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MODEL PREDICTIVE CURRENT CONTROL OFGRID-
CONNECTED THREE-PHASE INVERTER FOR PV SYSTEMS

PIEU KHIEN DONG DIEN DU BAO MO HINH CUA BO NGHICH LUU BA PHA NGI LUG

CHO CAC HE THONG QUANG DIEN

Nguyen Thanh Son"", Pham Hung Phi', Nguyen The Cong'

ABSTRACT

This paper presents model predictive current control of a grid-connected two-level
voltage-source three-phase inverter for a photovoltaic(PV) system. The output of a solar
array is fed to a DC-DC boost converter to make a DC link voltage that is fed to theinverter.
In this PVsystem, the theory of model predictive control (MPC) is applied to design an
effective controller for the grid-connected currents. In addition, asuitable PI controller is
used to compute the reference grid-connected currents and keep a DC link voltagefor the
inverter to be constant. Model of the system is established to predict the controlled
variables. Optimal switching states are selected by minimizing a cost function defined
using the difference between the reference and measured grid-connected currents for each
sampling period. Simulation results obtained using MATLAB/Simulink show that if the
reference currents change dynamically, the model predictive controller has the ability of
fast current regulation. Moreover, thiscontroller can also result in an effectively injectionof
the active power into the grid.
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TOM TAT

Bai bdo nay trinh bay diéu khién dong dién du bdo md hinh cho mt bo nghich luu ba pha
nguon ap hai muic ndi lugi trong mot hé thong quang dién. Dau ra clia mang pin mat troi dugc
¢dp cho dau vao cia mot bo bién déi DC-DC téng ap dé tao mot dién dp mot chiéu cap cho dau
vao clia bd nghich luu. Dai véi hé thong quang dién nay, ly thuyét diéu khién du bdo mé hinh
dugc ap dung dé thiét ké mot bo diéu khién dong dién ndi ludi hiéu qua. Thém vao do, mot bo
diéu khién P-1 phir hop dugc sit dung dé tinh toan dong dién ndi ludi tham chiéu. M6 hinh cta
hé thong duoc thiét lap d€ du béo cac bién dugc diéu khién. Cac trang thai chuyén mach t6i uu
dugc chon béng cach cuc tiéu hoa mot ham chi phi dua trén sai léch gitia dong dién néi luGi
tham chiéu va dong dién néi ludi thuc do dugc trong mdi chu ky 1dy mau. Két qua mé phdng
thu dugc bang Matlab/Simulink cho thdy rang néu dong dién ndi ludi tham chiéu thay d6i, bd
diéu khién du bao mé hinh ¢ kha nang diéu chinh dong dién nhanh. Hon nita, bo diéu khién
naycd thé tao nén qua trinh phat cong suat tac dung vao ludi hiéu qua.

Tir khéa: Nghich luu ba pha, ndi ludi, diéu khién du bdo mé hinh, hé thong quang dién.
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1. INTRODUCTION

The lack of fossil energy and the increase of
environmental pollution has significantly
promoted the wide use of renewable energy.
One of the most popular renewable energy
sources is photovoltaic (PV) systems that can be
used due to advances in technology and low
prices of solar panels. In PV systems, solar panels
are connected generate a DC voltage that is not
regulated or not at a proper level for power
conversion. Then, such uncontrolled and
unregulated DC voltage is regulated depending
on specific load requirements. A DC-DC boost
converter can be used for this purpose. The
converter output voltage is sometimes DC link
voltage and can be assumed as a voltage source.
There are many Maximum Power Point Tracking
(MPPT) control techniques used to extract
maximum power from PV array in which Perturb
and Observe (P&O) algorithm is most widely used
due to its ease of implementation [1].

The majority of renewable energy systems
(RESs) are wused as grid-connected power
sources due to the advantages of these systems
and their role in emerging technical topics of
modern power electronics such as micro-grids
or smart-grids. Grid connection of RESs faces
some challenges as usual. In particular, the
harmonic generation can be seen one of the
damaging phenomena in power sources that
are connected the electrical network. In
addition, these harmonics can be also
considered as the main cause of damage to
sensitive equipment. According to the IEEE-
1547 standard, total harmonic distortion (THD)
of the injected current into a grid should be less
than 5%. There are two reasons for harmonic
generation. The first comes from the nature of
the inverter such as pulse width modulation
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(PWM) and switching, and the second reason relates to
load and grid.

In recent years, MPC has attracted a lot of attention in
power electronics due to it can handle system limitations
including nonlinearity, multi-variability and various system
constrains [2, 3, 4]. Different MPC methods have been
developed for power electronic converters [5, 6, 7]. The
well-known MPC method is Finite Control Set-Model
Predictive Control (FCS-MPC) as it does not require any
modulator and control signals can be applied to system
directly. In this research, the grid-connected current at the
output of the inverter is controlled using the FCS-MPC.

The rest of this paper is organized into the following
sections: In Section 2, a PV system is briefly described.
Section 3 presents the model of the grid-connected three-
phase inverter in the ap-frame. In Section 4, the MPC
method for the grid-connected current is mentioned.
Simulation results and discussions are presented in Section
5. Finally, Section 6 is the conclusion of this research.

