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Abstract

This paper presents an effective grid-injected power control method for a photovoltaic (PV) system using the theory of model predictive
control (MPC). The system consists of two power converters including a DC/DC boost converter for maximum point point tracking (MPPT)
and a DC/AC converter formed by a two-level voltage-source three-phase inverter. Future values of the grid-injected active and reactive
power can be predicted by using the inverter model and the discrete-time model of the load. A cost function is defined based on the differences
of the reference and predictive power. The optimal switching state of the inverter at each sampling period is selected corresponding to the
minimum value of the cost function. In addition, the desired grid-injected active and reactive power can be obtained by simply setting the
reference active and reactive power in the cost function. The main advantage of this control method is that it does not require the use of any
external current controller and pulse width modulation (PWM) techniques such as sinusoidal pulse width modulation (SPWM) or space vector
pulse width modulation (SVPWM). Moreover, the predictive direct power control does not use a phase locked loop (PLL) usually required
for the conventional current control methods of the grid-connected inverter. The simulation results obtained using MATLAB/Simulink verify
the effectiveness of the proposed method.

Keywords: Grid-connected PV systems, direct power control, model predictive control

¢6 thé dat dwoc bang cach don gian dat gia tri tham chiéu cho cong
sut tac dung va cong suit phan khang trong ham chi phi.

Utu diém chinh cua phuong phap diéu khién nay 1a khong yéu cau sit
dung bt ky mot bo diéu khién dong dién vong ngoai hay cac bo diéu
bién do6 rong xung nhu didu bién do rong xung sin (SPWM) hay diéu
bién do rong xung véc to khong gian (SVPWM). Hon thé nira, diéu
khién cong sudt du béo truc tiép khong doi hoi viéc sir dung vong
khéa pha (PLL) nhu cac phuong phap diéu khién dong dién truyén

Abbreviations

PV Photovoltaic

MPC Model predictive control
PDPC Predictive direct power control
ANN Artificial neural network

FL Fuzzy logic

MPPT Maximum power point tracking théng cho cac b9 nghich lwu ndi ludi. Két qua md phong thu dugc

P&O Perturb and Observe b{ing MATLAB/SimuIink khang dinh tinh hiéu qua cua phuong phap

DC Direct current deé xuat.

AC Alternating current

SPWM Sinusoidal pulse with modulation 1. Introduction

SVPWM Space vector pulse width modulation

PLL Phase locked loop The lack of fossil energy and the increase of air pollution have

resulted in the wide use of various renewable energy sources.

Tém tit Due to the low prices of PV panels, PV systems have been

Bai béo nay trinh bay mot phuong phap diu khién hiéu qua cong
suit caa mot hé théng quang dién ndi ludi sir dung ly thuyét diéu
khién dy bao mé hinh. Hé théng bao gdbm mat bo bién déi DC/DC
dé bam diém cong suit cuc dai (MPPT) va mot bo bién déi DC/AC
sir dung mot bd nghich luu ba pha ngudn 4p hai mic. Céc gia tri
twong lai cia cong suat tic dung va cong suat phan khang phat vao
ludi ¢6 thé dwoc du bao bang cach sir dung md hinh cia bd nghich
luu va mo hinh thoi gian roi rac caa tai. Mot ham chi phi dugc dinh
nghia dwa trén sai khac giita cong sudt tham chiéu va cong suét dir
béo. Trang thai chuyén mach ti wvu cua b nghich luu duoc xéc dinh
g Vi gia tri nho nhét cua ham chi phi trong mdi chu ky lay mau.
Thém vao d6 cong suit tac dung va cong sudt biéu kién phat vao luai

used as the most popular renewable energy source. The output
voltage of a PV module is usually lower than the peak value
of the grid voltage and varies in a wide range according to its
different operation conditions. Therefore, series and parallel
connections of PV panels to form a PV array can be seen as a
simple way to increase the output voltage [1].

