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A Nonlinear Distributed Control Strategy for a DC MicroGrid using
Hybrid Energy Storage for Voltage Stability

Filipe Perez, Gilney Damm, Member, IEEE, Paulo Ribeiro, Fellow, IEEE
Frangoise Lamnabhi-Lagarrigue, Lilia Galai-Dol

Abstract— DC MicroGrids with the integration of renewable
energy sources (renewables) and energy storage systems can
improve the performance of power systems, ensuring safe
operation of a local network, where the MicroGrid control
is responsible to assure stability and power quality of the
system. This paper proposes a distributed nonlinear control
strategy for a DC MicroGrid composed of a PV, a battery
storage and a supercapacitor to properly supply a local AC
load, where a complete stability analysis in conducted using
Lyapunov techniques. The MicroGrid is connected to an AC
grid by a VSC converter, which injects the right amount of
active and reactive power according to the AC load demand.
The supercapacitor’s duty is to control DC bus voltage dealing
with transient stability while the battery fulfills long term
power flow, where the energy is controlled to assure power
flow balance, ensuring proper operation for the MicroGrid.
Simulation results illustrate the performance of the proposed
control and the system’s operation.

I. INTRODUCTION

The advantages of DC MicroGrids has been highlighted
in many studies over the years. First, because recent devices
based on power electronics: modern loads, renewables and
energy storage are intrinsically DC. Therefore, the converters
topology and the control strategy required in these systems
are much simpler. Besides that, energy efficiency is also
improved and the system is much easier to deal with since
reactive power, frequency regulation, synchronization and
power factor are not a problem anymore. Renewables can
also be better integrated since the intermittent aspect is
eliminated when coupled with energy storage systems. All
of these reasons have brought DC MicroGrids as a new trend
in the electrical grid modernization [1], [2], [3].

A great challenge of MicroGrids is to develop a control
strategy to assure stable and reliable operation of the system,
such that the balance of generation and consumption is
regulated, stabilizing their fundamental states. When the
MicroGrid is grid-connected, it is possible to inject/absorb
arbitrary amounts of power to the AC side for ancillary
services purposes or even to supply a local load, therefore
the synchronization is required for this operation mode, but
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frequency, angle and inertia problems are dealt by the main
network [4], [5].

In several papers, a linear control strategy is proposed
to operate a MicroGrid, but a rigorous stability analysis is
usually out of scope in this kind of study, where just a small
operating region is considered. As a MicroGrid needs to
operate in a wide region, with different sets of operation’s
parameters, a more robust control strategy is necessary.
Therefore, the nonlinear control approach becomes more
evident for a MicroGrid application, where a more rigorous
stability study can be developed [6], [7], [8]. The nonlinear
control allows the system to work in a broader region of
operation, justifying the use of a more complex approach.
Also, a distributed approach as the one developed in this
work, allows independent operation of each device in system
assuring greater flexibility and improving reliability, against
the centralized strategy where a communication fail can
bring down the whole system [9], [10], [11]. Indeed, the
proposed control strategy is said distributed because the
control laws are developed for each converter connected to
the DC grid, only using local measurements and references
given by higher level controllers [12], [13].

This paper proposes a distributed nonlinear control strat-
egy for a DC MicroGrid in order to properly supply a local
AC load, assuring power flow balance and stabilization in the
DC bus voltage of the MicroGrid. The energy storage system
of the MicroGrid is composed by a hybrid topology, where
two distinct technologies are applied to work in different
time-scales. The supercapacitor is chosen to regulate the DC
bus voltage responding to fast-transient disturbances, and
the battery provides the power flow balance in a slower
time-scale, assuring proper operation in the MicroGrid. Dy-
namic feedback linearization is applied on the supercapacitor
subsystem based on a explicit time-scale separation, where
singular perturbation analysis is done. This approach solves
the minimum-phase problem of boost converters according
to the chosen control target. A rigorous stability analysis
is developed by Lyapunov techniques assuring stability of
the whole grid, resulting in Input-to-State Stability (ISS)
property. Detailed simulations on circuit level using SimPow-
erSystem toolbox from Matlab/Simulink shows the behavior
of the proposed control law.

The paper is organized as follows: Section II introduces
the considered MicroGrid model, Section III describes the
adopted control strategy, simulations results are introduced
in Section IV and conclusions are provided in Section V.



