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The design and modeling of a 1 MW grid-connected multistage PV system consisting of four
equal power rated PV arrays are presented. Two nonlinear control methods, namely sliding mode
control and discrete time model predictive control with finite switching states are adopted as the
current control scheme of the inverter together with the parameter update for the LCL filter for
each control mode. The proposed controllers are based on coordinate transformation of the
variables and use decoupling to improve control performance. The dynamic and steady-state
performances of these controllers have been thoroughly evaluated and compared with the
conventional decoupled PI current control scheme in Matlab Simulink environment under fixed
and changing weather conditions. It is observed that the performances of the controller schemes
are satisfactory and they give almost similar steady-state performances under given test
conditions, although there are little changes observed during system starting.

1. INTRODUCTION

Access to energy is essential for good living conditions, poverty reduction, and economic development. In
recent years, growing population with increasing energy demand has significantly updated the methods for
global energy production from conventional fossil fuel-based power stations due to environmental
concerns. Consequently, there are feverishly ongoing studies worldwide to use clean energy sources
efficiently and uninterruptedly due to swelling anxieties for environmental damage. The world now
inevitably requires an effective transition from conventional to alternative energy sources to sustain global
climate targets and supply sustainable energy access to everyone. The foremost practices of renewable
energy types are wind and solar to produce electricity in large amount due to their ample and non-stop
characteristics. On the other hand, grid-connected renewable energy systems aim to continuously
synchronize the renewables to the utility grid with the possible greatest amount of production, mostly
without the need for expensive energy storage systems. Although, grid-connected photovoltaic (PV) system
is not popular as wind at the utility-scale, it is a more practical option for residential energy production and
it can be made available almost anywhere where there is abundant sunlight. The design and control of the
grid-connected photovoltaic systems have critical importance for generating electricity efficiently from the
solar energy and transferring it to the grid via synchronization. In this context, a 1 MW rated grid-connected
PV system is designed and modelled from scratch in this study. The proposed PV system is composed of
four identical 250 kW rated PV arrays operating in parallel with the grid and loads. Figure 1 shows the
simulation model of the PV array connected to the grid, such as PV array, DC-DC converter, inverter, LCL
filter, and coupling transformer. It is well known that the operating point of a PV supply moves away from
its optimal location whenever there is a change in solar irradiance and temperature. Thus, in this study, the
control of the DC-DC converter is realized with a maximum power point tracking (MPPT) algorithm to
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excerpt the maximum power from the PV system. Although there are many MPPT algorithms adduced in
the literature based on direct, indirect or soft computing methods, one of the well-known direct methods,
such as incremental conductance with an integral regulator is preferred in this work to track the maximum
power operating point of the PV system under altering environmental conditions. The inverter used in this
renewable system is a three-phase three-level neutral point clamped (NPC) inverter to provide an interface
between DC output of the DC-DC converter and the AC utility grid. On the other hand, recent studies exist
regarding the application of different current control techniques for the inverter of grid-connected PV
systems. For instance, sliding mode control (SMC) is applied in [1], model predictive control (MPC) is
applied in [2], and simple PI control scheme is adopted for the current control scheme of the grid-connected
inverter in PV applications [3]. In the literature, generally only one type of controller is preferred for the
inverter control in grid-connected PV systems. In this work, two nonlinear control techniques such as SMC
and discrete time MPC with finite set model are adopted as the current controller for the NPC inverter. In
this study, the advantages and disadvantages of the aforementioned control techniques applied to 1 MW
grid-connected multistage PV system are evaluated. The most important positive feature of the PI control
technique is observed in that it significantly reduces the steady-state error. Moreover, the response of Pl
control scheme is faster than the other control methods due to the proportional gain. The other advantage
of PI control scheme is its simplicity to design and practically applicable. On the other hand, the most
important negative feature of the Pl-based control is its inadequate response to sudden changes in the system
and its hypersensitivity to controller gains [4]. MPC technique is accepted as an effective control approach
for grid connected inverters, especially for real-time control tasks. MPC has many advantages such as fast
dynamic response, less sensitivity to disturbances, capability for tracking reference current and voltage
values to meet the needs of the utility grid and good capability of handling the nonlinearities of the power
plants [5]. However, there are some disadvantages of the MPC technique and the most important classical
one is the required processing time especially when the high switching frequencies are applied in power
electronic applications. However, this case requires huge calculation effort for real-time implementation of
the MPC applications which is met with the latest fast processors. Another apparent disadvantage of MPC
is its complex algorithm when compared to other simple control methods such as PI control. MPC algorithm
involves the dynamic models of the controlled system. More iterative computational works in each step
time have to be completed because the MPC algorithm contains too many control parameters. On the other
hand, SMC has a nonlinear control mechanism which is more used than other nonlinear control methods
because of its high robustness and ability to tolerate to changing system parameters and external
disturbances. The main purpose of the SMC control technique is to restrict the system to the ranges where
the system can respond appropriately, so that the system remains on the slip surface where it will show the
desired properties with the appropriate control strategy. Although, the SMC may give sufficient response
in transient mode in some control systems, it may not give sufficient response in steady-state, since this
control technique contains discontinuous control which provokes chattering problem. For SMC, the system
model has to be also needed as well. Like MPC, SMC has also more computational tasks that have to be
done because SMC contains too many control parameters. In this study, the dynamic as well as steady-state
performances of MPC and SMC control methods are compared with the conventional Pl current control
scheme. Hence, the highlight of this research is to provide a recent comparison between the aforementioned
inverter current control techniques both in steady and dynamic states under various operating conditions
for a grid-connected multistage PV system. There are many studies in the literature that analyze and
compare the performances of these control systems applied to different dynamic systems [6-9]. The paper
is organized into six sections. Section 2 deals with the design of each component in the system that connects
250 KW PV array to the grid. The DC-DC converter control and NPC inverter control schemes are
mentioned in Sections 3 and 4, respectively. The simulation results and the discussion are presented in
Section 5, while Section 6 summarizes the work. The simulation model of the PV array connected to grid
with PV array, DC-DC converter, inverter, LCL filter, and coupling transformer is illustrated in Figure 1.

