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Abstract. In this paper, a hybrid AC/DCmicrogrid is studied. Furthermore, different control strategies are defined for most of converters in the
islanded and grid-connected modes of microgrid to control the voltage of the DC and AC buses. To have a stable operation, converters controller is
also coordinated. The main objective of this paper is to design a wavelet-based multi-resolution Pl (MRPI) controller for the voltage control of the
hybrid microgrid under large disturbances of the study system. The proposed controller is based on the discrete wavelet transform (DWT) of the
error signal between actual and command voltages. Results will show more accurate performance of MRPI controller than the conventional Pl

controller.

Streszczenie. W niniejszej pracy, badana jest hybrydowa sie¢ AC/DC microgrid. Gtébwnym celem niniejszej pracy jest zaprojektowanie falkowej
metody sterowania opartej na wielorozdzielczym sterowniku PID (MRPID) sterujgcy m siecig microgrid w obecno$ci zaburzen uktadu i niepewnosci.
Proponowany sterownik bazuje na dyskretnej transformaty falkowej (DWT) sygnatu btedu pomiedzy napieciem rzeczywistym a zgdanym. Wyniki
wykazaty doktadniejsze sterowanie kontrolera MRPID w poréwnaniu z konwencjonalnym regulatorem Pl. (Sterowanie napieciem w sieci

microgrid z wykorzystaniem transformaty falkowej)
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Stowa kluczowe: hybrydowy AC / DC microgrid, napiecie sterujace, kontroler, transformaty falkowe;j.

Introduction

The environmental concerns and electric utility
deregulation promote the development of distributed
generation (DG) in a rapid pace. The high penetration of
DG brings about a concept of the microgrid. It is defined as
a cluster of DG wunits (such as wind turbines and
photovoltaics (PVs)), storage devices and loads [1]. The
microgrid will separate from the utility and into islanded
mode of operation when there are large events like voltage
collapses or disturbances in the utility, and intentionally
reconnect to the utility while the faults are no longer present
[2].

In [3]-[7], AC microgrids have been proposed to
facilitate the connection of renewable energy sources to
conventional AC systems. However, DC power from some
distributed generators, such as PV panels or fuel cells, has
to be converted into AC using DC/DC boosters and DC/AC
inverters in order to connect to an AC grid. In an AC grid,
embedded AC/DC and DC/DC converters are required for
various home and office facilities to supply different DC
voltages.

Recently, DC microgrids are resurging due to the
development and deployment of renewable DC power
sources and their inherent advantage for DC loads in
commercial, industrial and residential applications [8]-[11].
However, AC sources have to be converted into DC before
connected to a DC grid and DC/AC inverters are required
for conventional AC loads.

Multiple reverse conversions required in individual AC or
DC grids may add additional loss to the system operation
and will make the current home and office appliances more
complicated [8].

In [12]-[17] hybrid AC/DC microgrids are proposed to
reduce processes of multiple reverse conversions in an
individual AC or DC microgrid and to facilitate the
connection of various renewable AC and DC sources and
loads to power system. So in this paper, a hybrid AC/DC
microgrid is proposed and studied. Since in all the
microgrids, the voltage control is one of the most important
issues, so it is also studied in this paper.

