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ABSTRACT This paper proposes a computationally efficient modulated model predictive current control
method for a three-phase neutral-point clamped (NPC) central inverter in the photovoltaic energy system.
The proposed control method produces optimal triangular region consisting of optimal voltage vectors
through an optimization function analysis. The optimal voltage vectors along with their duty cycles are
used in the modulation stage to accomplish constant switching frequency operation, low steady-state
errors and fast transient response. The control method accomplishes the system requirements such as the
maximum power point tracking, balancing of the DC-link capacitor voltages, grid reactive power control,
and grid synchronization. The proposed method is evaluated with a MATLAB/Simulink simulation on an
817 kW system under steady-state and varying solar irradiance conditions. The experimental validation is
accomplished with a dSPACE MicroLabBox for a 5 kW system to validate the simulation results.

INDEX TERMS Current control, DC/AC power conversion, digital control, multilevel inverter, photovoltaic

systems, predictive control, renewable energy sources.

I. INTRODUCTION

The prominence of photovoltaic energy systems (PVES)
in the current power electrical grid has recently been
accelerated due to the rapid reduction of cost of PV
modules and increased government subsidies favoring PV
development [1]. This increase in PV demand means that the
usage of photovoltaic energy systems needs to be improved
and more efficient for the maximum utilization of the PV
infrastructure [2]. Among the possible configurations of
PVES, the usage of a central inverter topology is favored
for utility-scale PVES due to the ease of implementation
from the single-stage DC/AC power inverter conversion
stage. Another way to improve the efficiency and reduce
the cost of the system is to use a multilevel inverter,
such as the three-level neutral point clamped (3L-NPC)
inverter. The multilevel inverter provides benefits such as the
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multilevel waveform, lower requirements for the harmonic
filter, and lower electromagnetic interference [1]. The central
NPC inverter performs maximum power point tracking
(MPPT) for active power control, in addition to grid reactive
power control, grid synchronization and neutral-point voltage
control.

Current control techniques used in PV industry focus on
the voltage-oriented control (VOC) utilizing proportional-
integral (PI) controllers and space vector modulation (SVM)
in inner control loop. This control method provides low
steady-state errors while producing a constant switching
frequency that can be easily filtered with a grid harmonic
filter [3]. The drawback to the VOC control is that the low
switching frequency operation leads to sluggish transient
response, making them less than ideal for high-power PVES
with varying environmental conditions. Another well studied
control method for the central inverter PVES is the finite
control-set model predictive control (MPC) method. The
MPC method solved the problems posed by the VOC method,
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such as having a fast transient response, in addition to
allowing for a multi-variable control, easy inclusion of system
nonlinearities and robustness against the system parameter
variations [4], [5], [6]. The classical MPC for a 3L-NPC
inverter in PVES has been studied in [7]. A drawback
to the MPC method is the lack of a modulation stage,
causing a variable switching frequency that can be difficult
to filter, causing high steady-state errors [§]. By including
a modulation stage to the MPC method, a different control
method called modulated model predictive current control
(M2PCC) can be achieved and can combine the benefits of
both VOC and MPC methods while mitigating the associated
negatives [9]. Including the modulation stage to the predictive
model allows for the M*PCC method to achieve a constant
switching frequency, preserving the benefits from the VOC
control; the predictive model allows for a better transient
analysis, preserving the benefit of the MPC method. The
M2PCC method uses an optimal triangular region and
produces a symmetrical switching sequence based on the
voltage vectors and corresponding duty cycles, causing a
constant switching frequency operation [9]. The M?PCC
method has been studied for an NPC inverter in [10], [11],
and [12]. A major drawback to the M2PCC is the high
computational burden, requiring a total of 972 calculations
for 36 possible triangular regions and 27 possible voltage
vectors, making commercial viability limited with the NPC
inverter in PVES.