2. MATERIAL METHOD

The designing and controlling steps of 1 MW rated grid-connected PV system are explained in this paper.
The proposed PV system is composed of four identical 250 kW rated PV arrays operating in parallel with
the grid and loads. This PV system consists of PV array, DC-DC converter, inverter, LCL filter, and
coupling transformer.
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Figure 1. Multistage model of 250 kW PV array connected to grid

In this study, the control of the DC-DC converter is implemented with a maximum power point tracking
(MPPT) algorithm to acquire the maximum power from the proposed PV system. The incremental
conductance with integral regulator is preferred in this work to track the maximum power operating point
of the PV system under changing environmental conditions. SMC, MPC and PI control techniques are
applied for controlling the designed PV system. The dynamic and steady-state performances of these
controllers have been thoroughly evaluated and compared with conventional decoupled PI current control
scheme in Matlab Simulink under fixed and changing environmental conditions.

2.1. PV System Design

The choice of PV module is crucial in terms of installation costs and efficiency of the overall renewable
energy system. Although monocrystalline silicon cell has higher efficiency than polycrystalline silicon cell,
Suntech Pluto 250-Wdm PV module based on polycrystalline silicon cells is preferred in the design due to
its low cost and availability. The efficiency of this module is 15.4% and contains 60 (6x10) cells with a
dimension of 156x156 mm for each [10]. The DC link reference voltage of the PV system has to be
calculated for determining the number of series-connected PV modules. The minimum DC link voltage is
determined such that,

VDC_LINK 2 2\/EVPHASE,RMS = 2\/5230 = 633V . Q)

So, practically, the DC link voltage can be taken as 700 V as the output reference voltage of the DC-DC
converter. Since, 30.8 V is the output voltage of each PV module, this voltage is represented with Ve in
Equation (2), specified by the manufacturer. Next, the number of series connected PV modules Nsgr is
determined as,

Vv
Neq _ 1 ¥oc v 9Modules. )
2 VMP

Then the rated power of each string composed of 12 modules is calculated as,

Porrine =12 % 250W = 3kW . (3)

where 250 kW is the rated power of each PV module. Next, the number of parallel-connected strings Npar
in each PV array is determined as,

P
Npg = =2 ~g4Parallels (4)

STRING

where the rated power Ppiant is equal to 250 kW for each PV array. Finally, each PV array is designed with
84 parallel connected PV strings. Each string is composed of 12 PV modules connected in series. So, the
required area for each PV array is calculated as [11],
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_1008Modulesx1.626m?