Recently, wavelet transforms (WTs) have been used in
the modeling, analysis, and control of distributed energy
resources for high-performance applications [18]-[22]. The
WTs have the ability to decompose wideband signals into
time and frequency domains simultaneously in order to
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focus on short time intervals for high-frequency components
and on long time intervals for low frequency components.
Khan et al. [18] presented wavelet-based multiresolution
proportional integral derivative (MRPID) controller for
temperature control of the ambient air of battery storage
system of the hybrid electric vehicles using two-level
discrete wavelet transform (DWT). Song et al. [19]
presented a multi-resolution modeling approach using
wavelet neural networks for a lithium battery model. Also,
Xiaojuan et al. [20] used wavelet analysis theory for
equivalent circuit model of lithium battery aiming at the
characteristics of output signal with gaussian white noise
when the lithium battery is discharged or charged. The
output of current signal and voltage signals in lithium battery
are decomposed into multi-scale functions by wavelet base
function to realize filter processing of noise signals, and
then the filtered signals be reconstructed to obtain more
accurate battery resistance. Saleh et al. [21] introduced an
implementation procedure and performance testings of a
WT-based digital protection for microgrid systems. This
digital protection is structured for detecting and classifying
faults based on the values of the WT coefficients of the high
frequency subbands present in the d-g-axis current
components. The WT coefficients are determined using the
Daubechies 'db4' wavelet basis functions, which are found
optimal for analyzing transient disturbances likely to occur
in power systems and electric machines. Also, Shi et al. [22]
analysed the existed protection of microgrid. In the
protection scheme, current traveling waves measured are
decomposed by wavelet multi-resolution analysis. The initial
traveling waves are compared in magnitude and polarity
with each other to determine the faulted feeder.

The main objective of this paper is to develop wavelet-
based multiresolution Pl (MRPI) controllers for the precise
voltage control of the proposed microgrid under large
disturbances of the microgrid. The proposed controllers are
based on the DWT of the error signal between actual and
command voltages. The control signals are generated by
wavelet-transformed coefficients of the error signal of
different frequency subbands of the DWT after being scaled
by their respective gains. The performance of the
controllers is evaluated through simulation results. The
proposed MRPI controllers are also compared with PSO-
optimized fixed-gain Pl controllers in simulation. The
performances of the proposed MRPI controllers-based
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microgrid are found to be more robust and quicker than
those of the optimized and fixed-gain controllers based
microgrid.

System configuration and resources modeling
Proposed hybrid microgrid configuration

A hybrid microgrid as shown in Fig. 1 is proposed and
modeled in MATLAB/Simulink. PV array is connected to DC
bus through a DC/DC boost converter to simulate DC
sources. A capacitor C,, is used to suppress high frequency
ripples of the PV output voltage.

Also, a wind turbine with DFIG is connected to an AC
bus to simulate AC sources. In addition, a battery and a
super-capacitor (SC) as the energy storages are separately
connected to DC bus through bidirectional (buck-boost)
DC/DC converters. DC and AC loads are also connected to
DC and AC buses, respectively. The DC load was
considered as a pure resistive load, but the connected AC
load was included constant-impedance (resistance-
inductance), constant-capacitance, and constant-power
(induction motor) loads. The rated voltages for DC and AC
parts are 400 V and 400 V rms, respectively. Furthermore,
a 3-phase bidirectional DC/AC main converter with R-L-C
filter connects the DC part to the AC part through an
isolation transformer.
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Fig.1. A compact representation of the proposed hybrid microgrid

Modeling of energy resources
Modeling of PV array

Fig. 2 shows an equivalent circuit of a PV panel
modeled by a controlled current source. i,, and v,, are
terminal current and voltage of the PV panel, respectively.
Further, the series resistance (Rs) indicates the losses of
the solar cell, while the shunt resistance (R,) is to represent
the reverses current of the diode. However, in this research
the R, will be supposed infinite. Therefore, the current
output of the PV panel was modeled by [23]-[24]:
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Parameters of the 35 kW PV array, used in this study,
are shown in Table 1.