Methods to reduce the computational burden have received
recent attention in the literature with the primary concept
being to reduce the number of voltage vectors needing to
be calculated [11]. The primary approach to reducing the
voltage vector selection is to limit the search to different
shaped regions in the space vector diagram such as the
vector shifting method discussed in [13] that define the
optimal hexagonal region for the NPC inverter. The optimal
hexagonal region method identifies the approximate area
of the optimal vector within the space vector diagram and
centers the calculations around that point. Another method
is to study the optimal sector of the space vector diagram
and limit the search to that area, as done in [14]. Work done
in [15] highlight the usage of optimal hexagonal regions and
optimal sector in NPC converter for a wind power system
with MPC. Another method is the voltage window method
shown in [16] for PVES where the previous voltage vector
is stored, and the next voltage vector search only allows
a single variable change. With the recent attention to the
M2PCC method, there have been some works on reducing
the computational burden of M>PCC method. Works in [17]
and [18] have accomplished this task for current source
rectifier and two-level voltage source inverter, respectively.
Currently, there are no works done in applying M?>PCC
method for an NPC inverter in a PVES, where the system
performance changes rapidly due to the varying temperature
and irradiance. Also, there are no works in reducing the
computational burden for M?PCC method for a 3L-NPC
inverter.
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The current gap in the literature motivated us to pursue
this work. The unique contribution of this paper is the
computationally efficient M?PCC method for PVES. This
paper proposes a way to reduce the computational burden
using an optimal sector approach to reduce the number of
triangular regions explored in the M>PCC method. The
proposed method is simple and reduces the computational
burden from 972 calculations (36 triangular regions times
27 voltage vectors) by 95% to 48 calculations (6 triangular
regions times 8 voltage vectors) without reducing the system
performance or sacrificing any of the control objectives.
This improves on the existing M?PCC methods for an NPC
inverter in [10], [11], and [12] by reducing the computational
burden and increasing the commercial viability of M?PCC
in utility-scale PVES, while maintaining the benefits of
VOC and MPC methods. The proposed control method
is verified through MATLAB simulations during transient
and steady-state conditions using an 817 kW PV system.
A fast Fourier transform (FFT) analysis preformed for
better comparisons between the proposed M>PCC, classical
M2PCC, and classical predictive current control (PCC)
methods.

The proposed method with simulation results was pre-
viously analyzed by authors in [19]. However, this paper
expands on the previous paper by incorporating the grid
voltage THD into the MATLAB simulations to emulate real-
world grid. Moreover, experimental validation is accom-
plished with a dSPACE MicroLabBox on a scale-down 5 kW
PV system to validate the simulation results and proposed
control method. Moreover, additional models are provided for
the prediction of control variables at (k +2) instant to account
for real time delays.

The major contributions of this work are summarized as
follows:

« A computationally efficient M?PCC method is proposed

for the PVES.

o The proposed method reduces the computational burden
by roughly 95%, increasing the commercial viability of
the M?PCC method.

« The proposed control scheme is validated through sim-
ulation and experimental results under the steady-state
and transient conditions.

Il. PROPOSED M2PCC METHOD

The block diagram of proposed computationally efficient
M?PCC method for the 3L-NPC inverter based PVES
is shown in Fig. 1. To compensate for real time delays
a prediction plus prediction algorithm is used to predict
behavior of system at the (k + 2) instant [20].

A. MEASUREMENTS

For proper implementation of the M>PCC algorithm, mea-
surements of the PV array voltage and current (vge, ipy),
the DC-link capacitor voltages (v.,, V,), the grid currents
(iag> ibg> icg) and the grid voltages (vgg, Vpg, Veg) are
required. Calculations are accomplished in the stationary
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FIGURE 1. Block diagram of the proposed computationally efficient M2PCC method for a 3L-NPC inverter in PVES.

(ap)-frame to simplify the system controls. A phase-locked
loop (PLL) calculates the grid voltage angle (6,) for the
conversions between («f)-frame and (abc)-frame and vice
versa [21]. In the case of an unbalanced situation on
the grid side, modifications can be made to the reference
currents generation and PLL to compensate for the new
disturbances [22], [23]. The inner current control loop
which is presented in this paper still works well during the
unbalanced grid conditions.

B. MPPT CONTROL
A perturb & observe (P&O) MPPT algorithm is applied with
the PV array voltage and current (v4. and i,,) to produce
the reference DC voltage (v};.) at the maximum power point
(MPP) [24]. The difference between the calculated reference
DC voltage and measured DC-link voltage is sent to a
PI controller to produce the reference d-axis grid current
izg. The reactive power control loop provides a reference
g-axis grid current i:;g. The reference dg-axis grid currents
are transformed to «f-axis with the help of grid voltage
angle 6,. The reference grid currents are extrapolated for the
(k+2) sampling instant with the help of a first order Lagrange
extrapolation [20]:

Toolk+2) = 30%5,(0) — 205,k — 1), 1
Tk +2) = 3%, (k) — 2%,k — 1). M

C. NEAREST SECTOR CALCULATION

Classical M2PCC method for an NPC inverter in [10],
[11], and [12] requires a total of 972 calculations for
36 possible triangular regions and 27 possible voltage
vectors. The proposed optimized M>PCC method evaluates
8 voltage vectors (excluding two redundant zero vectors) and
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6 triangular regions in the optimal sector defined from 6,
and reduces the total number of calculations to 48 (8 voltage
vectors times 6 triangular regions). These reduced number
of calculations translate to drop in computational burden by
roughly 95% (1)—%). The angle of reference voltage vector,
Oop is determined as shown below:

Vzi(k) _ l ’l\:;g(k +1 . iag(k) Votg(k)i”
[V,’%i(")} T [[;}g(k + 1)i| ® [iﬂg(k)} T [Vﬂg(k)

(2)
with,
"l‘Tx
_nily 1—e L
P=¢ L, T=——- 3)
T
and,
vi (k)
0,y = tan~ [ L) 4
op an (V;l(k)) ( )

There exists 6 sectors in the 3L-NPC inverter space vector
diagram as highlighted in Fig. 2. 6,, changes for 60° to
choose next optimal sector (R,) starting at sector I for
0° < fpp < 60°.

D. PREDICTIVE MODEL

The grid voltages (vog and vgg) and currents (iy and igg) are
used to predict the grid currents as shown below:

zﬁg(kﬂ) _o| @ ® ], ¢ ik ][] ]
itk +1) ipg(k) Vi(k) vge(k)
)
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FIGURE 2. Space Vector Diagram of the 3L NPC inverter.

The model in (5) is then implemented again to further
extend the predictions to the (k + 2) instant as:

|:i§g(k + 2)} [i{;g(k + 1)] i [w;l.(k)} |:vag(k):“
, =0 +T — )
it (k +2) ik +1) Vi) | | vpg(h)

(6)

The output voltages of NPC inverter in (5) and (6) are
predicted by using a-frame switching signals and measured
DC-link capacitor voltages as demonstrated below:

Vo (k) So1(k) Sa2(k)
i _ al a2
[w.(k)} =Ya® [s l(kJ e [s z(kJ @
Bi B B
where, sq1, S¢2, sg1 and sgo are the af-frame switching
signals of the NPC inverter.
Future behavior of the DC-link capacitor voltages in the
(k + 1) instant can be calculated as follows [25]:
V2 +1) = v, (k) + — lCl(k)
(3)

otk +1) = v, (k) + lcz(k)

where, C and C; are the DC-link capacitors.
The model in (8) is further calculated for the (k + 2) instant
as:

v (k+2) = (k+1)+ l(k)
©))

Wk +2) = (k+1) + 2(k)

The DC-link capacitor currents i, and i., in (8) and (9) can
be calculated as [26]:

iCl = Dql iag + Kp ibg + K1 icg] (10)

icz = Rqa2 iag + Kp2 ibg + K2 icg
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where, the coefficients K, and K, are defined based on
switching vectors as,

Ky1 = sgn(1 — Sx) - sgn(Sx)

K> = sgn(0 — Sx) ]’“ €la,bcy (D

where, Sx corresponds to the switching vectors of three
phases. sgn(x) is the signum function that can be defined as
demonstrated below:

—1 if x <0,
sen(x)=1 0 if x=0, (12)
+1 if x> 0.

E. INTERMEDIATE COST FUNCTION CALCULATION

The control objective of regulation of a-frame grid currents
and neutral-point voltage control is defined by a (k + 2) cost
function as shown below:

2
8(K) = [Tk +2) = 0k +2)]

2
+ [Ttk +2) =tk +2)] (13)
+ e [k +2) =2k + )

In (13), A\ge = IBg / v;‘}c is the weighting factor for
neutral-point voltage control, where [, is the base rms grid
current.

The cost function values calculated in (13) are stored for
the duty cycle calculations as opposed to classical PCC,
where they are used to produce gating signals.

F. DUTY CYCLES CALCULATION
The duty cycles for three stationary voltage vectors are
computed by trigonometric properties as follows:

d. — 8y 8z
X — )
8x 8y +8x8:1+8y8&
8x &
dy = — , (14)
8x 8y +8x8: 1+ 8y8&
d. — 8x 8y
=

g8 +8x 8 t8 8

The duty cycles in (14) yield that dy +dy +d, = 1.