AArray - 0.7

~ 2.5Hectare. (5)

Finally, 1 MW power capacity is achieved using four PV arrays as shown in Figure 2. The PV arrays are
designed as central structure type so that one DC-DC converter and one inverter are used to link each PV
array to the grid. The components and other details of the overall PV system are given in Table 1.
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Figure 2. One line diagram of 1 MW grid-connected PV system
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Table 1. The components and details of the overall PV system

Optimum operating voltage/current of PV module 30.8V/8.34 A
Number of series connected PV modules in each string 12

Number of parallel connected strings in each PV array 84

Number of PV arrays in the overall PV system 4

Rated power/voltage/current of PV array 250 KW /360 VV /700 A
Number of PV modules in each PV array / whole PV system 1008 / 4032

Rated power/voltage/current of each string 3kW/360V/8.34 A
Number of inverters / rated power in whole PV system 4/ 250 kW

Number and power rating of transformers in whole PV system 4 /250 kVA
Transformer rated parameters 0.26 kV / 34 kV
Required installation area for each PV array / whole PV system 2.5/ 10 Hectare

Rated power of overall PV system 1 MW

2.2. DC-DC Converter Design

The DC-DC converter is a boost converter with an estimated efficiency noc.oc of 90 %. The maximum duty
factor Duax is then calculated as follows according to the minimum voltage of the converter Viviy =500 V,

Vv
Dy =1- min7oc-pe _ 0.64 ©)
DC _LINK
The maximum value of the IGBT current ligeT max is calculated as [12],

I IGBT _MAX — 21 INV _RMS (DMAX +1) =1401A. (7

If the peak ripple current of the IGBT (lrireLe peak) iS assumed to be 5% of ligeT max, then the minimum
value of the coil inductance Lgoost in the DC-DC converter can be determined as [13],

VMIN (VDC_LINK _VMIN )

RIPPLE_ PEAK fsw _ BOOSTVDC_ LINK

L

> 0.4080mH (8)

BOOST = I
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where fsw goost IS the PWM switching frequency of the IGBT in the DC-DC converter and its value is
equal to 5 kHz. Practically, Lgoost is chosen as 0.5 mH for stabilizing the simulation in all control modes.
On the other hand, the power oscillations at the PV array output due to changes in solar irradiance and
weather temperature are reduced by a decoupling capacitor Cpy. This capacitor is usually replaced between
the output of the PV array and the input of the DC-DC converter in a multistage power processing
configuration for smooth energy flow [14]. Cpy is determined as follows [15],

0.5D,,,,V
C,, = MAX Y DC _ LINK _1284F | )

2
4'VRIPPLE_ PEAK fSW _BOOST =BOOST

2.3. DC Link Capacitor Design

The DC link capacitor at the input of the inverter reduces the ripple voltage to provide almost constant DC
voltage at the inverter input. At first, the peak value of the inverter output current is calculated as,

I INV_PEAK — (\/EPPIant )+ (3\/PHAASE_ rRms 7 inv ) =603A (10)

where 77,y is the minimum estimated inverter efficiency and its value is equal to 85 %. Then, the average
of the inverter output current is calculated as,

I INV_AVG 0.91 INV_RMS — 384A . (11)

The peak ripple voltage the DC link is estimated as,

VRIPPLE_PEAK = 0'O5VDC_LINK =35V. (12)

Since the maximum allowable ripple is usually 5% of the rated value. Finally, the DC link capacitance
Coc_Link is found as follows where @ = 314rad /s is the rated angular frequency of the grid [16],

|
Coc umk == >17.461mF . (13)

za)VRIPPLE_ PEAK
2.4. LCL Filter Design

There are usually many types of passive components/power electronic systems that have to be designed
when connecting the PV system to the utility grid. This is due to many factors that affect the performance
and efficiency of the overall system, such as temperature, solar irradiance, the characteristics of the
connected loads, and the effects of other derating factors. These factors can possibly disturb the
performance of the grid-connected PV systems. Of all of these, transformers and filters are generally
designed. The transformers are used for coupling the output of the PV system and the grid especially when
the voltage levels are different. Besides transformers, passive filters are also utilized to eliminate or reduce
the switching harmonics resulted from the power semiconductor switching in power electronic converters
[17]. There are many types of these filters available, such as L, LC and LCL types [18]. These filters are
designed according to the requirements of the grid connection, characteristics of the designed system as
well as the desired characteristics of the output current and voltage magnitudes. In this study, LCL filter
with a passive damping feature has been chosen due to its many advantages [19]. The advantages of LCL
filter over L and LC type filters are using small inductance with reduced voltage drop, reduced capacitor
inrush current, and lower harmonic content. There are four components in an LCL filter. The inverter side
inductor is represented as Liny, the grid side inductor is represented as Larig, the filter capacitor is represented
as Cg, and the damping resistor is represented as Rt for each phase. The filter capacitor with its minimum
value is calculated as [20,21];
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AxP
Cf — . RATED , (14)
Ve X @i
= 0:05x250000 ><225oooo — 2.2488x10~ Farad .
400° x 314
(15)