Table 1. Parameters of PV array

Symbol Description Value

Voc Rated open circuit voltage 403V

Ion Photocurrent

Isat Module reverse saturation current

q Electron charge 1.602E-19C
A Ideality factor 1.5

k Boltzman constant 1.38E-23 J/IK
Rs Series resistance of a PV cell

R, Shunt resistance of a PV cell

Isso Short-circuit current 3.27T A

ki SC current temperature coefficient 1.7E-03

T, Reference temperature 301.18 K
I Reverse saturation current at T, 2.0793E-06 A
Egap Energy of the band gap for silicon 1.1eV

ny Number of cells in parallel 35

Ns Number of cells in series 900

S Solar radiation level 0~1000 W/m2

T Surface temperature of the PV 301.18 K

Rs ?.pv
—
N |
Iph D SZ Ry Vo | | Load

Fig.2. Equivalent circuit of a solar panel

Modeling of battery and SC storages

Although renewable resources are attractive, they are
not always dependable in the absence of energy storage
devices. The utilization of energy storage units in power
systems can be classified into two categories. One is in
response to fast transients and the other is related to
steady-state energy exchanging. SCs are good candidates
for the former application and batteries are suitable for the
latter one. Currently, the mixed use of fast and slow energy
storage units is gaining popularity for interconnection of
renewable generation [25].

In this study, a 50 Ah nickel-metal-hydride (NiMH)
battery was used together with an SC storage. The battery
was modeled using a controlled nonlinear voltage source in
series with a constant resistance [26] as shown in Fig. 3.
The controlled voltage source in charging and discharging
modes is described by equation:

Charge mode (i <0):

f1(it,i*,i,Exp)=Eo—K. Q_ 0K Q_ .
(4) Q-it
+ Laplace ’1(EXP(S)-OJ

Discharge mode (i*>0):

K —Q k. _Q
lit| +0.1-Q

Q-it
1 Exp(s).l
+ Laplace [Sel s) sj

where, Epat is nonlinear voltage, Eyp is constant voltage,
Exp(s) is exponential zone dynamics, Sel(s) represents the
battery mode (Sel(s)=0 during battery discharge, and
Sel(s)=1 during battery charging), K is polarization constant,
i is low frequency current dynamics, i is battery current, it is
extracted capacity, Q is maximum battery capacity, A is
exponential voltage, and B is exponential capacity.

fz(it,i*,i,Exp)=EO -
(%)
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Table 2. Parameters of DFIG

[t
First order 0
low-pass filter
i(|t) 0 (Discharge) Internal
it ‘ S%@:: Resistance
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Fig.3. Non-Linear battery model

Also, in modeling of the 5 F super-capacitor storage, it
was assumed that it is an ideal capacitance element, i.e. its
resistance was exactly considered to zero.

Modeling of wind turbine generator

The stator and rotor voltages of the doubly excited DFIG
are supplied by the grid and the power converters,
respectively. The mathematical models of a DFIG are
essential requirements for its control system. These models
are well established in the literature [27], however, for the
sake of completeness of the paper, they are introduced in
brief later. The voltage equations of an induction motor in a
rotating d—q coordinate are as follows:

Vas - Rs 0 0 0 ids
Vgs | | 0 —Rg 0 0 |igs
Var 0 0 R, 0 far
) Var 0 0 0 R, iq,
Z’ds - w1lqs
A A
+p as |, W1 Ads
Adr — g
Agr @2 Agr
Z’dS - LS 0 Lm 0 Ids
7 ﬂqs _ 0 -Ly 0 Lj iqs
Adr -Ly 0 L, 0 |ig
/1qr 0 - Lm O Lf Iqr

The dynamic equation of the DFIG

J do
8 L T, T,
(8) n, ot m em
9 Tem :anm(iqsidr _idsiqr)

where the subscripts d, q, s, and r denote d-axis, g-axis,
stator, and rotor respectively, L represents the inductance,
A is the flux linkage, v and i represent voltage and current
respectively, w1 and w, are the angular synchronous speed
and slip speed respectively, mx=wi-or, Tm is the mechanical
torque, Tem is the electromagnetic torque and other
parameters of DIFG are listed in Table 2.

