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Abstract—Scheme of the small-scale microgrid inverter
control system is investigated and described. The researched
microgrid is intended for small-scale power users, which
maximum capacity does not exceed 5 kW. Results of the
control system research are presented. Method of
mathematical modelling was used for researches of the system.
The MATLAB/SIMULINK model was worked out for this
purpose. The model was based on the SymPowerSystems
library. The main target of the researches was active and
reactive power control in the microgrid. The curves reflecting
the possibility and quality of the independent active and
reactive power control in the microgrid are presented and
discussed.

Index Terms—Microgrid, distributed power generation,
control system, pulse inverters, DC-DC power converters.

I. INTRODUCTION

Introduction of microgrids connected to the main power
system paves the way to the improvement of power
generation and supply technologies in many aspects. The
traditional power system has one way power transmission
from the generators to the power users, where the
intermittent RES-based power sources also are integrated in
the grid of the electric energy system and no matter where
this unstable power will be consumed.

In the microgrids the energy generated by intermittent
power plants mostly is consumed in the boundaries of
microgrid and only surplus power can be supplied into the
grid of power system. Bulk power consumption in the
microgrids excludes existence of significant losses related
with the power transmission and distribution over long
distances as it happens in the traditional power system,
because the generated energy mainly is consumed locally. In
this way the microgrid has not significant impact to the
power system operation when they are connected, because
the main grid receives substantially less intermittent power
in comparison with traditional power system. Besides this,
introduction of microgrids has many other benefits making
power supply by means of this technology more efficient,
environmental friendly and more reliable [1]-[3].

Presently average capacity of already existing microgrids
is about 1 MW; however there are many power users, which
do not consume much energy, and bulk of their power
demands can be met from the small-scale microgrids. Their
maximum capacity usually does not exceed 5 kW. Usually
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this capacity is sufficient for majority of the one family
houses.

Efficient operation of microgrid mostly depends on
architecture of power generating and storage units, ratios of
their installed rated powers and especially on the quality of
control system operation. Results of researches of some
power parameters control in the proposed small-scale
microgrid are presented in this paper.

I1. OBJECT OF INVESTIGATION

Object of investigation is control system of multi-input
converter with common inverter and separate inputs
designed for integration of various renewable energy power
sources and power storage facilities operating in a small-
scale microgrid. Simplified power conversion scheme of the
small-scale microgrid based on this type multi-input inverter
is shown in Fig. 1. The microgrid contains several (multi)
primal usually unstable renewable power sources with DC-
DC boost choppers connected to the common grid-
connected inverter. Similar small-scale microgrid and its
properties partially were explored in our previous papers [4],
[5]. The presented converter topology provided with a
proper control system is suitable to carry out the MPPT job
taking into account renewable energy’s instantaneous
parameters of the exploited energy source separately and
independently in every renewable power system included in
the microgrid [6].

The mentioned above microgrid in general case may to
have a number (“n”) of DC voltage sources Usi connected to
the corresponding DC boost choppers (DCCi) and the
common one phase grid-connected inverter comprised of the
transistors V1+V,4 and diodes Vai—Vau. The DC choppers
convert output DC voltages of the RES-based power sources
to the DC voltages up to the values acceptable for the H-
bridge grid-connected inverter. This last unit integrates the
power received from the all mentioned above boost
choppers DCCi and supplies the resulting power to the
common bus of microgrid.

Figure 1 shows that such converter topology lets
independent DCCi operation and control. Output voltages of
the DC choppers are controlled by means of the PW
modulation. Control systems of the RES-based power
sources ensure the independent MPPT control and optimal
control of every power source Us;.

As it is depicted in Fig. 1, all loads of the microgrid are
united in the two equivalent loads.
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Fig. 1. Power circuits of the researched small-scale microgrid.

All reactive loads having inductive character are joined in
one equivalent load with parameters of resistance r.1 and
inductance L. All purely active loads are joined in one
equivalent load with parameter of resistance ry».

I1l. MATHEMATICAL EXPRESSIONS

The system has the DC part consisting of RES-based
power sources with DC choppers and AC part consisting of
single phase grid-tied inverter (Fig. 1). The RES-based
power sources here (Fig. 1) are considered as the absolute
DC voltage sources in order to simplify mathematical
description of the system. Mathematical analysis of AC part
of the system is more convenient when it is imagined as the
d-q rotating frame. The Imaginary Circuit method suggested
by R. Zhang [7] is used for conversion of the Real Circuit
from the Cartesian coordinate system to the d-q rotating
system. Thereby sinusoidal steady state operating point is
turned into the DC operating point. The equivalent circuitry
of the microgrid system for average values is shown in
Fig. 2.