II. MICROGRID MODEL

In this paper, it is developed a grid-connected DC Micro-
Grid composed by a supercapacitor, a battery, a PV array
as the main power generation and an AC load connected
to the point of commom coupling (PCC). The AC load
must be properly supplied inside of grid requirements. The
supercapacitor and the battery work in different time-scales
acting in a complementary way to guarantee grid stability.
Fig. 1 introduces the proposed MicroGrid. The dynamic
equations of the DC MicroGrid is written as follows.
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Ve is the DC bus voltage, Vg, Vg and Vpy are the volt-
ages on the supercapacitor, battery and PV array respectively.
Ve,. Ve, and Vi, are the input voltages of the MicroGrid
converters. Iy, It and Iy, are the inductor currents in the
converters, Ve, Veo,, Vo, and Vi, are the output voltages
of the converters. I;4 and I;, are the AC currents in dgq frame,
Vi and V), are the respective voltages of the AC grid in dg
frame, where w = 27 f; is the grid frequency. R; and L; are
the line impedance of the AC grid. Ry, Rs, R4, Rs5, R7,
Rg and Ry are the resistances representing the cable losses,
Ro1, Ro2, Ros, Ros, Ror and Ryg are switch losses of the
semiconductors and u1, us, u3, U4 and us are the modulation
index of the converters in the MicroGrid.

The supercapacitor target is to control the voltage V;. on
the DC bus to provide transient stability (in milliseconds)
in the system. In this case, a control strategy is developed
to control the DC bus based on a Lyapunov function that
assures stability for the whole system. A bidirectional-boost
converter is applied for the supercapacitor subsystem, where
the existing non-minimal phase problem is solved here
by using dynamical feedback linearization control strategy.
Voltage V¢, is controlled such that V. is stabilized [2], [9],
[8]. The supercapacitor equations are introduced in (1)-(3).

A battery bank is used to balance the grid power flow in
a slower time-scale (seconds to minutes), where the current
I1, is driven to reference I7 , such that the battery regulates
the energy mismatch in the system. The reference I is
calculated by the secondary controller taking into account
weather and load prediction and the state of charge (SoC)
of the energy storage elements using optimization techniques
[14]. A bidirectional-boost converter is applied in the battery
subsystem and the equations are introduced in (4)-(6).

The PV array is controlled to inject the maximum available
power into the grid. The current I, follows the reference
I7 . which is given by a MPPT algorithm such that the PV
target is accomplished [10]. The MPPT can be included in
the secondary control. The PV equations are introduced in
(7)-(9), where a boost converter is used.

The grid-connection is made by a VSC converter, where
an AC load must be supplied by the DC MicroGrid. The
AC grid equations are introduced in (10)-(12). The control
target is to correctly supply the AC load by injecting the right
amount of active P* and reactive Q* power into the AC grid
[15]. This target is accomplished by directly controlling the
currents I;q and I;,, since their references can be obtained
by:

=i
ld

The dynamic equation of the voltage DC bus is introduced
in (13) and it represents the connection of all devices in the
DC MicroGrid. It is extremely important to control the DC
bus voltage to assure proper operation of each device in the
system. The DC bus voltage responds to power variations in
the grid, and then a balanced DC bus voltage means power
flow regulation. To accomplish this target the DC bus is
controlled in a fixed reference V.

This paper focus on the low level control strategy of the
proposed MicroGrid, therefore it is assumed that there is a
secondary controller that provides the references of battery
current [, such that long term power flow and the SoC
of the storages are optimized. Second, it is considered that
the MicroGrid was properly designed, where the PV, battery
and supercapacitor were sized according to the AC load
demand. The supercapacitor is specially sized according to
the maximum power variation in the system.

(14)

III. CONTROL STRATEGY

In the boost converter of the supercapacitor, the output
voltage chosen as the control output results in non-minimal
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phase behavior with unstable zero dynamics. Therefore,
the control scheme is based on control induced time scale
separation that artificially split into two subsystems with
different time-scales. The first subsystem is composed by
the current I, in the supercapacitor’s inductor, where the
control gains are allocated to induce much fast dynamics
than the second subsystem, which is composed by voltage
Ve, . The remaining systems in the MicroGrid (Battery, PV
and AC grid) are first order systems controlled by feedback
linearization.

A. Current controlled systems

Defining x as the state variables, x¢ as the equilibrium
points, the control output is y and u is the control input.
This subsection presents the control of the currents in the
MicroGrid:

= [IL:;, ILG ) ILga Ilda Ilq]T

where z§ = [If 1 ZG,IZQ,I[Z,IZZ]T are equilibrium points
and the systems’ disturbances are defined as follows:
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controlled dynamics.

Here, the control law of each device can be developed
independently by feedback linearization technique, which is
the result of the distributed approach, since each system has
a different control target. It is possible to design a nonlinear
feedback linearizing control input written as:

being the non-
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The DC MicroGrid composed of a supercapacitor, a battery, a PV array and a load in AC grid connection.
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where v; = [vs, Vs, Vg, Via, Vig] is the additional control

designed such that a linear stable subspace is generated:
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The integral terms «;, where 7 = [3, 6,8, d, g], ensure zero
error in steady state and can be written as: ¢&; = x; —z. The
gains K; and K are positive constants and can be calculated
by pole allocation from linear theory [16], [8].

