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The relevance. Renewable energy resources for electrical power generation have gained higher interest over the traditional underground
fuels due to geo-reasons, such as the low generation cost and clean energy resources. Moreover, renewable energy resources, especially
photovoltaic generation system, can efficiently be used as an autonomous power supply for consumers geographically located in remote,
inaccessible areas. The performance of autonomous power supply depends mainly on the conversion system and its control technique.
Therefore, this paper uses a new and alternative control system based on the finite control set model predictive control strategy to control
the load current of the Z-source four-leg inverter employed for the autonomous photovoltaic generation system.

The main aim of the research is the development of a control algorithm based on finite control set model predictive control strategy to re-
gulate the load currents of Z-source four-leg inverter for a geographical stand-alone photovoltaic generation system.

Methods: mathematical and computer modeling using the MatLab/Simulink software environment.

Results. Due to using Z-source four-leg inverter, the power conversion system for the photovoltaic generation systems is reduced to be
single-stage, instead of two-stage power conversion. The results show that the proposed control algorithm can effectively regulate load
current under balanced/unbalanced issues with high controllability. The proposed control algorithm has excellent steady-state and transient

performances.
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Introduction

Renewable energy resources (RER), such as photovol-
taic, wind, and geothermal power systems have gained
higher interest over the traditional underground fuels be-
cause these energy resources have low generation cost
and no pollution. Due to the fact that the solar energy re-
source is the most geographically available in the world,
the photovoltaic (PV) generation system, can efficiently
be used as an autonomous power supply (APS) for con-
sumers geographically located in remote, inaccessible ar-
eas. The performance of the stand-alone PV systems de-
pends mainly on the power converter topologies and their
control structures [1]. Generally, two-stage power con-
version is performed to transfer the electric power from
DC PV modules to the AC loads [2-5]. The power con-
verter in the first stage is employed to boost the DC volt-
age and extract the maximum power from the PV mod-
ules [6, 7], while the second conversion stage uses the
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power DC-AC inverter to convert from DC to AC and to
control the load voltage or load current [8, 9]. On the oth-
er hand, the Z-source inverter (ZSI) topology is proposed
as an alternative power converter topology for PV sys-
tems [10-13]. The ZSI can combine the functions of the
two-stage conversion system in a one-stage system with a
lower number of power electronics switches [14, 15].

The unbalanced loads of the stand-alone power supply
system can cause unbalancing and harmonic distortion in
the load voltage [8, 16]. The Z-source four-leg inverter
(ZSFLI) topology has been proposed to handle this issue.
ZSFLI provides a neutral wire for circulating the unbal-
anced current under unbalanced load conditions [17].
With proper control, the ZSFLI can regulate the load cur-
rent or voltage in high power quality regardless of the
loads unbalancing issues.

The control of the power converter plays a vital role in
the stand-alone power supply system [18-20]. In litera-
ture, a number of control techniques have been proposed
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to control the four-leg inverter and the ZSI. Recently, the
Finite Control Set Model Predictive Control (FSMPC)
has gained high interest in the power electronics sphere
due to its features. The FSMPC has provided direct con-
trol action to the converter switches without using the
modulation stage. Moreover, the FSMPC has a rapid tran-
sient response and its algorithm is intuitive and can be
easily modified and designed according to the control ob-
jective [8, 9].

This paper presents the FSMPC technique for ZSFLI
to control the load current of the stand-alone PV system
with high performance and quality, and also control the
ZS network capacitor voltage. To achieve this goal, an
accurate discrete-time model of the stand-alone PV sys-
tem is derived to allow the FSMPC to perfectly predict
and regulate its controllable signal. Simulation results are
introduced to assure the effectiveness of the presented
technique.
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Fig. 1. Stand-alone PV system with ZSFLI

Puc. 1. Asmonommnasn pomoanekmpuueckas cucmema Ha 0CHose Z-ungepmopa

Mathematical model of the stand-alone PV system

The PV system under investigation, consisting of a
ZSFLI, an RL-filter, and a load, is shown in Fig. 1. The
ZSFLI has the ZS network which can be used instead of
the dc-dc converter in traditional two-stage power con-
version. The PV module in the PV system can be consid-
ered as an ideal source.