The Imaginary Orthogonal Circuit is introduced for AC
part in this equivalent scheme. The components and
parameters of this circuit are the same as in the Real Circuit.
The variables of the system state U, and I, are similar to Real
Circuit corresponding variables — they are only orthogonal
to Ur and Ir,

Operation process of the DC chopper has two periods: the
energy accumulating in the inductance Lgi of the inductor
(switch S; is ON (S; = 1)) and the energy passing to the
inverter input (switch S; is OFF (Si = 0)). The duty cycle gof
the DC chopper indicates the energy accumulating interval
and can be related with the chopper’s operation frequency in
this way
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period of chopping, fec — the chopper’s operation frequency.
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Fig. 2. The equivalent circuitry of the small-scale microgrid.

The equation for the current of the DC boost chopper
state can be expressed as follows

dig; _ Usi —(1-Si)uap _ i ;

= i 2
it » L )

Solution of the differential equation (2) gives the
following result

Tdi Tdi
i—(1-5; Lt Ll
i _USI(Q%)uab 1-e M |41 (0)e Li o (3)
[
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The average value of the source current can be found
from this equation

1.71.
si Z?Jo Isi dt, 4)
where T — the period of grid voltage; 1si(0) = Imin, When
T=0,or Tc and 15i(0) = Imax, When T = yTe.
The common average DC current can be determined from
this equation

n
dcz_zlsi- %)
i=1
The AC part of converter can be described as follows:
dii _ Ui g _r_fi.
d Ly Lg "
di, 1M
dt L 9oL -
due 1 (6)
_ —i),
( ) x/—(Ug+rfii):Uim,
Uab =Uap (0)+Ugc,
i —|g —i. =0.

As it was mentioned above, we use the methodology of
vector control [7] for a single-phase inverter of the
microgrid (Fig. 1). Variables in the system of equations (6)
in the Real Circuit can be related in this way

XR = X cos(Wwt+f ). )

Consequently, the same variables in Imaginary
Orthogonal Circuit have to be expressed in this way

X = Xpsin(wt+f ). (8)

The stationary Real and Imaginary variables to the
synchronous rotating d-q reference frame are expressed by
using this transformation matrix

Tk )

The variables in the rotating d-g frame become DC values
as it is described in this equation:
cosf
M| sinf |

BAR

According to this methodology, the matrix for inverse
transformation from the d-q rotating frame to the stationary
Real and Imaginary Circuit variables has this shape

X XR

X|

. (10)
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sin(wt)  cos (vvt)} an

{—cosw) sin(wt) |

So, voltage of inverter output for the main harmonic can
be expressed as follows

Uj =Ujm cos(wt+f ;). (12)

Accordingly, inverter output voltage for Real and
Imaginary Circuit can be expressed in the same way:

Ui =Ujm C0s (Wt +f ), (13)

Uiy =Uj sin(wt+f; ). (14)

Applying the d-g rotating transformation to some of
equations (6), which are necessary to build the block
diagram of inverter control system operating in the d-q
rotating frame, can be expressed by the following:

8
d | iig _: " g | 1 (”id _ugd)
R , (15)
dt ||q . _r_f qu Lf (Uiq—qu)
Lt
oy
i i u
i{Ld} L {Ld}ri{ gd:ll (16)
dt I|_q W _F_L I|_q LL qu
L

The active and reactive power in the rotating frame can be
described by well-known expressions:

(17)
(18)

P =ugiq +Ugig,

Q =Ugig —Uglg-

When the d-axis of the rotating frame is superposed with
the grid’s phase voltage ug vector of the Real Circuit in the
point of common connection (PCC), then ug = | Ugn | and
Ug = 0. In this case (17) and (18) can be shortened:

Fin :|Ugm|iidv

Qin = _|Ugm|iiq-

(19)
(20)

The DC voltage ua on input of the grid-tied inverter must
to have wanted constant value. In the case when harmonics
caused by switching are discounted and losses in the filter
inductor resistance r; and converter are not taken into
consideration, AC and DC parts of inverter can be related as
follows [8]