To obtain a higher output voltage from a PV array, a DC/DC
boost converter is often used. This converter can be controlled
to derive the maximum output power from the PV array. In
various MPPT techniques for PV systems, the P&O algo-
rithm is widely used due to its effectiveness and ease of im-
plementation [2].
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In a grid-connected PV system, the combination of the PV ar-
ray and DC/DC boost converter can be seen as a DC source
for a DC/AC converter (inverter), which is controlled to inject
the desired active and reactive power into the grid [3]. To
avoid the negative influences of harmonics components from
the currents generated by the inverter on the grid, these cur-
rents are usually required to have very low harmonics. As the
grid-injected currents are in the phase with the grid voltage,
the maximum active power can be obtained [1].

In conventional current control methods of the inverter, a lin-
ear current controller for the inverter has been used to main-
tain stable operation of the system as it can effectively regu-
late the output current to track the reference current [3], [4].
A sliding-mode current controller for a grid-connected PV
system is proposed in [5]. In addition, intelligent techniques
based on artificial neural networks (ANNS) and fuzzy logic
(FL) are also proposed for the improved control of grid-con-
nected PV systems [6, 7]. These control methods of two-level
voltage-source three-phase inverters often require the use of
SPMW and SVPWM.

Recently, the MPC theory has been applied to advanced con-
trols of power converters [8, 9]. In this control approach, a
discrete model of the system is used to predict the future be-
haviors of variables over a time frame. Next, these variable
predictions are utilized to minimize a cost function for opti-
mally choosing a sequence of the control action.

In this paper, a predictive direct power control (PDPC) algo-
rithm for the grid-injected active and reactive power control
of a PV system is described in detail. The remainder 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 two-level voltage-source three-phase
inverter and discrete-time model of the three-phase load. In
Section 4, the classical current control methods of the grid-
connected three-phase inverter is mentioned. MPC of the
grid-connected three-phase inverter is described in detail in
Section 5. Simulation results and discussions are presented in
Section 6. Finally, Section 7 is the conclusion of this research.

2. PV Systems

APV array is formed by connecting PV panels in series and/or
parallel. However, when a load is directly connected to the
output of the PV array, the operating point of the PV array is
rarely at the point corresponding to the maximum output
power. The operating point of the PV array depends on the
impedance seen by the PV array. As a result, the operating
point of the PV array can be moved towards the peak power
point by changing the impedance seen by the PV array.

As the PV array is a DC source, a DC-DC boost converter is
usually used for transforming the impedance of the source to
the load as shown in Figure 1. The change of the duty cycle
of the boost converter results in the variation of the impedance
seen by the PV array. At a particular impedance correspond-
ing to a specific duty cycle, the operating point can be at the
peak power transfer point.

In maximum power point tracking (MPPT) algorithms, the
PV array voltage and current are sampled to appropriately ad-
just the duty cycle. In P&O method as shown in Figure 2, the
voltage from the PV array is slightly adjusted and the power

is then measured. If the power increases, additional adjust-
ments in that direction are performed until the power tends not
to rise anymore.
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MPPT 2] pwm
va . |[Controller

Figure 1: A PV system with MPPT using a DC-DC boost converter.
The relationship between the output and input voltage of the
boost converter is given by:

-V (1)

where V, andV,, are the input and output voltage, respec-

tively. D is the duty cycle.

Read
Ventk) and iz (k)

Peu(k)= Vn()ipu(R)

Delay Vi(k), im(®)
by k-1 instant:
Vil -1}, Gfk-1)

|

APp=Puifk)- Pplk-1)
AVin=Vpulk)- Vin(k-1)

‘ D=D+4D ‘ ‘ D=D+AD ‘

Figure 2: Flowchart of the P&O MPPT method.

