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Abstract: In this work, DC and AC parts of hybrid microgrids are interconnected by a neutral point
clamped—NPC converter controlled using a new backstepping predictive (BP) method. The NPC
converter is controlled to operate in the DC microgrid voltage control mode or in the AC microgrid
power control mode. The novel backstepping predictive controller is designed using the dg state
space dynamic model of the NPC converter connected to the hybrid microgrid. The designed BP
controller regulates the DC voltage or AC injected power, balances the capacitor voltages, controls
the AC currents, and enforces the near unity power factor. Simulation (MATLAB/Simulink) and
experimental (laboratory prototype) results show that the converter can regulate the DC voltage
in the DC microgrid interconnection point, by adjusting the AC power conversion to compensate
variations on the loads or on the distributed renewable energy sources in the DC microgrid. AC
currents are sinusoidal with low harmonic distortion. The obtained BP controller is faster at balancing
capacitor voltages than PWM (pulse width modulation) control with carrier offset. The fast AC power
response allows the converter to be used as a primary frequency regulator of the AC microgrid. This
research is appropriate for power and voltage control in hybrid microgrids with renewable energy.

Keywords: microgrids; backstepping; backstepping predictive; hybrid; multilevel converter; capaci-
tor voltage balance

1. Introduction

In recent years much progress has been made in microgrids (AC, DC, and hybrid
AC/DC) as they allow easier integration of both renewable energy resources and energy
storage systems in the electrical power grids [1-4].

Microgrids are local grids formed by distributed generation (DG) such as renewable
energies (wind and photovoltaic (PV) energy), non-renewable energies (diesel and fuel
generators), electric energy storage (EES), and loads [5-7]. A typical structure of an AC
microgrid [4,5] is depicted in Figure 1 [6,8,9].

Most DGs are interfaced to microgrids through switching converters (AC/DC, DC/DC,
or DC/AC) and must have the capability to operate in either one of two modes: connected
to AC large scale grid (Figure 1 switch ON) or in the islanded mode (Figure 1 switch OFF),
when the microgrid is operated separated from the grid [4-6,8,10-12].

DG systems have advantages over conventional generators due to the high level
of controllability and operability (increasing the stability in the electrical systems). One
important advantage of microgrids is the improvement of supply reliability for consumers,
although there are some difficulties in the standardized equipment [5,13,14].

There is already some regulation for the interconnection of DGs to the grid and in case
of failure the disconnection from the grid is required. However most DGs are not ready
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to be directly connected to AC grids, needing power electronic converters to enable their
integration [3,5,15].
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Figure 1. Typical configuration of an AC microgrid.

Modern electronic loads are DC operated and PV panels generate DC power, therefore
for efficiency it is advisable to connect electronic loads and PV panels directly to a DC bus
(DC microgrid), through DC-to-DC converters (AC/DC conversion is no longer necessary).
The coordination of these DC microgrids is easier in comparison with AC microgrids
requiring simpler management algorithms. One big advantage of DC microgrids regarding
AC microgrids is the absence of reactive power and harmonics, thus increasing the electric
power quality. Another advantage of DC microgrids over AC microgrids is the reduction
of conversion losses of inverters between the DC sources and loads. A typical structure of
a DC microgrid is represented in Figure 2 [1,16-20].
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Figure 2. Typical configuration of a DC microgrid.

The recently emerged hybrid AC/DC microgrid combines the advantages of both DC
and AC systems. Hybrid microgrids have been proposed to replace existing ones (AC or
DC) in order to reduce multiple AC-DC-AC or DC-AC-DC conversions to individual AC
or DC microgrids. Additionally, in this topology there are two possible operation modes:
microgrid connected to the grid and microgrid in islanded mode. This new topology
(hybrid AC/DC microgrid) can simplify the integration process of DC power technologies
into existing AC systems and vice-versa. Figure 3 shows a typical structure of a hybrid
AC/DC microgrid [4,13,14,21-24].

Multilevel converters enable high power and voltage processing using relatively low
hold-off voltage semiconductors. In hybrid microgrids the power control should be bidirec-
tional and harmonic distortion must show low values [25-29]. Among the most common
multilevel converter are the neutral point clamped (NPC) converter [30], the flying-capacitors
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converter [31], and the cascaded multicell with separate DC sources [32]. The predictive
control method has been used to control multilevel converters and sinusoidal pulse width
modulation (PWM), sliding mode, and space-vector modulation (SVM) [33-37].
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Figure 3. Typical configuration of a hybrid AC/DC microgrid.