Using T, as the period of the switching sequence’s
carrier waveform, the time durations for voltage vectors are
calculated as,

T,=d, T, Ty=4d,T., T, =4, T, (15)
where,

T.=T+ T, +T.. (16)

G. OPTIMIZATION FUNCTION

A new optimization function is defined in terms of the duty
cycles to calculate the average grid current error for each of
the six triangular regions of an NPC inverter:

J(k) = dy g« +dygy+dzgz' (17)
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FIGURE 3. Simulated steady-state analysis of: (a) proposed M2PCC, (b) classical M2PCC, and (c) classical PCC methods at STC. (i) «3-frame grid
currents in A, (ii) measured DC-link capacitor voltages in V, (iii) 3L-NPC inverter line-to-line voltage in V.

The voltage vectors that minimize the optimization
function in (17) are then used to implement a symmetrical
switching sequence for the time durations established by Ty,
Ty, T,. This switching sequence follows the optimal vectors
and completes the sequence for every interval of 7.

Ill. SIMULATION RESULTS AND ANALYSIS

A. SIMULATION SETUP

The proposed M>PCC method is verified under steady-state
and transient operating conditions with MATLAB/Simulink
software. For this case, the Sunmodule plus SW 300 mono
PV modules are implemented into the MATLAB/Simulink
model. Details on the system parameters can be seen in
Appendix— Table 2 [27]. To compensate for grid distortions in
real-time, a grid voltage percentage total harmonic distortion
(%THD ) of 3.8% is measured from the experimental setup
and inserted into the MATLAB/Simulink model.

B. STEADY-STATE ANALYSIS

The steady-state analysis of the PVES can be seen in Fig. 3,
this analysis is accomplished under standard test conditions
(STC), meaning solar irradiance G, = 1 kW/m? and ambient
temperature 7,, = 25° C, while assuming the grid reactive
power Q; as zero for unity power factor operation. Three
separate control methods are accomplished and compared
in Fig. 3: the proposed M>PCC, the classical M?>PCC, and
classical PCC. The sampling times for the M*PCC methods
are set to 7y = 200 ps, and the sampling time for the
PCC method is set to Ty = 100 us. The difference in
sampling times ensures that the average inverter switching
frequencies are approximately equal, allowing for a more rea-
sonable comparison of control methods. Fig. 3(i) shows the
af-frame grid currents and the corresponding reference
currents. The M?PCC methods exhibit better reference
tracking and lower THD for grid currents than the classical
PCC method. Fig. 3(ii) shows the balanced DC-link capacitor
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voltages for the proper functionality of the NPC inverter.
Fig. 3(iii) is the NPC inverter line-to-line voltage containing
five voltage levels.

C. HARMONIC ANALYSIS

Fig. 4 shows the FFT analysis of the proposed M?PCC
method, the classical M?PCC method, and a classical PCC
method at STC. The average inverter switching frequency
(fsw.inv) 1s held constant at 2500 Hz for the two M2PCC
methods. The switching frequency is variable with the
classical PCC method with an average value of 2641 Hz.
The concentrated harmonics seen in Fig. 4(a) and Fig. 4(b)
are generated from the constant switching frequency and
are easier to filter than the variable switching frequency
harmonics from the classical PCC in Fig. 4(c).

Table 1 provides further details regarding the fg, iny, the
percentage tracking error of the grid currents (%e;q), the
percentage THD (%THD;y), and the percentage neutral-point
voltage balancing error (%e,4.). The M2PCC methods
produce lower %THD;, and %e;; than the classical PCC
method due to constant switching frequency operation. Also
included in Table 1 is a set of results generated from a
traditional VOC simulated model. The VOC results show
the improved steady-state results that are expected when
compared to the PCC. The proposed method produces similar
steady-state response as classical M>PCC method despite the
significant reduction in computational burden.

D. TRANSIENT ANALYSIS

To analyze performance under variable solar irradiance, G,
a transient analysis is shown in Fig. 5 is accomplished. For
this analysis, the ambient temperature 7}, is constant at 25°C
and the grid reactive power Q; at zero for unity power factor.
The initial solar irradiance G, is 0.5 kW/m? and maintained
there from t = 0stot =05 s. From ¢t = 0.5 s to 2.0 s,
G, is slowly ramped up to 1.0 kW/m? following a curved
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FIGURE 4. Simulated FFT analysis of: (a) proposed M2PCC method, (b) classical M2PCC method, and (c) classical PCC method at STC.