2. PV SYSTEMS

A PV system consists of a number of PV panels
connected in series or parallel to form a DC PV array. When
a load is directly connected to the PV array, the operating
point will rarely be at peak power. The impedance seen by
the PV array derives the operating point of the PV array.
Therefore, by varying the impedance seen by the PV array,
the operating point can be moved towards the peak power
point. Since the PV array is a DC device, a DC-DC converter
such as a boost DC-DC converter needs to be used to
transform the impedance of one circuit (source) to the
other circuit (load) as shown in Figure 1. Changing the duty
cycle D of the boost DC-DC converter results in an
impedance change as seen by the PV array. At a particular
impedance (or duty cycle D), the operating point will be at
the peak power transfer point. MPPT implementation
utilizes algorithms that frequently sample PV array voltages
and currents, then adjusts the duty cycle D as needed. In
P&O method, the controller adjusts the voltage by a small
amount from the array and measure power. If the power
increases, further adjustments in that direction are tried
until power no longer increases. It is referred as a “hill
climbing” method because it depends on the rise of the
curve of power against voltage below the maximum power

point.
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Figure 1. ADCPV system with MPPT using a DC-DC boost converter
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3. MODEL OF THE GRID-CONNECTED THREE-PHASE
INVERTER

The power circuit of a grid-connected three-phase
inverter can be shown in Figure 2. V4 is the DC link voltage, L
is the filtering inductance and R is the line resistance. e, is the
grid voltage of phase A. 1, is the output current of phase A.

P Vll”
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Figure 2. Power circuit of grid-connected three-phase inverter

In orderto describe the switching state of the inverter,
the variables S,, S,and S_are defined as:

_ |1 ifS,on and S, off
* |0 ifS,offand S, on

_ |1 ifS, on and S, off
10 ifS, offand S, on

_ |1 ifS;on and S off
< |0 ifS, offand S, on

These switching signals define the values of the output
voltage:

VaN = Savdc (1)
Vin = S Vec @)
VcN = chdc (3)

where v,,, vy, and v, are the phase-to-neutral (N)
voltages of the inverter. The switch state vector S is defined
as:

S=§$ﬁﬂ%+fi) 4)

ejZn/3 — _l+J£
2 2

The inverter output voltage vector v is defined as:

where a =

2 2
V=—(V, tav, +aVv, (5)
3( N bN N)

The relationship between the voltage vector v and the
switch state vector S can be described as:

v=V,S (6)

The possible combinations of the switching states
generate the voltage vectors listed in Table 1, which can be
represented in the complex plane as shown in Figure 3. The
voltage vectors generated by the inverter are only seven
different voltage vectors because V, and V, produce the
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same zero voltage vector (V, = V,). This means that a three-
phase two-level voltage-source inverter can only generate
7 different voltage vectors.

Table 1. Switching states and the corresponding voltage vectors of the
inverter

S, S, S, Voltage vector V
0 0 0 V,=0
1 0 0 2

V1 - g Vdc

3 c
o [ 1| o E
V3 = _Evdc +J?Vdc
0 1 1 2
V4:_§Vdc

Vo =2 Vo~

Vv,
3 d

C

1 0 1 1 NE)
3

1 1 1| Vv,=0

For a balanced three-phase load, the current vector i
and the grid voltage vector e can be expressed as:

2
izg(ia+aib+a2ic) (7)
2 2
e=§(ea+aeb+a ec) (8)
Y g~
y 3\0\: [ ‘;"’r’(j}
\ /,-
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Figure 3. Voltage vectors of the three-phase inverter

The vector differential equation of the load current can
be described as:

v=Ri+Lﬂ+e 9
dt

The Clark transform from the abc-frame to the af3-frame
has the following form:

1

L
AN
2

(10)

2
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Equation (9) can be expressed in the ap-frame as:

MR NN

If the sampling time is defined as T,, then:
d[i,] 1 [i,k+D=i,00)
dtfiy | T.|igk+D—iy(k)
From equation (11) and (12), we can obtain:
i,(k+D | T |v,(k)—e, (k) RT, [ i, (K)
. =— +H1T-—1. (13)
g (k+1) L | vg(k)—ey(k) L J]ig(k)
where i,(k) and ig(k) are the grid-connected currents at
the k th sampling time in the ap-frame coordinate. v (k)
and vg(k) are the aP-frame coordinate components of
different voltage vectors at the kth sampling time. e, (k) and
eg(k) are the grid voltages at the kth sampling time in the
af-frame coordinate. i (k+1) and iB(k+1) are the predicted
grid-connected currents at the (k+1) th sampling time in

the af-frame coordinate. Equation (13) can be seen as the
predictive function of the grid-connected current.