A control method that improves the droop control for DC microgrids is described
in [1]. It takes into account the line resistance in the droop control and dc-bus voltage
deviation increases with increasing load power, using a distributed control. However,
this control method assumes the power converter as a linear system, neglecting also the
converter dynamics. Therefore, in this work, the microgrid DC voltage control is developed
considering the NPC converter non-linear dynamic model. A modified backstepping
control technique is hereafter proposed to deal with the non-linear dynamics of the NPC
converter while controlling the microgrid DC voltage.

A flexible control system for distributed generation with hybrid adaptive voltage and
current control is presented in [7]. The control of active power is done using proportional-
integral (PI) compensation, even when there is frequency variation. However, despite
the enhanced power quality system, it uses an LCL filter and it is only single-phase. We
propose the use of NPC converters and robust BP control to improve the power quality,
obtaining very low total harmonic distortion (THD) using only an L filter. The controller is
designed for three-phase systems usually found in AC connected microgrids.

Lyapunov based backstepping control allows the design of robust and stable con-
trollers. Virtual or intermediate reference quantities are used as intermediate control
variables. Backstepping controllers can establish a relationship between the models of con-
verters and control functions, ensuring the control system stability and robustness [38—44].

The backstepping control is used in [39,42] for a distributed hybrid photovoltaic panel
that uses the DC-DC buck-boost converter linked to a single-phase inverter. In [39] the
results show that this control method regulates the DC link of the DC-DC converter to
obtain the maximum power point of the photovoltaic panel, and the AC current of the
inverter contains low harmonic distortion. However, the control of the AC current of the
single-phase inverter is done assuming separation of the DC link voltage dynamics to avoid
distortion in the AC current due the DC load disturbances. Additionally, in the DC-DC
buck-boost converter the control law is obtained by integration of the derivative of the
duty cycle modulation function. The approach applied to 3-phase NPC converter results in
very high gains and consequently the control laws are sensitive to AC voltage distortion.
Therefore, to avoid sensitivity to AC voltage distortion while easing the control law, a
novel backstepping approach is hereafter presented, which in addition reduces digital
signal processing time. It allows the NPC converter, interconnecting a hybrid microgrid,
to control the DC voltage and AC currents with high power quality, without assuming
dynamic separation.

Predictive control applied to power converters is a simplification of optimal control
theory valid given the converter discrete nature and finite number of switching states.
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Predictive controllers for power converters follow the subsequent design steps [37]: (a) the
power converter dynamic model is obtained, identifying the switching states and their
relationship to voltages or currents; (b) a cost function is defined to represent the desired
behavior of the system; (c) the dynamic model is discretized to predict which is the best
switching state to optimize the cost function. This approach needs to predict output
currents resulting from the application of all the NPC 27 vectors.

The new backstepping predictive control method here proposed, applied to the NPC
converters in hybrid microgrids, innovates in the predictive control design in steps (a)
where the model is used to compute the NPC control vectors, using a Lyapunov candidate
function to ensure stability; (b) the cost functional is defined with the weighted errors of
the control vectors regarding the applied vectors; (c) the NPC optimal switching state is
obtained by minimizing the norm of the distance between the needed control vector and
the NPC converter available vectors. This new approach was not reported previously in
the backstepping or in predictive literature [37,42] and avoids predicting the converter
outputs for all the 27 vectors.

When the DC microgrid is in the voltage control mode, the backstepping method
is applied to the error of the squares of DC voltage and its reference value to obtain the
virtual AC current. When the AC microgrid is in the power control mode, the power of the
AC microgrid is set and the DC microgrid operates as the source microgrid.

The obtained control laws define the NPC output vector required to control the NPC
AC currents and to balance its capacitor voltages. Since the available NPC vectors are only
27, the minimization of a cost function (like in the predictive approach) is used to find
the NPC available vector closer to the required. This technique is termed backstepping
predictive (BP).