P=|Uli
U|=mu =i=mi.
P=ui

(21)
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After this differential equation of the DC chain (Fig. 1)
can be written in this way

dug

dt

C—==lgc —lgi =lgc —Malig - (22)

Existence of a cross-coupling between d-q components,
what is capable to make influence to the dynamics
performance of the regulators [9], can be seen from (15).
The output voltages for these circuits in the synchronous
reference frame should be chosen as follows below in order
to perform decoupled control of inverter currents:

Uig = L¢ (yl +wiiq)+|Ugm|,

: (23)
Uig = Lt (y2 —Wwiig ).
After this equations of the system (15) become invariant
and can be expressed as follows:

-

As it follows from (19) and (20), the active and reactive
inverted power can be controlled through i¢ and ig,
respectively. The control rules (23) can be applied for
inverter circuit by using current feedback loops defined as
follows:

I
Lt

lig

Bl

lig

lig
qu

d
dt

il

24
Y2 =

(25)

Y :(kp +%)(ii’8 ~lig )
Y =[kp +%)(ii’; ~iiq)-

Applying Laplace transform and assuming that d-axis is
aligned with the grid phase voltage ug vector, the system of
(16) can be transformed in this way:

(26)

sipg (s) :Li[_rLiLd (s)+wigq (3)+|U gm |]+ ILa (0).
- (27)

. 1 . .
siig (s)= L—L[—r,_ll_q (s)—wig (s)} +1q (0).
Active and reactive power of the load can be expressed in
this way:
PL= |Ugm|iLd,! (28)
QL :_|Ugm|iLq- (29)

The grid current in d-q reference frame can be expressed
as follows:

(30)

After this active and reactive power of the grid can be
determined by means of the following equations:
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Pg = |U gm|igd,y (31)
Qg =~ |Ugnligg: (32)

The grid voltage magnitude is determined in this way
Ugn =v2Ug, (33)

where Uy — root mean square phase voltage of the grid.

Fig. 3. Vector control diagram of single-phase grid-tied inverter.

Vector control diagram of single-phase grid-tied inverter
is structured on basis of (15)—(33) and shown in Fig. 3.
Structural diagram of the inverter IU is comprised of Real
and Imaginary circuitries. Real and Imaginary components
of the inverter current are transformed into rotating
coordinate system d-q, where axis d is superposed with the
vector of grid voltage ug. This transformation converts sine
type variables into permanent variables. In this case the
methodology used for regulators design for the DC
circuitries can be applied. The same regulators of Pl type are
used for the control of currents in the d-q coordinate system.
Channels d and q are identical (cross-ties are removed by
means of (23)) and therefore active and reactive inverted
powers can be controlled independently: channel d controls
the active power and channel g controls the reactive power.
Modulation voltage control unit MVC forms sine type
voltage of the necessary amplitude and phase, which is
directed to the inverter control unit PWM. MVC unit also
calculates amplitude of the inverter output voltage first
harmonic Uin, which is passed to the DC regulator 11VC.
Diagram of the microgrid load circuitry unit LM is designed
in a similar way. Active and reactive powers of the load and
inverter are calculated in this unit too.

The closed loop circuitry I1VC is developed on basis of PI
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controller and is used in order to keep the DC voltage ua, On
a desirable value.

The reference value of DC voltage depends on the voltage
of grid, on the inverted current and on the resistance of the
filter and can be chosen in the boundaries

Uapr =(1.2+1.8)xU . (34)
This unit calculates the modulation index ma, which is

passed to the modulation voltage controller MVC of the
inverter control system (Fig. 3).

IV. MATHEMATICAL MODEL OF THE MICROGRID

Model diagram of the microgrid is shown in Fig. 4. It
includes the PV and WT sources, the common single-phase
grid-tied inverter, the grid, the load, the filter and the
active/reactive powers measurement units. The outputs of
the power sources are DC voltages. Each power source
consists of the resistance Ry and the inductance Ly of the
inductor, the transistor V; and the diode Vi The control
system of each source is equipped with MPPT function. The

unit Ugpr refers the inverter’s input voltage.
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Fig. 4. Model diagram of the researched microgrid system.

