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Abstract: A smart microgrid is a bidirectional electricity generation system—a type of system that
is becoming more prevalent in energy production at the distribution level. Usually, these systems
have intermittent renewable energy sources, e.g., solar and wind energy. These low voltage networks
contribute to decongestion through the efficient use of resources within the microgrid. In this
investigation, an energy management strategy and a control scheme for DG units are proposed for
DC/AC microgrids. The objective is to implement these strategies in an experimental microgrid
that will be developed on the INTEC university campus. After presenting the microgrid topology,
the modeling and control of each subsystem and their respective converters are described. All
possible operation scenarios, such as islanded or interconnected microgrids, different generation-load
possibilities, and state-of-charge conditions of the battery, are verified, and a seamless transition
between different operation modes is ensured. The simulation results in Matlab Simulink show
how the proposed control system allows transitions between the different scenarios without severe
transients in the power transfer between the microgrid and the low voltage network elements.

Keywords: microgrid; control system; storage system; wind turbine; primary control

1. Introduction

The constant growth in renewable energy generation and the integration of these
systems into large-scale grids represents a challenge for the proper functioning of the
electrical system [1]. Grid integration requirements have therefore become a significant
concern as renewable energy sources, such as wind and solar photovoltaic (PV) systems,
slowly begin to replace conventional plants [2]. The proper control and operation of electric
microgrids integrated into the electrical network can improve the electrical system’s power
quality, stability, and reliability [3].

In [4], a hybrid AC/DC microgrid has been incorporated into a low voltage AC
distribution system. A power control scheme is presented to improve the system’s stability
after load steps when the microgrid operates in island mode. However, the authors of this
study do not consider the presence of mini wind power sources in the microgrid. Further,
they do not describe the control algorithm for islanded operation, nor the batteries being
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fully charged—a condition that requires that distributed generators (DG) units abandon
maximum power point tracking (MPPT) and share the total load in proportion to their
available primary powers.

A power management system for hybrid AC/DC microgrids, designed to optimize
a cost function that considers the maximum utilization of renewable resources, minimal
usage of fuel-based generators, extending the lifetime of batteries, and limited utilization
of the main power converter between the AC and DC micro-grids is presented in [5].
However, the power management algorithm needs several input variables which are
usually not available in most microgrids, e.g., PV and wind primary energies, namely,
demanded power (sum of load power, power line loss, and power loss due to the circulating
current), the state-of-charge (SOC) of the battery banks, and some statistical and dynamical
operational limits.

The management and optimization of a hybrid AC/DC microgrid are still open
issues, as affirmed in [6]. In this study, the authors propose a model predictive power and
voltage control (MPPVC) method for providing microgrid control under different possible
scenarios with smooth transients. However, the precise details about the control of the DG
units for off-MPPT operation while ensuring proper total load sharing are not given.

In this paper, a power management scheme for a hybrid AC/DC wind-PV-ESS
microgrid is proposed. The only input variables necessary for the converters’ control are
those usually measured, the state of the microgrid (interconnected or not), and the battery
SOC. The control schemes of the converters for all operation scenarios are described in
detail. The results obtained in this paper serve as a basis for a hybrid AC/DC microgrid
comprising a PV system, an energy storage system (ESS) using lithium-ion batteries, DC
loads, a wind microturbine with a permanent-magnet synchronous generator system
(PMSG), and AC loads that are under development as part of a project financed by the
Ministerio de Educacion Superior, Ciencia y Tecnologia (MESCyT) of the Dominican
Republic which will be installed on the campus of the Instituto Tecnolégico de Santo
Domingo Instituto de Santo Domingo (INTEC). The objective of the project is to implement
and verify the behavior of the hybrid microgrid through the intelligent management of
the distributed generation (DG) units and loads and the collection of information. While
the microgrid is under construction as part of the energy management and control system
(EMCS) design, its behavior is studied through a detailed simulation system. In the present
study, the sizes of the photovoltaic, wind, and storage systems are the same as those of
the equipment available for installation, and energy production is estimated based on
forecasting data. However, implementing the control and management of this system is not
limited to the specific elements of the microgrid. The results can be extrapolated to other low
voltage infrastructures to meet the voltage and electrical frequency conditions. This project
aims to promote the applications of hybrid DG systems integrated into electrical microgrids.

In the present work, we evaluate a control strategy that allows power transitions
between the microgrid connected to the university campus and all possible operating
scenarios, such as islanded or interconnected microgrids, different generation-load possi-
bilities, and state-of-charge conditions of the battery. The converters have a low number of
switches but allow adequate control of each element of the microgrid, so that the GD units
operate in maximum power point tracking (MPPT) mode or promote the balance between
the generated power, loads, and battery charge/discharge powers.

The overall management strategy, together with the proposal of control schemes for
the DG units for off-MPPT operation while ensuring proper total load sharing, are the main
original contributions of this article.