The value of A is taken as 0.05 [20]. In this equation, Pratep is the power of whole PV array which is 250
KW, Ve is the rms value of line-to-line voltage and @,y is the angular frequency of the grid. @g,4 is
taken as 314 rad/sec and Ve is taken as 400 V. The 3x10*F value has been accepted as capacitor value
of the LCL type of filter for classical Pl current controller, 6x10*F value has been accepted as capacitor
value of the LCL type of filter for SMC, and 6x10*F value has been accepted as capacitor value of the
LCL type of filter for MPC technique. The value of the inverter side inductor is calculated for SMC current
controller as [22];

Lo = VDC_LINK
INV

(16)
6% fourcring X Al max

where, Voc_uink IS the reference DC link voltage which is 700 V, fswitching IS the switching frequency of
the inverter which is 2500 Hz, and Almax is the maximum ripple current of the inverter. The inverter side
inductor is calculated for discrete time MPC with finite switching states current control technigque and for
classical Pl inverter current control technique as [23];

\

I—|NV — DC _LINK . (17)
16 % fsprcring X Al max

AlLmax has been calculated as 10% of the current ripple as [24];
P 2

P V2 250000xV2 _ o, g0 (18)

3xVpp e 3x230

Al =0.1xI  =51.23A (19)

where, Imax is the output current of the inverter, Prated is the real power of the whole PV array which has 250
KW of real power, and Venase is the RMS value of the output phase voltage of the inverter. The inverter side
inductor in the LCL filter for SMC scheme is determined as;

L = VDC_LINK 700

= =9.1x107"H . (20)
6% fourcmine XAl mx  6x2500%51.23

The inverter side inductor in the LCL filter for discrete time MPC with finite switching states current control
technique and classical P inverter current control technique is determined as;

VDC_ LINK 700

L, = = =3.41x10*H . (21)
16x fopromme XAl me 16 2500x51.23

The grid side inductor and the damping resistor are calculated according to the ranges of the resonance
frequency of the system [25]. The interval of the resonance frequency is obtained as [19];
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10x foyy < f <0.5% fyyrcrne - (22)

Re sonance
Therefore, the interval of the resonance frequency of the system is given as;

10x50Hz < f < 0.5x 2500 Hz (23)

Re sonance

where, feria = 50 Hz is the grid frequency, and fresonance is the resonance frequency of the system. The grid
side inductor is then calculated according to the determined suitable resonance frequency as;

L +L_.
fRe sonance = i x - o (24)
27\ Liny * Lgig XC;

For each control scheme, the filter parameters are designed separately. The grid side inductor is determined
using 807 Hz as resonance frequency, 9.1x10*H as inverter side inductor, and 6x10*F as filter capacitor
for SMC inverter current control technique;

1 9.1x10“ H + L

fResonance =5 X ) 4 ) (25)
2 9.1x10™"H x Ly x6x10F

Lyig = 21x10°H . (26)

The grid side inductor is determined using 726 Hz as resonance frequency, 4x10“ H as inverter side
inductor, and 6x10*F as filter capacitor for MPC technique;

grid (27)

x6x107F '

f 1 4x10*H + L
Resonance o7 "\ 4x 10 H x L

grid

L., =1x107H. (28)

grid

The grid side inductor is determined using 1287 Hz as resonance frequency, 3.4x10*H as inverter side
inductor, and 6x10**F as filter capacitor for classical PI inverter current control technique;

1 3.4x10" H + L,
fRe sonance — ~ _ 4 4 ) (29)
27 \|3.4x107"H x L, x3x10"F
Lysg =6x10°H | (30)

The damping resistance is calculated according to the determined resonance frequency as [26];

27
R - <4 31
f xC, 31)

a)Resonance
where, @g.nance 1S the resonance angular frequency. Z represents the damping factor of the filter which

is between 0 and 1. The damping resistance of the LCL is designed as 0.30 Q for the three inverter control
techniques. In work, since three different control schemes are used as inverter current control, in order to
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obtain the optimum performance, LCL filter parameters for each control scheme are designed and listed in
Table 2 [27].

2.5. DC-DC Converter Control

DC-DC converter control regulates the desired input DC voltage for the inverter by boosting the output
voltage of the PV array with MPPT algorithm which is based on incremental conductance with integral
regulator. At first, the voltage V and the current | of the PV array is sampled and an integrator minimizes
the error signal generated by comparing instantaneous conductance (1/V) to the incremental conductance
(AI/ AV). Finally, the output of the integrator generates the required duty cycle D. Then D is compared to
a saw tooth signal with a frequency of fsw_soost in the PWM generator to produce the firing pulses for the
IGBT in the DC-DC converter. By this way, the output of the DC-DC converter is regulated to ensure
maximum power generation from the sun.