Mathematical model of ZS network

The ZS network has two operation states [21]: non-
shoot-through state and shoot-through state. The equiva-
lent circuits of the ZS network with its states are shown in
Fig. 2. The ZS network contains two inductors (L; and L,)
and two capacitors (C; and C,) as it is shown in Fig. 2.
For simplification, it can be assumed that two inductors
have the same inductance and two capacitors have the
same capacitance to make the ZS network symmetrical.
This symmetry can be observed in the expression (1):

Uc1=Uco=Ug; Ui=Up=uy. 1)

In the shoot-through zero state, for the interval (To),
during the switching cycle (T), two semiconductor
switches in the same leg of the inverter are simultaneous-
ly closed to create short-circuit across the dc link. During
this state, the inverter is modeled as a short circuit for the
ZS network as it is shown in Fig. 2, b. In this case, energy
is transferred in the ZS network from the capacitors to the
inductors, resulting in boosting the dc voltage. From the
equivalent circuit (Fig. 2, b) the inductor voltage (u,), di-

ode voltage (ug), DC-link voltage (u;) are expressed in (2):

u=Ug¢; u;=2Uc; u;=0. 2)

The other normal states, where the switches of the
same leg are not simultaneously closed, are considered as
non-shoot-through states. The ZSFLI has 16 normal non-
shoot-through states and one shoot-through zero state,
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while the traditional four-leg inverter has only the normal
16 states. In the non-shoot-through state for the interval
(To), during the switching cycle (T), the inverter is modeled
as a constant current source as depicted in Fig. 2, c. From
the equivalent circuit, one can obtain expression (3):

u =E-U¢; us=E; uj=Uc—u =2U.-E, (3)
where E is the DC voltage from the PV panel. The aver-
age voltage of the inductors over one switching period
(T=To+Ty) across the inverter should be zero in steady-
state, from (2) and (3), one has:

_ TOUC +T1(E _Uc)
=T

U, T (5)

E T-T,

Similarly, the average dc-link voltage across the in-
verter bridge can be found in (6):

U _Tox0+T(U-B) T,

- T T-T,

The peak dc-link voltage across the inverter bridge is
expressed in (3) and can be rewritten as in (7):

T

U, (4)

E=U.. (6

U UC—ULZZUC—E:

E=BU.,, (1

i_ peak =
1 0

where

B=_ ' T o ®)

Tl_TO 1_21;0
T

is the boosting factor which is caused by the shoot-
through zero state.
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Fig. 2. @) equivalent circuit of the Z-source inverter; b) in
shoot-through zero states; ¢) in non-shoot-through state

Puc. 2. a) sxeusanenmuas cxema Z-uneepmopa npu (b)
HY1€80M COCMOSHUU NEPEeKoYenUs U (c) 00bIYHOM
COCMOSIHUU NEPEKTIOYUEHUS

Mathematical model of the four-leg inverter
The four-leg inverter with RL-filter and loads is
shown in Fig. 1. The output inverter voltage can be ex-
pressed in (9):
Up = (Sa - Sn)ui
Uy, = (Sb - Sn)ui )
U, = (Sc - Sn )ui
by applying the Kirchhoffs voltage law to the output cir-

cuit of the inverter, the output inverter voltages can be
expressed as in (10):

. di

u, =R, +R)I, +L,—

an ( fa a)a fa dt
ubn:(be+Rb)|b+Lbe ' (10)

. di

U, = (R, +RII, + L, —=

cn ( fc c)c fc dt

This equation can be expressed in (11):

. di,
uj:(Rfj+Rj)|j+ijE’ (11)

where j=a, b, ¢. Neutral current can be expressed as:
i, =i, +i, +i.. (12)

PV panel

ZS network FLI

Ry, Ly

Loads

1_Uc(k)

Predictive | §
model

Fig. 3. Block diagram of the proposed FSMPC for the
stand-alone PV system

Puc. 3. Tononocuueckass cxema agmoHOMHOU omosneKmpu-
yeckoli cucmemvl Ha ocHose 11V