TABLE 1. Steady-state analysis of the PVES with proposed M2PCC, classical M2PCC, classical PCC, and classical VOC methods.

Proposed Classical Classical Traditional Proposed Classical Classical
M2PCC M2PCC PCC voc M2pCC M2pCC PCC
(Simulated) (Simulated) (Simulated) (Simulated) (Experimental) (Experimental) (Experimental)
Iterations 48 972 27 - 48 - 27
Ssw,inv 2500 2500 2641 2500 2500 - 2497
Yoeig 4.37 4.37 5.12 4.47 5.71 - 6.13
%THD;q 3.15 3.15 4.83 4.56 5.42 - 5.92

Yoevac 0.34 0.34 0.27 0.3 0.64 - 0.26
125
100 |-
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(W) :"?"; ~ FIGURE 6. Experimental setup of proposed PVES with: (A) PV emulator,
150 : : (By.B,) DC-link capacitors, (C) 3L-NPC inverter, (D) grid harmonic filter,
oo 1.0 20 3.0 40 (E) Variac transformer, (F) isolation transformer, (G) 3-phase grid,

(d) PV array output power in kW (H) computer running ControlDesk, (I) dSPACE MicroLabBox, (J) interface
10 ; ; board, (K) voltage and current sensors, (L;,L,) gate drivers,
860 (M) oscilloscopes.
(V) 850 |-oeeoeen ;
40 |- soemmebonen o :
830 : : :
LY} Lo 20 EX1) 4.0 . . . . .

(e) Measured DC voltage and reference DC voltage in V gnd active power (Pg) shown in Flg- S(C) and gnd currents
shown in Fig. 5(f) varies with respect to the irradiance G,
pattern. The DC capacitor voltages are balanced with less
than +1% error during entire transient period while staying

0.0 L0 20 30 40
Time (s)
(f) Phase-c and dg-axis grid currents in A

FIGURE 5. Simulated transient analysis of proposed M2PCC method with
programmed change in solar irradiance.

trajectory. From ¢t = 2.0 s to 3.5 s, G, is programmed to ramp
down to 0.5 kW/m?; this waveform is shown in Fig. 5(a).
The magnitude of PV array power (p,,) shown in Fig. 5(d),
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close to the reference DC voltage (v};.) seen in Fig. 5(b) and
Fig. 5(e), respectively. The transient analysis presented here
validates superior performance of proposed M2PCC method
during rapidly varying environmental conditions.

The analysis of both the steady-state and transient con-
ditions for the proposed M?PCC method shows comparable
results with the classical M2PCC method (with a reduction in
computational burden) and superiority when compared to the
classical PCC method.
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FIGURE 7. Experimental results of PVES with: (a) proposed M2PCC and (b) classical PCC. (i) Ch. 1, 2, 3: grid currents
(iag, ipgs and icg) in A (10A/div) and (ii) Ch. 1, 2: capacitor voltages (VeqrVep)inV (20v/div), and Ch. 3: NPC inverter

line-to-line voltage (v4p) in V (500V/div).

IV. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP

To verify the proposed control method, a scale-down experi-
mental setup has been developed using same per-unit values
as in simulation studies for a more accurate comparison (see
Appendix-Table 2). The experimental setup can be seen in in
Fig. 6.A Magna-Power PV emulator running a photovoltaic
power profile emulator program is used for a 5 kW PVES.
The PV emulator is connected to DC-link capacitors and NPC
inverter followed by a grid harmonic filter. The output is then
connected to a Variac to establish a grid line-to-line voltage
of 208 V, and lastly to an isolation transformer before grid
injection. A dSPACE MicroLabBox is used to produce the
real-time signals from a MATLAB/Simulink model to control
the NPC inverter. The dSPACE MicroLabBox receives the
measurements of currents and voltages and inserts them into
the PCC and M?PCC control methods and then sends the
signals to an interface board to produce gating signals for the
gate drivers.