Table 2. Optimized LCL filter parameters for each control scheme

LCL Filter Parameters Value and Unit

Pl Controller SMC MPC
Inverter side resistance, R1 0.0005 Q 0.0005 Q 0.0005 Q
Inverter side inductance, L: 340 uH 700 uH 400 uH
Grid side resistance, R 0.0005 Q 0.0005 Q 0.0005 Q
Grid side inductance, L 60 uH 71.5 uH 100 uH
Damping resistance, Rs3 0.079 Q 03Q 03Q
Capacitance, Cs 300 uF 600 uF 600 uF

2.6. NPC Inverter Control

Two time-domain nonlinear control methods, such as SMC and discrete time MPC with finite set model
are applied for the current control of the NPC inverter. Later on, these control approaches are compared
with classical PI current control scheme based on decoupling function. SMC and MPC control schemes are
respectively based on dg and alfa-beta coordinate transformation. In principle, the NPC inverter control
scheme calculates the current and voltage reference signals and governs the switching signals of the
semiconductor switches for the control of active and reactive power flow through the NPC inverter. With
this respect, active and reactive power can be controlled to regulate the DC link voltage of the NPC inverter
and for unity power factor operation, respectively. In all controller designs, the controller parameters are
optimized by trial-and-error approach. The block diagram model of the control schemes is depicted in
Figure 3. In either control scheme, a Pl controller as the outer control loop is addressed to regulate the DC
link voltage of the NPC inverter at the reference value of 700 V. The output of this controller is the d-axis
reference current Iq ref, to be sent to the inner control loops in each control mode for the calculation of the
reference voltage for the NPC inverter. Once the reference voltage for the NPC inverter is obtained, the
gate signals for the IGBT switches are generated based on PWM method. A 2500 Hz triangular carrier
waveform is used in the PWM method used for SMC and PI current control schemes. The synchronization
of the overall PV system with the grid is established with a PLL that estimates the phase angle of phase-a
in the grid, wt. Besides, PLL measurement, all voltage and current measurements are taken at the point of
common coupling (PCC) of the system, which is the low voltage side of the coupling transformer. In each
control scheme, Iy (et = O condition is settled for unity power factor operation of the overall PV system. As
seen in Figure 3, the DC voltage controller is the outer control loop which is used to obtain the desired and
constant DC link voltage for proper inverter operation. This condition is necessary since NPC inverter used
in this study is a voltage source inverter type that needs constant DC voltage to operate. Besides DC voltage
controller, the PI control technique is also implemented to regulate the d- and g-axis inverter currents as
shown in Figure 3. In PI current control scheme, when calculating the gains, Lsiwer = L1 + L2 is used as the
per unit inductance of the LCL filter. The PI controller parameters are designed to give satisfactory transient
and steady-state performance [28,29]. The required power values for the grid are supplied by the PV arrays
but sometimes the injected power does not match with the required one due to the natural conditions, such
as, solar irradiation, ambient temperature, and other derating factors. Under these conditions, the voltage
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control loop manages the DC link voltage and modifies the active and reactive current or active and reactive
power according to the requirements of the grid and loads [30]. According to this control system, the
reference active current is obtained by passing the difference between the actual and the reference DC link
voltage through PI controller. Then the output of the PI controller is taken as the reference active current.
The reactive current reference is set to zero for satisfying unity power factor operation. The details of the
DC voltage controller model is shown in Figure 4.
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Figure 4. DC voltage controller used in different control schemes (PI control, SMC, MPC)
2.6.1. SMC Scheme

Sliding mode control (SMC) is a nonlinear, deterministic and variable structure_method that depends on
state-dependent switching feedback control which purposely alters the system structure. A set-valued
control signal forces the system to slide along a cross-section of the system's normal response to change
the dynamics of the system. SMC is attractive due to quick convergence and robustness properties. In this
work, SMC is applied for the current control of the NPC inverter, while the DC voltage controller is the
same as in PI current control. The SMC design requires the mathematical model of the NPC inverter. After
Park’s transformation, the dg components of inverter output current (lin ¢ and liny g) in terms of dq
components of inverter output voltage (Vi ¢and Vin o) and those of Cs in LCL filter (Vcap_aand Veap o) are
found as,

. o
L| ™= —|, == 15w, L (32)

inv_q inv_q cap_q inv_d


https://en.wikipedia.org/wiki/Variable_structure_control
https://en.wikipedia.org/wiki/Dynamic_system
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0, ] [V Y ~1
Ll .2 =] =] *|-15wL,| ¢ (33)
2
_Iq Vcap_q Vq Id
vV 1, | ~V
C ‘cap_d _ inv_d _ d —1.5WC3 cap_q . (34)
_Icap_q Iinv_q Iq Vcap_d