The rest of the paper is organized as follows. The proposed topology and modes of
operation are described in Section 2. Models were constructed to enable the design of the
system control loops, the PV, PMSG-wind, and ESS systems, together with the respective
interface converters, and these are presented in Section 3. The control strategies for the
interface converters are explained in Section 4. The operational scenarios used to verify and
validate the proposed control strategies are described in Section 5, and the corresponding
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simulation results are presented in Section 6. The conclusions of the study are drawn in
Section 7.

2. Microgrid Topology and Modes of Operation

Figure 1 presents a schematic diagram of the PV-wind-ESS hybrid AC/DC microgrid.
The photovoltaic panels, lithium-ion battery, and PMSG-based wind system are connected
to the microgrid DC bus via DC/DC converters. A bidirectional inverter is used to control
the energy flow between the DC and AC microgrid buses. AC loads are connected to the
microgrid at 220 V, 60 Hz AC bus, through which the microgrid is connected to the central
power system. The capacity of the microgrid simulated for a PV system is 500 Wp, wind
turbine capacity is 2 kW, and lithium storage capacity is 5 kWh. A simple boost converter
has been chosen as the PV system interface, and a low-cost two-switch bidirectional
converter topology was used for the proper control of the ESS.
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Figure 1. Topology of the PV—wind-ESS hybrid microgrid.

The DG and ESS interface converters must allow different control modes, depending
on whether the microgrid is connected to the central power system or not. Furthermore,
with respect to island mode, the converters’ control strategies depend on the batteries” state
of charge (SoC) and the total DG units’” instantaneous injected power versus total load
demand. Thus, some quantities necessary for the decision about the microgrid mode of
operation must be sent to a central control unit, which decides the DG unit’s operation
mode (under MPPT or with reduced generation) and ESS operation (charging or supplying
the instantaneous power deficit).

For long-term operation, climatology information obtained for the project’s location
in the university was used (18°29'15.9” N 69°57'48.5"” W).

When the microgrid is connected to the primary grid, the PMSG wind and PV systems
must be controlled to maximize the use of available primary energy, i.e., MPPT is adopted.
Furthermore, if the battery is not fully charged, its converter controller should determine
the instantaneous power to be absorbed. Therefore, for operation in under-connected
mode, the inverter between the DC and AC buses must transfer to (or absorb from) the AC
microgrid bus the difference between the power generated and consumed by the battery
and DC loads.

On the other hand, loads should preferably be fed by the DG sources when the
microgrid is islanded. In case of insufficient generation, the batteries should complement
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the power to meet the load’s demand. However, if the generation exceeds the power
required by the loads there are two possible situations that might result: (i) the battery is
fully charged, in which case the DG systems can no longer operate at the maximum power
point MPP and must share the total power consumed by the loads proportionally to their
nominal powers; or (ii) the battery can be charged, allowing the DG systems to operate at
the MPP, and the excess of generated power is used for battery charging.

It is essential to mention that the topology and control strategies must ensure proper
operation under the different conditions described above and provide smooth transitions
between operating modes. The energy management strategy described is represented in
the flow diagram of Figure 2.
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Figure 2. Microgrid energy management strategy.

3. Modeling of the Microgrid

In this section, the models of the main microgrid elements—the PMSG wind system,
the PV module, and the battery—are briefly described.

3.1. PV System

The PV module can be characterized by a nonlinear I-V curve that changes according
to the local temperature and irradiance conditions. Among the different proposals to accu-
rately represent the PV module, the most used is the single-diode model, shown in Figure 3,
due to its good compromise between simplicity and accuracy. Furthermore, it is possible to
estimate the model’s parameters based on the data provided in the panel manufacturer
datasheet [7]. Table 1 describes the characteristics of the one-diode model elements.

Figure 3. Equivalent circuit of the photovoltaic cell.
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Table 1. Model of photovoltaic modules.

Model Feature

Considers the photogenerated current and the
diffusion diode current, which correspond to
the electronic conduction phenomena in the
neutral zone of the semiconductor.
Represents the losses of the metal contacts of
the module.

Represents losses from eddy currents
circulating in the module.
Represents the recombination of carriers in the
semiconductor charge zone.

Ipy Current generated by the PV cell.

One-diode model

Series resistance

Parallel resistance

Diode

Equations (1)-(4) demonstrate the equation of the PV panel for the light-generated
photocurrent as presented in [7]. The output current of the single diode model is a function
of the output voltage, and it can be described as:

_ V +IR;

I=TI4— I [A%) - 1} - 1)
4
Vi = NS;"“ @)

where V and I are the module output voltage and current, I, is the photogenerated current,
Isq is the reverse saturation current of the diode, V; is the thermal voltage, g is the electron
charge, A is the ideality factor of the diode, k is the Boltzmann constant, T is the module
temperature, N; is the number of series-connected cells forming the PV module, and R
and R, are the series and the parallel resistances, respectively.