B. STEADY-STATE ANALYSIS

The PV emulator is maintained under STC and a P&O
MPPT algorithm is used to establish the maximum power
capture. Experimental validation is not accomplished for
the classical M?PCC method due to issues with the high
computational burden in the grid connected case. The
experimental validation is accomplished with a switching
frequency of 2500 Hz for the proposed M?PCC and classical
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PCC methods. The proposed M?PCC method preforms with
the constant switching frequency of 2500 Hz while producing
a grid current %THD;, of 5.42%. This is lower compared
to the classical PCC method which produces a switching
frequency of 2397 Hz and a grid current % THD;, of 5.92%.
A summary of the measured values is shown in Table 1.
The experimental results shown in Fig. 7 closely match the
simulated results shown in Fig. 3.

The switching frequency in high power systems should
remain low to reduce the switching losses. The THD is
inversely proportional to the switching frequency, meaning
that the lower switching frequency of 2500 Hz produces a
THD of over 4%. Methods to reduce this would include
increasing the size of the harmonic filter and increasing the
switching frequency.

Fig. 7 demonstrates the steady-state performance of the
proposed M?PCC and classical PCC methods with the
abc-frame grid currents (i, Ipg, icg), DC-link capacitor
voltages (v, V,), and the inverter line-to-line voltage (vap).
The plots in Fig. 7(i) demonstrates the grid currents in
abc-frame while Fig. 7(ii) show the proper balancing of the
DC-link capacitor voltages as well as the proper line-to-line
voltage of the 3L-NPC inverter.

Fig. 8 show the robustness analysis with the percentage
grid error (%e;s) and the percentage THD (% THD) for both
the proposed M2PCC, classical PCC, and VOC simulated
resulted, and PCC and M2PCC experimental results with
a change in the grid-side filter inductance. The system
performances show that even with a change in the filter

VOLUME 12, 2024



A. Dahlmann, V. Yaramasu: Modulated Predictive Current Control

IEEE Access

[ ] ] [ [ ] [
pCC M’PCC vOC PCC M?PCC
Sim Sim Sim Exp Exp

0.0
50 55 6.0 6.5 7.0 50 55 6.0 6.5 7.0

084pu 092pu lpu  1.08pu 116 pu 084pu 092pu Tpu 1.08pu 116 pu
Grid-side Filter Inductance (mH) — Grid-side Filter Inductance (mH) —
(a) (b)

FIGURE 8. Performance of % THD ;; and %e;g with variations of grid-side
filter inductance.
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FIGURE 9. Execution times of the classical PCC and proposed M2PCC
methods, broken down into computation time of different steps in the
process.

parameters, the proposed M>PCC method is robust to the
parameter changes and preforms better than the PCC and
VOC methods.

Fig. 9 demonstrates the execution times of the proposed
M?PCC and classical PCC methods. It can be seen that of
the two control methods, the MPPT, reference generation,
and PLL are consistent across both the control methods. The
PCC scheme requires 23.3 s each instance, and the proposed
M?PCC scheme takes 35.3 us, requiring an additional
12 ps. The predictive model of the M?PCC method takes an
additional 9.5 us due to the objective function and triangular
region calculations. The M>PCC method also requires an
additional 1 us for the switching state and 1.5 pus for the
optimal sector calculation. The computational requirement
of 35.3 us with the proposed M?PCC method can easily be
accommodated by the commercial digital control platforms
available in the current market.

C. HARMONIC ANALYSIS

The constant switching frequency operation can be verified
by the FFT accomplished for the proposed M>PCC method in
Fig. 10(a), where the peaks of the proposed M?PCC method
are centered around multiples of the constant switching
frequency (2500 Hz). It can be shown in Fig. 10(b) that
the classical PCC method produces a variable switching
frequency that can be difficult to filter. The THD of grid
currents is lower with the proposed M?PCC method than the
classical PCC method due to constant switching frequency
operation.
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FIGURE 10. FFT analysis of experimental results for (a) proposed M2PCC
method, and (b) classical PCC method at STC.
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FIGURE 11. Transient analysis of proposed M2PCC method with a low rise
and fall in solar irradiance, where (a) Ch. 1, 2 are the DC-link capacitor
voltages (VeqrVep)inV (20V/div), Ch. 3, 4 are the grid active and reactive

power (Pg, Qg) in kW and kVAR respectively (1kw/div), (b) Ch 2, 3 is the
DC-link voltage and DC-link reference voltage (Vg4, Vie)inV (20v/div),
Ch. 1 is the PV power in kW (1kW/div), and Ch. 4 is the phase-a grid
current in A (10A/div).