In SMC design, sliding surfaces S1, S, in terms of errors e and their derivatives are selected to control active
and reactive current of the inverter. The surface equations are linear and given as,

N

w

S, =me +m,e +€ (35)
S,=me, +m,e, +€, (36)

where my, m; are positive constants, e1 = lq ref — lgand ez = Ig rer — lq. Selected surfaces should contain
different values in the range between the reference and actual current values. These differences are the
errors for determining the convergence condition of the controller. When S; = S, = 0, the global stability of
SMC is satisfied. The convergence condition is SS<0 and the derivatives of the sliding surfaces are
determined as,

S, =-YS, — Zsign(s, ) (37)

S, =-YS, — Zsign(S,) (38)

where Y and Z are positive constants. The final step in SMC design is to evaluate the derivatives of the
errors to find the relationships between the dg components of currents and dq components of reference
voltage for the inverter. The first, second, and third derivatives of errors are expressed as,

. : Vca 3
e1=—|q={+—d+§a)lq} (39)
2
V . l.
él = —|:—Cap_d +§a)|q:| = Id|: L +gw2j|_3_a)vcap q + 3w Vq _vd (40)
L, 2 C,L, 4 L, -9 2L, ' LG,
. . V Vv
el _ |d|: 1 +ga)2:|_3_a)vcap .- d _control " cap_d 3w Iinv . (41)
C,L, 4 L, “-¢ LLC, LLC, 2C.L, ™-
. V V
é2 = —Iq = —|:—C|a_p_q _ga)ld _L_q:| (42)
2 2
V ) l.
g, =—[M+§a)ld}: |q{ L Jrga)z}r3—“’vcap g ==t (43)
L, 2 C,L, 4 L, -4 LC,
. . Vv Vv
g = Iq{ L +ga)2}+3—wvcap . P 3w liw o - (44)
C,L, 4 L, - LLC, LLC, 2C.L, ™
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Using the equations for € and €, the general control voltages in the dq coordinates are obtained as
follows,

I Vcap_d 3 1 9 2 3w, ; Vd_control Vcap_d
L 2% el e L e T LLe, TLLe,
Vd_control = 3 2 3 ? L L L1L2C3 (45)
—a) I inv_q S‘1
| 2C,L, ™-
v Y : Vv ]
cap_q _§a)|d _ 9 1 +ga)2 +3_a)vcap 4§ - q _ control +
L, 2 L, |C,L, 4 L, *-° LL.C,
Vq control — L1L2C3. (46)
- Vcap_d 3w :
+ Iinv d _SZ
LLC, 2C,L, ™- |

After obtaining the reference power values by using the respective controller, the injected active power into
the grid can be written as follows in dg0 coordinate system [31,32];

3
= —X

5 b/grid_d X Igrid_d +Vgrid_q x Igrid_q] (47)

P

where, Vyia ¢ and , Vgria g are d- and g-axis of the grid voltage, respectively , lgid ¢ and, lgrig ¢ are d- and g-
axis of the reference grid current, respectively. The reference values of active and reactive power injections
into the grid are obtained as follows [33];

3

I:)REF =§Xb/grid_d_ref X Igrid_d_ref +Vgrid_q_ref x Igrid_q_ref] (48)
MY | v | ]

QREF _EX grid_q_ref ¥ Vgrid_d_ret ~ Vgrid_d_ref < Vgrid_q_ref (49)

where, , Vgid_d_ref @and , Virid g rer Values are d- and g-axis of reference voltage, respectively, lgrid d ref and,
lgrid_q_rer are d- and g-axis of reference grid current, respectively. Since the reactive power injection is not
desired, the g-axis reference current is set to zero to ensure unity power factor operation. Thus, the reference
active power equation is simplified as follows;

3
Preer = E X B/grid_d_ref x| grid_d_ref ] (50)
From Equation (50), the reference of d-axis grid current is written as follows;
2
| . = x P . (51)
grid _d _ ref REF
3 ><Vgrid —d_ref

2.6.2. MPC Scheme

Model predictive control (MPC) is a model-based control policy based on dynamic model of the system
and the update of the optimal control actions. MPC predicts the system performance and choose the best
control act depending upon the current system states. In MPC, a finite time-horizon is optimized while
preserving future time slots, thereby system limitations can be taken into account. In this work, discrete