Also, parameters of the converters and
transformer are shown in Tables 3 and 4.

isolation
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Symbol Description Value
Prom Nominal power 45 kW
Viom Nominal voltage 400 V

Ls Stator inductance 0.171 pu
Rs Stator resistance 0.00706 pu
L, Rotor inductance 0.156 pu
R, Rotor resistance 0.005 pu
Lm Mutual inductance 2.9 pu
J Rotor inertial constant 318
Npole Number of poles 6
Nominal DC voltage of
Vee_nom_oric AC/DCIAC convegrter 8oov
Pn Nominal mechanical power 40 kW
Table 3. Parameters of the converters
Symbol Description Value
Cpov Capacitor across the solar panel 110 uF
Cqy Capacitor across the dc-link 8000 pF
Ly Inductor for the boost converter 2.5 mH
L, Inductor for the battery converter 3 mH
R, Resistance for the battery converter 0.1Q
Ls Inductor for the SC converter 2 mH
R; Resistance for the SC converter 0.07Q
L¢ Filtering inductor for the inverter 1.2mH
Ry Equivalent resistance of the inverter 0.8Q
Cy Filtering capacitor for the inverter 200 pF
fs Switching frequency of converters 12 kHz
Table 4. Parameters of the isolation transformer
Symbol Description Value
P, Nominal power 50 VA
Lt 4 Winding 1 inductance 0.004 pu
Rt 1 Winding 1 resistance 0.002 pu
Ly Winding 2 inductance 0.004 pu
Rt 2 Winding 2 resistance 0.002 pu
Lm Magnetizing inductance 500 pu
Rm Magnetizing resistance 500 pu
ni/nz Winding ratio 2:1
Controllers

The hybrid microgrid can operate in two modes: grid-
connected mode and islanded mode. In this study system,
when the AC part of the microgrid is directly connected to
the utility grid, the magnitude of DC part voltage can be
regulated by the energy storages located in DC part. And
the magnitude and frequency of AC part voltage are the
same with the utility grid. However, when the microgrid
works in the islanded operation mode, DC part voltage will
be regulated by the energy storages located in the DC part,
while the magnitude and frequency of AC part are
controlled by the parallel inverter (main converter). The
controllers used for both operating modes are described in
the following sub-sections.

Boost converter controller

The control objective of the boost converter is to track
the maximum power point (MPP) of the PV panel. To
achieve this objective, P&0O method proposed in [28] was
used, as shown in Fig. 4.
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Fig.4. MPPT algorithm for the PV array

Coordinated control scheme of battery and SC storages

Battery has high energy density whereas it has relatively
slow charging and discharging speed. On the other hand,
SC has high power density and fast response. The mixed
use of these energy storage units can make them
complimentary to each other. Based on the above
characteristics of battery and SC storages, a hybrid control
scheme was designed as shown in Fig. 5.
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Fig.5. Coordinated control scheme of the battery and SC storages

In this scheme, the DC part voltage is coordinately
controlled by battery and SC storages. First, the measured
DC part voltage vpc is compared with its reference v pc and
the difference is sent to a PI controller to get the current
reference /. Then i is split into two parts. One is the battery
current reference i parr Which is obtained by applying a low-
pass filter (LPF) with a cut-off frequency 25 Hz and a
coefficient y (equal to 0.97 in this study) to /. The other one,
i'se, is the difference between i and 7 par. By this means, the
high frequency part of the DC part disturbance and
somehow low frequency part will be mitigated by SC and
the remained low frequency part of the disturbance is
smoothed by battery. The current references i'seand 7 part Will
be used in the constant current control of the buck-boost
converters shown in Fig. 1.

Control scheme of the inverter (main converter)
Grid-connected mode

The main converter can be designed to provide a pre-
defined active and reactive power. The proposed control
scheme and detailed schematic of the main converter are
shown in Figs. 6 and 7, respectively. i and iq are
respectively showing the active and reactive powers,
transferring between the DC and AC parts. In this study, i w
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was considered to zero, while i*fq was considered to a non-
zero value. It means that main converter will just transfer
the reactive power between DC and AC buses, when the
microgrid is operating in the grid-connected mode.
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Fig.6. Control scheme of main converter in grid-connected mode
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Islanded mode

When microgrid operates in the islanded mode, the
main converter acts as a voltage source to provide a stable
voltage and frequency for the AC grid, while the DC grid
voltage will be controlled by the battery and SC storages.