The PV module manufacturers do not directly provide the five parameters of the
single-diode model. For this reason, it is difficult to determine those parameters using
simple analytical methods. Instead, all datasheets provide the following information for the
standard test conditions (STC): open-circuit voltage (Voc), short-circuit current (Isc), MPP
voltage (Vmp), MPP current (Imp), a temperature coefficient for Voc (kV), a temperature
coefficient for Isc (ki), and maximum power (Pmp). An analysis of the electrical model in
three operation points of the I-V curve (Isc, Voc, and Pmp) allows the unknown parameters
of the electrical model to be related to the datasheet information.

Several authors propose novel photovoltaic parameter estimation methods. This
article uses the method proposed in [7], which involves finding the five unknown param-
eters that guarantee the absolute minimum error between the P-V curves generated by
the electrical model and the P-V curves provided by the manufacturers” datasheets for
different external conditions, such as temperature and irradiance. I, is given by (3), Iss is

obtained from (4):
S

Iy = [Isc,sTc + ki(T — TR)]m- 3)
I, — Yo
8 R
Isﬂt:Tp--~- (4)
evt —1

A complete scan of all possible values of A (from 1 to 2, with a step of 0.01) and R;
(from 0 to 2 ), with a step of 1 m(2) is made.
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3.2. Wind Turbine and Permanent Magnet Synchronous Generator

The instantaneous power delivered to the PMSG axis by the wind turbine, as in the
system described in [8], can be represented by:

1
pP= EpAV3Cp(/\, B), &)

where p is the air density, A is the area swept by the turbine rotor blades, V is the instan-
taneous wind speed and C,(A, B) is the efficiency power conversion factor, which is a
nonlinear function of the tip speed ratio A = w;R/V and the pitch blades angle . Since
the manufacturers of wind turbines do not give information about power conversion factor
characteristics, some typical empirical curves are often used for representing wind turbines
in power system studies, such as the one presented in [8]:

Cp(A,B) = 0.22(1;'6 —04p — 5) e ©)

where:
1 1 0.035

A A+0088 B+l

The PMSG was represented using the model in the dg reference frame rotating at a
rotor electrical angular speed w, = (P/2)wy:

@)

Usg = Rsisg + %Asd — wrlg

Usq = Reisg + Asg + wrhga ©)

2

?]%wr =T, —Tm— %wr
where U4, Usg, is4, isq, Asq, and Asg are the direct and quadrature axes components of the
stator voltage, current, and flux space vectors, respectively. T, and T;, are the electromag-
netic and mechanical torque machines, and | and b are rotor inertia and viscous friction
coefficients. The flux—current relations and the electromagnetic torque equation complete

the model: ’
Asd = Lsglsg + A

Asq = quisq 7 (9)

T, = 3% (Astisg — Asqisa) = 35 [Adsg + (Lsg — Lsq) isaisq]

where A is the permanent magnet flux.

3.3. Battery Model

Mathematical modeling and dynamic simulation of battery storage systems can be
challenging due to their nonlinear nature. The published literature has presented several
thermal models of lithium-ion battery packs [9,10].

In [9], a suitable, convenient dynamic battery model is presented that can be used to
model a general battery storage system. The proposed dynamic battery model can analyze
the effect of temperature, cyclic charging/discharging, and voltage stabilization effects.
Temperature makes a difference to three battery parameters in an equivalent electrical
circuit battery model. These are the polarization voltage K, the battery constant Ey, and the
exponential coefficients, A and B. The dynamic battery model can be described as [9]:

E(gt) = Xeo(T)-Eo — XK'K<QQ—q> + Aexp %8By (10)
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where E; y = no load voltage (V), Eq = battery constant voltage (V), K = polarization voltage
(V), Q = battery capacity (Ah), A and B = exponential constants, and g = charge or extracted
capacity (Ah).

The thermal effect on A has been ignored to make the model simpler, since A and B
are highly related. For this reason, the mathematical relationships are:

X, = f(T) = A+ BT + CT>.. (11)
n = f(K,Eo, B.C) (12)

4. Control Strategies

The converters of the microgrid DG and battery units and the converter between the
DC and AC buses must be controlled according to the modes of operation described in
Section 2. The control scheme implemented in each converter is presented in this section.
Procedures for tuning these controllers are also explained.

4.1. PV Converter Control

As already mentioned in Section 2, the PV generation system should operate in MPPT
mode in three possible situations: (i) when the microgrid is in the connected mode; (ii) when
the microgrid is islanded, and the total power demanded by the loads is greater than the
total power produced by the DG units (the battery supplies the difference); and (iii) when
the microgrid is islanded, and the power produced by the DG units is greater than the
power demanded by the loads but the battery is not fully charged (so it can absorb the
exceeding generated power). However, if the microgrid is islanded, the DG units’ produced
power is more significant than that demanded by the loads, and the battery is fully charged,
then the MPPT cannot be imposed, and the generated power must be reduced so that it
equals the total load power. In this last case, the load power is shared among the DG units
proportionally to the DG units’ rated powers.