3. Model of Grid-Connected Three-Phase In-
verter

3.1. Inverter Model

The power circuit of a grid-connected two-level voltage-
source three-phase inverter is shown in Figure 3. V,_ is the
DC link voltage, L is the filtering inductance and R is the
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line resistance. e, is the grid voltage of phase A. i, isthe out- ~ Substituting (2), (3) and (4) into (6) gives
put current of phase A.
To describe the switching states of the inverter, the variables v, = 1 (25, —S, —S. Vs )
S, .S, and S, are defined as follows: 3
- §,=1if S onand S, off
a ) 1 4 2 \/5 \/§ o
- §,=01if § offand S, on vﬂzg 7Sb—78c \ 8)
- S, =1if §,onand S off
_ Sb =0 if 32 off and 55 on Table 1: Switching states and voltage vectors.
- S,=1if S, onand S, off S, S, S, Voltage vector V
- S, =0 if §; offand S, on 0 0 V, =0
1 0 0 vV, =2/3V,,
These switching signals can be used to define the values of 1 1 0 B .
the output voltage as follows: Vo =13V + 132V,
0 ! 0 Vs ==1/3V + J’\ﬁ/ 3V
Vo =S,V @) 0 1 ! Vi =-2/3V,,
Vin = Sdec (3) 0 0 ! Ve ==1/3V, —] \E/ 3V
Vy = ScV " (4) ! 0 ! Ve =1/3Vg — | '\/g/ 3V
1 1 1 \/7 -0
where V,, Vi, and V,, are the phase-to-neutral voltages of
the inverter.
" V, (1,10
V, (1,0,0)
- -»
: Re
| Vs (1,1,1)
1
Von . V, (0,0,0)
Figure 3: Two-level voltage-source three phase inverter power circuit. :
The inverter output voltage vector v is defined as follows: :
: Vs (1,0,1)

2
V=2 (Vo @V +2%Vyy ) (5)

. . i 1 .43
where a is the unitary vector and a=e"*"" = St
Possible combinations of the switching states can generate the
voltage vectors, which can be also represented in a complex
plane as shown in Figure 4. Table 1 is the switching states and
corresponding voltage vectors. However, the voltage vectors

generated by the inverter are only seven different vectors as
V, and V, produce the same zero vector (V, =V, ). This means

that a two-level voltage-source three-phase inverter can only
generate 7 different voltage vectors.
The output voltage of the inverter is determined as

ERNE
v]_2|m Tz T2, ©
V] 3 BB

0 — —— |V

Vs (0,0,1)

Figure 4: Voltage vectors in the complex plane.
3.2. Load Model

The dynamic equation of the grid-connected current has the
following form:

. di
v=Ri+L—+e 9
it )

where Vv is the voltage vector generated by the inverter, i the
load current vector and e is the load back-emf vector. Insim-
ulations and experiments, e is assumed to be sinusoidal with
constant amplitude and constant frequency.

3.3. Discrete-Time Model for Prediction

The Clark transforms from the abc -frame to the «f -frame

applied to the load current vector and the load back-emf vec-
tor has the following forms:
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i 2t _% _% K
i i (10)
|:Iﬁ:| 3 0 ﬁ _ﬁ ib
2 2 1-°
e.] 2| _% _% K
‘== e (12)
|:eﬂj| 3 0 ﬁ _ﬁ eb
2 2

Equation (9) can be expressed in the o -frame as follows:

v, i, dli, ea

Vﬂ L eﬁ
If the sampling time is defined as T, then the current equa-
tions in the af -frame in discrete-time can be approximated

as follows:
L (k+1) i,
[ (k+1)} T, Lﬁ

The discrete form of equation (13) in the o -frame at the
(k +1) -th sampling period is given by:

et

For a sufficient small sampling period with respect to the grid
fundamental frequency, it can be assumed that
v, (k+1)=v,(k),v,(k+1)=v,(k), e, (k+1)~e, (k) and

e, (k+1)~e, (k). Then, equation (14) can be re-written as

follows:
k i (k+1 i k
{u q:R{ga( + >}+ { ()}(15)
v (k)] [ (k+) & (k)
From equation (15), the predicted currents at the (k +1)-th
sampling period can be obtained from the currents at the k -

th sampling period as follows:
pRRR PR RCe il
(16)

Next, the predicted instantaneous output active and reactive
power seen from the grid side at the (k +1)-th sampling pe-

riod can be formed as follows:

(12)

(k+1)—i, (k)} (13)

(k+1) —i, (k)

k+D—-i, (k)] [e,(k+1)
k+D—i,(K) || e, (k+1)
(14)

(k+D)—i, (k)
w+n—%&J

0m(k+1)—7—[e (k)i, (k+1)+e, (k)i (k+1)] (17)

|

Qo (k+1) (18)

__[e

)i, (k+1)—e, (k)i

(k +1)]

3.4. Cost Function
A. Cost Function for Current Control

The predictive currents in (16) can be used to define a cost
function as follows:

=i, (k) =i, (k+1)|+

(19)

1y (k) =i, (k+1)
where i, (k) and i, (k) are the reference currents.