Simulation and experimental results show that the BP controlled NPC converter is
capable of regulating the DC microgrid voltage at the interconnection point by adjusting
the power conversion of the AC microgrid to compensate for the variations of the DC
microgrid voltage, which depend on the variations of the DC loads and distributed power
sources. The NPC capacitors voltage balancing with the BP method is much faster than
the PWM backstepping method with carrier offset. AC currents show lower harmonic
distortion and the power factor is almost unitary. In the AC microgrid power control mode,
the fast power step response shows that the converter is useful to regulate the microgrid AC
frequency, primary power control, or to adjust the power level in secondary power control.
These capabilities can be advantageously used to further strengthen smart grid operation.

The BP control method of the hybrid microgrid applied to the NPC converter is stable,
robust, and with fast response in AC power conversion to deal with variations of the DC
microgrid voltage, to balance the capacitor voltages or to adjust the power/frequency level
of the AC microgrid.

2. Hybrid Microgrid Models and Controller Design

This section designs the modified backstepping method for the NPC converter in-
terconnecting a hybrid microgrid. Control is applied to DC microgrid voltage or to AC
microgrid power/frequency. The power factor is controlled to be near unity.

Figure 4 shows the circuit of the NPC converter that interconnects the DC microgrid
section to the AC microgrid. The voltage Uy, is the DC microgrid voltage, i, is the current
flowing from the DC microgrid, through the NPC, and currents iy, iy, and i3 are the
three phase AC currents of the AC microgrid, which flow into the three AC phases with
voltages U1, Uy 2, and Uy 3, using coupling coils, with self-induction coefficient, L, and loss
resistance, R. The NPC converter two capacitors, C; and Cy, have voltages Uc; and Uy,
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which should be approximately balanced to U;./2. The legs of the NPC converter can have
three states, characterized by the variable y;:
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Figure 4. NPC converter circuitry interconnecting a hybrid microgrid.

2.1. Model of NPC Converter in Hybrid Microgrids

The time t dynamic equations of currents i; and i,, in dq, are obtained by applying
Kirchhoff laws to Figure 4, and the Clark-Concordia and Park transforms to AC currents
and voltages [27]:

did _ R . Yda Udc ULd .
T AL Ry S ey o @
diq . R. Yq Uge qu
A A A A e ®)

The iy and i; currents are the AC NPC currents, iy, ip, and i3, in their direct and
quadrature components, respectively, w is the angular frequency of the AC microgrid, 4,
g, and yq represent the semiconductors on-off state, 1, 2, and 73 in dq coordinates and
Urg4 and Uy, are the direct and quadrature voltages of the AC microgrid. It is observed
that the dynamics of currents iy and i; are non-linear, but can be controlled by <y, and v,,
respectively.

The equation that describes the dynamic evolution of DC voltage, in dg coordinates, is
given by [27]:

dl;tdc - —%id . %iq + %idc. )

This equation indicates that the dynamics of the DC voltage can be enforced using
the current i;, while the quadrature current i; and DC current i4. can be considered as
disturbances. In the DC voltage dynamics equation, it is supposed C; = C, = C. In the
NPC converter, the i; current is considered the virtual control input (AC current) to control
the DC voltage, when control is applied to the voltage at the interconnection point of the
DC microgrid.

In the DC terminals of the NPC converter, the dynamic behavior of the capacitor
voltage unbalance error, eyjc = U1 — Uy, is given by [27]:

d@uc _ ’)’3 . r)/q .
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2.2. Design of DC Backstepping Virtual Control Input

To control the DC microgrid voltage, using the backstepping method, the error be-
tween the squares of the DC voltage reference and the DC voltage, e;j;.2, is defined as

2 2
euac = Ugerer — User (6)

where Ujcrer is the reference DC voltage of the DC microgrid. Let the Lyapunov function,
V1, positive definite, be [44]:
2
e
vy = e 7
1 5 )
To ensure stability, the V; time derivative must be negative definite [44]:

dVl d(?UdCZ

2
T Cude g = —Keuae2ipge 8

where K,i1;.2 is a positive constant. Substituting in (8) the error between the DC volt-
age squares, eydc (6), the squared DC voltage dynamics equation, (4), and after some
manipulation, the reference value for the virtual control current, i;r.mpc, is obtained:

2
. C K2 1 dUggr 2 . 4,
ldRefDC = 274 <_ U 01 142 — 7% — CVka + clde )

Equation (9) can be simplified. Considering a unit power factor, the quadrature AC
current component is nearly zero (i; ~ 0). The direct component of the switch state variable,
74, which corresponds to the duty factor (v, # 0), is approximately equal to y; ~ 2Up 5/ Uy,
obtained from (2) at steady state and neglecting losses. Therefore, the reference current,
igrefDC, 18 given under the above conditions by

2
C duchef 4udc . ) (10)

idRefDC = HM (‘KeudczeUdcz - T + C Ldc

In DC microgrids for the voltage control mode the reference virtual direct current is
igRef = ldrefpC- TO control the iy current, the iy current error, ¢4, is defined by

€id = lgRef — ld (11)

where iz, is the reference current, or virtual current, obtained in (10). Using a composite
positive definite Lyapunov function, V5:

V V elzd e%ldcz el2d 12
2=+ 5T T + DX (12)
which is the sum the quadratic errors of the voltage Uy, squared and the current iy. The V;
time derivative must be negative to ensure stability:

d Vz dej2 de id

W = €Udc2 gfc + el‘dil = 7Keudczeildc2 - Keideizdr (13)
where K, ;5.2 was defined in (8) and K,;; is a positive constant. Substituting in (13) e
and ez by (6) and (11), respectively, using the dynamic behavior equation of current iy, (2),
and squaring the U, voltage, (4), after algebraic manipulation, the reference component,
Ydref, to control the converter v, is obtained,

2L 2794 digrefpc R Upg ) (14)

VaRef = [ (Keideid T w1 g — wig+ —
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Defining the error of the quadrature current component, iy,

Cig = IgRef — lq/ (15)

where i,p,s is the reference i; current, which should be zero if a unit power factor is required
i;rer = 0). Choose again a positive definite Lyapunov function, V3 (16), and compute its
qRef & P yap 1y

time derivative (17):

o2
Vs = 2, 16
5= (16)
dV3 deig 2

Assuming K,;; > 0 guarantees the control stability criterion. Substituting in (17) the
current error ig, ej;, and using (3), which defines the dynamic behavior of the current i, it
is received the reference component, 7y g.f, of the quadrature control of the converter legs
state v,

2L digr R. .U
Vakef = {1 (Kgiqeiq + % + Tig + wig + Lq> (18)

To balance the error of capacitor voltages, the positive Lyapunov function V4 is chosen
and defined by:

etic
Vi = . 1
4= (19)
Computing the time derivative of Vy, dV4/dt, and making it negative gives:
dV4 deuc
I CeucT g = —Keuce%lc, (20)

where K,jc is a positive constant. Substituting in (20) the equation of the dynamic model
of the capacitor voltage unbalance error gives the control law with the reference current,
Leucrep, to balance capacitor voltages,

Lucrer = —CKeuceuc- (21)
The current for balancing capacitor voltages is given by the product of the squares of

the switch legs control variables, 74 and 7y, with the currents, iy and i, respectively,
Luc = vjia + V5ig- (22)

2.3. Design of DC Backstepping Predictive (BP) Controller

The NPC converter, Figure 4, according to (1), has 27 possible combinations of the
converter switch legs states. A cost functional is defined with the weighted errors, for
normalization, of the converter switch state legs variables, e, ; and ey, and the current that
allows the capacitor voltages to be balanced, ej;c, are given by:

YdRef — Vd
et = (23)
YqRef — Y
eyg = ———— qu 4, (24)
I —
eruc = elUCRef eUC‘ (25)

Preuc
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The error weights p. 4 and p, of the converter switch leg states, and pj.yc for the
current to balance the capacitor voltages, allow normalizing the errors while adjusting the
control action of the quantities to be controlled. The cost functional CFpygjctire is given by

CFPredictive = \/eéd + E%q + e%eUC' (26)

Predictive control algorithm applies all 27 combinations of converter switch leg states
to calculate the cost functional, CFp,egjctive, and choose the combination that minimizes the
cost functional for controlling DC microgrid voltage and AC currents and to balance the
capacitor voltages, using the BP equations, ensuring control stability.