4.1.1. PV Converter MPPT Method

The electrical power supplied by PV cells is a non-linear function of voltage, current,
temperature, and solar irradiance. This non-linearity makes it challenging to obtain the op-
erating point at which its maximum power is extracted, as this point varies throughout the
day due to variations in irradiance and temperature. The objective of any MPPT algorithm
is to find the voltage to be applied to the PV string terminals that results in the maximum
possible generated power for the momentary conditions of irradiance and temperature.

Several techniques for determining MPP have been proposed over the years. These
techniques vary in complexity, speed of convergence, voltage fluctuation around the MPP,
and computational cost. The MPPT technique chosen for this project was the very popular
perturb and observe (P&O) algorithm due to its simplicity and acceptable performance
in most situations [11]. The P&O MPPT technique changes the PV array voltage in one
direction and observes the variation in the output power. If the generated power increases,
then the voltage perturbation continues in the same direction. However, if the output
power reduces, the voltage perturbation occurs in the opposite direction. The voltage
disturbance process is repeated periodically, each Ty;ppr, and the array voltage oscillates
around the MPP. This oscillation can be minimized by reducing the size of the disturbance,
but minimal disturbances make the technique slow to track the MPP. The parameters of
the P&O MPPT method are Ty;ppr and the magnitude of the voltage perturbation is AV.
Typical choices of these parameters are AV = 0.5% of the PV array open-circuit voltage and
Tymppr = 47y4., Where Ty, is the time constant of the PV array output voltage variation.

After the reference value of the PV array, DC voltage is determined, and the DC/DC
boost converter synthesizes it. Thus, the duty cycle of the boost converter is determined
from the DC bus voltage of the microgrid and the reference PV array voltage, calculated
according to the P&O algorithm for achieving MPPT.
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4.1.2. PV Converter Control for Sharing the Microgrid Load Power

As has already been mentioned, if the microgrid is islanded, the battery is fully
charged, and the total DG power exceeds the microgrid AC + DC load power, then each DG
source must reduce the generated power until the load power demand is shared among the
DG units. Ideally, this sharing should be proportional to the maximum power delivered by
each DG unit.

If the DG power is greater than the load power demand, considering that no power
can be transferred to the grid or the battery, the excess power flows to the DC bus capacitors
bank, increasing the DC bus voltage. Thus, based on the information that the microgrid
is islanded and that the battery state-of-charge is complete, the DC bus voltage increase
indicates that the power generated by each DG unit must be reduced.

A typical voltage-power curve for a PV system is shown in Figure 4. However, it can
be observed that, below the MPP voltage, the voltage—power relation can be considered
approximately linear.

PModu!e (W)

B T e . o B e RO e s e

VModule (V)

Figure 4. Typical P-V characteristic of a PV string.

The strategy proposed here to make the DG units share the total power required by
the microgrid loads is based on the DC bus voltage increase per unit of the maximum
allowed voltage increase, expressed as:

ted

AVpc  Vpc — Vi
MAX ~— yMAX rated

A‘/DC VDC - VDC

AVpe,pu = (13)

Assuming that on the left side of the P-V characteristic, the PV-generated power is
approximately proportional to the PV string output voltage, this voltage can be reduced
linearly with the DC bus voltage increase. Since the DC bus voltage becomes constant only
when the generated and load powers are equal, the steady-state condition ensures that, for
some DC bus acceptable overvoltage, the PV output voltage ensures DG and load powers
to match. The PV output voltage command can then be obtained, as shown in Figure 5.

If other PV units were connected to the microgrid, their output voltages would be
calculated using the scheme presented in Figure 5. Thus, the generated powers would be
approximately proportional to each PV unit’s maximum power available.
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Figure 5. PV output voltage references calculation for MPPT and for reduced generation to track load power demand.

Quadrature Axis Compensation

4.2. PMSG-Based Wind Turbine Control
4.2.1. Control for Ensuring MPPT

The PMSG stator terminals are connected to a three-leg AC/DC voltage source con-
verter. If the PMSG rated stator voltage is low enough, the AC/DC converter can directly
connect to the microgrid DC bus, otherwise a transformer between the PMSG terminals
and the AC/DC converter or a DC/DC converter between the AC/DC converter and the
microgrid DC bus would be necessary.

The main objective of the AC/DC converter is to optimize the power extracted from
the turbine for any incoming wind speed. The wind microturbine has fixed-pitch blades
at angle B. Thus, according to Equations (5)—(7), the turbine efficiency factor C,(A, B)
depends only on the tip speed ratio A = (w;R)/V. For each wind speed V, there is an
angular speed of the turbine rotor w; that maximizes Cy(A, 8), allowing the maximum
available power to be extracted. This optimum angular speed is obtained from:

opt
wit' = A%V (14)

The PMSG reference rotor speed (in electrical radians per second) can then be obtained
from w} = (P/2)w{’ ! A vector control scheme is then applied to impose the reference
rotor speed.