B. Cost Function for Power Control

The predictive active and reactive power in (17) and (18) can
be used to define a cost function as follows:

Poi — P (K +1)[+

out

Q;ut - Qout (k +1)| (20)

g:

If the reactive power needs to be minimized, the cost function
yields:

g=|P, — (21)

P (K +1)|

Qe (K + 1)|

4. Classical Current Control of Grid-Con-

nected Three-Phase Inverter

4.1. Hysteresis Current Control

The basic idea of the hysteresis current control is to keep the
current inside the hysteresis band by changing the switching
state of the converter each time the current reaches the bound-
ary. For a three-phase inverter, measured load currents of each
phase are compared to the corresponding references using
hysteresis comparators.

4.2. Sinusoidal PWM Current Control

In sinusoidal PWM (SPWM), a sinusoidal reference voltage
is compared to the triangular carrier signal generating a pulsed
voltage waveform at the output of the inverter. The fundamen-
tal component of this voltage is proportional to the reference
voltage.

4.3. Space Vector PWM Current Control

Space vector PWM (SVPWM) can be seen as a variation of
PWM techniques, in which the application times of the volt-
age vectors of the inverter are calculated from the reference

vector V. as shown in Figure 5. For sector k ( k=1,...,6),
V, and V,,, are the adjacent vectors and V, is the zero vec-
tor applied during t, , t, ., and t,.
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V. =Vt +V it + Vot (22) Ve Pg .
x rY Minimization o Toverter
* of g(s) >
T =t +t,, +t, (23) o, ’
] . ] P lfp’“ Predictive i,
where T is the carrier period and t, /T, t,.,/T and t,/T are ¢ Power 1« model
the duty cycles of their respective vectors. caleulation | %

3T|v. in(o—
t — 1 o (g-g,)-SMO=4) (24)
Z\/dc \/§
k+1 Vdc \/§
t,=T—t —t, (26)

VO.?

Figure 5: Generation of the reference voltage vector in a generic sector.

5. Model Predictive Control of Grid-Con-

nected Three-Phase Inverter

Figure 6 is the principle of MPC for the three-phase inverter.
The control method requires the measurement of the grid cur-
rent ig and the grid voltage e, . The predictive model for the

current and power can be formed using equation (16), (17)
and (18). In each sampling period, the optimal switching state
of the inverter is determined according to the minimum of
seven values of the cost function.

The amount of the grid-injected active power is tightly related
to the maximum power generated by the DC/DC boost con-
verter. This control action also requires maintaining the DC
link voltage at a desired constant value. Therefore, the refer-
ence of the active power can be given by using a linear con-
troller such as a proportional-integral (PI) controller for the
DC link voltage.

Figure 6: Principle of MPC for three-phase inverter.
6. Simulation Results

6.1. Current Control Methods of Grid-Connected Three-
Phase Inverters

In this section, different current control methods of grid-con-
nected three-phase inverters are investigated based on
MATLAB/Simulink simulation. These current control meth-
ods include:

- Hysteresis current control

- Sinusoidal PWM current control

- Space vector PWM current control
- Predictive direct current control

Table 2 is the parameters of the three-phase inverter used for
simulation. Firstly, the reference current is assumed to have
the following equation:

i =10sin(wt)

At the time of 0,1 second, the reference current has the fol-
lowing equation:

i =20sin(wt)

Table 2: Parameters of the three-phase inverter used for simulation.

Parameters Values

Reference DC link voltage Vdc_ref =800 (V)
Filtering inductance L =0.01 (mH)
Line resistance R=1(Q)

Phase to phase grid voltage e =380 (V)

Figure 7 is the Simulink diagram of the hysteresis current con-
trol. Figure 8(a) is the current waveforms and Figure 8(b) is
the grid-injected active and reactive power. Figure 9(a) is the
current waveforms and Figure 9(b) is the FFT of the current.
Figure 10 is the Simulink diagram of the SPWM current con-
trol. Figure 11(a) is the current waveforms and Figure 11(b)
is the grid-injected active and reactive power. Figure 12(a) is
the current waveforms and Figure 12(b) is the FFT of the cur-
rent.