The drive of the NPC converter semiconductors can also be done using PWM modula-
tion instead of the predictive control, with the cost functional, using the same backstepping
control equations. With PWM modulation the capacitor voltage balance can be achieved
by introducing and feedback regulating a carrier waveform offset. The PWM modulation
further reduces the computational cost, suitable for low cost processors, but the results will
show that the convergence speed of the capacitor voltage balance is slower than with the
BP control.

2.4. AC Microgrid BP Controller Design

In AC microgrid power/frequency control mode the active power reference, Preac, is
defined and from the AC microgrid power equation, P4c,

Pyc = Upgig + Urgiq, (27)

the reference current (28) of the AC microgrid, ijreac, is calculated, assuming a rotating
reference frame where the quadrature voltage is null, Uy, = 0.

. Prefac
lgRefAC = Leljzd (28)

The NPC converter interconnecting a hybrid microgrid can operate in DC voltage
control mode, Mode = 1 (Section 2.2), or AC microgrid active power control mode, Mode =
0, described in this Section 2.4. The direct current reference, izg.f, is defined as a function of
the control mode by:

ldRef = idRefpcMode + igrefac(1 — Mode). (29)

The design of the AC microgrid BP controller is similar to those of the DC microgrid.
However, in this control mode the DC voltage, Uy, is the DC microgrid voltage. Defining
a positive Lyapunov function, Vy4c, in (30) to control the i; current, its time derivative
is (31).

ezd
Voac = > (30)

Wanc _ g%t~ Koadl (1)

ar g

Assuming K,;; > 0 ensures the control stability criterion. Substituting in (31) the error

of iy current, ej;, and using (2), which defines the dynamic behavior of current iy, gives the
reference component, 'y pr.f, of the direct control quantity,

2L digr R, . U
YdPRef = s (Kez'deid + d:f + ol —wig+ If) (32)
C

The difference in AC microgrid control mode from DC microgrid control mode is in
the direct current reference setting, ijr,. In the DC microgrid the control law is (14) to
control the DC voltage, Uy.. In the AC microgrid the value is calculated as a function of the



Electronics 2021, 10, 1210

90f18

active power, which allows one to adjust the power/frequency of the AC microgrid. In the
AC microgrid the control law of the direct variable to control the converter legs (32) does
not have the error between the DC voltage squares, e;j;.2 as in (14).

The same cost functional (26) is used to control the hybrid microgrid NPC converter
in the AC power mode (Mode = 0).

2.5. Block Diagram of DC/AC BP Controller

The design of the DC microgrid BP controller must ensure regulation of the DC voltage,
control the AC input currents so that the power factor is almost unity and the voltages of the
capacitors are balanced. The AC microgrid BP controller regulates AC power, supporting
the frequency control and voltage of the AC microgrid. The hybrid microgrid AC/DC
BP control was designed using the explained BP methodology. Figure 5 shows the block
diagram with the BP controller for NPCs interconnecting hybrid microgrids.

Uchef
Udc - +

€udc

Ui Uge &C
—>» Backstepping ig
PReﬁC» Controller  |&—"
U AC active
Ld

ower . ldrefDC
—» P ldrefaC

A A
Microgrid
Mode —™ DC/AC
Control Mode

UCl
ULd —> €ig
Backstepping
e
ve €ude = Controller
i
€uc l-JLq eiq l—
i —» Backsteppin i
Backstepping YaRef pping <_q
Controller v Controller
Leucret | Preditive YqRef
Controller
Sik |Vector

i
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4___

vovovw

Uc Ucz Uge idc

q

Figure 5. Hybrid microgrid AC/DC BP control diagram.

In the control block diagram for the hybrid microgrid the converter voltage of the DC
microgrid is sampled and compared to the reference. Applying the backstepping method
to the voltage dynamics Equation (4) results in the voltage controller, which calculates the
virtual current value, ijpc-
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From the reference AC power, Ppesac, the virtual current value, igfac, is calculated.
In the DC microgrid control mode (Mode = 1), which regulates the DC voltage, iz = igrepc-
In the power/frequency control mode of the AC microgrid (Mode = 0) it is igyef = igrepac. AC
currents are sampled and the Park transform applied. The obtained dg currents, i; and i,,
are compared to the virtual quantities, ijr,r and igg.r = 0. The application of the BP control
method results in defining the legs control variables, g and 7y rer- The BP method is also
applied to the capacitor voltage error to obtain the I,;cr.s current needed to balance the
capacitors voltage. The predictive controller analyses all combinations of semiconductor
states to minimize the cost of a functional based on the weighted errors of the available
control actions.