The PMSG model is in a rotor-oriented reference frame, i.e., the d-axis is aligned with
the permanent magnet flux. The reference d-axis stator current is then set to zero since
a negative value would reduce the main flux and a positive value could cause magnetic
saturation. Furthermore, if i;; = 0, the electromagnetic torque becomes T, = %gAisq, so it
can be controlled through i5;. The overall control scheme is depicted in Figure 6.

Direct Axis Compensation
Iy I+ V' v A
—i0 I E 'r -O——5Da /B /- |

+¥. V. |S1,
| b, 1S2,
| * A Vg v, [V ﬂ.-“\)ﬁ}
/ aB ABCI—
+¥ +
ly 4 157 tas ap Isa
IQ Iq lﬁb I sb
a AB
B C

Figure 6. Control of the PMSG.
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4.2.2. Control for Proportional Load Sharing

As explained in Section 3, when the microgrid is islanded, if the battery is full, a
full charge and the DG units’ generated power exceeds the total load power demand,
and the excessive produced energy starts to flow to the microgrid DC bus capacitors,
making the DC voltage rise. A scheme can again be applied to reduce the PMSG output
power proportionally to the DC bus voltage increase per unit of the maximum allowed
voltage increment.

Based on the wind generation efficiency characteristic shown in Figure 7, it can
be observed that if the tip speed ratio A is increased from the optimum value for MPP
(APt = 6.9), the efficiency factor Cp decreases from the maximum value (0.42), becoming
zero when A = 15.5. Therefore, an adjustment in the value of the tip speed ratio can
be made, according to Figure 8, to force a reduction of generated power in proportion
(approximately) to the increase in the DC bus voltage increase.

70 15 20
A

Figure 7. Wind turbine typical efficiency characteristic, considering the fixed blades’ pitch angle.

| Microgrid Isolated |—|_. Enable MPPT
[ Batt. Full Do—<>
[

Vdc

AL = Vpe— Vrated
1= AoPt Vlgvlcax Vrated

AT = 2Pt 4 (155 — A°PH)AA

Figure 8. Wind generation schemes for MPPT or adaptation to load power demand.

It is essential to mention that, similarly to the PV power reduction method proposed,
wind power is reduced from the level corresponding to the MPP condition in a linear rela-
tion with the microgrid DC bus voltage increase per unit of the maximum DC bus voltage
variation. Thus, the total load power-sharing among all DG units will be approximately
proportional to their respective instantaneous MPPs.

4.3. Control of the Microgrid Inverter

The main objective of the microgrid inverter is to transfer to the microgrid AC bus
the excess of power produced by the DG units connected to the microgrid DC bus (or
absorb the deficit). Neglecting the system losses, if the net power P;nyy j, injected into the
microgrid DC bus (produced by DG units minus the power consumed by the loads and
battery being charged) is higher (lower) than the active power Piyy o, delivered to the
microgrid AC bus by the inverter, the difference is absorbed (delivered) by the microgrid
DC bus capacitors, and the microgrid DC bus voltage rises (falls). Therefore, the control
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objective of the microgrid inverter can be accomplished by regulating its DC bus voltage.
The effect of Pinv i, and PiNy oy on the microgrid DC bus voltage can be written as:

d (1 1_.d
PINV_in - PINV_out = E (ZCV[Z)c> = ECE (V[z)c) (15)

According to (15), PiNv out can be used to control VI%C (and therefore to control
Vpe). Due to the linear relationship between (Pinv i, — PINv out) and VL%C, and since the
reference voltage V7 - is constant in a steady-state condition, then a proportional-integral
(PI) controller is adopted, taking the error (V35 — V3 ) as input and the negative of the
inverter output power (—PI*NV Out) as the output control action. Py j, is considered a
disturbance to be rejected by the controller.

As a second goal, the reactive power delivered by the microgrid AC side should be
maintained equal to zero (Q7yy o, = 0) to avoid unnecessary reactive current components
flowing through the inverter.

The above shows that it is necessary to regulate the inverter output of active and
reactive powers to achieve the objectives. According to the instantaneous power theory [12],
the active and reactive powers delivered to the AC bus of the microgrid can be written, in

>

space-vector a3 Clarke coordinates, in terms of the inverter AC output current vector i
and microgrid AC bus voltage vector v Bus as follows:

— !