1444 Ercan MACIT, Ahmet Mete VURAL / GU J Sci, 35(4): 1433-1452 (2022)

time MPC with finite switching states for the NPC inverter is adopted to predict the voltage and current
magnitudes and cope with the coupled control problem of inverter current control scheme. DC voltage
controller is the same as in PI current control. In NPC inverter topology, there are two series connected
capacitors (Cpc_uink) at the DC side as shown in Figure 1. There are 27 switching states in three-phase NPC
inverter to produce three voltage levels (+Voc Link, 0) at the output. So, the inverter output voltage is
determined according to these switching states. The relationship between the inverter output voltage Viny
per phase, determined by the switching state S and DC link voltage Voc_Link iS expressed as,

Viny =VDC_LINKS . (52)

Figure 5 shows the model of three-phase three-level NPC inverter used in this study. Two DC link
capacitors which are connected in series such as Cp. ;and C. ,divide the DC-link voltage into three

DC voltage leves such as +V_dc/2, 0 and -V_dc/2 [34]. The point N is called as “neutral point” that occurs
in the middle of the DC link line. There are four controllable switches in each leg of the three-phase three-
level NPC inverter. There are finite numbers of switch states in this inverter type and these switch states
are listed in Table 3 for each phase, respectively. The NPC inverter has 27 switch states since there are
three legs and three phases in the power circuit. Although there are 27 switch states, 8 switch states of them
are same. Therefore, 19 of these switch states are different from each other and used in discrete time MPC
scheme with finite switching states current control mechanism [35]. After determining the finite number of
switching states, the inverter output voltage values are represented by multiplication of DC link voltage
that is represented with VDC with one switching condition of the switching states for calculating the
predicted inverter side current values [36]. The inverter output voltages are written in general form as
follows;

Vi =VocS, x=ab,candy=A B,C. (53)

The inverter output voltages are written for each phase as follows;

Vafinv :VDCSA ’ (54)
Vb_inv =VDCSB ) (55)
Vc_inv :VDCSC . (56)

After Clarke transformation, the dynamic equations of the inverter connected to LCL filter is obtained as,

dla inv
Vo = L= Rl oy =1+ Ve (57)
di, .
p_inv
Vﬂ_inv = Ll dt + Rl('ﬁ_inv - Iﬁ)+chp_ﬁ (58)

where subscript a,  denote alfa and beta components, liny and | is the inverter output current and grid side
current at the PCC, respectively. The predicted values of inverter side currents according to the varying
inverter output voltage are obtained as,

Ia_predicted (k "‘1) = Ia_inv (k)"‘ (T_SJB/a_inv (k)_Vcap_a (k)_ Rl_a(l a_inv (k)_ Ia_grid (k))] (59)
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Iﬂ_predicted (k +1) = Iﬂ_inv (k)+ (TESJB/ﬂ_inv (k)_vcap_ﬂ(k)_ Rl_ﬂ(l B_inv (k)_ Iﬂ_grid (k))] (60)

where Ts is the sampling period. The prediction is handled by forward Euler approximation. Finally, the
best switching states are obtained by minimizing a cost function g based on the error between the reference
and predicted output current of the inverter. Hence the best switching state selection is obtained when g is
equalto 0

g= ‘Ia_ref _inv (k)_ Ia_ predicted (k +11 + ‘ I £_ref _inv (k)_ I/i_ predicted (k +1)‘ . (61)

In MPC scheme, like in other control approaches, the reference reactive power is adjusted to zero in order
to satisfy unity power factor condition for the grid-connected PV system. The reference active power is
obtained from the output of the voltage controller unit. These generated reference current and power values
are obtained in dgO coordinate system, so their values are used by converting them into the stationary
reference coordinate system (aff0 coordinates) for discrete time MPC with finite switching states current
control technique.

3. THE RESEARCH FINDINGS AND DISCUSSION

The simulation results of the 250-kW grid-connected PV array which is shown in Figure 1 are presented in
this section. At first, the starting dynamics of the controllers as shown in Figure 6 are investigated for fixed
weather condition. The irradiance and temperature are set to 1000 W/m? and 25 °C, respectively. It is seen
that after a transient at the output power in all cases, the controller settles the output power at steady-state

of 250 kW. During starting, PI controller gives the minimum undershoot, while SMC and MPC produce
stronger undershoot for the output power. However, the overshoots are practically same for all controllers.
It is seen that after a transient at the output power in all cases, the stabilization in the variables is observed
earlier in the systems controlled by SMC and MPC techniques. It means that the settling time of SMC and
MPC techniques is very smaller than the settling time of the PI control technique. Figure 7 shows the PCC
current waveform of phase-a during starting when different controllers are activated for fixed weather
condition. It is observed that the SMC scheme causes the current waveform to have some noise but this
noise is very little. Apart from this point, the current waveforms obtained in each control scheme are
practically similar along the simulation time.