D. TRANSIENT ANALYSIS

Results shown in Fig. 11 show the transient analysis of the
proposed M?PCC method with a programmed change in
solar irradiance. The solar irradiance is programmed in the
PV emulator to start at 0.5 kW/m? and increase at a rate
of 0.05 kW/m? by 5 second intervals until it reaches rated
(1 kW/m?). Then the irradiance is programmed to follow
the same pattern in reverse back down to 0.5 kW/m?. These
results show the systems capability in achieving superior
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transient performance under rapid environmental changes,
while remaining stable in a grid connected environment.
Fig. 11(a) Ch. 3, 4 show the grid active and reactive power
and Fig. 11(b) Ch. 1 shows the PV output power, both show a
strong match with the change in solar irradiance programmed
by the PV emulator. The grid phase-a current is seen in
Fig. 11(b) Ch. 4 and demonstrates an increase and decrease in
current that match the PV emulator. Fig. 11(a) Ch. 1, 2 show
the DC-link capacitor voltages and Fig. 11(b) Ch. 2, 3 show
the DC voltage and reference voltage, both show proper
functionality of the PVES balancing the DC-link voltage and
matching the DC reference voltage.

Fig. 12 demonstrates a programmed step change in the
solar irradiance from 1.0 kW/m? to 0.5 kW/m?. The plots in
Fig. 12 are the grid phase-a current in Ch. 3, and Ch. 1 and 2
are the grid dg-axis currents. Due to the limitations of PV
emulator, a slew rate of 100 mS is used for transition from
1.0 kW/m? to 0.5 kW/m?. This demonstrates the system
performance to a dramatic change in solar irradiance and the
rapid transition in grid currents.

8004/ 2 BO.0A/ 3 8O.OA/ 4 BOOA/ 1.710s 100,08 [ Trigd? |
phiomm® 7,
R ~
AT
[T T

FIGURE 12. Experimental results of PVES with programmed step change
in solar irradiance from 1.0 kw/m?2 to 0.5 kW/m?2.

V. CONCLUSION

A computationally efficient M?PCC method is developed
for a 3L-NPC inverter based PVES. The proposed M>PCC
method is validated using MATLAB simulations and
dSPACE MicroLabBox based scaled-down experiments. The
simulation and experimental results, which are in close
match, demonstrated that the proposed method produces
steady-state, transient and harmonic performance similar
to the classical M2PCC method, but with 95% reduction
in computational burden. The proposed M?PCC method
exhibits superior performance than the classical PCC method
during normal and perturbation conditions. The presented
FFT plots confirm the constant switching frequency operation
as highlighted by concentrated harmonics at multiples of
the carrier frequency. The steady-state, transient and har-
monic analysis presented for the proposed M*?PCC method
demonstrates its readiness for deployment for commercial PV
central inverters.
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VI. FUTURE WORK

Future works on this topic include applying a fault-ride
through method to follow grid codes or to explore the system
response to allow for an unbalanced situation on the grid side.
Additional experimentation comparing the proposed method
to the VOC can also be completed.

APPENDIX
The values used in the simulated and experimental results are

shown in Table 2.

TABLE 2. Parameters of the NPC inverter based PVES.

L. Simulation Experimental

Description p.u. Value
SI Value SI Value

PV module Vo 40.1V 40.1V
PV module 7, 10.23 A 10.23 A
PV module Vpp 31.6V 31.6V
PV module I 957 A 9.57T A
PV module Py 302 W 302 W
Number of series PV cells 60 60
Series modules per string 27 14
Parallel strings in array 100 1.18
PV array Vp 8532V 4424V
PV array Iy 957 A 11.3A
PV array Pyp 817W 4994 W
Grid active power 817.3 kW 5kW 1.0
Grid phase voltage 400/+/3 V (rms) 208/+/3 V (rms) 1.0
Grid frequency 60 Hz 60 Hz 1.0
Reference DC-link voltage 850 V 442V 3.682
DC-link Capacitor 44.1 mF 1 mF 3.26
Grid-side filter inductance 0.13 mH 6 mH 0.25
Grid-side filter resistance 5.8 mQ2 325 mS2 0.03
MZ2PCC sampling time 200 s 200 s
PCC sampling time 100 ps 100 ps
Carrier wave period 400 ps 400 ps
MPPT sampling time 5ms Sms
MPPT increment value 0.025 V 0.025 Vv
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