SINv = pinv +jqiNv = Upusi = (vBUSK + juBUSE) (ia — fip)- (16)

From (16), the inverter output current components necessary to impose the reference
values of active and reactive powers are

iy 1 UBUusx  UBUS P}
[ & 1 _ ‘2[ ® B H INV _out ] (17)

1 - UBusg —UBUSa 0
p U BUS p

Alternatively, using complex space vector notation:

o o

A BUS

i =Py w1 (18)
UBUS‘

Assuming the reference active power Pjy;, ¢ is constant (or slowly varying), if the
voltages at the microgrid AC bus are not balanced or contain harmonic components, the
currents calculated through (18) would contain the same levels of unbalance and harmonic
contamination. For this reason, it is generally preferred to calculate the reference current
vector using the positive-sequence fundamental-frequency (FFPS) vector component of

N
U BUS:
o —+1
[
P px* BUS
1 _PINV_out 2 (19)
—+1
U BUS

Using (19), the active and reactive powers delivered to the microgrid AC bus might
contain oscillations, but their mean values correspond to the reference components. Fur-
thermore, the inverter output phase currents will be balanced and sinusoidal. Finally,
to ensure the inverter’s desired behavior, inner control loops regulate the inverter « and
B current components. The inverter is connected to the microgrid AC bus through an
inductive filter, modeled as an LR circuit where L and R are the filter inductance and
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internal resistance. The following vector equation expresses the relationship between the
filter voltages and current in the stationary « reference frame:
d—.’
— — - 1
viNy — Uguys = Ri +Lﬁ' (20)

. —
Thus, the inverter output voltage vector v jyy can be used to regulate the current

vector T In this case, the microgrid AC voltage vector v Bus is a known disturbance
(since it is necessarily measured for computing the current reference), allowing a feedfor-
ward compensation.

In [13,14], several current controllers used in grid-connected converters are described
and compared. Advanced control techniques are necessary whenever the voltage at the
grid point of common coupling (PCC) contains harmonic components and/or unbalance
once the controller is required to reject these disturbances. In these cases, the most popular
control strategies recommend using PI controllers in multiple DQ reference frames [15],
second-order PR controllers in parallel [16], PI controllers with resonant controllers in a ro-
tating DQ reference frame [17], stationary-frame controllers using the space-vector Fourier
transform [18], or repetitive controllers (in a real domain [19] or a complex domain [20-22]).

This work used a proportional action and some resonant controllers in parallel due to
the acceptable performance and relatively simple implementation.

The external loop of the inverter control scheme is shown in Figure 9. If the internal
controller is designed to be considerably faster than the external one, then the external

— %
controller can be designed neglecting the internal dynamics, i.e., considering i /i = 1.
2 l Vbus l Pinv—in
* S+1 | >k | - 2
VDC Piny—-out Vpus | i *17 : o Pinv—out | 2 Ve
+1 |2 - (S) Re{Vbusl} C_ (Pinv_in - Pinv_out)
|vbus l s
ot External L
controller Internal Loop e oop
plant Plant
2
Vie
Hy(s)

Sensor + anti-aliasing filter

Figure 9. Simplified block diagram of the microgrid inverter’s external control loop.

The block diagram of the described internal control loop (¢ and B current controllers)
is presented in Figure 10.

ﬁBus
¥ ,L 1 l
Inverter m_T_\Zz R1ls
S

Current Controller

H;(s)

Current
sensor

Figure 10. Simplified block diagram of the internal current control loop of the microgrid inverter.

The internal current control loop must have a high bandwidth and high gains at the
fundamental frequency and the harmonic frequencies corresponding to typical harmonic
disturbances of the grid. These specifications can be met using proportional action and
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3.5

175

Imaginary axis

System without resonant terms

System with resonant terms

second-order sinusoidal integrators (SSIs) as resonant controllers in parallel. The selection
of the appropriate proportional gain enables the imposition of the desired dynamic response
to the system, while the resonant terms, implemented in parallel, guarantee a low steady-
state error.

A resonant term is included at the fundamental frequency to track the FFPS reference
current with a low steady-state error. Resonant terms are also implemented in the low-order
harmonic frequencies (3rd, 5th, 7th, and 9th), considering that these are usual components
of disturbances in the voltage. In this context, when selecting the maximum harmonic
component h = 9, the minimum 0 dB crossover frequency (fPM) required is 540 Hz (an fPM
around 1500 Hz was adopted).

In addition to the phase margin (PM) and the gain margin (GM), the sensitivity index
1, which defines the minimum distance from the Nyquist diagram to the critical point
(=1, 0), is also verified. As a design criterion, we considered GM > 3 dB, 7 > 0.3, and PM
> 30°. The proportional controller gain needed to ensure the desired crossover frequency
is k; = 0.09899. Then, the SSI-based resonant controllers are added in parallel and tuned
with the harmonic components h = 6k & 1 until h = 9. The same resonant gain of k; = 1
was chosen for all resonant units, and it was observed that the desired phase margin was
maintained. Concerning the inevitable delay in digital implementation, a computational
delay of two samples was considered. The Bode and Nyquist diagrams of the resulting
current control loop are presented in Figure 11a,b, respectively, demonstrating that the
design criteria were met.

gnitude (dB)

+n =035

= 0.45 ) B o .