The proposed FSMPC

The block diagram of the proposed FSMPC scheme
for the FLZSI is depicted in Fig. 3. This control technique
can be considered as a digital control technique because
its algorithm uses the discrete model of the system and is
repeated for a determined sampling period (Ts). The pro-
posed FSMPC algorithm uses the discrete predictive
model of the PV system to predict the load current (i;) and
the voltage (Uc) and current (1) of the ZS network for a
one-step prediction horizon (k+1), where k — sampling in-
stant. This prediction is performed for each switching
state of FLZSI. The objective function is used to select
the best switching state that minimizes the error between
the predicted currents and voltages values and the refer-
ence values. Finally, the selected switching state is ap-
plied to the inverter switches. The flow chart of this algo-
rithm is depicted in Fig. 4.

The predictive model of the system

The predictive model is derived in two parts:

1) Predictive Model part (1):

This part is used to predict the load currents. From
(11), the derivative value of load currents can be written
as it is shown in (13):

Lo LR 0
—=—Ju. - RO
dt LfJ ] ] 177

By using the forward Euler rule [22], the predicted
load current for the next sampling instant (k+1) can be
expressed as it is shown in (14):

. Ts
|J.(k+1)——|_f +(R1+Rfj)Tsuj(k+l)+ “
Ts (K).

i
L, +(R; +Ry)Ts !

2) Predictive Model part (11):

This part is used to predict the capacitor voltage of the
ZS network (Uc). From the equivalent circuit of the ZS
network shown Fig. 2, a, the ZS capacitor current can be
expressed as it is shown in (15):
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du,
dt
where C is the capacitance of the ZS capacitor. From (15),

i.=C—=¢, (15)

the capacitor voltage can be derived as it is shown in (16):

du, 1.

(16)

& c°

By using the forward Euler rule, the predicted value of
the capacitor voltage for the next sampling instant (k+1)
can be obtained as it is shown in (17):

Ue kD) =Uc 0+ i (),
where ic(k) is ZS capacitor current for the present sam-
pling instant (k) which depends on the states of the ZSFLI
topology (non-shoot-through and shoot-through states):

a) for the non-shoot-through state:

ic =1, —(S,i, +S,i, +S.1.);

17)

(18)
b) for the shoot-through state:

i =-1

(19)

L

» Measure i(k), ir(k), v(k) |
¥

Objective function

The proposed FSMPC uses three objective functions
combined in one multi-objective function: one objective
function for the load current, and two other objective
functions for ZS inductor current and capacitor voltage,
respectively. The multi-objective function can be ex-
pressed as it is shown in (20):

g=g; +lgca (20)

where gi is the objective function of the load current and
can be written as it is shown in (21):

g, =[i; —i;(k+1)T", (21)

where j=a, b, c; ij" is the reference load current; gc is the
objective function of the ZS capacitor voltage and is ex-
pressed as it is shown in (23):

9c :[U(*: _Uc(k+1)]2: (23)

where Uc’ is the reference ZS capacitor voltage. The
weighting factor (1) was determined by using the objec-
tive function classification technique that was is detailed
explained in [23].

S(imops) = (Sa, Sb, Sc, Sn)

Apply optimal switching state

|Setg=ﬂandg0pt=m|
|

| Setm=1 |

I

Set the initial values for
the objective function

Set initial value for the
switching states counter

14

Predict the load current i(k+1) using

No
through

If state is shoot- Yes

i =1, ~(S),+Sj,+Si)

)

Predict the ZS capacitor voltage

Uc(k+1) using (17)
!

Minimization of objrctive function (g)

Yes

Wait for the next sample period

Fig. 4. Flowchart of the proposed FSMPC algorithm for FLZSI

Puc. 4. brnox-cxema aneopumma npozHo3upyiowe2o ynpagienus Z-uHeepmopom
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Proposed FSMPC algorithm

The flowchart for the proposed FSMPC algorithm is
given in Fig. 4. The algorithm of the FSMPC can be
summarized as follows:

o Measure the load currents, ZS inductor current, and
ZS capacitor voltage.

e By using the predictive model, for each switching
state, predict the load currents, ZS inductor current,
and ZS capacitor voltage.

o For each switching state, evaluate the objective func-
tion (g).

o Select the best switching state that gives the minimum
value for the objective function (g).

o Apply the switching state to the ZSFLI switches.