B. Voltage controlled system

Since voltage Vi, on the supercapacitor system is ar-
tificially allocated by the control design to have slower
dynamics compared with current I, explicit time-scale
separation allows the singular perturbation analysis. Then,
voltage Vi, is now the output control of the system and
the state I, is considered already on its equilibrium point
I7 .. The DC bus is regulated by the supercapacitor to
assure asymptotic stability of the whole system. By suitable
allocation of gains, it is possible to design the current Iy,
to be much faster than voltage V-, resulting in an explicit
time-scale separation. Therefore, the result is a simplified
dynamic of V¢, as follows [2]:

1 Ic
Vie — V4 3
RaC, Ve~ Ve gy

Vo, = Ve, — Rolg,] (27)

The chosen control input is vg = Ifz, which defines
the dynamic feedback linearization approach, calculated such
that Vo, — V52~ Then, the control input v4 can be found in



the second time-derivative of Vi, as follows:
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Therefore we have obtained full state transformation with
no zero dynamics. The control input v, is calculated such
that V¢, is stabilized to V5 , and is presented in (29):
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the speed of convergence for V,, allocating the design gains
(K2, K5') by pole placement to get slower voltage dynamics
for the simplified model [2], [7]. Since current IZS_ can be
easily computed as I7 = J vadt, it was possible to design
a control law to steer I, — I} such that V¢, is stabilized
toward V,. Then, we can use Vi, to control the Voltage
on the DC bus (Vy.) by calculating a reference V¢ that
results in Vg — V... The calculation of V{3, and the stability
analysis is done in next subsection.

Remark 1: The supercapcitor control strategy split voltage
Ve, and current I, in two subsystems where singular
perturbation analysis can be made to solve the non-minimum
phase problem. This time-scale separation does not represent
the natural dynamics of the whole system, but is artificially
developed.

Remark 2: The control design of each system on the
MicroGrid can be developed separately, since a System-of-
Systems approach is applied and they are related only by the
DC bus voltage V., which interconnect the whole system.

C. Stability Analysis

The control law developed for each device can accomplish
the control targets exposed in Section II. Hence, the stability
study is necessary to investigate the behavior of the whole
system in closed-loop considering the calculation of V¢ that
impose the balance on the DC bus of the MicroGrid. In this
case, the dynamics of the interconnected system is taking
into account.

We may propose a Lyapunov function to design the refer-
ence for V¢, such that V. is stabilized in V. The Lyapunov
function is composed by the interconnection voltages of
the MicroGrid to consider stability of the non-controlled
variables of the whole system [7].
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The time derivative can be calculated as follows, where

Ve, is the degree of freedom used as the control input:
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In order to obtain a stable behavior, we investigate the time
derivative of W (x) [16], where a desired stable expression
for W (x) can be stated as:

W) = -7 (Vi = Vi) - - V&) +
—a; (Vs = V&) = VéL)?

Therefore, a control input VC2 is obtained substituting (32)
in (31) to result in a reference trajectory that stabilizes the
DC bus of the MicroGrid.
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We can state that there exist functions o, @ € K, such
that a(|Z|) < Wz(n) < @(|Z|), which results in:

Wi (2, Vi) < —Ba(|1&]) + 7z (IVie)

with 8z, 7z € Koo

The Lyapunov function in (30) results to be an ISS-like
Lyapunov function, where V', is playing the role of a virtual
input [17], [18], [19]. The resulted ISS property for the
MicroGrid is enough to assure the correctly operation of the
system: assuring robustness and bounded states in the system
[18], [20].

(34)

IV. SIMULATION RESULTS

The proposed grid-connected DC MicroGrid is imple-
mented on SimPowerSystem of Simulink to study stability
and the control performance of the nonlinear control strategy.
The supercapacitor has 100 F' of capacitance and internal
resistance of 9 mS), with 400 V' of nominal voltage com-
posed of 18 parallel cells and 4 series cells. The nominal
power capacity of the supercapacitor is 2.45 kW . The battery
is a lithium-ion technology with 180 kW/180 kWh of
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Fig. 2. Solar irradiation and load demand in AC grid.

capacity, 380 V' of nominal voltage with 3.8 m(2 of internal
resistance. This battery is allocated to have a piecewise
constant variation to save its life cycle. The PV array is a
monocrystalline Kyocera KC60 composed of 200 parallel
cells and 15 series cells of 60 W, resulting in 180 kW p of
power in the nominal conditions. The MPPT algorithm used
is the incremental conductance one.