Multi-loop voltage control for a DC/AC inverter is
described in [29], where the control objective is to provide a
high quality AC voltage with good dynamic response at
different load conditions. This control scheme was also
applied for the main converter to provide high quality AC
voltage in the islanded mode, as shown in Fig. 8.

Fig.7. Detailed schematic of the main converter

PTg ved
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Fig.8. Control scheme of main converter in the islanded mode

DFIG controller

The objectives of the rotor-side converter are to track
the MPP of the wind turbine generator and to manage the
stator-side reactive power. Different control schemes such
as the direct torque control (DTC) and direct power control
(DPC) have been proposed for a DFIG in literature [30]-[31].
The DTC scheme as shown in Fig. 9 is selected as the
control method for the rotor-side converter in this paper.
The rotor rotational speed was obtained through the MPP
tracking algorithm, which is based on algorithm proposed in
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[32], to track the MPP of wind turbine. w, and the
mechanical power P, are used to calculate the
electromagnetic torque T em. The rotor-side reference d-axis
current (ig °) is determined by T em and the estimated stator
flux linkage (As). In Fig. 9, ¢ shows the variables in stator
voltage oriented reference frame. Also, it is important to say
that the reference reactive power Qs was considered to
0.06 pu.
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Fig.9. The DTC control scheme for the rotor side converter.

The grid-side converter was designed to regulate the
voltage of its own DC-link capacitor. In addition, this model
allows using grid-side converter to generate or absorb
reactive power. This control system is illustrated in Fig. 10.
The voltage of the DC-link is controlled by ig, while the
reactive power is controlled by iyg.
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Fig.10. Grid-side converter control block diagram

Multiresolution analysis

The multiresolution analysis (MRA) can extract and
localize frequency components of a signal in time [33]-[34].
A simple wavelet-based MRA is constructed through
cascaded stages. Each stage has low- and high-pass filters.
The down sampling technique separates these stages by
two processes to carry out octal frequency dilation. The
mother wavelet function determines the coefficients of the
low- and high-pass filters of the DWT. A brief introduction of
the DWT is provided in [35].

The DWT is a time scale representation of a digital
signal using digital filtering techniques. In the DWT, the
resolution is changed by filtering operations, and the scale
is changed by the downsampling operations [36]. The DWT
begins with passing the discrete signal x[n] of length N
through a high-pass filter with impulse response H[n] and
through a low-pass filter with impulse response G[n]. The
outputs of the high- and lowpass filters constitute one level
of decomposition of the discrete signal. It can be
mathematically expressed as [36]:

(10)

a'[n]- :g;x[k]H[n—k]

N-1
(11) a'ln]= 3 x[kloln - k]
k=0

Here, d1[n] and a1[n] are outputs of the high- and low-
pass filters, respectively. They represent the detail (d1) and
approximation (a1) of the original signal at level 1. Again,
the outputs from the low-pass filter (a1) can be
downsampled by two and then passed through another pair
of high- and low-pass filters (identical with the first pair).
This constitutes the second level of decomposition of the
discrete signal.

The decomposition tree of the DWT up to the second
level of resolution, which uses the high-pass (H) and low-
pass (G) filters in the decomposition process, is shown in
Fig. 11.
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Fig.11. Two-level decomposition of a discrete signal of the DWT

In this study, in DWT-based MRPI voltage controllers,
the proportional and integral of the voltage error (e) were
implemented by the output of the low-pass and high-pass
filters of first decomposition level, respectively. A literature
survey by authors and past experience show that the
mother wavelet ‘db4’ is the best for short and fast transient
disturbances [37]. Therefore in this study, wavelet ‘db4’ was
used to detrmine the coefficients of the high- and low-pass
filters of DWT. The DWT-based analysis for the voltage
error is shown as below:

(12)

[n]=§e[k]H[n—k]

N-1
(13) e_1[n]= kZoe[k]G[n k]

The number of the parameters of the MRPI voltage
controllers is dependent on the number of decomposition
levels. In this study, as only the first DWT decomposition
level was used for the MRPI voltage controllers, so the
proposed MRPI voltage controllers include two parameters:
kd1 and ka1, in which kd1 is used to tune high-frequencoy
components and k' is used to tune low-frequency
components of the voltage error.

In this study, totally three DWT-based voltage
controllers were considered. A MRPI controller was
considered for the voltage control of the DC bus through
battery and super-capacitor storages as shown in Fig.12. In
this control scheme, high-frequency and low-frequency
components of the WT of the voltage error are scaled by a
gain, passed through a saturation limiter and then are used
to the current Pl controller of the super-capacitor and
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battery storages, respectively. Note y; and y, are
respectively correspended with kq' and k. in above.

Also, two MRPI controllers were considered for the
voltage control of the AC bus through the existed inverter as
shown in Fig. 13. As shown in Fig. 13, the high-frequency
and low-frequency components in the WT of the voltage
error are scaled by gains, passed through a saturation
limiter, added together, and then they are used in the the
current Pl controllers. It is important to say that these MRPI
controllers of the inverter have the same gains. In other
words, the control signal ‘umrp/’, is calculated from the detail
and aproximation of the voltage error in (12) and (13) as
below:

(14) UMRPI = Y3 *€ 1+ Y4 %€ 4

where y3 and y, are respectively correspended with kd'
and k‘—,,1 in above.
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} —V d_batt
Controller

Fig.12. DWT-based controller for super-capacitor and battery
storages in order to control the DC bus voltage
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Fig.13. DWT-based controller for the inverter in order to control the
AC bus voltage

Dynamic simulations

In this section, simulations performed in
MatLab/Simulink are shown to verify the improvement in the
voltage control through the MRPI voltage controllers
compared to the Pl-based voltage controllers. It is important
to say that for optimal tuning the Pl-based voltage
controllers a PSO algorithm was used to optimize their
parameters. The voltage and frequency responses of the
microgrid under the islanding event occurred in time 0.7 s
are shown and compared for both voltage controller types in
Figs. 14-16. In this study, two operation conditions were
considered: 1) DC load 20 kW and AC load 50 kW, and 2)
DC load 20 kW and AC load 30 kW. It can be seen that the
wavelet-based controllers are more robustness to quickly
control and stablize the voltage and frequency of the hybrid
microgrid as compared to the Pl-based voltage controllers.
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Fig.14. AC bus voltage during the islanding event for the different
operation conditions: a) DC load 20 kW and AC load 50 kW, 2) DC
load 20 kW and AC load 30 kW
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Further, the operation mode change of the microgrid
from the islanded mode to the grid-connected mode was
studied. The simulation results are shown in Fig. 17 for the
operation condition 'DC load 20 kW and AC load 30 kW'
Again, the results show the robustness of the MRPI voltage
controllers compared to the Pl-based voltage controllers.
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Fig.17. DC bus voltage during the connection of the microgrid to
the utility grid

Conclusion

In this paper, the PI controllers among the converters
were designed to improve the voltage stability and dynamic
voltage control in a hybrid AC/DC microgrid. Then, three
DWT-based controllers were designed, modeled and
implemented in place of the Pl controllers located in the
control schemes of the inverter and storages. To have a
better response, Pl controllers were optimized through the
PSO algorithm. Results are achieved during the
disconnection from (islanding) and connection to the utility
grid, showing that the DWT-based voltage controllers are
much more robustness and able to quickly control and

stablize the voltage and frequency of the hybrid microgrid
as compared to the optimized Pl-based voltage controllers.
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