Al

525 10°

Freguency (Hx)

(b)

Real axis

(a)

Figure 11. The Bode and Nyquist diagrams of the resulting current control loop. (a) Nyquist diagrams of the open-loop
system with computational time delay compensation. (b) Bode diagrams of the open-loop system with computational time
delay compensation. Results were obtained for the proportional controller (blue) and P-SSI in parallel (green).

After defining the internal current control loop gains, the much slower external DC
bus voltage loop tuning was considered. The 0 dB crossover frequency of the external loop
was chosen so that

feo < % (21)
where f., and f,; represent the 0 dB crossover frequencies of the external and internal
control loops, respectively. This design criterion is selected so that the DC bus volt-
age regulation does not compromise the dynamics of the current control. Therefore, for
foi = 1500 Hz, f., < 150 Hz must be chosen. For practical reasons, in order to avoid the
too frequent saturation of the controller output, f. = 6 Hz was adopted. Furthermore, the
indices GM > 3 dB and PM > 30° were considered as design specifications. The frequency
response of the open-loop transfer function for k; = 1.0562 and proportional controller gain
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k, = 0.084, which is the value that results in the desired crossover frequency f., = 6 Hz, is
shown in Figure 12. The compensated system has a gain margin GM = 65 dB and phase
margin PM = 71.5°, meeting the design specifications.

o oo
=
2 ¥ |
2_ iR {
5
B0 4
g MiZ=5850 dB at 14.6 kHz
SR e e
[ |
a0 | |
T
D 130 1
(i1
T MF=71.5" a1 6.0 Hz
-:-'IF - - -
w!ow o w1 w1
Frequency (Hz)

Figure 12. Bode diagrams of the DC bus voltage open-loop control system.

4.4. Synchronization with the Electrical Network

In many practical situations, the distribution network exhibits distorted and unbal-
anced voltages. In these cases, synchronization with the network strongly influences the
performance of the entire control scheme of the power converter connected to the network.
Determining the correct value of the fundamental-frequency positive-sequence (FFPS)
component of the microgrid bus voltage vector is essential for reasonable control of the
inverter. This information is obtained through a phase-locked loop (PLL) algorithm.

Several PLL schemes for three-phase systems have been proposed in recent years, the
synchronous reference frame PLL (SRF-PLL) being the most popular [23,24]. However, due
to its poor performance when the voltages contain harmonics and / or unbalance, preferable
alternatives have been presented [25]. In this paper, the PLL scheme that uses the general-
ized delayed signal cancelation (GDSC) method as a pre-filter to eliminate the effects of
unbalances and harmonic components eventually present in the microgrid AC bus voltage
was used [26,27]. The choice was based on the fast and accurate determination of the FFPS
component of a three-phase signal, even under severe unbalanced and distorted conditions.

5. Operational Scenarios Used for the Validation of the Proposed System

First, the power flow balance is assumed, i.e., regardless of the state of the distributed
generation sources, battery, and load:

Ppy + Pwr £ Prss — Pload £ Pgria =0 (22)

The power generated photovoltaic panel = Ppy; the power generated by the mini-wind
generator = Py, the power injected or absorbed by the storage system = Pggg, the total
load power = Pj,,q, and the power injected into or absorbed from the electrical network of
the university = Pgiq.

Depending on the microgrid operational condition (interconnected or isolated), the
instantaneous generated power, the total load power, and battery state-of-charge, the
converters must behave according to the modes of operation described.

For interconnected conditions, it is assumed that the battery does not inject any power
into the electrical network; in addition, the PV and WT are maintained at their maximum
power points.

e Interconnected mode, DG > Pj.q4:

Ppy + Pwt = Pioad + Pgrid; Prss = 0; (23)
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e Interconnected mode, DG = Pj,q.
Ppy + Pwt = Pioad; Pgria = 0; Prss = 0; (24)

e Interconnected mode, DG < Pjg,4:
Ppy + Pwr + Pgrid = Pioad; Prss = 0. (25)

For isolated conditions, no power can be transferred to or absorbed from the electricity
grid. Therefore, if the balance between generation and load demand does not occur, the
battery must supply or absorb the difference. However, the DG units must reduce their
generated power to meet the load demand if the battery is completely charged. Thus, the
following conditions must be verified:

e Isolated mode, DG > Pj,,q, battery not fully charged:
Ppy + Pwr — Pgss = Pload; Pgria = 0, PV, and wind units under MPPT; (26)
e Isolated mode, DG > Py,,4, battery fully charged:
Ppy + PWt = Pload; Pgrid = 0; Pss = 0, PV, and wind units under reduced power mode; (27)
e Isolated mode, DG = Pjyaq:
Ppy + Pwt = Pload; Pgria = 0; Pess = 0, PV, and wind units under MPPT; (28)
e Isolated mode, DG < Pjyaq:
Ppy + Pwr + PEss = Pload; Pgria = 0, PV, and wind units under MPPT. (29)

6. Results

A simulation was performed in which load steps were applied for evaluating the
operation of the microgrid under all seven of the operational scenarios described.