The AC grid has a line impedance of L; = 2 mH and
R; = 1 m$), with short-circuit power of 10 MV A. The
nominal frequency of the grid is f; = 50 Hz and the rms
voltage on the PCC is 220 V. An AC load with active
and reactive power demand is connected in the PCC where
the DC MicroGrid’s target is to supply this AC load. The
maximum power consumption of the AC load is 150 £W.
The DC/DC converters work with 10 kHz of switching
frequency and the VSC converter works with 20 kH z. Table
I presents the DC MicroGrid parameters in the simulations.

TABLE I
MICROGRID PARAMETERS

Supercap | Battery | PV AC Load Value
Ry R4 Ry R11 0.1 Q
Ch Cy C7 Ch1 10 mF
R> Rs Rg - 0.1 Q
[ Cs [ - 10 mF
L3 Lg Lg - 3.3 mH
Ro1 Ro4 Ro7 - 10 mS)
Roo2 Ros Ros - 10 mS)

Fig. 2 introduces the incident irradiation on the PV panel
and the demanded power for AC load. The irradiation and
the active and reactive power demanded by the AC grid
are the inputs for the simulation where the DC MicroGrid
will operate according to these variable conditions. It is
considered that the nonlinearities of these inputs can cause
instability of the system justifying the choice of a nonlinear
control strategy.

The voltages Vg, Vp and Vpy are depicted in Fig. 3. The
supercapacitor voltage Vs varies to balance the power into
the DC bus. The battery varies according to the second level
control to provide power flow regulation. The PV voltage
varies according to the irradiation profile.

Fig. 4 introduces the currents Ir,, Ir,, Ir, and their
respective control references. Here we can verify that su-
percapacitor works in fast transients to provide the DC bus
stability, the reference current I is continuously varying
to correct the mismatch of power in the grid. The battery
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Fig. 3. Voltages Vg, Vp and Vpy respectively.
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Fig. 4. Currents Ir,,, It and Iy, respectively.

current Iy, varies slowly following its reference calculated
in the second level controller to balance the power flow in
seconds to minutes. [, tracks the maximum power point
according to the incident irradiation on PV panel.

The voltage V¢, is the control input selected in the
supercapacitor subsystem to stabilize the DC bus voltage.
The voltage on the DC bus Vj. is controlled in a constant
reference V. = 500 V/, such that the balance of power is
guaranteed, allowing each device of the system (Battery, PV
and AC grid) operate according to their control targets. The
voltage V. is properly controlled, presenting fast control
response with good control performance. The voltages V¢,
and V. are depicted in Fig. 5.

The AC load requests active P* and reactive Q* power
from the DC MicroGrid, then a reference is generated by
the second control level where the currents ;4 and I, is
controlled to accomplish this target. Therefore, the active
and reactive power are supplied into AC grid as presented
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=505 de de
—v— —
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Fig. 5. Voltage Vo, on supercapacitor’s converter and DC bus voltage

Vie.
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Fig. 7. Rms voltage and current in p.u. on AC grid (phase a).

in Fig. 6 by the controlled currents Ij; and I;,.

The MicroGrid is connected to a strong main network with
10 MV A of short-circuit power as mentioned before. Then,
voltage and frequency is not the control target of the DC
MicroGrid, but just the P() power supplied for the AC load.
Anyway, the injection of active and mainly reactive power to
AC side of the grid cause perturbation on the PCC voltage.
Thus, rms AC voltage and rms AC current in per unit is
depicted in Fig. 7, where power base is Spqse = 100 £V A
and the voltage base is Vjgse = 220 V. It can be seen that
the AC voltage has a good profile with very small variations
according to the reactive power injection, which is inside
of the grid requirements. The AC current follows the active
power demand for AC load as expected.

From simulations is possible to conclude that the DC
MicroGrid operates inside of the grid requirements, since
the voltage V. has overshoots smaller than 5% from the
nominal value as shown in Fig. 5. Also, the power supplied
by the MicroGrid always meet the demanded power from AC
load as depicted in Fig. 6. The result is the proper operation
of the MicroGrid with a control law that guarantee stability
of the entire system.

V. CONCLUSIONS

This paper presents a distributed nonlinear control strategy
for a grid-connected DC MicroGrid with integration of
renewables and energy storage in order to properly supply a
local AC load, assuring power flow balance and stabilization
in the DC bus voltage of the MicroGrid. The storage system
includes a supercapacitor that is controlled to regulate the DC
bus voltage dealing with fast-transient disturbances, while a
battery provides the power flow balance in a slower piecewise
constant profile to save its life-cycle.

The proposed dynamic feedback linearization control as-
sures proper operation of the MicroGrid by satisfying the
control targets, where Input to State Stability (ISS) is ob-
tained, then stability of the whole grid is assured. This is an
important characteristic that is intended to be exploited in
future works for the interconnection of several MicroGrids.

The simulation were performed with detailed circuit’s level
simulations, and the results highlight the control performance
of the system, presenting also good transient response and
then we can state that proper operation of the system is
established.
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