell. The rate of change in capacity of each
cell, Q oy (t) is then given by equation (11)
where ag;, A; and L, are cell electrode
geometric parameters and F is Faraday's
constant.  jo(t) is  negative  which
implies Q. is negative. The capacity loss,
Q,0ss, for the battery pack is then given by
equation (12).

js(t) = f(SgC' Lcer) €))
. icell(t) = B;:;f-t) (10)
chll(t) = asAsELn js(t) (11)
Quoss(t) = mn Qcen(t)At (12)

Based on this, the state of health (SOH) of
the battery system can be estimated by
equation (13) where 1y ciesEcqp is life-time
capacity throughput. This requires that the
initial SOH be known. SOH decreases
monotonically, and without loss of
generality, the initial SOH is assumed to be 1
and subsequent values are constrained by
equation (14).

SOH (t) = SOH(t — 1) — _ Qloss (13)
ncyclesEcap

0<SOH(t) <1 (14)

2.3. Loads

The primary purpose of VBMG is to supply
charging power to UAVs and UGVs
deployed in a mission. Whenever the SOC of
a UAV or a UGV is low, they rendezvous
with the VBMG for charging. Not all UAVs
or UGVs require charging at the same time
instant. The total load Pryeq(t) 1is
approximated by summing the charging
power demand of each UAV and UGV. The
binary variables Oyay (), Sygy j(t) are 1
when the respective UAV or UGV is

scheduled to be charging and 0 otherwise.
nyav

Proaa(t) = Z Syav,i(®)Pyay i (t) +
7

nugv

> v OPuer ;0 (15)
J

Lastly, the power balance constraint shown
in equation (16) ensures that the charging
power demand is always met by the VBMG.

Ppg (£) + Pgar(£) + Poy () = Proqa(t) (16)

3. MPC-BASED OPERATION OF VBMG
In this section, we formulate an

optimization problem to find out the optimal
allocation for the power output of DG and
battery. The optimization problem can be
divided into two subproblems. First is the
minimization of the fuel consumption of the
DG, and second, the minimization of the
cumulative capacity loss of the battery pack
making sure that the charging power demand
is met. The optimization problem is shown in
equation (17). Here w;and w, are weighing
coefficients for fuel consumption and
capacity loss, respectively. The optimization
variables are the power output from the DG
and battery.

T
PDG (tr)r'u;;at (t) Z wchG(t) + W7 Qloss (t)

t=0

subject to: (1)~(16), t=0..T (17)
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Figure 4: Block diagram of MPC based operation.

where T is the operation horizon for the
mission.

An open-loop optimal solution can be easily
obtained for this problem. However, the
output power of PV connected to the VBMG
cannot be accurately predicted for real
applications. In addition, the charging power
demand for the UAVs and UGVs are also
only estimated values at any given time and
are continuously updated from higher level
mission  control.  Considering  these
challenges, an MPC-based operation is
appropriate. Figure 4 shows the block
diagram of MPC-based operation. MPC uses
repeated optimizations with the latest state
information and, as such, includes feedback
that helps with robustness against changing
disturbances or loads (such as PV). This is
particularly useful if the load/disturbance
sequence for the horizon can be estimated by
the VBMG control or demand loads can be
communicated to the VBMG control from
the UAV/UGYV loads to include it in the MPC
optimization.

The objective function for closed loop
MPC-based operation is obtained from
equation (17) by replacing the optimization
period with a moving prediction horizon. The
problem is rewritten as equation (18) where
[k +1,..,k+ Np] is the moving prediction
horizon of width N, . This optimization
problem is then solved for moving prediction

horizons updated every minute.
k+Np
min
Po (6), Ppar(t) 01 Cpg (£) + W2 Cross(t)

=k+
subject to: (1)~ (16) t=k+1..k+N,(18)
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Table 1 Simulation Parameters

parameters value unit/comment
Pmax 5 kW
Pmm () kW
Poi* 100 kw
Rpe 10 kW/min
FS 100 liters
a 1.115e-3 | liters/kW?
b 0.2232 | liters/kW
c 1.75 liters
pyin 100 | kW
P 100 kw
Egat 100 kWh
socmin 0.2
socmax 0.8
SO0Cinitiar 0.8
SOHinitia1 1
m 86 16 Tesla 6s86p
n 6 modules in series
n, 16 (n=mnyny)
4 3.8 V
ncycles 1500

4. SIMULATION CASE STUDY

For the simulation, a mission time of four
hours is considered with a time step of one
minute. The charging demand at each time
step is the aggregated demand of all the
UAVs and UGVs at the given time step and
is assumed to be known. Simulation
parameters are given in Table 1. Cell
parameters for degradation modeling are
taken from Table 1 in [8]. Simulations are
carried out in MATLAB using CasADi [10]
framework for formulating the nonlinear
optimization problem and the inbuilt open-
source [IPOPT solver to solve the nonlinear
optimization problem. The simulation is run
on an Intel Core 17-12700 2.7 GHz PC with
32GB RAM.