3. Simulation and Experimental Results of the Hybrid Microgrid

This section presents the simulation and experimental results of the hybrid microgrid.
The simulations in MATLAB/Simulink were based on the hybrid microgrid model and on
the controller obtained by the BP method. Experimental results were obtained from a labo-
ratory prototype of the NPC converter, Figure 4, which was implemented to experimentally
test the performance of the hybrid microgrid.

Simulation and experimental results are presented in the steady state, for the DC and
AC microgrid, and in transient operation. Simulation and experimental results of the BP
controller are compared.

Table 1 lists the parameters and values used in the simulation and experimental
verification.

Table 1. Hybrid microgrid parameters and values.

Parameter Value
DC microgrid voltage (U.) 200V
Capacitance NPC converter (C) 4.4 mF
Self-induction coefficient (L) 15.1 mH
Loss resistance (R) 0.1Q
Grid rated voltage (L) 60V
Angular frequency (w) 2nf
Constant K,y ;.2 33Uy,
Constant K,;y 20/t
Constant K, 20/ts
Constant K¢ 1/t
Error weight o4 1
Error weight o4 1
Error weight pr.1;c 0.1
Frequency (f) 50 Hz
Sampling time (f;) 28 us

3.1. DC Microgrid Results

This section shows the results of the operation of the hybrid microgrid with the
converter controlling the voltage of the DC microgrid. Figure 6 shows the simulation
results of the DC voltage and AC currents of the microgrid using the BP control method.

Simulation results show that in the steady state the BP DC voltage controller regulates
the DC microgrid voltage. AC currents are sinusoidal, with low harmonic distortion, 1.7%.
In the laboratory prototype the results of the DC voltage control and the AC currents
control present the same behavior as the simulation results of Figure 6.
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Figure 6. Simulation results of DC voltage and AC currents. AC currents, i1, ip, and i3, are amplified
by a factor of 3 and displaced by 150, 90, and 30, respectively.

Simulation results of capacitor voltages are shown in Figure 7. These results show
that from a 10% voltage imbalance the BP controller takes approximately 0.05 s to balance
the capacitor voltage (Figure 7a). Compared to PWM modulation, whose capacitor voltage
balance is obtained by adjusting the carrier offset in a process that takes approximately
1.6 s (Figure 7b), it is concluded this time is too long to enable the use of NPC converters
with PWM modulation and carrier offset control in a bipolar microgrid.
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Figure 7. Simulation results comparison in steady state, of the capacitor voltage Uc1 and Uc; using: (a) backstepping
predictive and (b) backstepping with PWM.

The experimental and simulation results of Figure 8 show the response of the pre-
dictive control NPC converter contributing to the regulation of the DC voltage at the
interconnection point when there is a power step variation on the load or on the distributed
renewable energy sources in the DC microgrid. Figure 8a,c shows the case where there is a
100% increase in the load power. The BP controller adjusts the reference current of the AC
microgrid, izrepc (10), to compensate for the voltage droop Uy,. In Figure 8b,d there is a
50% reduction on the load power, causing a reduction of the DC microgrid voltage droop.
The results of Figure 8 show that the static error of the U, voltage is lower than 0.5%. In
Figure 8a,c, during the transient, there is a reduction in DC voltage of approximately 1%.
In Figure 8b,d there is an increase of about 1%, during the transient. After the transient,
the DC voltage follows the reference with the above stated static error. The result also
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shows that the AC microgrid currents are almost sinusoidal (1.8% and 1.7% total harmonic
distortion for experimental and simulation results, respectively) and with a fast response
to load changes in the DC microgrid. The current step response time is in the order of the
ms, limited by filtering inductors and available voltages and not by the controller.

Uae P ¥ Ni UM v N
(V) (A) (V) (A)
i, 2, and i3 11, {2, and 3
T o i A T
T o R
! / \
1] L
£ I
(a) Experimental results. (b) Experimental results.
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() Simulation results.
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(d) Simulation results.