Table 3. The switching states for three-phase three-level NPC inverter

Phase A switching states Phase B switching states Phase C switching states

SaA | Sa1 | Sa2 | Saz | Sas | Se Se1 | Se2 | Ses | Sea | Sc Sci | Sc2 | Sca | Sca
1 1 1 0 0 1 1 1 0 0 1 1 1 0 0

0 0 1 1 0 0 0 1 1 1 0 0 1 1 0
-1 0 0 1 1 -1 0 0 1 1 -1 0 0 1 1
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Figure 5. Matlab Simulink model of three-phase three-level NPC inverter

Figure 8 shows the dynamic performance of the DC voltage controller during starting for different controller
activations for the NPC inverter. As observed, the DC voltage of the inverter reaches to the reference of
Voc_uink = 0 for all control modes and all the controllers in the system gives satisfactory stable response.
Although the overshoot observed in case of SMC scheme is sharper, the SMC and MPC scheme settle the
DC link voltage faster than Pl scheme. As a next case study, the performance of each controller is examined
and compared with each other against changing irradiance and temperature conditions, as shown in Figure
9. Figure 10 and 11 respectively shows the simulated power generation of the PV system and PCC current
waveform of phase-a for different control modes under changing weather conditions. Although, almost all
controllers produce similar performance when irradiance changes, Pl control and MPC schemes have
slightly better steady-state performance for the temperature change when compared to SMC scheme. It is
observed that the SMC scheme causes the current waveform to have some noise but this noise is very little.
Since the power generation of the PV system strongly depends on irradiance of the sun, at around t=1.2 s,
the power generation and hence the PCC current temporarily reduces to minimum for a sharp reduction in
irradiance. Regulating the DC link voltage is essential for the proper operation of the inverter in the PV
system, particularly when weather conditions alter. The performance of the DC voltage controller is
depicted in Figure 12 for each control mode proposed for the inverter current control. It is clearly seen that
the DC voltage controller operates stable and robust against changing weather conditions in each control
scheme. The DC link voltage of the NPC inverter when different controllers are activated under changing
weather conditions is depicted in Figure 13 for each control mode and it is clearly seen that the DC link
voltage of the NPC inverter operates stable and robust against changing weather conditions in each control
scheme. The total harmonic distortion (THD) obtained under each control system is measured and given in
Table 4. The minimum THD is observed when the system is controlled by MPC technique. The maximum
THD is observed when the system is controlled by classical PI control technique. According to the THD
comparison, the best result is obtained when the system is controlled by MPC technique.

Table 4. THD values of each control techniques under grid connected condition

Control Technique Fundamental (50 Hz) THD

MPC 5.948 % 0.30 %
SMC 5.952 % 2.44 %
P1 Control 5.976 % 2.72%

4. CONCLUSION

Grid-connected PV based renewable energy systems are key elements for today’s and future smart grids to
provide clean energy to everyone. In this study, 1 MW rated PV system connected to medium voltage
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distribution power system is planned and designed in Matlab Simulink. This system consists of four
identical 250 kW PV arrays, connected in parallel to the grid via transformers and filtering. To verify the
design, out of four identical PV arrays, the design procedure of only one of them is mentioned and simulated
for the sake of simplicity. The simulation model consists of one PV array, DC-DC converter to raise the
output voltage of the PV array, DC link, NPC inverter, LCL filter, and coupling transformer. The MPPT
algorithm based on incremental conductance with integral regulator is applied to the DC-DC converter
control loop to increase the captured power from the sun. Three different control schemes, namely, Pl
control, SMC, and MPC for the inverter current control function, based on coordinate transformations, are
proposed and compared under fixed and changing weather conditions. In order to optimize the grid-
connected operation, LCL filter parameters for each control mode are separately designed to efficiently
couple the inverter to the grid. It is observed both linear and nonlinear current control schemes of the
inverter operate stable and almost give similar performances in particular for the steady-state conditions.
However, the dynamic performances of the controllers are different, especially during system starting.

MPC_POWER

-200
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200

100
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] 0.05 0.10 0.15 020 025 0.30 035 0.40 0.45 0.50

Figure 6. Starting dynamics of each controller at fixed weather condition
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Figure 7. PCC current waveform of phase-a when different controllers are activated for fixed weather
condition
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Figure 8. PCC current waveform of phase-a when different controllers are activated for fixed weather
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Figure 9. The DC link voltage dynamic responses from the PV system under changing weather conditions
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Figure 11. The power output of the PV system under changing weather conditions
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Figure 12. PCC current waveform of phase-a under changing weather conditions
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Figure 13. The DC link voltage of the NPC inverter when different controllers are activated under

changing weather conditions
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