Results and discussion

To verify the theoretical analysis and confirm the pro-
posed FSMPC technique of ZSFLI, simulation has been
conducted with the configuration shown in Fig. 1 in
Matlab/Simulink. The system parameters are given in Table.

Table.
Taonuua.

System parameters
Iapamempor cucmemoi

Parameters/ITapamerpbl Values/3nauenus

Output voltage of PV panel
BBIXO}IHOC HalpsHKEHUE
(hOTORIEKTPUUECKOH MTaHENN

Vc=150-250 V

Reference capacitor voltage

Uc=635V
OTalOHHOE HANpsDKEHHE KOHAeHcaTopa

ZS inductances

L,=L,=L=1,5mH
MHIyKTUBHOCTh HHIYKTOPOB Z-HHBEPTOpa

ZS capacitances

FOmKkocTh KOHJCHCATopa Cl:CZ:C:47O “F

Load resistance

R=5-10 Q
ConpoTUBIICHUE HArPy3KH
Filter parameters L~=10 mH,
IMapamerpsl RL-puibtpa R=0,05 Q
Nominal frequency F=50 Hz
HomunanpHas yactoTa
Sampling time T,220 s

Bpewms BeIOOpKH

Three case studies are performed, two cases in the
steady-state mode, and one case in the transient mode. In
steady-state mode, the proposed FSMPC is used to con-
trol the ZSFLI with unbalanced references load currents
(ia=15 A, i, =5 A, and i; =15 A)* in*one* case, and bal-
anced references load currents (i, =i, =ic =20 A) in an-
other case, while the loads are unbalanced (Ra=5 Q,
Rb=10 Q, and Rc=10 Q) in the two cases. The results
with balanced and unbalanced references load currents
are shown in Fig. 5, a, b, respectively. From the results, it
can be observed that the proposed FSMPC algorithm can
regulate each phase current independently while the dc-
link voltages are kept unchanged. The neutral current
flows through the neutral wire when the load currents are
unbalanced.

In transient mode, a step change is carried out for the
reference load currents from 0 to 20 A. For this test, ref-
erence load currents and loads are balanced
(Ra=Rb=Rc=10 Q). From the results shown in Fig. 6, it
can be observed that the FSMPC control technique has a
very rapid transient reaction with a small overshoot. In

this test, the neutral current is zero because the load cur-
rent is balanced.

Load currents

Neutral current DC link voltage
b
=

=20 -
40 I L I
01 0.12 0.14 0.16 018 0.2
Time, t (s)

ala

20

Load currents
(A}
-

=20

640

DC link voltage
(V)

Neutral current
QY]
-

=20 - - - -
0.1 0.12 0.14 0.16 0.18 0.2
Time, t (s)
b/

Fig. 5. Steady state results with (a) unbalanced references
of load current (b) balanced references of load cur-
rent

Puc. 5. Pezynomamul  npu  cmamuueckom  pedcume  (a)
HecOanancuposanHviMy dSMANIOHAMU MOKA HAZPY3KU
(6) coanancupo8aHHbIMU IMATOHAMU MOKA HAZPY3KU

[
=}
T

Load currents
(A)
(=]

0.15 0.2 0.25
Time, t (s)

Fig. 6. Load currents in transient mode
Puc. 6. Toxu Hazpy3ku npu OUHAMUYECKOM pedcume
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Conclusion