Model of the vector control system of inverter is depicted
in Fig. 5. It contains the single-phase PLL part, the inverter
part with modulation voltage calculator (Mod_voltage), the
load part with the devices for measurement of the active and
reactive powers operating in the microgrid.
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Fig. 5. Model diagram of the inverter vector control system.
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Unit “Mod voltage” has regulator of the DC voltage
connected to the terminals of inverter input. Unit
“RI_to_dq” transforms the Real and Imaginary components
of the inverter current into the rotating system of coordinate
d-g and wunit “dg_to RI” performs the reciprocal
transformation of grid current ig from the system of
coordinate d-q into the stationary Cartesian system of
coordinate.

V. RESULTS OF THE RESEARCH
Multi-input inverter has specific requirements for control

system. Therefore some modifications for calculation of the
inverter modulation voltage and working out of the inverter
input voltage control system were introduced in comparison
with methodology of traditional control system designing.
Control systems performing the MPPT function and
researched in previous investigations of authors [5] were
used for the small-scale WT and PV power source control.
Research of the inverter and microgrid control system
operation is performed by means of digital simulation.
Results of vector control system application possibility for
multi-input inverter are shown in Fig. 6 and Fig. 7.
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Fig. 6. Curves of the active and reactive powers in the system versus time at the jumps of solar irradiance (E jump from 600 to 400 W/m?, att = 2 s) and
second load (load R, = 8 Q was switched on after 3 s additionally to the operating load Ri; =9 Q, L1 = 0,05 Hn) for the case when Q = 0.
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Fig. 7. Curves of the active and reactive powers in the system versus time at the jumps of solar irradiance (E jump from 600 W/m? to 400 W/m?, att=2s)
and second load (load R, = 8 Q was switched on after 3 s additionally to the operating load R; =9 Q, Li; = 0,05 Hn) for the case when Q ~0.

Investigations of inverter vector control system operation
confirmed the possibility of independent active and reactive
power control in the output of inverter. Grid-tied inverter
can operate as the active power supplier to the microgrid
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loads and compensator of the reactive power of the loads
simultaneously. In the Fig. 6 is shown the case of inverter
operation when it supplies the active power to the load of
microgrid and the reactive power in output of the inverter is
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equal to zero. It shows the fourth curve of the figure (from
above). The first curve shows variation of the active power
in the microgrid after the jump variations of the generated
power and the load power in the microgrid. Initially the
power is negative and this means that microgrid’s loads do
not consume all generated power and therefore the surplus
power is supplied into the grid. The generated power of the
PV source decreases after the jump of irradiance from
600 W/m? to 400 W/m? at the time mark 2 s and the active
load in microgrid increases at the time mark 3s. After this
the total generated power in the microgrid becomes
insufficient for feeding the switched on loads and therefore
deficient power is being taken from the grid. At this moment
the power curve changes its sign from negative to positive.
The inverter supplies only the active power to the microgrid
and therefore reactive power is being supplied to the load
from the grid (see the second curve from the top). Consumer
of the reactive power is the first load (the sixth curve).

Another case of inverter operation is presented in Fig. 7,
when it supplies not only active but also reactive power into
the microgrid. In this case reference of the reactive power
has the value necessary for compensation of the reactive
power taken by the first load from the grid. The second
curve (from above, Fig. 7) shows that reactive power of the
microgrid is kept close to zero.

So, only active power is supplied into the grid, while
reactive power of the first load is taken from the inverter. It
shows the fourth curve. Summarizing analysis of the
received curves it can be noted that inverter’s vector control
system operates correctly.

V. CONCLUSIONS

Operation of the microgrid consisting of the PV and WT
energy sources, mutual multi-input inverter and two
equivalent loads was researched. Results of the research
show correct operation of vector control system adapted for
the single-phase multi-input inverter. It was found that
vector control system allows independent control of the
active and reactive power in the inverter output.

It was proved that control of reactive power allows
achieving of only the active power in output of the inverter
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or the reactive power as well, which is necessary for the
compensation of the reactive power taken by the load of
microgrid. In this case only the active power can be supplied
from the microgrid into the grid of the main power system.

It was also proved that interchange of active and reactive
power between the microgrid and the main grid is easily
possible: the surplus of electricity produced in the microgrid
can be supplied into the main electric grid and vice versa.

In general, results of this research allow supporting the
idea that properly controlled microgrid can operate as the
interactive load for the main grid of the power system. It can
operate as power generator and support the main grid when
it is reasonable. It also can function as load in regard of the
main power system taking the deficient power from the
main grid for feeding microgrid’s loads when it is necessary.
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