Figure 13 is the Simulink diagram of the SVPWM current
control. Figure 14(a) is the current waveforms and Figure
14(b) is the grid-injected active and reactive power. Figure
15(a) is the current waveforms and Figure 15(b) is the FFT of
the current.

Figure 16 is the Simulink diagram of the predictive direct cur-
rent control. Figure 17(a) is the current waveforms and Figure
17(b) is the grid-injected active and reactive power. Figure



30

Measurement, Control, and Automation

18(a) is the current waveforms and Figure 18(b) is the FFT of
the current.

Table 3 is total harmonic distortions (THDs) of the currents
corresponding to four current control methods. Table 4 shows
the techniques required for the current control methods. Ob-
viously, the hysteresis current control and predictive direct
current controls do not require the use of any PWM tech-
niques.

For most of the current control methods, a PLL is required to
ensure the grid voltage in the phase with the grid current.
Then, the maximum of the grid-injected active power can be
obtained. However, the predictive direct power control
method does not need a PLL.

Table 3: Total harmonic distortion (THD (%)) of the phase current.

Current control method Phase A Phase B Phase C
Hysteresis current control 1.314 1.353 1.348
SPWM current control 8.534 8.54 8.583
SVPWM current control 2.592 2.573 2.672
Predictive direct current control 0.943 1.053 1.059

Table 4: The techniques required to develop the control algorithms.

Current control method Transformation PWM
Hysteresis current control dq0/abc No
SPWM current control abc/dq0; dgo/abe Yes
SVPWM current control abc/dq0; dg0/abc Yes
Predictive direct current control abc/af No

=)

G4

Figure 7: Simulink diagram of the hysteresis current control of the grid-
connected three-phase inverter.

(a)
50 T T T
s — )
FE S e aresvoroneeey ip(A)
# 0 uuu“uuu““’“ ii(A)\
-0 o.ios oiw o.iws 0.2
Time (s)
x 10’ (b)
2 . .
; —PW) ]
"""""""""" I—Q(VAr)
To o.lo5 ofw o.i15 0.2
Time (s)

Figure 8: Hysteresis current control of the grid-connected three-phase in-
verter: (a) current waveforms and (b) grid-injected active and reactive
power.
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Figure 9: Hysteresis current control of the grid-connected three-phase in-
verter: (a) current waveforms and (b) FFT of the current waveform.

Figure 10: Simulink diagram of the SPWM current control of the grid-con-
nected three-phase inverter.

| |
0 0.05 0.1
Time (s)

0.15 0.2

Figure 11: SPWM current control of the grid-connected three-phase in-
verter: (a) current waveforms and (b) grid-injected active and reactive
powver.
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ig(A)

Frequency (Hz) Frequency (Hz)
Figure 12: SPWM current control of the grid-connected three-phase in- Figure 15: SVPWM current control of the grid-connected three-phase in-
verter: (a) current waveforms and (b) FFT of the current waveform. verter: (a) current waveforms and (b) FFT of the current waveform.
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Figure 16: Simulink diagram of the predictive direct current control of the

id- ted three-phase inverter.
Figure 13: Simulink diagram of the SVPWM current control of the grid- grid-connected tree-phase fnverter

connected three-phase inverter.
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Figure 17: Predictive direct current control of the grid-connected three-
phase inverter: (a) current waveforms and (b) grid-injected active and reac-
tive power.

Figure 14: SVPWM current control of the grid-connected three-phase in-
verter: (a) current waveforms and (b) grid-injected active and reactive
power.
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Figure 18: Predictive direct current control of the grid-connected three-
phase inverter: (a) current waveforms and (b) FFT of the current waveform.

6.2. Predictive Direct Power Control of Grid-Connected
Three-Phase Inverters

The principle of the predictive direct power control of the
grid-connected three-phase is shown in Figure 19. In this case,
the reference active power is firstly set to be 8(kw) and
20(kW) at the time of 0.1 seconds. The reference reactive
power is assumed to be zero.

Table 5 is the MATLAB script of the predictive direct power
control algorithm. The grid-injected active and reactive power
can be optimally obtained as shown in Figure 20. The FFT of
the current is depicted in Figure 21.

i clpha_beta] i_aihe

e
b
Ref D j—»v,m“"‘ "
RelQ ﬂ—»q_.n

Figure 19: Simulink diagram of the predictive direct power control of the
grid-connected PV three-phase inverter.