This paper presents the FSMPC algorithm for current
control of ZSFLI in the PV system. The main advantage
of using ZSFLI is to achieve single-stage power conver-
sion for PV generation systems with handling unbalanced
issues with high controllability. The proposed FSMPC is
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nos 80306HOBIAEMbIX UCMOYHUKO8 SHEp2UU, OMEEeYaloWuXx peanusayuu KOHUEeNUUU «3efeHas SHepeemuKkay, sensmces oomoanek-
MpUYecKUe cucmembl, CnOCOBHbIe 3Gh(heKMUBHO LICNOb308aMbCA 8 Kayecmee agmoHOMHOU cucmeMb! 31ekmpocHabxeHus Ona no-
mpebumenel, 2e0epaghudecku PacnonoXeHHbIX 8 omoaneHHbIX, MpydHo0oCcmynHbIx patioHax. [pouseodumesnibHOCMb a8MOHOMHOU CU-
CMeMbI 3r1ekmpocHab)eHust 80 MHO20M onpedenisemces cucmemoll npeobpasoeaHusi U ee aneopummamu ynpaeneHus. B cmamee pac-
CMOMpeHa Hosast U aflbmepHamugHasi Cucmema ynpassieHust amoHOMHbIX (hOMO3NEKMPUYECKUX cmaHyull, 0CHO8aHHas Ha cmpameauu
NPO2HO3UPYIOWE20 yNpaseHust HanpsX)eHUEM U MOKOM Hazpy3Ku Z-uHeepmopa ¢ Yyemgepmoli cmolikod.

Lens: pa3pabomka aneopumma, 0CHOBaHHO20 Ha cmpameauu NPO2HO3UPYIoUWe20 ynpaeeHusi, 0N pe2ynupogaHusi moKoe Hazspy3Ku
a8MOHOMHOU (homo3neKmpu4eckoli cUCMEMbI 3NEKMPOCHabXEHUS.

MemoObI: MamemMamuyeckoe U KOMNbIOMEPHOE ModesUposaHue C UCNOoNb308aHueM npoepamMmHoll cpedsi MatLab/Simulink.
Pesynbmambl. bnazodaps ucnonb3o8aHuK Z-uHgepmopa cucmema npeobpa3osaHusi 3Hepauu 05151 hoOMOSIEKMPUYECKUX CLUCMEM 2e-
Hepayuu cokpawaemcsi 00 o0HocmyneH4amol cmpykmypbl. Pe3ynbmambi nokasbisaom, Ymo npelnioxeHHbIl anaopumm ynpasneHus
MoxXem achehekmusHO pezynupogamb MoK Haespy3ku npu cbanmaHcuposaHHbIX U HecbaaHCcupoBaHHbIX Hagpy3kax ¢ 8bICOKOU aghghek-
musHoCcmbio ynpagneHus. lMpednazaembill aneopumm ynpasneHus uMeem omiu4HbIe XxapakmepucmuKu 8 yCmMaHo8USLUXCS U nepexod-
HbIX PeXUMaXx.

Knioueenle crosa: Bo3o6Hos/IseMble UCMOYHUKU SHEPaUL, a8MOHOMHbIE hOMOdIeKMPUYECKUE CUCMeMB,
ynpasseHue ¢ npoeHo3uposaHLUeM Modesu, UHeepmop ¢ Yemeepmoli cmodkol, Z- uHeepmop.
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Moxameo T. Byccabep, actmpanT kadeapst snekrporexauku gadopatopru LEVRES, Yausepcurer Onb-Kyan.

Byanaza Pabxu, TOKTOp TEXHUYECKHX HAYK, Ipodeccop kadeapsl anexTporexunku nadoparopun LMSE, VauBepcu-
TeT buckpsl.

Paugh Adyrncayo, xannunat TeXHUIECKUX HAYK, IOLEHT, Kadeapa SJIeKTPOIHEPTeTHKH, 3ara3urcKUi yHHBEPCHUTET.
Axmeo Hopazum, KanauIaT TEXHUUECKHX HAyK, TOLEHT, Kadeapa 31eKTPOIHEPTeTUKHY, 3ara3urcKiii yHUBEPCHUTET.
JDicaagpap Tymu, acnupant, Uccnenosatensckas maboparopust VIRS, Yausepcurer Oib-Kyan.

Jleitd 3ennyma, TOKTOp TEXHMIECKHMX HAYK, MOICHT, Kadeapa anekrporexuuk, Jaboparopurn LEVRES, Yuusepcuter
Omp-Kyan.

Tapzaneee A.I'., NOKTOp TEXHUYECKHMX HayK, Mpodeccop OTIAEICHHS IEKTPOIHEPreTHKH U JJEKTPOTEXHUKN MHxe-
HEPHOH IIKOINIBI SHEpreTHKH HanroHanpHOro necieoBaTensckoro TOMCKOTO MOMUTEXHHIECKOTO YHUBEPCUTETA.
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