4. MODEL PREDICTIVE CURRENT CONTROL STRATEGY

The main idea behind the model predictive current
control strategy is to implement a discrete-time control
scheme that selects the switching state that minimizes the
predicted current error. The optimal switching state is
applied during a whole sampling interval. This calculation is
repeated during each sampling period using the measured

. ok
currents i and reference values i . The measured currents
and the predictive model are used in the calculation of the

(12)

predicted currents i*(k+1), which are calculated for all

possible switching states. Then the predicted currents are
evaluated by using a cost function and the optimal
switching state is selected as the one that minimizes this
function. In this case, the cost function has the following
form:

g =i (ke 1) =i, (k1) +[iy (k+ 1) =i (k+1) (14)

The model predictive current control structure of grid-
connected three-phase inverter for a PV system is shown in
Figure 4. The error between the reference DC link voltage
V,(ref) and the actual DC link voltage V,(MPPT)
determined from the MPPT technique is the input of a
Proportional-Integral (Pl) controller. The Pl controller results
in the appropriated amplitude of the reference current I’
and a nearly stable amplitude for the DC link voltage (the
capacitor voltage). This phenomenon can be explained as
follows: If the power generated by the PV array is greater
than the power transmitted to the network, the additional
generated power will be stored in the capacitor resulting in
an increase of the capacitor voltage. If the power injected
into the network by the inverter is greater than the power
generated by the PV array, the capacitor voltage will
decrease.
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Figure 4. Model predictive current control structure of grid-connected three-
phase inverter for a PV system
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Figure 5. Flow chart of model predictive current control algorithm

Thus, it is required to select negative coefficients for PI
controller. The angle 0 is obtained by using a Phase Locked
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Loop (PLL). The combination of I and 8 can be used to
determine the reference three-phase currents i.,i,,i.

c*

Figure 5 shows the flow chart of model predictive current
control algorithm.

5.SIMULATION RESULTS

Table 2 shows parameters of the commercial PV panel
used in this research. MATLAB/Simulink software is used for
simulation tasks. There are five branches of PV panels
connected in parallel. For each branch, there are ten PV
panels connected in series. Therefore, the maximum power
of the PV system is approximately 6kW at the nominal
operation condition. Table 3 shows parameters of the input
of the inverter and the grid-connected three-phase load.

Table 2. Parameters of PV panel used for simulation

Parameters Values

Nominal short-circuit voltage I =5.11(A)
Nominal array open-circuit voltage V,., =29.80 (V)
Panel current at maximum power point lon =474 (A)

Panel voltage at maximum power point Vi, =25.15(V)
Panel maximum output peak power Prax e =120 (W)
Voltage/temperature coefficient K, =-0.38 (V/K)
Current/temperature coefficient K, = 0.04 (A/K)

Series resistance R,=10.1683 (Q)
R,=211.5173(Q)

G,= 1000 (W/m?)
T,=25+273.15(K)

k =1.3806503e-23 (J/K)
q=1.60217646e-19 (C)

a=1

Parallel resistance

Nominal irradiance

Nominal operating temperature
Boltzmann constant

Electron charge

Ideal diode factor

Table 3. Parameters of the input of the inverter and the grid-connected
three-phase load

Parameters Values
Reference DClink voltage Ve = 1000 (V)
DCside voltage capacitor C=3000 (uF)
Filtering inductance L=10(mH)
Line resistance R=0.01(Q)
Phase to phase grid voltage e=380(V)

Figure 6 shows the DC link voltage stable at 1000(V).

The solar irradiation is assumed to change from
650(W/m? to 1000(W/m? at 0.1s corresponding to the
ambient temperature of 25°C as shown in Figure 7. The
waveforms of the grid voltages and the grid-connected
currents are shown in Figure 8 and Figure 9, respectively.
Figure 10 is the output powers of the inverter. It is clear that
the active power injected into the grid is nearly equal to the
mmaximum output power extracted from the PV arrays.
This means that the system has very high efficiency of
power conversion and the reactive power s
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Fundamental (50Hz) = 24.83 , THD= 1.76%

approximatelyequal to zero. We can also see that the active
power can change quickly according to the step change of
the solar irradiation.

According to the harmonic analysis diagram in Figure

Mag (% of Fundamental)

11, the grid-connected current has the THD of 2.85%

corresponding to the solar irradiation of 650(W/m?). When ‘ ‘

the solar irradiation rises up to 1000(W/m?), the THD of the | III ||I | "‘II I | I
grid-connected current is only 1.76% as shown in Figure 12. I II. I " II"I"III. | II 11| lIlI I||
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In both cases, the THDs are less than 5%.
Figure 12. Harmonic analysis diagram of the grid-connected current
corresponding to the irradiation of 1000(W/m?)

8

DC voltage (V)
8

. 6. CONCLUSION
u e P UUTS.me cz';wnuﬁs;z o BRI W This research successfully demonstrates the use of MPC
Figure 6. DC link voltage (stable at 1000V) in controlling the grid-connected current of the three-phase

inverter for a PV system. This control method can maximize

%‘000 ‘ the active power and minimize the reactive power injected
§ so0] into the grid. In particular, the active power can quickly
- change according to the solar irradiation and the reactive
£ % o0z 004 006 008 01 012 014 016 018 02 power is approximately equal to zero. Moreover, the grid-
ViR {eRcanas) connected currents always have THDs less than 5%, which
Figure 7. Solar irradiation step change at 0.1 second are suitable with the required IEEE standard.
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