The behavior of the microgrid DC bus voltage for the different control strategies and
operating modes is shown in Figure 13. It can be seen how the DC bus voltage tends to
the reference value, regardless of the interconnected or isolated condition of the microgrid,
except when the microgrid is isolated, the battery is fully charged, and the load demanded
power is lower than the DG available power. In this case, the power generated by each DG
unit is reduced in approximate proportion to the increase in the DC bus voltage, as expected.
As shown in Figure 14, a relatively smooth transition is achieved for each operating mode
of the microgrid.
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Figure 14. Relation of electrical power between the control strategies and modes of operation of the microgrid with Ppy,

Pwr, PEss, Pload, and Pgrid-

Initially, the microgrid is connected to the main power system, and three possible
situations are considered. (i) DG > Pjy,q: in this case, since the main microgrid DC/AC
converter transfers to the grid the excess of generated power, the DC bus voltage is
controlled to remain at the rated value, as shown in Figure 13. Additionally, the PV and
wind generation units operate under MPPT mode, producing around 480 W and 1900 W,
respectively, as observed in Figure 14. The battery is considered to be fully charged and
therefore does not absorb any power. (ii) DG = Pj.q: at t = 3 s, the load power abruptly
increases, becoming approximately equal to the total power produced by the DG units.
Due to the net power (Ppet = DG-Pj,4) reduction, the DC bus voltage starts to decrease,
but the DC bus voltage controller asks for the DC/AC converter power (Pg;q) to rise
until the DC bus voltage returns to the rated value, which occurs when Pgrid = Ppet = 0.
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(iii) At t = 6 s, the total load power increases again, making DG < Pj,4. In this case, the DC
bus voltage controller is forced to absorb active power from the AC mains (Pgrid <0) to
make Vpc =250 V. The microgrid is connected to the main power system and the DG units
generated powers are constant since they remain under MPPT operation. (iv) Att=9s, the
microgrid interconnection circuit breaker is turned off, making Pg,iq = 0. At this moment,
the battery interface converter assumes the responsibility for the DC bus voltage control
and starts to deliver the necessary net power to regulate the DC bus voltage at its nominal
value. (v) At t =15 s, the total load power decreases so that DG = Py,q again. Once
the battery is delivering some power to the DC bus voltage, its value tends to increase
right after t = 15 s, but the DC bus voltage controller commands a decrease in the power
delivered by the battery. (vi) Att = 18 s, an additional decrease in the total load power
makes DG > Pjy,4 again, and the DC bus voltage experiences a transient increase, but the
battery converter again regulates this voltage and absorbs the excess power. However, at
some instant after t = 20 s (vii), the battery becomes wholly charged (SoC = max), and the
battery cannot absorb any more power. Since DG > P},,4, the net power is delivered to
the DC bus, the voltage of which naturally starts to increase. During phases (iv), (v), and
(vi), the DG units operate under MPPT, but the energy management strategy commands
off-MPPT behavior when SoC = max. The power generated by each DG unit decreases in
inverse proportion to the DC bus voltage until the total generated power becomes equal
to the power demanded by the microgrid loads. As can be seen in Figures 13 and 14,
the proposed energy management strategy, together with the proposed DG units’ control
schemes, operate as theoretically predicted.

7. Conclusions

The control of a microgrid makes it possible to take full advantage of the distributed
generation resources, and this, in turn, allows it to be used to satisfy the energy demand
of low voltage electrical installations. These control strategies are necessary to achieve
smooth transitions and interaction between the electrical network and the micro-network
for each of the operating modes. This paper simulates and evaluates a control strategy that
allows power transitions between the microgrid interconnected to the university campus
and all possible operating scenarios. The converters have a low number of switches but
allow adequate control of each element of the microgrid so that the GD units operate under
maximum power point tracking (MPPT) mode or promotes the balance of the generated
and load powers.

As observed in the simulations, the correct control strategies for all the elements that
make up the distributed generation system, such as for PV MPPT control or load power-
sharing, PMSG-based wind turbine MPPT control or load power sharing, the control of
the microgrid inverter and the synchronization algorithm demonstrated that the proposed
strategy is adequate to integrate electrical microgrids in the low voltage network. This type
of technology allows a change in the current electrical energy distribution system, making
end-users important actors in regulating, controlling, and decongesting electrical networks.

Currently, work is being done on the implementation phase of the proposed control
system in the microgrid that is being developed at the Technological Institute of Santo
Domingo as part of a project seeking to integrate electrical microgrids in distributed low
voltage electrical networks. Future work will be dedicated to implementing the energy
management and control system (EMCS) to allow the management of the microgrid in a
testing center that will help to analyze the behavior of the control system proposed.
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