First, an open-loop simulation is carried out
to find the optimal solution given that the
charging demand of the UAVs and UGVs is
known beforehand for the whole operational
duration (4 hours). Then a model predictive
control-based operational plan is simulated

, Paudel, et al.
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with a prediction horizon of twenty minutes.
A random forecasting error (maximum =
10kW) is introduced at t = 36min.

Figure 5 shows the result of the open-loop
simulation. In the open-loop case, all the
information is known beforehand, and since
the fuel cost is quadratic in the output power
of DG, Pp 1s kept at an optimum level while
employing the battery to deal with the unmet
demand. However, in the presence of the
forecast error (t > 36min), there is a mismatch
in the supply and demand. Figure 6 shows the
result of the MPC-based operational plan. In
the MPC case, the system has information
only of the prediction horizon (20 min), the
low-cost battery is utilized first, and later, the
DG is employed to fulfill the unmet demand.
Contrary to the open-loop case, there is no
discrepancy between the supply and demand
when the disturbance is introduced because
the MPC gets updated with the changes at
each iteration, thus resulting in a robust
operation. It is assumed that there is no
forecasting error for the prediction horizon
(20 min). It is noted that the forecast error is
synthesized data fed to the MPC algorithm,
while the source of this error could be either
the fluctuations in PV output or the charging
load forecast errors or both.

Figure 7 shows the trajectory of the
battery's SOC and SOH and the DG's fuel
consumption for the open-loop operational
plan and MPC-based operational plan. In the
open-loop case, the battery is used at around
the 20kW power range throughout the
operating time, and thus SOC decreases
gradually from the initial value to the lower
bound value, while in the case of MPC-based
operational plan, the battery is used in the
beginning and thus SOC falls rapidly and
hovers around the lower bound. Battery
degradation, represented by SOH, apparently
seems to be prominent in the MPC-based
operational plan compared to the open-loop
case in Figure 7. The difference stems from
the fact that in the open-loop case, the
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Figure 7: Comparison of open loop and MPC based
result for SOC, SOH and fuel consumption.
battery's SOC decreases smoothly throughout
the mission time and at only a few instants is
the battery being charged, whereas, in the
MPC-based operational plan, there are
numerous charging instants (when t >100
min), which is when the battery degradation
primarily occurs. When we consider the
charging period that usually occurs at the
charging depot later in the day once the day
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mission is over (shown in Figure 8) the
degradation during charging is greater than
thirty times (when charged at 1C) as
compared to the degradation during the
discharging period. This is because battery
degradation primarily occurs during charging
[9][13]. Figure 8 shows that there is no
significant difference in the two approaches
of operation with respect to degradation over
a charge-discharge cycle. However, the
difference can become significant for
persistent and long-term operations, such as
the case of using surveillance UAVs for
several days and weeks or months and need
further study to compare the two approaches.

Table 2 shows the fuel consumption for
three cases. MPC-based operation plan
resulted in marginally less fuel consumption
as compared to the open-loop case. It is also
noted that 6% (12.2kWh) less energy is used
to fulfill the charging load demand. The
difference is due to the differences between
the real-time charging load demand and the
forecasted charging load demand that was
used to calculate the open-loop solution.
However, when the forecasted charging
power demand is underestimated and the
real-time charging power demand is higher,
the MPC-based operational plan may result
in higher fuel consumption as it tries to match
the higher real-time charging power demand.

The MPC optimization took an average
CPU time of 50ms, which is much faster than

Table 2 Fuel consumption at the end of mission

Simulation Case | FC(Liters) %change
Open-loop 47.3 -
MPC 44.5 V6%
Without Battery 67.0 ™N41%

the update rate of one minute, implying that
the proposed method can be implemented for
real-time VBMG operational control.

5. CONCLUSION

Based on the simulation case study, it can
be inferred that the MPC-based approach
provides a feasible approach for the
operational control of VBMGs. The inherent
robustness of MPC against charging power
demand forecasting errors and PV output
fluctuations makes it preferable to open-loop
operational plans. While battery degradation
appears very low for the limited operational
durations considered in the case study, it may
not be the case for cases where there are
numerous charge-discharge cycles involved,
such as for supplying UAVs in persistent
surveillance applications. In future work, we
will consider the stochasticity of PV
generation and the charging load. The MPC-
based approach will also be further studied
with a power-hardware-in-loop (PHIL)
system for simulating real mission scenarios.
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