Figure 8. Experimental and simulation results of the DC voltage and AC currents, i1, i, and i3, of the DC microgrid when

there is a step change in load or generation. (a,c) Increased load or decreased generation. (b,d) Decreased load or increased
generation. Vertical: 6 A/div and 40 V/div. Horizontal: 25 ms/div.

Both the simulation and experimental results show that the BP controller applied to
the hybrid microgrid NPC converter in the DC microgrid voltage control mode, Mode =1,

control the DC voltage, balance the capacitors voltages and AC currents, in the steady state
and transient operation.

3.2. AC Microgrid Results

This section shows the results of the operation of the hybrid microgrid in the AC
power/frequency control mode, Mode = 0. In this mode of operation, the grid operator
(secondary control) can set the active power, or reference AC current, to help adjusting
the power or the frequency of the AC microgrid. Figure 9 shows the experimental results
for a stepwise increase of the AC power injected into the AC grid to twice the previous
value. The AC currents were almost sinusoidal (THD = 1.8%), balanced, with step response
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almost instantaneous, regarding the AC period, allowing the NPC converter to be used as
a primary AC microgrid contributor for frequency regulation.

N

(A)

9 Apeak
45 Apeak

L

i1, 12, and i3

+

Figure 9. Experimental results of AC currents, iy, iy, and 73, of AC microgrid when there is a variation

of AC power in step. Vertical: 6 A/div. Horizontal: 5 ms/div.

Figure 10 shows the experimental results of AC current and voltage, i1 and Uy, in
this case to a stepwise increase of the reference AC power injected into the DC grid. The
AC current increased from 4.5 Apeax t0 9 Apeak-

U AN
(V)

75V peak

(AC)

U

A A

i1

1EVAVAVEN
KSAAN
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Figure 10. Experimental results of AC voltage and current, Ur; and i1, of the AC microgrid when

there is variation of the AC power in the step. Vertical: 6 A/div and 60 V/div. Horizontal: 5 ms/div.

Experimental results (Figure 11a) of microgrid NPC converter in voltage mode control
at the steady-state show low distortion almost sinusoidal AC currents with THD of 1.8%

(Figure 11b).

Figure 12 shows an experimental transient of the DC voltage regulation using an
integral proportional controller (PI), tuned using a damping factor of 0.7, and PWM
modulation when there is a 100% increase in the DC load power. The results show that the
PI adjusts the AC current, with a slower response time than the BP controller, causing a
reduction of the DC voltage, during the transient, of approximately 3%, and an increase in
the steady state error. Besides, the AC currents show some unbalance, which causes higher
DC voltage ripple.
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Figure 11. (a) Experimental results of AC currents, iy, i1, and i3, Vertical: 6 A/div. Horizontal: 5 ms/div. (b) Experimental
result of AC current, i;, THD.
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Figure 12. Experimental results of the DC voltage and AC currents, i, ip, and 73, of the DC microgrid
when there is a step change in load or generation. Increased load using a DC voltage PI controller.
Vertical: 6 A/div and 20 V/div. Horizontal: 5 ms/div.

Experimental results were obtained using the NPC prototype depicted in Figure 13,
using digital scope 100 MS/s Tektronix TDS 2014, and class A power quality analyzer
Fluke 435.

Simulation and experimental results show that the BP controller is capable of properly
controlling the NPC converter to interconnect a hybrid microgrid. In the DC microgrid
voltage control mode, proper conversion power adjustment between the AC microgrid
and DC microgrid is observed to compensate for DC voltage variations caused by DC load
changes or renewable generation at the converter point of interconnection. Using the BP
controller allows to improve the capacitors voltage balance convergence time compared to
PWM backstepping controller. The fast response of the AC current variation allows this
converter to be used in the AC power control mode for both secondary AC power control
and mainly primary AC frequency control. AC currents are sinusoidal, with low harmonic
distortion, and the power factor is unitary.

The power factor can be made nearly unity, while the AC current (in periodic regime)
is less distorted (THDi ~ 1.8%) than the AC voltage U1 (THDy =~ 2.5%). Regarding
simulations and theoretical results, experimental deviations for the THDs are around 5%,
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while deviations for the AC currents are around 8.8%, as the theoretical model assumes a
unity efficiency converter.

Figure 13. Picture of the lab prototype of the experimental system.