Table 5: The MATLAB script of predictive direct power control algorithm.
function pulse = MPC(i_albe, e_albe, P_ref, Q_ref)
R=1,;
L=0.01;
Ts = 1e-5;
Vdc = 800;
i_alpha = i_albe(1);
i_beta =i_albe(2);
e_alpha = e_albe(1);
e_beta=e_albe(2);
Sa_opt =0;
Sh_opt=0;
Sc_opt=0;
g_opt = inf;
for (Sa=0:1)
for (Sb=0:1)
for (Sc =0:1)
u_alpha=Vdc * (2*Sa-Sh-Sc)/3;

u_beta = (2/3) * Vdc * ((sqrt(3)/2) * Sb - ((sqrt(3)/2)) * Sc);
i_alphal = (Ts/(R*Ts + L))*(u_alpha-e_alpha) + ...
(L/(R*Ts + L)) * i_alpha;

i_betal = (Ts/(R*Ts + L))*(u_beta-e_beta) + ...

(L/(R*Ts + L)) * i_beta;
Pinl = 3/2*(e_alpha*i_alphal + e_beta*i_betal);
Qinl = 3/2*(e_beta*i_alphal - e_alpha*i_betal);
g = abs(Q_ref-Qinl) + abs(P_ref-Pinl);

if (9<g_opt)
Sa_opt = Sg;
Sh_opt = Sb;
Sc_opt = Sc;
g_opt=g;
end
end
end

end

Sa = Sa_opt;

Sb =Sb_opt;

Sc = Sc_opt;

pulse = [Sa; not(Sa); Sh; not(Sh); Sc; not(Sc)];

(a)
50 ! ! T
-50 | I i
0 0.05 0.1 0.15 0.2
Time (s)
x 10 (b)
4 r 5 i
— P(W)
o N S i . Q(VAr)
) 1 1 |
0 0.05 0.1 0.15 0.2
Time (s)

Figure 20: Predictive direct power control of the grid-connected PV three-
phase inverter: (a) current waveforms and (b) grid-injected active and reac-
tive power.

Frequency (Hz)

Figure 21: Predictive direct power control of the grid-connected PV three-
phase inverter: (a) current waveforms and (b) FFT of the current waveform.

6.3. Predictive Direct Power Control of Grid-Connected
PV Three-Phase Inverters

Table 6 is the parameters of the commercial PV panel used for
simulation. Figure 22 is the Simulink diagram of the predic-
tive direct power control of the grid-connected PV three-
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phase inverter. Figure 23(a) is the current waveforms and Fig-
ure 23(b) is the grid-injected active and null reactive power
with very small oscillations. Figure 24(a) is the current wave-
forms and Figure 24(b) is the FFT of the current.

Table 6: Parameters of the commercial PV panel used for simulation.

Parameters Values

Nominal short-circuit voltage Iscn =5.11 (A)
Nominal array open-circuit voltage Vocn =29.80 (V)
Panel current at maximum power point Ipvn = 4.74 (A)

Panel voltage at maximum power point
Panel maximum output peak power
Voltage/temperature coefficient
Current/temperature coefficient
Series resistance

Parallel resistance

Nominal irradiance

Nominal operating temperature
Boltzmann constant

Electron charge

Ideal diode factor
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Figure 22: Simulink diagram of the predictive direct power control of grid-
connected PV three-phase inverter.
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Figure 23: Predictive direct power control of grid-connected PV three-
phase inverter : (a) current waveforms and (b) grid-injected active and reac-
tive power.
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Figure 24: Predictive direct power control of the grid-connected PV three-
phase inverter: (a) current waveforms and (b) FFT of the current waveform.

7. Conclusion

This research successfully demonstrates the useful use of
MPC for directly controlling the active and reactive power
generated by a grid-connected PV system. The proposed con-
trol algorithm operates in discrete-time and does not require
any modulator or PLL to properly drive the inverter switches.
In addition, the control architecture proposed requires no ex-
ternal control loops. Simulation results indicate a good track-
ing of the dynamic power reference formed by the maximum
power tracking of solar energy. A good transient performance
can be achieved without the significant oscillations of the
grid-injected active and reactive power.
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