4. Conclusions

This paper presented a new control method, BP, for controlling hybrid microgrids
interconnected with NPC converters. The converter, like three-phase two-level converters,
can operate in the DC microgrids primary control mode using the AC microgrid as a source,
or in the AC microgrid control mode as the DC microgrid as a source.

From the modelling of the NPC converter circuit that interconnects two hybrid mi-
crogrids, DC and AC, the equations of the state space variables in dg are presented. In the
DC microgrid control mode, the BP controller was designed to control the DC grid volt-
age, balance the converter capacitors voltage, and control AC currents to have near unity
power factor or control reactive power. In the AC microgrid control mode the relationship
between AC power and AC currents are BP controlled to enforce the required active and
reactive powers.

The MATLAB/Simulink simulation results and laboratory prototype experiments
show that in the DC microgrid control mode the microgrid DC voltage at the converter
interconnection point is regulated, the AC currents are almost sinusoidal (distortion around
1.7%), the power factor is mostly unity and the BP controller presents fast response to the
load or renewable power variations of the DC microgrid, converting more or less power
from the AC microgrid, to compensate the DC load or renewable generation, contributing
to the regulation of the DC microgrid voltage. The results show that the capacitor voltage
balance is well matched and from a voltage imbalance it is found that the BP controller is
much faster to balance the capacitor voltage compared to the carrier offset PWM method.

The tests carried out on the NPC converter, which interconnects two hybrid microgrids,
can operate in the AC microgrid control mode. In this mode the AC microgrid operator sets
the power level, which has fast step response, allowing the primary frequency or secondary
power control to be assisted.

The BP approach can be further exploited in bipolar microgrids applications, where
it can be used to balance the positive and negative voltages, in spite of positive/negative
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strong load mismatches or asymmetrical bipolar voltages. BP can also be used for a first
preview of secondary control in microgrids.

Author Contributions: ].D.B., L.R. and J.ES. designed and performed the experiments, analyzed the
data, and wrote the manuscript. J.ES. supervised the research, providing guidance theory, analyzed
the data, and revised the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by national funds through FCT, Fundagao para a Ciéncia e a
Tecnologia, under project UIDB/50021/2020.

Data Availability Statement: This study presents the main data needed to reproduce the presented
simulations and experiments. Non-essential data used in this study is available on request from the
corresponding author. It is not publicly available as it is well known by experts in the field, and
general variations on non-essential data do not change the results.

Conflicts of Interest: The authors declare no conflict of interest.

List of Symbols
AC Alternating current
Cy,C, C Capacitance of capacitor
CFpredictive Cost functional
DC Direct current
eid iz current error between iz, and the iy
ereUuc Current that allows the capacitor voltages to be balanced
eig ig current error between igr,r and the i;
eude Error between Ujcr,r and the Uy,
el Error between the squares Uycgr.r and the Uy,
eyd, eyq Switch state legs variables used in cost functional
Frequency
i1, 0y, i3 Three phase AC currents of the AC microgrid
ig, ig Direct and quadrature currents of the AC microgrid
igc Current flowing from the DC microgrid
IdRef Reference virtual control current
igRefAC Reference current of the AC microgrid
igRefDC Virtual control current
Luc Current to balance capacitor voltages
Leucref Reference current to balance capacitor voltages
igRef Reference i; current
K.ia Positive constant, used in stability condition of Lyapunov V,
Keigq Positive constant, used in stability condition of Lyapunov V3
Keuc Positive constant, used in stability condition of Lyapunov V4
Kie2 Positive constant, used in stability condition of Lyapunov V'
Prefac Active power reference
Pac AC microgrid power
t Time
Uct, U Capacitor voltages of C; and Cp
U DC microgrid voltage
Uicref DC microgrid voltage reference
Urg, Uy, Direct and quadrature voltages of the AC microgrid

Up1, Upp, Ups
Vi

Three phase AC voltages of the AC microgrid
Lyapunov function n° i, positive definitive

Ydr Vq Switching variables 1, 72, ¥3 in dg coordinates

YdRef Reference component to control the converter

Yk Switching variable with three states

YqRef Reference component of the quadrature control of the converter

Oydr Pyqs PleUC
w

Error weights used in cost functional
Angular frequency
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